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Abstract: Studies have shown the potential of rhizobia and associated micronutrients to enhance
symbiotic nitrogen fixation in legumes. Tens of millions of smallholder farmers, however, farm on
mountain hillsides in highly variable soil and microenvironments, with different crop rotations,
inputs and cultural practices. Here, on the terraces of the Nepalese Himalayas, we evaluated
rhizobium inoculants (local, exotic), micronutrients (molybdenum, boron) and their combinations
as technologies for smallholder farmers under highly variable microenvironments and traditional
practices. The study was conducted as a series of participatory on-farm trials with 39 terrace farmers
in two mid-hill districts of Nepal (Dhading, Kaski) from 2015 to 2017. Plots were measured for
relevant agronomic traits. As expected, when comparing treatment plots with adjacent control plots
within each farm, the results demonstrated tremendous farm-to-farm variability for nodulation,
vegetative biomass, shoot nitrogen content, grain yield, and grain N content. Despite the variation
observed, the data showed that the number of farms that showed yield increases from the rhizobium
interventions, compared to those that suffered yield losses, was generally 2:1. We discuss potential
experimental and socio-agronomic reasons for the variable results, including rainfall, which appeared
critical. The results demonstrate the promise of rhizobium interventions for hillside smallholder
farmers, even in a highly variable context.
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1. Introduction

Legumes are important sources of high quality, plant-based protein, especially in developing
countries, associated with nitrogen (N) rich biomass and seeds [1–4]. The nitrogen is derived from their
association with symbiotic rhizobia that fix atmospheric nitrogen gas into ammonia [5,6]. Legumes
deposit this fixed N into soil as root exudates [7,8] as well as through litter decomposition [9],
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thus reducing the need for synthetic N fertilizers for associated non-legumes. Legumes are therefore
critical to intercropping/mixed cropping systems [9–11], and crop rotations with cereal crops [6,12].
However, some legume species and varieties suffer from sub-optimal symbiotic nitrogen fixation (SNF)
due to unavailability of compatible rhizobium strains in the soil, unfavorable soil conditions (e.g.,
salinity) for the rhizobia/symbiosis, and soil nutrient deficiencies, including for the micronutrients,
molybdenum (Mo), a co-factor for the rhizobium nitrogenase enzyme, and boron (B), which helps to
stabilize nodular cell walls and peribacteroid/infection thread membranes [13–16].

Globally, common bean (Phaseolus vulgaris L.) is the dominant grain legume of subsistence
smallholder farming households, who consume its protein rich pods/beans as green vegetables,
immature seeds, and mature seeds. Common bean originated in the Americas, but it is now the
major source of dietary protein for smallholders in South Asia, Latin America, and Eastern Africa [17].
Common beans are highly diverse in terms of morphology, cultivation methods, uses, and cultural
practices [18]. Under subsistence farming conditions, common bean can be grown as a sole crop,
intercropped (row or mixed) with cereals (e.g., maize), and/or relay intercropped with cereals (e.g.,
maize) [19]. Unfortunately, the common bean is inadequately adapted to extreme environmental
conditions (e.g., drought, heat, salinity/alkalinity) [20]. Furthermore, common bean suffers from low
yields, and the quality of its seed protein remains suboptimal [18].

Compared to other grain legumes, common bean derives a comparatively small fraction of its
nitrogen input from symbiotic nitrogen fixation [21], but vast genotypic variability exists among
different bean varieties for SNF [22]. On average, 36% of common bean N can be derived from SNF
(%Ndfa) under farmers’ field conditions [5]. Many studies have shown that rhizobium inoculants
can improve nodulation, nitrogen fixation, and grain yield of common bean in real-world subsistence
farmers’ fields [23–27]. It is also important to note that sometimes a rhizobium inoculant alone does not
benefit plant growth and yield in farmers’ fields [28,29]. Beneficial effects of rhizobia on grain yield can
be enhanced by introducing additional interventions along with rhizobium inoculants (e.g., application
of phosphorus (P), organic manure, lime) [23,24,30] including micronutrients (specifically Mo and
B) which have been shown to increase nodulation, SNF, and grain yield in common bean [30–35].
The important question is to what extent these simple interventions can benefit smallholder subsistence
farmers under heterogenous soil, climatic, and cultural practices.

Millions of rural people around the world depend on farming on hillsides that experience variable
soil and microenvironmental conditions, and are subject to different crop rotations, crop varieties,
inputs, and indigenous farming practices [36,37]. The major challenges encountered by hillside farmers
are a lack of quality land area for agriculture (small household farm size), and low yields associated
with low soil fertility, erosion, poor access to extension services and agricultural inputs (e.g., farmyard
manure, inorganic fertilizer), lack of mechanization, labor shortages, poverty, and illiteracy [36].
Amongst hillside smallholder farms there is extensive farm-to-farm variability for grain yield in
common bean, which is associated with the above noted variations, along with variation in hillside
topology, soil fertility, access to organic and inorganic fertilizers, household resources, gender,
and access to staking materials [38].

In Nepal, the majority of agricultural lands consist of smallholder farms located on hillsides
and mountains, where common bean is the dominant legume crop in traditional crop rotations [39].
Nepalese smallholder farmers generally grow common bean on low fertility soils. Nepalese soils
are typically deficient in some critical micronutrients required for SNF (specially B and Mo) due
to the underlying bedrock, which has a low nutrient content, combined with high erosion on
hillsides, intensive cropping, and low input replenishment associated with poverty [40]. In our
experience, Nepalese hillside farmers, in part due to their remoteness and lack of resources, mostly use
untreated seeds from the previous season to cultivate this crop, and do not apply rhizobium inoculants,
micronutrients, or other inputs. Systemic on-farm trials are lacking to test the real-world effectiveness
of rhizobium inoculants and associated micronutrients on common bean smallholder farms located on
the country’s highly heterogeneous hillsides, which, like other mountainous regions, are characterized
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by a diversity of ethnic groups, indigenous farming practices, soils, microenvironments, and crop
rotations [37].

The objective of this research was to determine the effectiveness of rhizobium inoculants
(native and exotic rhizobia) and associated SNF-boosting micronutrients (B and Mo) on nodulation,
plant growth, grain yield, and tissue N content in common bean grown by smallholder hillside farmers
in Nepal under highly variable environments and traditional farming practices, and in the absence
of other co-interventions. The study was conducted as a series of participatory on-farm trials with
39 terrace farmers in two mid-hill districts of Nepal (Dhading, Kaski) for two rotation cycles from 2015
to 2017.

2. Materials and Methods

2.1. Study Site, Climate, and Soil

This study was conducted in two mid-hill districts of Nepal, namely Dhading and Kaski
(Figure 1a), for two rotation cycles from 2015 to 2017. Research was conducted on terraced farmers’
fields under natural climatic conditions. The sites were previously used for grain production
(maize–millet–rice) and managed using farm yard manures (FYM), very limited chemical fertilizers
(i.e., urea), and no plant protection compounds. The experimental sites in Dhading were located at
27◦78′84” N and 84◦70′02” E, at an altitude of 700–1300 m above sea level (masl), while the sites in
Kaski were situated at 28◦20′25” N and 84◦11′71” E, at an altitude of 1100 masl.

Climatic data for the experiment were collected from a regional weather station at each research
site (Figure 2a–d). The temperature profiles during the growing seasons were similar in both production
years and sites, peaking during the growing season during August–September and then declining
(Figure 2a–d). The average daytime temperature over the cropping seasons (August–December,
2015/16) was 20.4 ◦C in Kaski and 22 ◦C in Dhading, with the warmest days at both sites in August.
With respect to rainfall, in 2015, Kaski received 1525 mm total rainfall during the common bean crop
season (August–December) (Figure 2a), whereas Dhading only received 328 mm during this period
(Figure 2c). A similar trend was found in 2016, where 1610 mm of rainfall was received in Kaski from
August–December (Figure 2b), in comparison to 1107 mm in Dhading (Figure 2d).

Soil samples were collected (0–20 cm) from each farmer’s field at each test site (n = 10 per
site) at the time of plot establishment in 2015 only; from each farm, 5–6 samples were collected
and pooled. The soils were analyzed at the Local Initiatives for Biodiversity, Research and
Development (LI-BIRD) laboratory (Pokhara, Nepal) for pH (using a soil water solution of 1:2.5
wt/v), organic matter (Walkley-black method), total N (Modified Kjeldahl method), available P (Bray-P1
method), and available K (flame photometer with 1 M ammonium acetate extracting solution) [41]
(Supplementary Table S1). In general, the soils at both Kaski and Dhading were moderately well
drained, coarse textured sandy loam with low to moderate fertility. The soil was acidic in farms
located at Kaski (pH 5.14–5.44), whereas other soil chemical properties were highly variable including:
soil organic matter content (30.9–53.3 g kg−1 dry soil), total N (1.6–3.6 g N kg−1 dry soil), available
P2O5 (3.2–249.0 g kg−1 dry soil), and available K2O (53.6–89.0 g kg−1 dry soil). Similarly, farms located
at Dhading also had heterogeneous soil properties for soil pH (6.02–6.98), organic matter content
(26.2–47.0 g kg−1 dry soil), total N (1.5–4.2 g N kg−1 dry soil), available P2O5 (17.2–156.5 g kg−1

dry soil), and available K2O (66.6–227.9 g kg−1 dry soil) (Supplementary Table S1). Unfortunately,
soils were not sampled in 2016.
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Figure 1. Participatory on-farm trials in the mid-hills region of Nepal (Kaski and Dhading districts). (a) Map 
of Nepal showing the geographical location of the trial sites (green color). (b) Seeding of common bean plots 
in terrace farm fields by Local Initiatives for Biodiversity, Research and Development (LI-BIRD) staff. (c) 
Application of micronutrients (Mo and B) after one week of germination by LI-BIRD staff. (d) Traditional 
manual weeding practices carried out by farmers under the supervision of LI-BIRD staff. (e–g) Different 
trellis practices used by individual farmers in Kaski during 2015. (h) Common bean plots at the pod filling 
stage. 

Figure 1. Participatory on-farm trials in the mid-hills region of Nepal (Kaski and Dhading districts).
(a) Map of Nepal showing the geographical location of the trial sites (green color). (b) Seeding
of common bean plots in terrace farm fields by Local Initiatives for Biodiversity, Research and
Development (LI-BIRD) staff. (c) Application of micronutrients (Mo and B) after one week of
germination by LI-BIRD staff. (d) Traditional manual weeding practices carried out by farmers under
the supervision of LI-BIRD staff. (e–g) Different trellis practices used by individual farmers in Kaski
during 2015. (h) Common bean plots at the pod filling stage.
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2.2. Experimental Design

Trials were conducted in 10 farmers’ fields (n = 10) at each site (except n = 9 at Kaski-2016).
The experimental design consisted of five treatments (T1-T5) in 2015 and six treatments (T1-T6) in 2016: T1,
not inoculated with rhizobia and no micronutrients (i.e., control); T2, micronutrient treatment (boron (B) +
molybdenum (Mo)); T3, inoculated with a reference (exotic) rhizobium strain (USDA 9030); T4, inoculated
with the respective reference rhizobium strain + B + Mo; T5, inoculated with locally isolated indigenous
rhizobia; T6, inoculated with the respective local rhizobia + B + Mo. Details of the micronutrient
concentrations and rhizobium origins/treatments are noted below. Each farm received all treatments,
arranged in a randomized complete block design (RCBD) relative to other farms. An individual farm
was one replicate. Each farm household prepared their own plots using their traditional practices (e.g.,
livestock-driven plough), but under the guidance of LI-BIRD field staff. LI-BIRD staff performed the
rhizobium inoculations, seed sowing, and micronutrient applications (Figure 1b,c). The plots were then
maintained by each household using traditional practices, including weeding, and managed equally
across treatments (Figure 1d). LI-BIRD staff collected samples for data analysis.

2.3. Plant Materials, Rhizobium Strains, and Inoculum Preparation

A local Nepalese variety of common bean (Phaseolus vulgaris cv. Four Season Bean) was used at
both sites for both production years, for which seeds were obtained from Anamolbiu seed company in
Nepal. For T5 and T6, the local indigenous rhizobium was collected by Shankar Gaire (Agriculture
and Forestry University, Chitwan), who isolated it from root nodules of a locally grown common
bean variety (Four Season Bean) in Chitwan, Rampur, located in the tropical, flat Terai region of
Nepal, according to the standard protocol [42]. For T3 and T4, the exotic reference rhizobium strain
for common bean was Rhizobia tropici USDA 9030 [43]. The rhizobium strains (USDA 9030 and local
rhizobia) were grown in yeast mannitol (YM) as liquid cultures for 5 days at 28 ◦C. Finely ground
low grade peat soil (<2 mm) was used as the rhizobium carrier material, where 1 kg of peat soil was
mixed with sucrose (10 g), peptone (1 g), calcium carbonate (1 g), sodium propionate (10 g), and water
(50 mL) to support optimum growth and establishment of the rhizobia on the carrier. To prepare the
inoculants, the final rhizobium cell density was adjusted to OD595 = 1.0 and uniformly mixed with
the peat soil, which was pre-autoclaved, at a rate of 12.5 mL/100 g peat soil and incubated for three
days before seed application. Seeds were inoculated with the rhizobia at a rate of 10 g inoculant per
100 g of seeds. Gum arabic solution (40% w/v) was used (2 mL/100 g seeds) as an adhesive agent
to assure that the rhizobium inoculants coated the seeds well. Seed inoculation with rhizobia was
carried out by LI-BIRD staff at each farm before planting, as demonstrated by the N2Africa project
(https://www.youtube.com/watch?v=4rexSZR-QH0), and the treated seeds were stored under shade
until seeding.

2.4. Planting and Application of Micronutrients (B and Mo)

Plots were prepared on terraces (Figure 1b). Each plot measured 5 m × 6 m, wherein common
bean seeds were planted at 80 cm (row spacing) × 40 cm (within row) (Figure 1e). Seeding was carried
out from late August to early September in the Kaski and Dhading districts in 2015 and 2016. For T2,
T4, and T6, micronutrients (B and Mo) were side dressed one week after germination by LI-BIRD staff
at a rate of 300 g B per ha (2 kg borax per ha) and 150 g Mo per ha (326 g sodium molybdate per ha)
(Plant-Prod® Brampton, ON, Canada). They were applied to both sides of the plants, 10 cm away from
the stem and at a 5 cm depth (Figure 1c). Bamboo or wood sticks were used as trellises (Figure 1e–g).

2.5. Sample Collection

Plant samples were taken by LI-BIRD staff at flowering stage and maturity. At flowering,
three plants were randomly collected from the middle of each subplot for nodule number, nodule
dry weight (DWT), and shoot (leaves and stem) and root DWT. Dry weight of tissue samples was

https://www.youtube.com/watch?v=4rexSZR-QH0
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determined after drying samples for 72 h in an oven at 65 ◦C. Dried shoot samples were ground
and analyzed for total N (%) according to the modified Kjeldahl method [41]. Total N content of
shoot tissue was calculated by multiplying shoot DWT by shoot N (%). At maturity, seeds were
collected from a 3 m × 3 m area from each subplot. Seed samples were dried, and the moisture content
was determined. The final seed weight was expressed at 13% moisture content. Seed samples from
2016 were analyzed for total N (%) according to the modified Kjeldahl method. Seed N content was
calculated by multiplying seed DWT at 13% moisture content by seed N (%).

2.6. Statistical Analysis

As the variability was high between farms, sites, and years, data from each site in each year were
analyzed as a randomized complete block design using analysis of variance (ANOVA) set at p < 0.05.
The effect of different rhizobium/micronutrient treatments at each location in each year was compared
with the Fisher least significant difference (lsd) method. All statistical analyses were performed using
GraphPad Prism Software (v7, GraphPad Software, San Diego, CA, USA).

3. Results

3.1. Nodulation Data

At the Kaski site, which had good rainfall during the bean season in both years (~1500–1600 mm),
the average nodule number was low in 2015 (Figure 2e; note the variable y-axis scales) and increased
dramatically in 2016 (Figure 2f). The Dhading site had a drought in 2015, especially just after seeding,
and only moderate rainfall in 2016; perhaps as a result, the nodule number was extremely low in the former
(Figure 2g), increasing only to a moderate level in 2016 (Figure 2h). There was tremendous farm-to-farm
variation for nodule number (Figure 2e–h) and nodule dry weight (Figure 2i–l) within a site. In terms
of general trends, the rhizobium inoculants (with or without micronutrients) had positive effects on
nodulation in the wetter Kaski (Figure 2f,j) and drier Dhading (Figure 2g,k) sites compared to the untreated
control plots, though not always statistically significant compared to the control plots. The micronutrient
only treatment (B + Mo) did not have any significant positive effect for nodule number (Figure 2e–h)
or nodule dry weight (Figure 2i–l) compared to the control. Furthermore, additive/synergistic effects
were not found with the micronutrients + rhizobium treatments for nodulation in comparison to the
rhizobium-only treatments (Figure 2e–l). In comparison to the respective control plots, rhizobium
inoculants increased the nodulation on farms located in the wetter Kaski, whereas farms in the drier
Dhading site were less benefitted in terms of absolute numbers (Table 1).

3.2. General Effects of the Treatments on Agronomic Traits

We expected farm-to-farm variability in the agronomic data, including yield, given the
heterogeneity of the farm sites and individual practices of each household, which were unaltered.
As expected, tremendous farm-to-farm variability was found within a treatment compared to across
treatments for all the agronomic traits tested (Figures 2 and 3). Only a few treatment means were
significantly different from the control, but were not necessarily consistent across sites and years.
The greatest effect was seen in the highest rainfall site/year after rhizobium inoculation was optimized
(Kaski, 2016) where the local rhizobia and/or exotic rhizobia (with or without micronutrients) increased
nodulation (Figure 2f,j), plant biomass (root and shoot dry weight) (Figure 2n,r), shoot N content
(Figure 2v), grain yield (Figure 2z), and/or grain N content (Figure 3c). During the driest season under
suboptimal rhizobium inoculation (Dhading, 2015), the local rhizobia and/or exotic rhizobia increased
the nodule dry weight (Figure 2k), shoot dry weight (Figure 2s), and shoot total N content (Figure 2w)
compared to the control. Similar to the nodulation trends, the micronutrient-only treatment (T2) did
not significantly improve the plant biomass (Figure 2m–t, except for Figure 2n), shoot N content
(Figure 2u–x, except for Figure 2v), grain yield (Figure 2y–ab), and grain N content (Figure 3c,d)
compared to the control.
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Table 1. The number of farms that benefitted (+, >5%), were negatively affected (-, <−5%), or experienced no effect (−5% ≤ 5%), from the rhizobium/micronutrient
treatments compared to internal control plots (T1, uninoculated and without micronutrients) for the agronomic parameters tested at the Dhading and Kaski sites in
2015 and 2016.

Site/Year Parameter
B + Mo (T2) 9030 Rhizobia (T3) 9030 Rhizobia + B + Mo (T4) Local Rhizobia (T5) Local Rhizobia + B + Mo (T6)

+ - No Effect + - No Effect + - No Effect + - No Effect + - No Effect

Total Nodule # 20 14 5 25 7 7 17 18 4 22 14 3 12 6 1
N = 39 Root DWT 20 15 4 20 14 5 26 10 3 23 11 1 13 6 0

Shoot DWT 16 21 2 24 13 2 29 8 2 22 14 3 10 9 0
Shoot total N 22 10 7 29 9 1 29 6 4 25 6 8 15 3 1
Grain total N 9 9 1 10 7 2 11 8 0 9 8 2 10 5 4
Grain yield 22 13 4 26 9 4 23 11 5 23 13 3 11 5 3

Kaski Nodule # 4 4 2 6 1 3 3 6 1 4 5 1 n/a n/a n/a
2015 Root DWT 7 2 1 8 2 0 6 3 1 4 4 2 n/a n/a n/a

N = 10 Shoot DWT 4 5 1 6 3 1 9 0 1 7 1 2 n/a n/a n/a
Shoot total N 3 5 2 7 3 0 8 0 2 7 2 1 n/a n/a n/a
Grain yield 6 4 0 7 1 2 6 1 3 8 1 1 n/a n/a n/a

Kaski Nodule # 7 2 0 6 2 1 6 3 0 7 2 0 6 3 0
2016 Root DWT 6 1 2 3 6 0 9 0 0 7 2 0 6 3 0
N = 9 Shoot DWT 6 2 1 7 2 0 9 0 0 6 2 1 6 3 0

Shoot total N 9 0 0 6 2 1 9 0 0 7 1 1 8 1 0
Grain total N 3 6 0 4 5 0 8 1 0 4 4 1 5 1 3
Grain yield 5 3 1 5 3 1 8 0 1 4 4 1 6 1 2

Dhading Nodule # 3 4 3 6 1 3 4 4 2 5 3 2 n/a n/a n/a
2015 Root DWT 3 6 1 3 4 3 4 4 2 7 2 1 n/a n/a n/a

N = 10 Shoot DWT 4 6 0 8 2 0 6 3 1 8 2 0 n/a n/a n/a
Shoot total N 5 4 1 8 2 0 7 3 0 6 3 1 n/a n/a n/a
Grain yield 8 1 1 8 2 0 6 3 1 7 3 0 n/a n/a n/a

Dhading Nodule # 6 4 0 7 3 0 4 5 1 6 4 0 6 3 1
2016 Root DWT 4 6 0 6 2 2 7 3 0 5 5 0 7 3 0

N = 10 Shoot DWT 2 8 0 3 6 1 5 5 0 1 9 0 4 6 0
Shoot total N 5 1 4 8 2 0 5 3 2 5 0 5 7 2 1
Grain total N 6 3 1 6 2 2 3 7 0 5 4 1 5 4 1
Grain yield 3 5 2 6 3 1 3 7 0 4 5 1 5 4 1

N = number of farms tested, DWT; dry weight, n/a; not applicable. % change = [(Treatment mean − control mean)/control mean] × 100%.
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Dhading-2016. (q–t) Shoot dry weight at (q) Kaski-2015, (r) Kaski-2016, (s) Dhading-2015, and (t) 
Dhading-2016. (u–x) Shoot total nitrogen content at (u) Kaski-2015, (v) Kaski-2016, (w) 
Dhading-2015, and (x) Dhading-2016. (y–ab) Grain yield at (y) Kaski-2015, (z) Kaski-2016, (aa) 
Dhading-2015, and (ab) Dhading-2016. Each dot represents an individual farm, while horizontal 
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not significantly different at p < 0.05. n = 10 (except n = 9 at Kaski-2016). Please note that the y-axis 
scales vary, as indicated by the red boxes. 

Figure 2. Meteorological and agronomic data collected at the Dhading and Kaski sites in 2015 and 2016.
(a–d) Average monthly temperature and total monthly precipitation at (a) Kaski-2015, (b) Kaski-2016,
(c) Dhading-2015, and (d) Dhading-2016. For (a–d), the dotted box represents the common bean growing
season; the rainfall amount noted is the accumulated rainfall during the growing season. (e–h) Number
of nodules at (e) Kaski-2015, (f) Kaski-2016, (g) Dhading-2015, and (h) Dhading-2016. (i–l) Nodule dry
weight at (i) Kaski-2015, (j) Kaski-2016, (k) Dhading-2015, and (l) Dhading-2016. (m–p) Root dry weight
at (m) Kaski-2015, (n) Kaski-2016, (o) Dhading-2015, and (p) Dhading-2016. (q–t) Shoot dry weight
at (q) Kaski-2015, (r) Kaski-2016, (s) Dhading-2015, and (t) Dhading-2016. (u–x) Shoot total nitrogen
content at (u) Kaski-2015, (v) Kaski-2016, (w) Dhading-2015, and (x) Dhading-2016. (y–ab) Grain yield
at (y) Kaski-2015, (z) Kaski-2016, (aa) Dhading-2015, and (ab) Dhading-2016. Each dot represents an
individual farm, while horizontal solid lines represent the mean value of each treatment. Dots followed
by the same letter grouping are not significantly different at p < 0.05. n = 10 (except n = 9 at Kaski-2016).
Please note that the y-axis scales vary, as indicated by the red boxes.
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Figure 3. Grain N data collected at the Dhading and Kaski sites in 2016. (a,b) Grain N% at (a) Kaski-2016
and (b) Dhading-2016. (c,d) Grain total N content at (c) Kaski-2016, and (d) Dhading-2016. Each dot
represents an individual farm, while horizontal solid lines represent the mean value of each treatment.
Dots followed by the same letter grouping are not significantly different at p < 0.05. n = 10 (except n = 9
at Kaski-2016). Please note that the y-axis scales vary, as indicated by the red boxes.

3.3. Effects of the Treatments on Agronomic Traits at an Individual Farm Level

As a real-world development project, since smallholder farmers are risk averse, it was more
informative to analyze the traits based on the number/percentage of the 39 smallholder households
who benefited from, were hurt by, or unaffected (defined here as <5% (+/−) changed compared to
the respective control plots) by each treatment. In general, the majority of the smallholder farmers
benefitted from the rhizobium treatments (with or without micronutrients) for the critical agronomic
traits evaluated (nodule number/dry weight, vegetative dry weights, grain yield, Table 1). Out of the
39 test farms across the four trials, each rhizobium-only treatment (T3, local or T5, exotic rhizobia)
benefitted up to: 25 farmers (64%) with respect to nodule number compared to their control plots,
23 farmers (59%) for root dry weight, 24 farmers (62%) for shoot dry weight, 29 farmers (74%) for
shoot N, 26 farmers (67%) for grain yield, and 10 out of 19 farmers (53%) for grain N content (Table 1;
Figure 4). A similar trend was found with each rhizobium + micronutrient treatment (out of 39 farmers
for T4, or 19 farmers for T6), which benefitted up to: 63% of farmers with respect to nodule number,
68% of farmers for root dry weight, 74% of farmers for shoot dry weight, 79% of farmers for shoot N,
59% of farmers for grain yield, and 58% of farmers (2016 only) for grain N content (Table 1; Figure 4).
The micronutrient-only treatment (T2) had, at best, only a modest positive effect on farmers for the
critical agronomic traits evaluated (see Total in Table 1). Comparing all of the treatments across the
4 trials, the exotic rhizobium-only treatment (T3) had the best impact on farmers in terms of grain
yield (26 farms or 67% benefited) (Table 1; Figure 4). On the other hand, in a considerable number
of farms, the rhizobium and micronutrient treatments had negative effects for the critical agronomic
traits evaluated (nodule number/dry weight, vegetative dry weights, grain yield, Table 1). In general,
the ratio of positively affected to negatively affected farms was 2:1 for the various traits examined
(Table 1; Figure 4).
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Figure 4. Summary of the percentage of farms that benefitted (+), were negatively affected (−),
or experienced no effect (−5% ≤ 5%) for grain yield, from the rhizobium/micronutrient treatments
compared to the respective internal control plots (uninoculated and without micronutrients) at
(a) Kaski-2015, (b) Kaski-2016, (c) Dhading-2015, (d) Dhading-2016, and (e) the total across all 4 trials.
The percentage of farms showing altered grain yield = (# of farms that had positive, negative, or neutral
effects/total # of farms) × 100%.
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The percentage increase or decrease in shoot dry weight (Supplementary Table S2), grain yield
(Supplementary Table S3), and grain N content (Supplementary Table S4) of each treatment, compared
to the respective control plots, was calculated. In terms of the absolute range across the 4 trials,
the results show that the effects of the rhizobium and micronutrient applications were highly variable
for the most critical agronomic traits: shoot biomass (−70% to +350%, Supplementary Table S2),
grain yield (−60% to +900%, Supplementary Table S3), and grain N content (−60% to +360%,
Supplementary Table S4). In terms of maximum yield potential, the rhizobium-only treatments (local
or exotic strains) had the potential to dramatically improve the yield traits in all of the trials, despite
site and climate differences (Supplementary Tables S2–S4). In terms of averages, the rhizobium-only
treatments improved the average grain yield up to 140% (2015) and 43% (2016) in the wetter Kaski
site, and 93% (2015) and 8% (2016) in the drier Dhading site, compared to the untreated control plots
(Supplementary Table S3).

4. Discussion

Hundreds of millions of rural people globally belong to families that practice hillside farming,
which is characterized by nutrient runoff, exacerbated in the subtropics by the onset of heavy rains after
an extended dry season, leading to insufficient access to inorganic N fertilizer [36,37,44]. Rhizobium
inoculants are inexpensive compared to inorganic N fertilizers, especially critical for subsistence
farmers in Asia and Sub-Saharan Africa, where poverty and access restrict synthetic fertilizer
application [37,44]. When there is inadequate mineral N in the soil, legume crops need rhizobium
inoculation under suboptimal conditions, specifically when compatible rhizobia in the soil are
low/absent or ineffective for a particular legume host variety [13,15]. Furthermore, the micronutrients
B and Mo are often deficient in South Asia, but are essential for optimal SNF [40,45]. This study
attempted to measure the impact of rhizobia and associated micronutrients on Nepalese hillside
smallholder farms in a real-world context, specifically across farm sites that were highly variable
(e.g., variable soil physical and chemical properties, waterlogging, shading, Supplementary Table S1),
and without disturbing variable household-specific cultivation practices (e.g., weeding, manure
application, Supplementary Table S1), including diverse crop rotation histories. It is important to know
whether such simple interventions can be effective without other co-inventions, in order to inform
scaling up strategies.

As expected in this context, we observed tremendous farm-to-farm variation for all the agronomic
parameters measured. Testing for correlations between these contextual parameters and yield
components did not reveal any one strong environmental/cultural parameter underlying the variation
observed (data not shown), and hence it may be that the entire system is critical. In this indigenous
context, and despite the variation observed, the data showed that the number of farms that showed
yield increases from rhizobium +/− micronutrient interventions, compared to those that suffered
yield losses, was typically in a 2:1 ratio, demonstrating the promise of these approaches for hillside
smallholder farmers, even in the absence of other interventions.

4.1. Understanding Neutral or Negative Effects of Treatments

On some farms that we studied, rhizobium inoculation did not show any positive effects for
nodulation, growth, and yield, possibly due to competition by indigenous rhizobia present in the
soil [13]. The presence of local rhizobia in soil can mask the effect of rhizobium inoculants [46],
as local rhizobia can compete with the introduced rhizobia, resulting in lower nodule occupancy by the
latter [47] and poor survival of the introduced rhizobia in the soil [48,49]. Independent of indigenous
soil rhizobia, rhizobium inoculants can have poor soil survival due to adverse environmental conditions
(e.g., drought, salinity/alkalinity, extreme soil pH, high temperatures) [14,15,48]. Furthermore, the lack
of response to rhizobium inoculation at some farms could have been associated with adequate N
availability in the soil, which reduces nodulation and SNF [13,50].
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Increases in nodule number, nodule dry weight, and SNF in common bean have been observed
with the application of Mo [30–33] and B [34,35]. However, in our study, application of B and Mo alone
did not significantly increase nodulation in common bean, although it had a slight positive impact
on root and shoot dry weight at the flowering stage. Furthermore, 50% of the farms tested showed
neutral or negative impacts associated with the micronutrient-alone treatment for the agronomic traits
evaluated (nodule number/dry weight, vegetative dry weights, grain yield, Table 1). One important
constraint in this study is that baseline B and Mo levels could not be measured; to the best of our
knowledge, there is no Mo testing lab in Nepal. It may be that the farms that did not benefit from
Mo/B had adequate soil concentrations of these micronutrients.

With regards to yield loss, in the context of the literature [24,51,52], it is difficult to understand
how yield on some farms could have been apparently reduced by the treatments. However, it is
important to note that some negative effects of rhizobium inoculants on climbing legume yields
have been reported under real-world farmer trials in the N2Africa project as well [29]. It is known
that excess soil B can cause toxicity in legumes, resulting in reduced plant growth and yield [53,54].
In our study, B (in the form of borax) was incorporated into the soil as a side-dress after one week of
germination, and hence may have caused seedling toxicity from which some plants never recovered.
In support of this argument, the micronutrient-only treatment had more negative effects on shoot
biomass on 21 farms (Table 1). Alternatively, perhaps on some farms, the indigenous soil rhizobia
may have been more optimal for the crop variety used than the introduced rhizobia; please note that
the ‘local rhizobia’ in our experiment originated from a different region of Nepal than the trial sites.
The yield declines may have been due to the allocation of more energy to maintain ineffective nodules
(associated with the rhizobium interventions) since nodule development, maintenance, and SNF are
energy intensive processes [55,56]. Unfortunately, nodule occupancy by the inoculated strains was not
tested, given local infrastructure limitations.

In addition to the above biological effects, we also strongly suspect that random effects may have
influenced the general results of this study, including the apparent negative impacts of the treatments,
perhaps driven by the above environmental variables but at the intra-farm level (e.g., a control plot
being shaded, but not an adjacent treatment plot). Independent evidence for this variability within a
farm was confirmed by the high plot-to-plot variability in the number of surviving plants at harvest
(up to 5-fold within an individual farm, Supplementary Table S5), despite the same number of seeds
sown at the same density at all plots. Such non-uniform plant populations between adjacent plots
may have added to random effects on the different agronomic traits measured (e.g., due to variation
in resource availability), masking the treatment effects. Some of the extremely negative or positive
yield results (e.g., K-2015-3 and K-2015-8 in Supplementary Table S3) could potentially be included in
this category, since we observed that the corresponding control plots sometimes had yield values far
greater or lower than the mean across farms (i.e., if a control plot had a very high yield value compared
to other farms, it appeared that the treatments were detrimental, or vice versa—likely an artefact).
We chose not to remove suspected outliers, in order to remain authentic to the raw data. Another
factor is that cross contamination of rhizobia may have occurred among different treatment plots due
to farmer management practices (e.g., through the farm tools used for earthing-up soil or weeding)
or runoff between plots (since some sites were hilly), again contributing to random effects. Finally,
due to field-level constraints in remote mountainous regions, low plant sampling at the flowering
stage may also have caused high variability for the agronomic parameters measured. Some farms had
low numbers of plants in the sub-plots due to drought and waterlogging, thus we did not want to
sample many plants at the flowering stage as it could have impacted final grain yield. The later yield
data is more robust, since it was collected from 9 m2 per plot.

4.2. Understanding Variability between Trials: the Importance of Soil Moisture

One general observable trend was that nodulation was highly influenced by the rainfall received at
each site during each growing season. In 2015, Kaski received a total rainfall amount of 1525 mm during
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the growing season (August–December), whereas it was only 328 mm in Dhading. A similar trend was
found in 2016 from August–December, where 1610 mm of rainfall was received in Kaski, compared
to 1107 mm in Dhading. The 2015 drought in Dhading occurred just after sowing, and severely
affected the nodule number and nodule dry weight across all the treatments, and thus, not surprisingly,
there were negative effects on grain yield and grain N content. Furthermore, nodulation was greater
on farms located at Kaski compared to Dhading, perhaps due to the higher rainfall received at the
former during the growing season in both production years (Figure 2). Soil moisture availability might
have been a critical factor for rhizobium survival in the soil and subsequent nodulation in our trials,
as has been extensively reported [13].

In Kaski, farms that were evaluated in 2015 were located in both upland (less moist Bari land)
and lowland (more moist Khet land) environments, whereas the test farms in 2016 were located only
in the lowlands. However, in Dhading, all the test farms were located in the drier Bari lands in
both production years. Wetter Khet lands are annually used for lowland rice production by farmers,
where they apply significant amounts of farm yard manure and inorganic N fertilizer (rice is the
main staple crop in Nepal) [57]. Furthermore, the wetter Khet lands retain more moisture in the soil,
whereas the drier Bari lands retain less (due to the increased sloping of the terraces). Soil fertility in the
drier Bari lands can be depleted over time, as farmers plant high N demanding crops (e.g., corn) with
extensive root systems before the legume rotation crops. Therefore, the greater nodulation in Kaski
compared to Dhading could also have been influenced by soil traits (e.g., soil moisture and fertility),
in addition to the differences in rainfall received.

In the test farms located at both sites, soil should have contained native rhizobia, as nodules were
observed under the uninoculated control treatment plots (Figure 2e–h). A large pool of local rhizobia
has been isolated from different areas of Nepal representing different legume crops [58–62], confirming
the availability of indigenous rhizobia in the Nepalese soil. Interestingly, nodulation by native soil
rhizobia (control treatment-T1) was greater in farms located at Kaski compared to Dhading, which
may be associated with the soil moisture conditions, which are important for rhizobia survival in the
soil [13,14,50]. For subsistence farmers, adequate application of organic manure would be a better
solution to overcome this challenge, as soil organic matter helps to hold soil moisture and build up the
soil carbon pool [63] to support soil microbes.

5. Conclusions

In summary, the results demonstrate that even in a highly heterogenous hillside environment,
and under a variety of traditional practices and cropping histories, rhizobium inoculants can benefit
farmers (improving nodulation, plant growth, and grain yield) in a 2:1 ratio, even in the absence of
co-interventions. Some farmers showed apparently remarkable benefits from rhizobium inoculation,
while others did not. In this real-world context, the treatments were associated with an apparent
tremendous farm-to-farm variability for nodulation, vegetative biomass, shoot N content, grain yield,
and grain N content. Plot-to-plot variation within each farm and limited sampling (at the flowering
stage) may have created experimental artefacts, including some of the extreme positive and negative
results. It was clear that the success of the rhizobium inoculants was highly influenced by the rainfall
received during the growing season. For these technologies to be effective across a highly variable
hillside context, supporting interventions may be needed.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0472/9/1/20/s1,
Table S1: Farm specific details, Table S2: Percentage (%) change in shoot dry weight at the flowering stage
associated with rhizobia-micronutrient treatments compared to internal control plots at individual farms at
the Kaski and Dhading sites in 2015 and 2016, Table S3: Percentage (%) change in grain yield associated with
rhizobia-micronutrient treatments compared to internal control plots at individual farms at the Kaski and
Dhading sites in 2015 and 2016, Table S4: Percentage (%) change in grain total nitrogen content associated with
rhizobia-micronutrient treatments compared to internal control plots at individual farms at the Kaski and Dhading
sites in 2015 and 2016, Table S5: Number of plants per 9 m2 at harvest in each treatment plot in farms located at
individual farms at the Kaski and Dhading sites in 2015 and 2016.
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