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Introduction: Recent prices in soybean have spurred interest in motivating growers
into input integration to improve yields across the northern savannas of Ghana.
This requires more knowledge of input integration to increase soybean yield and
profitability across production areas.

Materials and method: A 3-yr study was conducted in three locations at Manga,
Nyankpala, and Wa in Ghana's northern savanna to identify the best-yielding input
combination under a rain-fed environment. The experiment used “Jenguma” soybean
cultivar with lime, inoculum, and phosphorusina 2 x 2 x 2 factorial arrangement with
four replications. Eight treatment combinations (controlincluded) were used to assess
soybean yield, yield components, rain use efficiency, and economic profitability. The
single-input application of lime (T1), inoculum (T2), and phosphorus (T4) was the low-
input, lime x inoculum (T3), lime x phosphorus (T5), and (inoculum x phosphorus)
(T6) as medium input, T7 (lime x inoculum x phosphorus) was high input, and a
no-input treatment (control).

Results: The soils were inherently low in fertility, and weather variability during the
reproductive stages was a significant limiting factor to improving grain yield across
locations. Grain yield was highest in 2017 at Manga and Nyankpala, but in 2019 at Wa.
Except at Manga, grain yield and rain use efficiency (RUE) were highest in the high
input system (T7). However, marginal net benefits (MNB) and marginal rate of returns
(MRR) were highest in the low input system (T2) across locations. The low (T1) and
medium (T3) input systems (except Nyankpala) were dominant for MNB and MRR due
to the high cost of the lime product.

Discussion: These results suggest that smallholder farmers prefer low input (T2) with
the least cost of production and the highest marginal net benefit and marginal rate of
returns. Nevertheless, producers would have to evaluate their resource base and the
cost of nutrient integration for sustainability.

Conclusion: This paper recommends further studies on lime rates to determine
profitability, lime's long-term (residual) effect, and the synergic impact of inoculum
and phosphorus.
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1. Introduction

Soybeans, Glycine max (L.) Merrill, are relatively recent in
Ghana’s agriculture but has become one of the most important
economic crops in smallholder cropping systems. The crop was
introduced in northern Ghana to improve soil fertility, human and
livestock nutrition, and as a cash crop for alternative incomes for
smallholder farmers (Mercer-Quarshie and Nsowah, 1974; Ocran
et al, 1998). Currently, soybeans are an essential cash crop
comparable to the staple crops, like rice (Oryza sativa L.), maize (Zea
mays L.), pear millet (pennisetum glaucum (L.)) R. Br., and sorghum
(Sorghum bicolor (L.)) Moench in Ghana’s northern savannas.

Ghana’s soybean production began seriously in northern
savannas during the early 1990s by selling certified seeds to growers,
with later expansion to the middle and forest zones (Ocran et al.,
1998). Available statistics suggest Ghana’s annual soybean production
increased within a decade by more than double, from 75,000 MT
(2008) to 177,000 Mt (2018), with an on-farm yield average of 1.68
(Mg ha™1) (MoFA-SRID, 2018; Ritchie et al., 2022). However, the
average soybean yields obtained from smallholder farmers are <1.0
(Mg ha™!) (World Bank, 2017; Ritchie et al, 2022). Meanwhile,
Ghana’s soybean yield potential is estimated at 3.00 (Mg ha™!)
(MoFA-SRID, 2018; Ritchie et al., 2022). This presents a yield gap
of 66.7 and 44.0 (%) of the smallholder farmers and the on-farm
average, respectively. The observed yield gap in the country’s soybean
production is probably a combination of factors, including the erratic
rainfall pattern and high temperatures, insufficient input use in a
low soil nutrient environment, and insufficient knowledge of the best
agronomic management practices.

Human-made activities such as population growth have
generated several yield-limiting factors that affect crop production,
including seasonal rainfall variability, low soil fertility, and soil
acidification (Von Uexkill and Mutert, 1995; Buri et al., 2005).
The global per capita arable land area is estimated to decline from
0.45 in 1950 to 0.15 (ha) by 2050 (Lal and Stewart, 2010). Thus,
better alternative soil and crop management practices are needed
to increase crop yields to meet the ever-increasing food demand
(Lal and Stewart, 2010). Additionally, developing high-yielding crop
cultivars requires applying external inputs such as N, P, and K to
enhance crop yields (Singh and Ryan, 2015).

Soil acidity affects soil health by causing low crop productivity,
reducing and slowing the soil microbial and physical activity
impeding the biological nitrogen-fixing process (Buri et al., 2005;
Farida and Fariya, 2015; Zhang et al., 2016). In Ghana, acidic soils
have been reported in many parts of the country, limiting crop
productivity (Buri et al., 2005; Tetteh et al, 2016). Tetteh et al.
(2016) observed that most topsoil from Ghana’s northern savannas
ranges from strongly acidic (5.1-5.5) to slightly acidic (6.1-6.5).
Additionally, the soils have low total exchangeable acidity that lower
soil pH, resulting in soil acidification (Tetteh et al,, 2016). The use of
lime has been proposed as an alternative to combat the detrimental
effects of soil acidity. Lime provides Ca™2, and Mg"?2, needed to
alleviate the impact of H!, AI*3, and Mn™3 (Farida and Fariya,
2015) that negatively impact the activity of N,-fixing rhizobia (Abera
and Abebe, 2018). In Ghana, however, lime use among smallholder

Abbreviations: MCSR, monthly crop seasonal rainfall; CGP, crop growth period;

OM, organic matter; CEC, cation exchange capacity.
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farmers is limited due to accessibility and knowledge of the potential
agricultural benefits.

Phosphorus is a significant plant nutrient required in large
amounts in the form of H,PO, and HPOi_ within a narrow soil
pH range of 6.5-7.0 (Etesami et al., 2021). This macronutrient plays a
significant role in rapid root development and growth, ensuring good
flowering, pod development, quality seed, and disease resistance.
At lower soil pH, aluminum (Al), iron (Fe), and manganese (Mn)
readily bind with P to form AI-P, Fe-P, and Mn-P compounds,
respectively (Etesami et al., 2021). Phosphorus becomes insoluble and
unavailable for plant uptake in these forms, which can result in 5-
15 (%) reduction in crop yield (Schachtman et al., 1998; Shenoy and
Kalagudi, 2005). In such a situation, applying lime is an alternative
remedy to ameliorate the detrimental effects of soil acidity (Farida
and Fariya, 2015).

Although the soils in northern Ghana harbor indigenous
Bradyrhizobium spp. (Jaiswal and Dakora, 2019), there is often
the need to inoculate soybean with commercial Bradyrhizobium
inoculants known to be highly effective in N,-fixation (Klogo et al.,
2016). Significant yield increase has been reported with inoculation
alone or in synergy with phosphorus on several soybean cultivars
(Awuni et al., 2020). This study included lime in a 1-way, 2-way,
or 3-way synergy with inoculum and phosphorus in a low, medium,
or high-input system. The objective was to identify the best-yielding
input combination under a rain-fed environment and other abiotic
stressors, such as temperature and soil fertility, across three sites in
Ghana’s northern savannas.

2. Materials and methods

2.1. Description of study sites

A 3-year (2017-2019) soybean input trial was conducted in three
locations in Ghana’s northern savannas (Supplementary Figure S1).
The experiments were set up at the research fields of the CSIR-
Savanna Agricultural Research Institute (SARI) located across the
region. The study sites were chosen across three ecoregions of
northern savannas at Manga (11.01347°N, —0.2674°W; 218 m
AMSL) in the Eastern Sudan Savanna (E.S.S.), Nyankpala (9.3897°N,
—1.0036°; 184 m AMSL) in the Opened Guinea Savanna (O.G.S.),
and Wa (9.8864°N, —2.4631°W; 234 m AMSL) in the Western Sudan
Savanna (W.S.S) CILSS (2016). The soils are Savanna Ochrosols
developed from Birrimian and granitic origin (Adjei-Gyapong and
Asiamah, 2002) or Plinthosols (IUSS Working Group WRB, 2015).
Ghana’s northern savanna has unimodal rainfall between 150 and 200
days from May to October, with a mean annual seasonal variation
between 1,000 and 1,100 mm (MoFA-SRID, 2018).

2.2. Weather and soil data

Weather data on rainfall and temperature were obtained from
stationed weather monitors and used to compute total monthly
precipitation and mean temperature for each study location. A
30-year weather data (1991-2021) was obtained (https://en.climate-
data.org/africa/ghana-121/)  (Attribution-NonCommercial 4.0
International) (CC BY-NC 4.0) and used as the long-term weather
average. Soil fertility data were generated from soil core samples
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TABLE 1 Site-specific coordinates, elevation, input application, and harvesting dates at Manga, Nyankpala, and Wa in northern Ghana (2017-2019).

Location Coordinates Elevation Input application and harvest
(AMSL¥)
Inoculum Phosphorus Harvest
(dates)
2017 Manga 11.0167°N; 234 30 Jun 8 Jul 3 Aug 31 Oct
—0.2602°W
Nyankpala 9.3893°N; 159 6 Jul 12 Jul 27 Jul 13 Nov
—1.0039°W
Wa 9.8858°N; 343 21 Jul 24 Jul 7 Aug 21 Nov
—2.4618°W
2018 Manga 11.0135°N; 218 20 Jun 28 Jun 16 Jul 03 Nov
—0.2740°W
Nyankpala 9.3923°N; 188 26 Jun 28 Jun 16 Jul 06 Nov
—1.0063°W
Wa 9.8863°N; 234 14 Jul 17 Jul 1 Aug 17 Nov
—2.4631°W
2019 Manga 11.0140°N; 218 57Jul 9 Jul 26 Jul 08 Nov
—0.2665°W
Nyankpala 9.3897°N; 184 5 Jul 8Jul 26 Jul 14 Nov
—1.0036°W
Wa 10.0773°N; 311 5 Jul 13 Jul 27 Jul 25 Nov
—2.5847°W

* Above mean sea level.

(n = 15) with a cylindrical (2.5 x 36.6 cm) soil probe (A.M.S. Inc.,
ID., USA) sampled to 15 (cm) soil depth (topsoil) and composited
for each location. The composited soils were processed, packaged,
and shipped to Waypoint Analytical Laboratories Inc. (Mempbhis,
USA) for physiochemical analysis with the internationally accepted
protocol. Waypoint Analytical Laboratories Inc. (Memphis, USA)
classified and reported the soil fertility status after the soil analysis
(Supplementary Table S1).

2.3. Experimental materials and treatments

The planting material used was “Jenguma” (TGX 825-18D x
TGX 814-27D) soybean cultivar released and registered in 2003
and 2015, respectively, by the CSIR-SARI (NVRRC, 2019). The
“Jenguma” cultivar is medium maturity between 110 and 115 (days),
drought-tolerant (shattering <3%) with a yield potential between 2.5
and 2.8 (Mg ha™!) (Denwar and Wohor, 2012; NVRRC, 2019). The
“Jenguma” seeds were obtained from Heritage Seed Ltd, Ghana. The
experiment consisted of three input factors of lime, inoculum, and
phosphorus at two treatment levels (with or without) ina 2 x 2 x 2
factorial arrangement with four replications.

Based on a recommendation from soil analysis, Omya Calciprill®
110 lime [CaCOs; (37% Ca) and MgCOs3 (0.6 % Mg), Omya
International, AG] was applied at 3,375 g (plot—!) by broadcast and
incorporated into 75 (cm) ridged seedbeds by hand hoeing before
planting. Nodumax inoculant [Bradyrhizobium japonicum (strain
USDA 110); IITA-BIP, Nigeria] was used to coat seed at 0.72 (g) per
720 seed (plot~!) using the two-step method of seed inoculation.
Gum Arabic adhesive was dissolved in warm water at 10 (% w/v) and
mixed to coat the seed. The inoculant was then added and mixed
to a fine brown powder dispersed evenly on the seeds. The seeds
were protected from direct sunlight and were planted soon after
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application. Uninoculated plots were planted before inoculant plots
to prevent contamination. Once planted, the seeds were immediately
covered with soil to avoid drying and to ensure good seed-soil
moisture contact for germination. Triple superphosphate (46% P, O5)
fertilizer was applied at 58.5 (g) of P (plot™!) by side-dressing.
Experimental units were six-row plots that measured 4.5 x 5m (22.5
m?) with a 1-m alley between replications.

2.4. Field preparation, planting, and crop
management

Table 1 indicates site-specific coordinates, elevations (AMSL),
input application, and harvest dates. The fields were plowed with
a tractor disc, harrowed, and ridged to 75 (cm) rows spacing. The
planting dates were 8 July 2017, 28 June 2018, and 5 July 2019 for
Manga; 12 July 2017, 28 June 2018, and 8 July 2019 for Nyankpala;
and 24 July 2017, 17 July 2018, and 13 July 2019 for Wa. Seeding
density was set at 40 (kg ha™!) and counted at the two-leaf stage
(Petersen, 2009) to 720 plants (plot™!) to represent 75 x 4 (cm)
plant spacing. Weed management included a mixture of 1.15 (kg
ai. ha™!) sunphosate 460 SL [glyphosate, N-(phosphonomethyl)
glycine; Wynca Sunshine Ltd, Ghana] and 1.12 (kg ai. ha™!)
Stomp 455 CS [pendimethalin, N-(l-ethyl propyl)-3,4-dimethyl-2, 6-
dinitrobenzenamine); Cama Agro Consulting Ltd, Ghana] in a 15-
L knapsack sprayer fitted with a flat fan nozzle in a 200 (L ha™!)
spray volume equivalent applied the same day after planting to slow
weed growth. Two-hand weeding was done at V4 and V6 growth
stages (Petersen, 2009). Lambda Super 2.5 EC (Lambda-cyhalothrin;
Kumark Company Ltd) was applied at 0.025 (kg a.i ha=!) in a 150 (L
ha~!) spray volume equivalent during the beginning flowering (R1)
and pod development (R3) stages (Petersen, 2009) to minimize flower
and pod feeding insect damage.
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2.5. Measurements of grain yield and yield
components

Data was taken on days to 50 (%) flowering time measured
from the date of planting to 50 (%) flowering of the soybean in a
net plot (7.5 m?). The plant height (cm) data were taken randomly
from six plants and measured above ground to the apex of soybean
plants at 50 (%) flowering time. The plants were then tagged for
later identification. Yield component data were the number of pods
(plant™!) calculated as the average of six plants randomly selected
from each net plot at maturity. The seed number (pod~!) was
calculated as a ratio of the seed number (plant—!) to the pod number
(plant™!). Hundred seed weight (g) was determined from the average
of four sets of 100 seed weights (g) per treatment plot. Grain yield
(Mg ha ~!) and harvest index were evaluated as described by Awuni
et al. (2020).

2.6. Rain use efficiency (kg ha=! mm~1)
Rain use efficiency (RUE; kg ha~! mm™!) was calculated as the
ratio of grain yield (kg ha™!) to the cumulative seasonal rainfall (CSR;

mm) received from planting to crop maturity (Sharma et al., 2013).

Hence, RUE (kg ha=!mm™ 1)
Grain yield (kg ha_l)
" Cummulative Seasonal Rainfall (mm) from planting to crop maturity

(1)

2.7. Economic assessment

The partial budget by dominance analysis was used to estimate
the marginal net benefit of each treatment in increasing order of the
total cost that varies. A treatment with a net benefit less than or equal
to the treatment input (s) below or above is dominated (CIMMY'T,
1988). The total costs that vary (TCV) included the cost of lime,
inoculum, and TSP fertilizer (Supplementary Table S2). Grain yield
was adjusted to 12 (%) moisture to estimate gross revenue on a 3-yr
average soybean price. Soybean prices were valued in local currency
(GHS) and converted to U.S. dollars ($) at the prevailing average
exchange rate of $0.4272 (kg~!) (Supplementary Table S2). The cost
of land rental and preparation, crop management and harvest,
transportation of harvested produce, and storage were considered
fixed variables. The partial budget analysis by dominance approach
was used on pooled data across years for each treatment for each trial
location. The computed net benefit and marginal rate of returns were
as below:

Net benefit (NB;) = Gross revenue (GR)

— Total cost that varies (TCV;) (2)
Where, i = subscript, which denotes each treatment.
The Marginal rate of return, defined as the change in marginal
net benefits divided by the marginal cost that varies, expressed as a
percentage, was calculated as below (CIMMYT, 1988):

(NBj; — NBj1)

Marginal Rate of Return (MRR;) = ———————
(TCVi; — TCVyy)

% 100 (3)
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Where; MRR; is the Marginal rate for each treatment,

NB;; is the Gross revenue for the treatment 1,

NB;, is the Gross revenue for treatment 2,

TCVjy is the total cost that varies for treatment 1,

TCVj, is the total cost that varies for treatment 2.

The marginal rate of return suggests what farmers, on average,
could expect to gain in return for the investment when deciding
to change from one agronomic practice (s) to new technology
(CIMMYT, 1988). The calculations are based on the prevailing
market prices of all inputs and outputs at the time of experiments
averaged across years.

3. Statistical analysis

Data were subjected to analysis of variance (ANOVA) using
the MIXED procedure in S.A.S. version 9.4 (SAS Institute, 2016)
(Supplementary Table 53). When the effects of treatments were
significant, means were separated using Fisher’s Protected LSD with
DIFFS option on LSMEANS statement for letter grouping at P < 0.05
(Saxton, 1998).

4. Results

4.1. Seasonal rainfall and temperature

The mean crop growth period (CGP) of the “Jenguma” cultivar
from planting to harvest averaged 123 (days) across sites (Table 2). At
Manga, the CGP varied between 116 and 129 (days), while Nyankpala
and Wa ranged from 120 and 126 (days). The monthly crop seasonal
rainfall (MCSR) distribution varied from 236.7 (mm) in July to 87.7
(mm) in Oct at Manga, 219.5 (mm) in Sept to 99.9 (mm) in Oct at
Nyankpala, and 238.0 (mm) in July to 108.4 (mm) in Oct at Wa.
The total crop seasonal rainfall (TCSR) received was variable, with
the lowest in 2017 in all the study sites. The mean TCSR were 718.4,
675.4, and 737.4 (mm) for Manga, Nyankpala, and Wa, respectively.
At Manga, the yearly TCSR recorded were 627.3, 737.8, and 790.0
(mm) for 2017, 2018, and 2019, respectively; 566.7, 829.6, and 630.0
(mm) for 2017, 2018, and 2019, respectively, at Nyankpala; and 459.9,
888.2, and 864.2 (mm) for 2017, 2018, and 2019, respectively, at Wa.

The annual seasonal rainfall was erratic across months and sites,
with rainfall deficits experienced in all study sites in 2017 and 2019
(Table 3). The yearly seasonal rainfall, when compared with the 30-
year average, indicated that 2017 had the highest rainfall deficits of
—28.6, —127.1, and —105.0 (mm) for Manga, Nyankpala, and Wa,
respectively. However, the 2019 cropping season also experienced dry
spells at late vegetative (Aug.) through flowering (Aug) to seed fill
(Sept.) or at maturity stages (Oct.). Compared with the 30-yr average,
the mean monthly temperatures increased in all study sites (Table 3).
The mean seasonal temperature increase above the 30-year average
was 1.2, 0.1, and 0.2 (°C) for 2017, 2018, and 2019, respectively at
Manga; 1.1, 1.4, and 1.5 (°C) for 2017, 2018, and 2019, respectively,
at Nyankpala; and 1.1, 0.3, and 0.3 (°C) for 2017, 2018, and 2019,
respectively, at Wa. Nyankpala recorded the highest mean seasonal
temperature increase between 1.1 and 1.5 (°C) above the 30-year
average, while Manga experienced the lowest increase between 0.1
and 1.2 (°C).
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TABLE 2 The CGP, seasonal crop rainfall, and TCSR for Manga, Nyankpala, and Wa (2017-2019).

Location CGP (days) Monthly crop seasonal rainfall distribution (mm)
July Aug Sept Oct

Manga (ESS) 2017 116 246.1 232.4 1175 313 627.3
2018 129 199.5 255.8 215.0 67.5 737.8
2019 123 264.4 206.8 1545 164.3 790.0
Mean 123 236.7 231.7 162.3 87.7 718.4

Nyankpala (OGS) 2017 125 300.8 120.0 105.6 403 566.7
2018 126 162.2 290.5 268.6 108.3 829.6
2019 120 134.4 60.3 284.2 151.1 630.0
Mean 124 199.1 156.9 2195 99.9 675.4

Wa (WSS) 2017 121 145.0 170.6 108.3 36.0 459.9
2018 121 348.6 209.0 276.8 53.8 888.2
2019 126 220.5 2232 185.1 235.4 864.2
Mean 123 238.0 200.9 190.1 108.4 737.4

CGP, crop growth period; TCSR, total crop seasonal rainfall.

4.2. Soil properties and fertility status

The results of the soil analysis were averaged across the 3-year
experiments for each study location (Table 4). The soils were sandy
loam with strong acidity at Manga and Nyankpala, and loamy sand
with moderate acidity at Wa. The buffer pH averaged between 6.78
and 6.81 across the study locations.

The macronutrient analysis for P varied from medium at Manga
and Nyankpala to low at Wa. The available K went from low at
Nyankpala to very low at Manga and Wa. Calcium and S were
medium and low across sites with Mg ranging between medium at
Nyankpala and low at Manga and Wa.

For the micronutrient, B varied between very low at Manga and
Wa, and low at Nyankpala. The ratings for Cu and Mn were low
and medium across the sites. The values for Fe ranged from medium
at Manga and Nyankpala to low at Wa. The rating for Zn went
from the medium at Manga to low at Nyankpala and Wa, while
Na, salinity, and OM were very low across the sites. The NOs-
N and CEC values varied between 2.0 and 9.0 and 3.2 and 4.7,
respectively, while Al varied from 245.0 to 344.0 (mg kg~!) across the
study sites.

4.3. The one-way effects of year and nutrient
inputs

The main effects of year, lime, inoculum, and phosphorus on 50
(%) flowering time, plant height, RUE, yield, and yield components
differed across the study locations (Table 5).

4.3.1. Days to 50 (%) flowering (time)

The effect of year on flowering time differed significantly in all
three trial locations (Table 5). At Manga, the flowering time was
shorter by 2 (days) in 2017 and 2019 compared to 2018. Similarly,
the flowering time at Nyankpala was shorter by 2 (days) in 2019
relative to 2017 and 2018, while the flowering time at Wa was 2
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(days) shorter in 2018 and 2019 compared to 2017. Application of
P reduced the flowering time over the control by 0.6 (days) and
0.3 (days) at Nyankpala and Wa, respectively. However, inoculation
reduced flowering time over the control by 0.3 (days) at the Wa
study location only. At the same time, the application of lime did not
differ significantly from the control treatment on flowering time in all
three locations.

4.3.2. Plant height (cm)

The effect of the year significantly influenced plant height
at flowering across sites (Table 5). At Manga, plant height at
the flowering time increased significantly in 2018 over 2017 by
12.2 (%) but not in 2019. At Nyankpala, plant height increased
significantly at flowering time in 2019 over 2017 and 2018 by
56.8 and 20.1 (%), respectively. At Wa, plant height increased
significantly at flowering time in 2019 over 2017 and 2018 by 49.3 and
14.6 (%), respectively.

Except for the lime application at Wa, the input application
significantly improved plant height at the flowering time over
the controls across sites. At Manga, the main effects of lime,
inoculum, or phosphorus increased plant height over the controls
by 11.3, 11.9, and 11.0 (%), respectively. At Nyankpala, the effects
of lime, inoculum, or phosphorus application did increase plant
height over the controls by 8.4, 9.3, and 12.9 (%), respectively. In
contrast, at Wa, the effects of inoculum or phosphorus significantly
increased plant height flowering time over the controls by 3.9 and
12.3 (%), respectively.

4.3.3. Yield components

The year effect significantly influenced the number of pods
(plant™!) at Nyankpala and Wa (Tzble 5). At Nyankpala, the pod
number (plant™!) increased significantly in 2019 over 2017 and 2018
by 23.4 and 28.4 (%), respectively. At Wa, pod number (plant™!)
increased in 2019 relative to 2017 and 2018 by 69.3 and 31.6
(%), respectively.
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TABLE 3 Total seasonal monthly rainfall and mean temperature deviations from the 30-year average for Manga, Nyankpala, and Wa in Ghana's northern
savannas (2017-2019).

Location Rainfall (mm) Temperature (°C)
2018 2019 30-year 2017 2018 2019 30-year
avg. avg.
Manga (ESS) May —~17.8 29.0 146 90.0 0.9 0.7 0.4 29.6
June 71.0 3.0 9.4 124.0 13 0.5 12 27.5
July 56.1 95 74.4 190.0 11 05 0.7 26.0
Aug. —1L6 11.8 —37.2 244.0 17 0.3 03 25.5
Sept. —46.5 51.0 -9.5 164.0 1.6 —0.1 0.7 26.0
Oct. —20.7 155 112.3 52,0 0.9 —0.5 -13 27.6
Nov. —32 —4.9 -39 5.0 0.6 0.9 0.8 27.9
Total/mean —273 114.9 160.1 869.0 12 0.1 0.2 272
Nyankpala (OGS) May —69.9 327 21 123.0 22 1.3 23 28.9
June 37.9 —76.7 —19.5 149.0 15 1.9 1.8 27.2
July 144.8 6.2 216 156.0 0.6 15 1.8 26.2
Aug. —65.0 1055 —124.7 185.0 0.4 15 0.9 26.0
Sept. 1194 436 59.2 225.0 0.7 15 15 26.2
Oct. —58.7 93 52.1 99.0 0.7 1.0 0.8 27.4
Nov. 32 —11.0 —24 11.0 1.0 1.0 1.6 28.5
Total/mean —127.1 442 —59.0 948.0 L1 14 15 27.2
Wa, WSS May 9.9 13.1 75.4 128.0 2.0 1.3 1.0 28.0
June 79.2 53 —34.0 138.0 1.1 1.2 1.0 26.5
July —21.0 182.6 54.5 166.0 0.8 02 0.7 25.6
Aug. —174 21.0 35.2 188.0 0.7 0.1 03 253
Sept. —96.7 71.8 —~19.9 205.0 12 0.1 0.8 25.4
Oct. —52.4 -35.2 146.4 89.0 0.9 0.0 —0.7 26.7
Nov. —6.6 —8.1 —10.0 110 0.7 —11 11 27.6
Total/mean ~105.0 250.5 247.6 925.0 11 03 03 26.4

Data obtained from Savanna Agricultural Research Stations and http://climate-data.org/ghana. Negative values are deviations below the 30-year average; Positive values are deviations above the

30-year average.

The effects of inoculum or phosphorus at Manga significantly
increased the pod number (plant~!) over the controls by 41.9 or 47.4
(%), respectively. At Nyankpala, pod number (plant™!) increased
with inoculum or phosphorus over the controls by 21.0 and 61.4
(%), respectively. In contrast, at Wa, lime, inoculum, or phosphorus
significantly increased the pod number (plant~!) over the controls by
10.1, 13.6, and 21.6 (%), respectively.

Except for the year effect at Wa, where the seed number (pod~—!)
increased significantly by 10 (%) in 2017, similar to 2019 over 2018,
the seed number (pod~!) did not differ significantly with year, lime,
inoculum, or P application across locations. There was a general
increase in seed weight across sites in 2019 over 2017 and 2018. At
Manga, the 100 seed weight average increased in 2019 over 2017
and 2018 by 17.0 and 11.7 (%), respectively. At Nyankpala, the 100
seed weight average increased in 2019 over 2017 and 2018 by 14.3
and 17.4 (%), respectively. Similarly, the 100 seed weight average at
Wa increased in 2019 over 2017 and 2018 by 18.8 and 26.7 (%),
respectively. Phosphorus application significantly increased the 100
seed weight average over no P by 5.3 and 4.4 (%) at Nyankpala and
Wa, respectively.
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4.3.4. Rainfall use efficiency (kg ha=! mm~1)

Except for lime application at Manga and Wa, year and input
application effects significantly influenced rainfall use efficiency
(RUE) across sites (Table 5). At Manga, RUE increased significantly in
2017 over 2018 and 2019 by 84.6 (%). At Nyankpala, RUE increased
in 2017 over 2018 and 2019 by 71.4 and 5.9 (%), respectively.
However, RUE at Wa increased in 2019 over 2017 and 2018 by 20.8
and 38.1 (%), respectively. Inoculum or P applications significantly
increased RUE over the controls by 20 and 35.7 (%), respectively, at
Manga. At Nyankpala, lime, inoculum, or phosphorus applications
significantly increased RUE over the controls by 17.9, 17.9, and 40.0
(%), respectively, and by similar trend at Wa by 13.0, 4.0, and 33.3
(%), respectively.

4.3.5. Grain yield (Mg ha™1), stover yield (Mg ha™1),
and harvest index (ratio)

The effects of year, lime, inoculum, or phosphorus significantly
influenced grain yield, stover yield, and harvest index (Table 5). Grain
yield at Manga increased significantly in 2017 over 2018 and 2019 by
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TABLE 4 Soil properties and fertility status at 0—15 (cm) soil depth for Manga, Nyankpala, and Wa in Ghana’s northern savannas across a 3-year average
(2017-2019).

Soil properties Manga (ESS) Nyankpala (OGS) Wa (WSS)
Value Interpretation Value Interpretation Value Interpretation

Physical

Soil texture (%)

Sand 75.0 - 67.0 - 87.0 -

Silt 21.0 - 29.0 - 10.0 -

Clay 4.0 - 4.0 - 3.0 -

Classification - Sandy loam - Sandy loam - Loamy sand

Chemical

Mean pH 5.2 Strong acidity 5.4 Strong acidity 6.0 Moderately acidic

Buffer pH 6.79 - 6.78 - t6.81 -

P (mgkg™!) 19.0 Medium 24.0 Medium 11.0 Low

K (mgkg™") 41.0 Very low 56.0 Low 43.0 Very low

Ca (mgkg™) 427.0 Medium 473.0 Medium 212.0 Medium

Mg (mgkg™!) 43.0 Low 53.0 Medium 49.0 Low

S (mgkg™!) 9.0 Low 10.0 Low 7.0 Low

B (mgkg™!) 0.1 Very low 0.2 Low 0.1 Very low

Cu (mgkg™") 0.4 Low 0.3 Low 0.3 Low

Fe (mgkg™") 57.0 Medium 51.0 Medium 34.0 Low

Mn (mgkg™) 49.0 Medium 51.0 Medium 43.0 Medium

Zn (mgkg™!) 3.7 Medium 1.1 Low 0.7 Low

Na (mgkg™!) 21.0 Very low 14.0 Very low 9.0 Very low

Salinity (ds/m) 0.12 Very low 0.13 Very low 0.13 Very low

OM (%) 0.5 Very low 0.6 Very low 0.7 Very low

CEC (meq/100 g) 4.1 4.7 32

NO3-N (mgkg™") 9.0 4.0 2.0

Al (mgkg™") 245.0 344.0 326.0

CEC, cation exchange capacity; OM, organic matter. Soil analysis by Waypoint Analytical Inc., Memphis, TN (U.S.); fbuffer pH for Donkpong at Wa (2019).

60.0 and 50.5 (%), respectively. At the Nyankpala location, grain yield
increased significantly in 2019 over 2017 and 2018 by 5.9 and 22.9
(%), respectively, and a similar trend at Wa in 2019 over 2017 and
2018 by 123.6 and 34.4 (%), respectively.

At Manga, the P application did increase grain yield over the
control by 34.3 (%). At Nyankpala, input applications of lime,
inoculum, or phosphorus significantly increased grain yield over the
controls by 20, 18.2, and 40.0 (%), respectively, and at Wa by 15.6,
16.2, and 32.9 (%), respectively.

Stover yield, defined as the aboveground dry biomass weight, was
significantly influenced by year across sites. At Manga, stover yield
increased significantly in 2017 over 2018 and 2019 by 43.1 and 56.6
(%), respectively. Stover yield at Nyankpala increased significantly in
2018 over 2017 and 2019 by 17.7 and 15.0 (%), respectively. Similarly,
at Wa, the stover yield increased in 2018 over 2017 and 2019 by
51.5 and 9.9 (%), respectively. The effects of inoculum or phosphorus
significantly increased stover yield over the controls by 11.9 and 21.9
(%), respectively, at Manga. However, the effects of lime, inoculum,
or phosphorus significantly increased stover yield over the controls
by 11.5, 12.7, and 24.4 (%), respectively, at Nyankpala.
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The year effect significantly influenced the harvest index at
the Nyankpala and Wa locations (Table 5). At Nyankpala, the
harvest index increased significantly in 2019 over 2017 and 2018
by 5.4, and 30 (%), respectively, and a similar trend at Wa in
2019 over 2017 and 2018 by 37.9, and 8.1 (%), respectively.
At Nyankpala, the effect of lime or phosphorus significantly
increased the harvest index over the controls by 12.1 and 8.8 (%),
respectively. In contrast, at Wa, inoculum or phosphorus applications
significantly increased the harvest index over control by 8.8 and
21.9 (%), respectively.

4.4. The two-way interactive effects of the
years on nutrient inputs applied

The interactive effect of the year on nutrient application
probably needed to be clarified (confounded) with the impact of the
seasonal weather variability. Therefore, the data was not discussed
but presented as an attachment in the Supplementary material
for reference (Supplementary Tables 54, S5).

07 frontiersin.org


https://doi.org/10.3389/fsufs.2023.992644
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

SW21SAS POO4 210RUIRISNS UI SI913UOIS

80

640" UISISIUOIY

TABLE 5 Main effects of year, lime, inoculum, and phosphorus on yield, yield components, and rain use efficiency at Manga, Nyankpala, and Wa locations in the northern savannas of Ghana.

Location Effects Flowering Plant height Pod no. Seed no. Grain yield Stover yield Harvest
time index
EVS cm (plant=1) Pod~! (Mg ha™!) (ratio)
Manga (ESS) Year
2017 43.9b 38.4b 19.4a 2.0a 10.6¢ 2.4a 1.52a 3.32a 0.32a
2018 45.9a 43.1a 15.2a 2.0a 11.1b 1.3b 0.95b 2.32b 0.30a
2019 44.2b 41.9a 14.8a 2.0a 12.4a 1.3b 1.01b 2.12b 0.30a
P <0.0001 0.001 0.0817 0.5818 <0.0001 <0.0001 <0.0001 <0.0001 0.7317
Lime (tha™!)
0 44.6a 38.9b 14.8a 2.0a 11.3a 1.6a 1.08a 2.50a 0.29a
1.5 44.8a 43.3a 18.1a 2.0a 11.4a 1.8a 1.23a 2.67a 0.32a
P 0.4169 <0.0001 0.0744 0.1667 0.6299 0.0769 0.0633 0.2431 0.2305
Inoculum (g
kg~! seed)
0 44.8a 38.8b 13.6b 2.0a 11.3a 1.5b 1.08a 2.44b 0.30a
10 44.5a 43.4a 19.3a 2.0a 11.4a 1.8a 1.24a 2.73a 0.31a
P 0.2247 <0.0001 0.0025 0.2307 0.6884 0.0439 0.057 0.0432 0.7242
Phosphorus (kg
P,0s ha™1)
0 44.6a 39.0b 13.3b 2.0a 11.4a 1.4b 0.99b 2.33b 0.29a
60 44.8a 43.3a 19.6a 2.0a 11.3a 1.9a 1.33a 2.84a 0.32a
P 0.3109 <0.0001 0.0009 0.3951 0.4975 <0.0001 <0.0001 0.0004 0.1687
Nyankpala (OGS) Year
2017 46.2a 37.3c 41.0b 1.8a 11.2b 3.6a 2.03a 3.45b 0.37a
2018 46.7a 48.7b 39.4b 1.7a 10.9¢ 2.1b 1.75b 4.06a 0.30b
2019 44.5b 58.5a 50.6a 1.7a 12.8a 34a 2.15ab 3.53b 0.39a
P <0.0001 <0.0001 0.0038 0.9105 <0.0001 <0.0001 <0.0001 0.0064 <0.0001
Lime (tha™!)
0 45.8a 46.2b 43.0a 1.7a 11.6a 2.8b 1.80b 3.48b 0.33b
1.5 45.8a 50.1a 44.3a 1.8a 11.7a 3.3a 2.16a 3.88a 0.37a
P 0.9345 <0.0001 0.6603 0.6315 0.3246 <0.0001 <0.0001 0.0151 0.0177
(Continued)
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TABLE 5 (Continued)

Location Effects Flowering Plant height Pod no. Grain yield Stover yield Harvest
time index
days cm (plant™1) (Mg ha—1) (ratio)

Inoculum (g
kg~! seed)
0 46.0a 46.0b 39.5b 1.8a 11.7a 2.8b 1.81b 3.46b 0.34a
10 45.6a 50.3a 47.8a 1.7a 11.7a 3.3a 2.14a 3.90a 0.36a
P 0.0875 <0.0001 0.0046 0.6391 0.9439 <0.0001 <0.0001 0.0089 0.1943
Phosphorus (kg
P,0s ha™1)
0 46.1a 43.8b 33.4b 1.8a 11.4b 2.5b 1.65b 3.28b 0.34b
60 45.5b 52.5a 53.9a 1.7a 12.0a 3.5a 2.3la 4.08a 0.37a
P 0.0194 <0.0001 <0.0001 0.6991 <0.0001 <0.0001 <0.0001 <0.0001 0.0307
Wa (WSS) Year
2017 47.4a 41.6¢ 29.0¢ 2.2a 11.2a 2.4b 1.10c 2.64b 0.29¢
2018 46.6b 54.2b 37.3b 2.0b 10.5a 2.1c 1.83b 4.00a 0.33b
2019 45.0c 62.1a 49.1a 2.1ab 13.3a 2.9a 2.46a 3.64a 0.40a
P <0.0001 <0.0001 <0.0001 0.0355 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Lime (tha™!)
0 46.4a 52.0a 36.6b 2.1a 11.7a 2.3a 1.67b 3.40a 0.33a
1.5 46.3a 53.2a 40.3a 2.1a 11.6a 2.6a 1.93a 3.46a 0.35a
P 0.5148 0.2305 0.0227 0.8815 0.2315 0.0008 0.0006 0.6044 0.651
Inoculum (g
kg~! seed)
0 46.5a 51.6b 36.0b 2.1a 11.5a 2.5b 1.67b 3.38a 0.32b
10 46.2b 53.6a 40.9a 2.2a 11.8a 2.6a 1.94a 3.48a 0.36a
P 0.0108 0.0502 0.003 0.1825 0.1301 0.0001 0.0004 0.6044 0.0357
Phosphorus
(kg P,0s ha™!)
0 46.5a 49.6b 34.7b 2.1 11.4b 2.1b 1.55b 3.32a 0.31b
60 46.2b 55.7a 42.2a 22 11.9a 2.8a 2.06a 3.54a 0.37a
P 0.0108 <0.0001 <0.0001 0.649 0.0007 <0.0001 <0.0001 0.2672 <0.0001

Means that within a category in the same column and the same letter case group are not significantly different (o« = 0.05).
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TABLE 6 Interactive effects of lime (L) x inoculum (I) x phosphorus (P) on yield components, rainfall use efficiency, yield, and harvest index at Nyankpala,
and Wa locations in the northern savannas of Ghana.

Location Treatment Effect Flowering Pod no. RUE Grain yield Harvest
time index
LxIxP (days) (plant—1) (kg ha™! (Mg ha™1) (ratio)
Nyankpala (OGS) T7 1.5 x 10 x 60 45.4bc 61.3a 3.86a 2.53a 0.37ab
T3 1.5% 10 x 0 46.1b 33.3de 3.01cd 1.96cd 0.35ab
T5 1.5 % 0 x 60 45.8bc 45.3bc 3.49b 2.26b 0.35ab
T1 15%0x%0 46.1b 37.4cd 2.88d 1.87d 0.402b
T6 0 % 10 x 60 45.9bc 56.7a 3.50b 2.29b 0.38ab
T4 0% 0x60 45.0¢ 52.5ab 3.30bc 2.16bc 0.36ab
T2 0x10x0 45.0¢ 40.1cd 2.73d 1.78d 0.34b
T8 0x0x0 47.3a 22.9¢ 1.50e 0.97e 0.26¢
p 0.0007 0.0046 0.0003 0.0004 0.0246
Wa (WSS) T7 1.5 x 10 x 60 46.3a 44.7a 3.10a 2.23a 0.38ab
T3 1.5x 10 x 0 46.3a 38.7a 2.21d 1.70¢ 0.34b
T5 1.5 % 0 x 60 46.4a 42.4a 2.68bc 1.98abc 0.38ab
T1 1.5x0x0 46.6a 35.4a 2.45cd 1.82bc 0.35b
T6 0 % 10 x 60 45.9a 41.1a 2.89ab 2.08ab 0.39b
T4 0x 0 x 60 46.3a 40.1a 2.64bc 1.95abc 0.41a
T2 0x10x0 46.3a 39.1a 2.33cd 1.74c 0.36b
T8 0x0x0 47.3a 25.7a 1.22¢ 0.92d 0.22¢
P 0.3294 0.0633 0.0002 0.0006 0.0011

Means that within a category in the same column and the same letter case group are not significantly different (a = 0.05).

4.5. The three-way interactive effects of
input application

4.5.1. Manga location

The interactive effect of lime X inoculum X phosphorus
application for all the parameters measured was not significant at
the Manga location (Supplementary Table 52) and was excluded from
Table 6 for further discussion.

4.5.2. Nyankpala location

The interactive effect of lime x inoculum Xx phosphorus was
significant for 50 (%) of flowering time, pod number (plant™!),
RUE, grain yield, and harvest index (Table 6). The flowering time
was delayed in treatment T8 (control) by ~2 (days) compared to
T2 (inoculum alone), T4 (P alone), T6 (I x P synergy), T5 (L x P
synergy), and T7 (L x I x P synergy). The pod number (plant™1)
was highest in treatment T7, similar to treatments T6 and T4, and
differed significantly from treatments T3, T5, T1, T2, and T8 by a
percentage increase between 35.3 and 167 (%). The RUE was highest
in treatment T7 and differed significantly from treatments T3, T5,
T1, T6, T4, T2, and T8 by an increase between 10.3 and 157.3 (%).
Similarly, grain yield was highest with treatment T7 and differed
significantly from treatments T3, T5, T1, T6, T4, T2, and T8 by a
percentage increase between 10 and 160 (%). The harvest index was
highest in treatment T1, similar to treatments T4, T3, T5, T7, and T6
but differed significantly from treatments T2 and T8 by 17.6 and 53.3
(%), respectively.
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4.5.3. Wa location

At Wa, the lime X inoculum x phosphorus interaction
significantly influenced RUE, grain yield, and harvest index (Table 6).
The RUE was highest in treatment T7, similar to treatment T6 but
differed significantly from treatments T3, T5, T1, T4, T2, and T8
by a percentage increase between 154.1 and 15.7 (%). Similarly, the
grain yield was similar for treatments T7, T5, T6 and T4 but differed
significantly from treatments T3, T1, T2, and T8 by a percentage
increase between 22.5 and 142.4 (%). The harvest index was highest
with treatment T4, similar to treatments T7, T5, and T6 but differed
significantly from treatments T3, T1, T2, and T8 by a percentage
increase between 13.9 and 86.4 (%).

4.6. Partial budget analysis

The partial budget analysis indicated a positive total net benefit
in soybean production across the study sites, including the control
treatment (Table 7). The marginal net benefits were generally lower
with treatments T1, T3, and T5 than with the control treatment in
all three locations. However, the marginal net benefit (MNB) and
the marginal rate of returns (MRR) were highest with treatment T2
in all locations. At Manga, the MNBs for treatments T2, T4, T6,
T5, and T7 varied between 13.24 and 106.90 (US$ ha~!), and at
Nyankpala between 19.14 and 325.58 (US$ ha~!) with treatment
(T3 included), and between 35.66 and 330.27 (US$ ha~!) at Wa.
The MRRs for treatments T2, T4, T6, T5, and T7 varied between
27.1 and 520.5 (%) at Manga; and between 93.2 and 1585.1 (%),
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TABLE 7 A 3-yr (2017 to 2019) partial budget analysis of lime, Bradyrhizobium inoculum, and phosphorus effects on soybean at Manga, Nyankpala, and Wa
locations.

Location Treatment protocol Adjusted Gross TCV MCV Net
yield returns benefit

No. Inputs (kg ha=1) (US.$ha 1)

Manga (ESS) T8 Control 715.56 305.69 0 0 305.69 - -
T2 Talone 1,013.89 433.13 20.54 20.54 412.59 106.90 520.45
T4 P alone 1,231.45 526.08 69.43 48.89 456.65 44.06 90.12
T6 IxP 1,361.66 581.70 89.97 20.54 491.73 35.08 170.79
T1 L alone 1,122.22 479.41 410.80 320.83 68.61 - -
T3 LxI 1,100.00 469.92 431.34 20.54 38.58 - -
T5 LxP 1,245.44 532.05 480.23 48.89 51.82 13.24 27.08
T7 LxIxP 1,470.55 628.22 500.77 20.54 127.45 75.63 368.21

Nyankpala (OGS) T8 Control 970.24 414.49 0 0 414.49 - -
T2 Talone 1,780.44 760.61 20.54 20.54 740.07 32558 1,585.10
T4 P alone 2,155.15 920.68 69.43 48.89 851.25 11118 227.41
T6 IxP 2,286.61 976.84 89.97 20.54 886.87 35.62 173.42
T1 L alone 1,868.45 798.20 410.80 320.83 384.40 - -
T3 LxI 1,961.33 837.88 431.34 20.54 406.54 19.14 93.18
T5 LxP 2,264.28 967.30 480.23 48.89 487.07 80.53 164.72
T7 LxIxP 2,530.57 1,081.06 500.77 20.54 580.29 93.22 453.85

Wa (WSS) T8 Control 919.78 392.93 0 0 392,93 - -
T2 Talone 1,740.98 743.74 20.54 20.54 723.20 33027 1,607.94
T4 P alone 1,945.26 831.01 69.43 48.89 761.58 38.38 78.50
Té6 IxP 2,076.81 887.21 89.97 20.54 797.24 35.66 173.61
T1 L alone 1,818.37 776.81 410.80 320.83 366.01 - -
T3 LxI 1,702.74 727.41 431.34 20.54 296.07 - -
T5 LxP 1,982.27 846.83 480.23 48.89 366.60 70.53 144.26
T7 LxIxP 2,226.65 951.22 500.77 20.54 450.45 83.85 408.23

Average prevailing soybean price = $ 0.4272; Adjusted (Adj) yield at 12%.
TCV, total cost variable; MCV, Marginal cost variable; MNB, marginal net variable; MRR, marginal rate of returns.

(MoFA-SRID, 2018). Hence, farm yields in this climatic region
experience seasonal weather variability and associated problems that
impede crop growth. Although soybean is a drought-tolerant crop,
its sensitivity to stress varies across growth stages with several factors,
some of which can be mitigated through management. The major
abiotic factors identified in this study were weather, mainly rainfall
and temperature, low soil fertility, and nutrient management.

In this study, moisture stress and high temperatures were the

including treatment (T3) at Nyankpala, and at Wa between 78.5 and
1607.9 (%).

5. Discussion
5.1. Weather and soil fertility

Soybean is perhaps the fastest-growing cash crop amongst
smallholder farmers across Ghana’s northern savannas. This is
attested by a decade increase of more than double in production
from 2008 to 2018, as reported by MoFA-SRID (2018) and Ritchie
et al. (2022). The demand for soybeans continues to soar in response
to population increase as diets shift toward less resource-intensive
protein foods for humans and livestock and soil fertility amendments
in smallholder farming systems (Tilman et al., 20115 Islam et al,
2022). However, low soil fertility and erratic rainfall are significant
limiting factors to soybean yield improvement in some parts of the
savanna (Bebeley et al., 2022). In Ghana, the amount and duration
of rainfall decrease from the south toward Ghana’s northern savanna

Frontiers in Sustainable Food Systems

most limiting factors to soybean production in all three locations.
Most farmers across Ghana’s northern savanna rely exclusively on
rainfed agriculture, depending on seasonal rainfall for moisture to
meet crop demands (Radeny et al, 2019). The amount of rain
received varied widely across years and seasons, with some seasonal
dry spells in 2017 and 2018 in all three study locations. The rainfall
and temperature analysis indicated periods of rainfall deficits and
increasing temperatures above the 30-year average, suggesting a
warming climate. As a result, fluctuations and uncertainty in planting
dates shifted from June to July in all these locations. The dry spells
occurred erratically from planting through flowering (August) to pod
filling (September) and maturity (Oct.) stages. The annual increase in
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seasonal temperature above the 30-year average varied from 0.2 to
1.2 (°C) for Manga, 1.1 to 1.5 (°C) for Nyankpala, and 0.3 to 1.1 (°C)
for the Wa location. Consistent with the World Bank Group (2010),
projected 2.1 to 2.4 (°C) rise in temperature across the northern
savannas of Ghana by 2050. Although soybean can be resilient during
the vegetative stage, yield penalty can be high under moisture stress
and high temperatures at reproductive stages, as observed at Wa
in 2017, where the total seasonal rainfall was <500 (mm). Flower
abortion, pod drying, and seed weight loss can be affected under
these stressful conditions. Meckel et al. (1984) observed that yield
reduction in soybean could occur during flowering (R1) and seed
fill period (R5-R7) due to moisture stress, the stages most sensitive
to moisture stress. The combined effects of moisture stress and high
temperatures on soybean production are biological and economical
(Thorp, 2019); hence are significant sources of yield gap (Zipper et al.,
2016; Battisti and Sentelhas, 2017; Leng and Hall, 2019; Wijewardana
et al., 2019). Depending on the climate change scenario (Yu et al,
2021) predicted a yield reduction in soybean by 86-92 (%) relative
to current yields by 2050. Hence, accurately determining when to
plant soybean to avoid early or late-season dry spells is the first
step to maximizing yield (Bebeley et al.,, 2022). In Ghana’s northern
savannas, most farmers plant soybean within a narrow window from
mid-June to the first week of July based on resource availability.
Soybean producers in the region need to understand the extent to
which planting time could be delayed and the yield penalty expected
due to late planting.

The major challenges identified through the soil analysis were
inherent low soil fertility, low C.E.C., low organic matter, low soil pH,
and the sandy nature of the soils. Soil acidity was a significant concern
considering the strong to moderately acidic soil that varied between
5.2 and 6.0 (pH) in the study locations, as Tetteh et al. (2016) reported
earlier. Soil pH considerably impacts soil physical, chemical, and
biological processes, and crop productivity (Ketterings et al., 2005;
Farida and Fariya, 2015; Keino et al., 2015). Soil productivity involves
nutrient availability (Ketterings et al., 2005; Farida and Fariya, 2015),
soil microbial activity (Keino et al., 2015; Abera and Abebe, 2018),
and reduced solubility of toxic elements (Farida and Fariya, 2015;
Keinoetal., 2015). Keino et al. (2015) noted that acidic soil could limit
phosphorus availability, exchangeable cations (Mg, Ca, and K), and
molybdenum, while increasing the solubility of noxious substances
(Fe, Al, H, Cu, and Mn) that adversely affect crop yield. The C.E.C.
recorded in this study varied from very low to low, including very
low organic matter in all three locations. Pagani and Mallarino (2012)
reported that soils with low C.E.C. and organic matter could have low
water retention and experience nutrient deficiency through leaching.
Soils of this nature may require better nutrient and soil management
practices to improve fertility to optimize crop yield (Hodges, 2010).
The nutrient management options proposed include the addition of
organic matter, inorganic fertilizers, or lime to ameliorate the effects
of soil acidity (Farida and Fariya, 2015). The soil fertility analysis
indicated a wide range of nutrient deficiencies across study locations,
suggesting the need for site-specific fertility recommendations.

5.2. Input use and yield optimization

Feeding the ever-increasing global population sustainably
requires alternative means to improve crop yields on existing crop
farms to close the “yield gap” between current and potential yields.
However, agronomic practices in smallholder farming systems in
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Ghana’s northern savannas have yet to increase grain production
with input integration, especially in soybean. This study aimed to
enhance soybean yield using two mineral inputs of lime and P
while reducing N fertilizer use by applying a biofertilizer input
(inoculant). The hypothesis was that managing these inputs would
optimize soybean productivity across Ghana’s northern savannas.
The low crop productivity in Ghana’s northern savannas and across
sub-Saharan Africa is associated with poor soils (CIMMYT, 2015)
and the inefficient use of the primary inputs required to sustain crop
productivity. Efficient use of fertilizer, improved seeds and pesticides,
and protection against soil erosion enhance crop yields (Thomas,
2020).

Soybean production is one of the most complex cropping
systems, requiring knowledge of multiple mitigating factors
to optimize yields and profitability while being conscious of
environmental safety. The current input assessment study of lime,
inoculum, and phosphorus reduced flowering time and improved
plant height, pod number, seed weight, RUE, grain and stover
yields, and harvest index over the controls. The flowering time
differed significantly among years, a reflection of differences in
seasonal variability. This implies that applying inputs helped mitigate
environmental stress for yield optimization. The interaction of
soybean genetic potential, environment and farming practices
improves soybean growth, development, and yield. Therefore, with
input integration and proper agronomic practices, farmers could
maximize the yield potential of their choice of soybean cultivar.

Temperature and photoperiod have long been known to influence
the flowering time of soybean. The input application of phosphorus
(T4) or in combination with lime (T5) or inoculum (T6) reduced
the flowering time by ~2 (days) in all three study locations. Plant
circadian timing (24-h cycle), which involves endogenous plant
activities, influences the flowering time (Schaffer et al., 1998; Venkat
and Muneer, 2022). The input pathway is one of the components
that make up the endogenous timing of plants (Venkat and Muneer,
2022) and may have interrupted the expected circadian timing to
cause reduced flowering time. The average seed number (pod~') was
unaffected, with ~2 seeds (pod~!) in all three study locations. The
seed number (pod~!) is probably one of the tremendous agronomic
traits with the potential to improve soybean yield, but genes and the
environment regulate it. The significant yield increase across sites
in 2017 over 2018 and 2019 reflects the considerable contribution
of seed weight to yield since seed weight was highest in 2017. The
role of P may have been a “catalyst,” to enhance the biological and
physical soil activity to improve soil fertility, crop development,
and yield. Khanam et al. (2016) noted that phosphorus was the
most critical nutrient for soybean growth and development, with
demand exceeding 60 (%) for pod and seed development during the
reproductive stages. Consistent with Khanam et al. (2016), higher
yields and RUE were observed in treatments with phosphorus applied
alone or synergic with lime, inoculum, or both.

5.3. Economic viability of soybean in
northern Ghana

CIMMYT (1988) noted that the minimum acceptable rate of
returns for farmer adoption ranges between 50 and 100 (%). This
study implies that farmers will be more willing to adopt treatment
T2 (inoculum alone), which has the least cost of production and the
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highest MNB and MRR in all three study locations. Ragsdale et al.
(2022) reported that smallholder farmers, particularly women that
dominate Ghana’s agriculture, will readily accept a low-cost soybean
input bundle to maximize production cost. Additionally, the resource
base of smallholder farmers is limited and given the assurance of
higher financial returns on investment, would accept the lowest
cost of production. However, the synergistic effect of phosphorus
on lime (T5) or inoculum and phosphorus on lime (T7) increased
the MNB and MRR considerably. Applied phosphorus has been
reported to improve N fixation and may have influenced the increase
in MNB and MRR in those treatments. Hence, in a high-input
soybean system, well-resourced farmers could be motivated to adopt
treatment T7. Lime applied alone (T1) or synergy with inoculum (T3)
was a disincentive to farmer adoption as the MNB and MRR were
dominant, probably due to the high cost associated with the lime
product. However, the benefits of lime are not limited to economic
gains only but residual and non-economic benefits that sustain
farmers (Asodina et al., 2020). The long-term benefits of lime include
the residual benefits of enhancing seedling development, nutrient
availability, and improving soil pH for the sustenance of smallholder
agriculture (Acevedo-Siaca and Goldsmith, 2020; Dabesa and Tana,
2021). Lime is known to have a long-term benefit; hence the yearly
evaluation may not reflect the profitability and economic benefits
desired associated with the cost of the lime product. Therefore, long-
term residual benefits require investigation in soybean production
across the northern savannas of Ghana.

6. Conclusion and implication

Erratic rainfall, higher temperatures, and low soil fertility were
identified as potential yield-limiting factors in soybean production in
the study. However, soybean yield could be improved with proper
agronomic practices and input integration. Farmers would opt for a
low input system that lowest the cost of production and maximizes
benefits. The low input treatment T1 (lime alone) and medium input
treatment T3 (lime x inoculum) were economically disincentives for
farmer adoption due to the high cost of lime, but in synergy with
phosphorus (T5) or with inoculum and phosphorus (T7) provided
acceptable marginal returns. Therefore, the study brings the resource
base of soybean producers into the best decision-making process
for sustainability in soybean production. Soybean producers with a
high source base could adopt the high-input system T7, with the
most increased total cost but acceptable marginal benefits, which
could be an alternative input production system for medium to large-
scale soybean production. Therefore, the study recommends further
investigation into the short- to long-term (residual) benefits of lime
to understand the dynamics of lime in soybean production in the
northern savannas of Ghana.
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SUPPLEMENTARY TABLE S1
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savannas of northern Ghana (2017-2019).
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