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Soybean yield, nutrient use
efficiency, and economic returns
of phosphorus and potassium in
Ghana’s interior savanna
George A. Awuni1*, Darrin M. Dodds1, Daniel B. Reynolds1,2,
Peter A. Asungre3, Iddrisu Yahaya3, George Y. Mahama3,
Thomas Bella3, Simon Abongo4 and Peter D. Goldsmith5

1Department of Plant and Soil Sciences, College of Agriculture and Life Sciences, Mississippi State
University, Starkville, MS, United States, 2Department of Administration, International Institute and
Programs, Mississippi State University, Starkville, MS, United States, 3Department of Crop Breeding and
Agronomy, Council for Scientific and Industrial Research (CSIR)-Savanna Agricultural Research
Institute (SARI), Tamale, Ghana, 4Department of Crop Science, Faculty of Agriculture, Food and
Consumer Sciences, University for Development Studies, Tamale, Ghana, 5Department of Agricultural
and Consumer Economics, College of Agricultural, Consumer and Environmental Sciences, University
of Illinois at Urbana-Champaign, Champaign, IL, United States
Introduction: Phosphorus (P) and potassium (K) deficiencies are increasingly

being reported in Ghana’s interior savanna soils. Smallholder farmers consider

soybeans as a “zero-input” crop resulting in low yields and profitability. Studies

indicate a positive response to P application; however, knowledge of the

synergistic effect of P and K in soybeans is limited. A six-site year experiment

was conducted to evaluate the synergy of P and K for soybean yield, partial factor

productivity (PFP), agronomic efficiency (AE), rain-use efficiency (RUE), and

variable-cost ratio (VCR).

Materials andmethods: The treatments were 4 × 4 factorial combinations of P at

0, 25, 50, and 100 P2O5 (kg ha−1) and K at 0, 25, 50, and 100 K2O (kg ha−1), and

their combinations laid out in a randomized complete block design with four

replications. The soybean cultivar “Favor” (TGx 1844–22E), released and

registered by the Savanna Agricultural Research Institute (SARI), was used as

the test crop.

Results and discussion: Flowering time was reduced at Nyankpala and Dokpong

by 0.2 and 0.4 (days), while plant height was increased by 4%–18% over control.

Yield and RUE increased as P and K rates increased, with the greatest yield from

T15 (P100K50) in Manga (2.34 t ha−1) and Nyankpala (2.37 t ha−1), T16 (P100K100)

at Dokpong (2.68 t ha−1), and RUE from T15 across locations. The PFP, AE, and

VCR values decreased with increasing P and K rates, with the greatest PFP, AE,

and VCR from T5 (P25K0) at Manga and Dokpong and T2 (P0K25) at Nyankpala.

All treatments exceeded the VCR > 2.0 threshold, except T12 (P50K100) across

locations, and T16 at Manga and Nyankpala. The greatest economic returns are

T5 at Manga and Dokpong and T2 at Nyankpala.

Conclusion: By all indications, the study justified the use of nutrient input in

soybeans of P and K to enhance grain yield and profitability. Avoiding broadcast
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applications and adopting precision placement using the 4R nutrient principles of

right placement, right fertilizer source, right rate, and the right time is key. The

study recommends further experiments on different combinations of P and K in a

long-term residual study.
KEYWORDS

soybean yield, partial factor productivity, rain use efficiency, nutrient use efficiency,
value cost ratio
1 Introduction

Food security is rapidly becoming a major issue as the global

population continues to surge exponentially. Drought and heat

stress from climate change are major stressors on crop production

(Lamaoui et al., 2018), with predicted potential consequences on

major crops and food security in Ghana’s interior savanna (Dankwa

et al., 2021). Hence, there is a need for enhanced crop management

strategies in smallholder agriculture to increase crop yields per unit

area using indigenous knowledge and industrial fertilizers. Nitrogen

(N), phosphorus (P), and potassium (K) are the three most

important nutrients required in crop plants. Plants require these

nutrients in large quantities for growth and development.

Soybean [Glycine max (L.) Merrill] is the most important

economic crop cultivated globally for oilseed and livestock feed,

used in multiple food, feed, and industrial products. Soybeans are

the fourth largest field crop by volume accounting for nearly 9% of

the total value of global agricultural trade (Valdes et al., 2023). The

crop contributes significantly to global food security in nutrition,

poverty alleviation, and economic growth (Sinclair et al., 2014;

Akakpo et al., 2020; Ntiamoah et al., 2022). The three largest

soybean-producing countries are the United States, Brazil, and

Argentina with yield averages of 3.45, 3.41, and 2.81 t ha−1,

respectively (Ritchie et al., 2023). Arguably, the inherent yield

potential of soybeans is high (Vogel et al., 2021), but growth

limiting factors, mainly biotic and abiotic, and low knowledge of

soybean agronomic practices pose significant challenges to

achieving high yields in several soybean production regions

(Vogel et al., 2021).

Soybean production in sub-Saharan Africa (SSA) is increasing

at a rate of 6.84% annually (Sedibe et al., 2023), mainly under

increased area production and not from yield per unit area. Sub-

Saharan Africa (SSA) accounts for only 1.26% (4.68 MT) of the

global (371.69 MT) soybean production (Ritchie et al., 2023). In

descending order, South Africa, Nigeria, Zambia, Benin, Malawi,

Ghana, Ethiopia, and Mozambique are the most important

soybean-producing countries in SSA. Therefore, Ghana is the

sixth soybean producer, in volume and yield per unit area with

190,000 t annually and 1.65 t ha−1 average yield (Ritchie et al.,

2023). Over 90% of the country’s soybeans are produced in the

interior savanna by smallholder farmers as a cash crop (Ocran et al.,
02
1998; MoFA-SRID, 2019) but produce mainly staple cereal crops

(Ocran et al., 1998; Dankwa et al., 2021). In cereal crop production,

soybeans reduce the infestation of witchweed, Striga hermonthica, a

highly virulent root parasitic cereal crop pathogen in northern

Ghana (Stoop et al., 1983; Abdulai et al., 2006). The soybean crop

enriches soil fertility through biological nitrogen fixation (BNF) in a

symbiotic relationship with root-colonizing soil bacteria. The BNF

process harnesses atmospheric nitrogen in inexpensive and readily

available forms in soybean root-forming nodules that not only meet

crop N demands but also provide residual N for use in subsequent

rotation crops in smallholder cropping systems. Soybean cultivars

have been reported to contribute up to 371 kg ha−1 of atmospheric

nitrogen into the soils of Ghana’s interior savannas (Matey and

Alidu, 2023).

Most crop yields in Ghana are low, with a yield gap between

20% and 60% (Bationo et al., 2018). The yield gap for soybeans is

estimated at 55.0% based on the reported national attainable yield

average of 1.65 t ha−1 compared to the national estimated yield

potential of 3.0 t ha−1 (MoFA-SRID, 2019; Ritchie et al., 2023).

However, less than 1.0 t ha−1 of soybean yield was reported on

average in smallholder farms (Aidoo et al., 2014; World Bank,

2017), representing a 67% yield gap. This yield gap is attributed to a

combination of factors including low seeding density (Aidoo et al.,

2014), lack of sustainable crop management practices (Tetteh et al.,

2016), soil acidity (Buri et al., 2005), erratic weather patterns

(Dankwa et al., 2021), limited availability of high-yielding

cultivars (Tefera, 2011), and pests and diseases (Abudulai et al.,

2012). The acidic soils of Ghana’s interior savanna provide

additional nutrient challenges due to P fixation and availability of

other nutrients such as K, boron (B), and molybdenum (Mo) (Buri

et al., 2005). These nutrient deficits lead to inadequate nodulation,

pod formation, and low soybean yield.

The most important soil nutrients for soybeans are phosphorus

(P), potassium (K), Bradyrhizobium inoculum for nitrogen (N), and

lime for marginal soils (Awuni et al., 2023). Lime plays an

important role in maintaining adequate soil pH levels (6.0–6.5)

for healthy soybean growth and development. The seed inoculation

technology in soybean cropping systems is pivotal for smallholder

farmers as a source of nitrogen (Kumar et al., 2021). The inoculant

supports soybeans to increase biological nitrogen fixation (BNF),

enhance and promote environmental stewardship, reduce
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production costs, and eliminate N-based fertilizer purchases

(Gyogluu et al., 2018; Kumar et al., 2021; Kyei-Boahen et al., 2023).

Low soil P and K limit soybean grain yield (Brooker et al., 2017)

and their deficiencies are increasingly reported in Ghana’s interior

savanna soils (Awuni et al., 2020, 2023). Phosphorus deficiency is

characterized by stunted growth, leaf cupping, and discoloration

(APNI, 2022: Khan et al., 2023) and is common in acid soils (Khan

et al., 2023). Potassium is required in relatively large amounts (Imas

and Magen, 2008; APNI, 2022) but is often overlooked in

smallholder cropping systems. Potassium increases root

nodulation and enhances nitrogen fixation and plant resistance to

pests and diseases (Imas and Magen, 2008; APNI, 2022), thus

promoting crop health. Buernor et al. (2022) reported grain and

biological yield increases with both P and K applications, but there

is limited knowledge of the synergistic effect of P and K on

soybeans. Several studies have shown a significant response of

soybeans to P (Awuni et al., 2020, 2023; Adjei-Nsiah et al., 2019,

2022; Buernor et al., 2022; Kyei-Boahen et al., 2023). Efficient

nutrient use ensures maximum crop yield per nutrient unit

applied under defined soil and climatic conditions.

In Ghana, most soybean producers are subsistence farmers with

limited resources and can barely afford high fertilizer input costs;

thus, fertilizer used in crop production must be efficient and cost

effective. Nutrient use efficiency can be reported using partial factor

productivity (PFP), the ratio of output (yield) to a single factor

input (fertilizer), and agronomic efficiency (AE), the ability of the

applied nutrients to increase grain or biological yield as indicators

of economic output (Dobermann, 2007; Amanullah and Almas,

2009). Improved nutrient management can maximize rainwater use

efficiency (RUE) and grain yield (Rockström et al., 2003; Sharma

et al., 2013) for farmers with limited resources under climate change

conditions (Roy et al., 2006). This study hypothesized that

smallholder farmers will use P and K fertilizers profitably and

sustainably to enhance agronomic and soil management practices

to achieve higher soybean yield in response to fertilizer utilization in

nutrient-limiting environments.

The study investigated various P and K fertilizer rates to (i)

determine crop phenology and plant height at flowering, (ii)

measure grain and stover yield per unit of applied P and K

fertilizer rate, (iii) determine the partial factor productivity (PFP),

agronomic efficiency (AE), and rain use efficiency (RUE) metrics,

and (iv) quantify the economic returns to soybeans.
2 Materials and methods

2.1 Site description

Field experiments were conducted for six site years in two

cropping seasons (2021 and 2022) at three locations across three

ecoregions of Ghana’s interior savannas. The locations were Manga

(Binduri District), Nyankpala (Tolon District), and Dokpong (Wa

Municipal). These locations were selected to represent the three

ecoregions: the Eastern Sudan Savanna (ESS), Open Guinea

Savanna (OGS), and Western Sudan Savanna (WSS) (CILSS,

2016) (Supplementary Figure S1). The field coordinates for
Frontiers in Agronomy 03
Manga were 11.01712 N/−0.26173 W (2021) and 11.01778 N/

−0.25885 W (2022) at 100 (m) AMSL; 9.40482 N/−0.95272 W

(2021) and 9.40911 N/−0.97725 W (2022) at 165 (m) AMSL for

Nyankpala; and 10.07748 N/−2.50582 W (2021) and 10.01778 N/

−2.50582 W (2022) at 301 (m) AMSL at Dokpong. In general, the

dominant soils were the Savanna Ochrosols developed from

Birrimian and granitic parent material (Serno and Weg van der,

1985; Adjei-Gyapong and Asiamah, 2002) or Plinthosols (IUSS

Working Group WRB, 2015). The study region has a single rainfall

pattern usually from May to October annually. The main crops

grown in Ghana’s interior savanna are maize, rice, sorghum, millet,

groundnut, cowpea, cassava, yam, cotton, and vegetables with

soybeans cultivated mainly as a commercial crop.
2.2 Soil sampling procedure and analysis

Soil samples were collected from each study location for selected

physicochemical soil analysis before planting. A soil probe sampler

was used to collect 15 core samples at random to 0–30 cm soil depth

in a zigzag pattern. The soil samples were composited for each

location, air-dried, and passed through a 2-mm mesh size. A sub-

sample (1 kg) of each composite was taken for Mehlich-3

extractable P, K, Ca, and Mg (Mehlich, 1984). Soil pH, texture,

organic matter (OM), and total nitrogen were analyzed using the

recommended soil test procedures (Waypoint Analytical

Laboratory, Memphis TN, USA).
2.3 Weather data and physio-chemical
soil properties

Rainfall and temperature data were obtained from weather

stations of the study regions. Rainfall was unimodal with some

trace in March, peaked in August, and declined in October across

the three locations (Supplementary Figure S2). The two-year

seasonal rainfall averaged 918.9, 1117.1, and 1314.8 mm for

Manga, Nyankpala, and Dokpong, respectively (Supplementary

Table S1). The average maximum (Tmax) and minimum (Tmin)

temperatures were highest in March and April and lowest in August

in all locations. The Tmax was higher in Manga by 1.5°C and 1.1°C

above Nyankpala and Dokpong, respectively, and Tmin was higher

in Nyankpala by 0.2°C above Manga and Dokpong (Supplementary

Table S1). The mean cumulative rainfall (CRF) was 584.2, 664.3,

and 769.7 (mm) for Manga, Nyankpala, and Dokpong, respectively,

while the mean crop growth periods (CGP) for the soybean cultivar

(Favor) were 127, 123, and 125 days at Manga, Nyankpala, and

Dokpong (Table 1).

The soils were classified as sandy loam, moderately acidic (6.2 pH)

atManga, and strongly acidic at Nyankpala (5.4 pH) andDokpong (5.5

pH) (Table 2). The available P was low (10.3–13.2 mg kg−1) and very

low (35.0–44.0 mg kg−1) extractable K across locations. The extractable

Ca was low (395.0 mg kg−1) at Manga and medium at Nyankpala

(430.0 mg kg−1) and Dokpong (441.0 mg kg−1). The extractable Mg

was medium (104.0–128.5 mg kg−1), with very low (0.7–0.9%) OM

content, and low (7–12 mg kg−1) NO3–N across locations.
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2.4 Treatment design and
experimental procedure

The experiment was a 4 × 4 factorial combination of four rates

of P at 0, 25, 50, and 100 P2O5 (kg ha−1); K at 0, 25, 50, and 100

K2O (kg ha−1); and combinations (Table 3). There were 16

treatments laid out in a randomized complete block design with

four replications (Table 3). The treatment rates were applied to a

four-row plot that measured 5.0 × 3.0 m (5 m long and four rows

0.75 m apart) at 0 (Control), 37.5, 75.0, and 150.0 (g plot−1) as

P2O5, K2O, and combinations sourced from triple superphosphate

(TSP 46% P2O5) and muriate of potash (MOP 60%

K2O), respectively.
Frontiers in Agronomy 04
2.5 Crop management

The soybean cultivar “Favor” (TGx 1844–22E), released and

registered by the Savanna Agricultural Research Institute (SARI),

was used as the test crop. The cultivar was of medium maturity

(115–118 days), high yielding (2.0–3.5 kg ha−1), and a 5% field-

shattering potential. The soybeans were planted to 75-cm ridged

beds and thinned to 320,000 (plants ha−1) stand after 14 days of

planting. Bradyrhizobium japonicum (strain USDA 110)

(Nodumax, IITA BIP, Nigeria) inoculant was applied directly to

the seeds in a two-step inoculation procedure at 1.0 g peat

inoculant to 100.0 g seed with a 10% (w/v) gum arabic adhesive

solution. Uninoculated plots were planted before the inoculant
TABLE 2 Physical and chemical soil properties (0–30 cm depth) at Manga, Nyankpala, and Dokpong in Ghana’s interior savanna (2021–2022).

Soil properties Manga (ESS) Nyankpala (OGS) Dokpong (WSS)

Value Interpretation Value Interpretation Value Interpretation

Physical

Soil texture, %

Sand 66.0 – 59.0 – 68.0 –

Silt 26.2 – 36.2 – 24.2 –

Clay 7.8 – 4.8 – 7.8 –

Classification – Sandy loam – Sandy loam – Sandy loam

Chemical

Soil pH 6.2 Moderately acidic 5.4 Strongly acidic 5.5 Strongly acidic

P, mg kg−1 12.4 Low 10.3 Low 13.2 Low

K, mg kg−1 35.0 Very low 42.5 Very low 44.0 Very low

Ca, mg kg−1 395.0 Low 430.0 Medium 441.0 Medium

Mg, mg kg−1 104.0 Medium 120.5 Medium 128.5 Medium

O.M, %
NO3–N, mg kg−1

0.8
7

Very low
Low

0.7
12

Very low
Low

0.9
9

Very low
low
Soil analysis by Waypoint Analytical Inc., Memphis, TN (U.S.) and Savanna Agricultural Institute (SARI), Tamale (Ghana).
TABLE 1 Crop growing period and monthly rainfall distribution at Manga, Nyankpala, and Dokpong in Ghana’s interior savanna (2021–2022).

Location Year CGP Monthly rainfall distribution (mm) CRF

(days) (Jun) (Jul) (Aug) (Sept) (Oct) (mm)

Manga 2021 130 – 149.6 250.5 102.6 46.6 549.3

(ESS) 2022 124 – 90.8 272.7 225.2 30.4 619.1

Mean 127 – 120.2 261.6 163.9 38.5 584.2

Nyankpala 2021 132 16.4 110.8 304.9 135.8 38.4 606.3

(OGS) 2022 114 – 21.1 354.3 280.4 66.5 722.3

Mean 123 8.2 65.9 329.6 208.1 52.5 664.3

Dokpong 2021 137 – 150.3 331.5 217.4 111.1 810.3

(WSS) 2022 113 – 60.5 326.9 302.7 39.0 729.1

Mean 125 – 105.4 329.2 260.1 75.1 769.7
CGP, crop growing period (days); CRF, cumulative rainfall (mm).
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plots to avoid inoculum contamination. Seeds planted were

immediately covered with soil to ensure good seed–soil moisture

contact for proper germination and prevent the exposure of

bacteria to direct sunlight. A single POST application of

Odyssey WDG (imazamox 35% + imazethapyr 35%) herbicide

at 43 g product ha−1 applied at the two to three true leaf stage in

200-L spray volume equivalent for weed control.
2.6 Nutrient use efficiency

The nutrient use efficiency (NUE) of P and K were evaluated

using the partial factor productivity (PFP), agronomic efficiency

(AE), and rain use efficiency (RUE).

Partial factor productivity (PFP) is the grain yield (kg ha−1) per

the unit of nutrient rate applied of P2O5, K2O, or combination (kg

ha−1) (Equation 1). The PFP indicates the farmers’ ability to

integrate new technology (nutrient application) with indigenous

knowledge (Dobermann, 2007).

Partial factor productivity (PFP)

=
grain yield (kg ha−1)

nutrient applied (kg ha−1)
(1)

Agronomic efficiency (AE) is the increase in grain yield (kg

ha−1) per unit of nutrient (s) rate applied (kg ha−1) (Equation 2).

The AE specifies the efficiency of crop utilization of each additional

unit of applied nutrient (Dobermann, 2007).
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Agronomic efficiency (AE)

=
grain yield of nutrient applied (kg ha−1) – grain yield of control (kg ha−1)

amount of nutrient applied (kg ha−1) 
(2)

Rain use efficiency (RUE) is the grain yield (kg ha−1) per the

cumulative seasonal rainfall (CRF, mm) calculated from planting to

crop maturity (Sharma et al., 2013) (Equation 3). The RUE is a

measure of the efficient utilization of rainfall in the treatments

under a rainfed environment.

Rain use efficiency (grain kg ha−1mm−1)

=
Grain yield (kg ha−1)

Cumulative Rainfall (mm)from sowing to harvest
(3)
2.7 Economic analysis

The economic feasibility of soybean production was evaluated

with the variable cost ratio (VCR). The VCR is the grain yield

increase per nutrient rate applied over the cost of the nutrient rate

applied ($ ha−1) (Equation 4). A VCR value ≥ 2 is the baseline for

potential technology adoption and profitability, and a VCR value ≤

2 indicates a non-economic benefit (Roy et al., 2006). The nutrient

input cost per treatment rate was calculated based on a 50-kg bag

fertilizer product at an open market price at the time of the

experiment (Supplementary Table S2).

Variable cost ratio,  ( $$−1) =

the value of yield increase due to nutrient 

input treatment ( $  ha −1 )
Cost of nutrient input treatment ( $  ha −1 )

(4)

Soybean prices were the average market price for 2021 and

2022. All the amounts are expressed in US dollars ($) at the average

exchange rates of GHS 1 = $ 0.1695 for 2021 and GHS 1 = $ 0.1563

for 2022 (Sasu, 2023; Supplementary Table S2).
2.8 Data collection

Data were collected on days and plant height (cm) at 50% plant

flowering. Grain and stover yields (kg ha−1), nutrient use efficiency,

and economic profitability were evaluated at harvest.

2.8.1 Flowering time and plant height
The flowering time was evaluated from the date of planting to

50% of plants at the R1 flowering stage in the 7.5 (m2) sample net

plot. Plant height was measured on six randomly sampled plants and

measured at flowering time from net plots and tagged for stover yield

(kg ha−1) and harvest index (kg kg−1) assessments at harvest. The

plant height was measured from the base of each plant stem above the

soil to the apex, and the average plant height was calculated.

2.8.2 Grain yield, stover yield, and harvest index
Grain yield, stover yield, and harvest index were evaluated at

harvest from a net plot area of 7.5 m2 (two middle rows) and

expressed in kilograms per hectare (Awuni et al., 2020).
TABLE 3 Treatment protocol and classification.

No.

Number

Treatment (kg ha−1)

CodeP2O5 K2O

1 T1 0 0 (P0K0)

2 T2 0 25 (P0K25)

3 T3 0 50 (P0K50)

4 T4 0 100 (P0K100)

5 T5 25 0 (P25K0)

6 T6 25 25 (P25K25)

7 T7 25 50 (P25K50)

8 T8 25 100 (P25K100)

9 T9 50 0 (P50K0)

10 T10 50 25 (P50K25)

11 T11 50 50 (P50K50)

12 T12 50 100 (P50K100)

13 T13 100 0 (P100K0)

14 T14 100 25 (P100K25)

15 T15 100 50 (P100K50)

16 T16 100 100 (P100K100)
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2.9 Statistical analysis

A combined analysis of location site years (Moore and Dixon,

2014) was performed with an analysis of variance (ANOVA) in SAS

Software (9.4) using the MIXED procedure (SAS Institute, 2016).

The P and K treatments (T), location (L), and T × L interaction were

fixed, and the effects of year (Y) and replication (R) were random.

The Fisher’s protected LSD was used for mean separation with the

DIFFS option and LSMEANS statement for letter grouping when

treatment effects were significant at p< 0.05 (Saxton, 1998).
3 Results

3.1 Synergistic effect of phosphorus
and potassium

The results indicated a synergistic effect of P and K interaction

on grain yield, rain use efficiency (RUE), and partial factor

productivity (PFP) in all locations; harvest index (HI) at

Nyankpala and Dokpong; agronomic efficiency (AE) at Manga

and Dokpong; and variable cost ratio (VCR) at Dokpong

(Table 4; Figures 1–3). A synergistic interaction occurred when

the combined effect of P and K was greater than the sum of

each independently.

3.1.1 Grain yield (PK-GY) and harvest index
(PK-HI)

The synergy of P and K treatment rates on grain yield (PK-GY)

differed significantly (Table 4), with PK-GY increasing as the

synergy of P and K rates increased in all locations (Figure 1A;

Supplementary Table S3). The highest grain yield at Manga (2.34 t

ha−1) and Nyankpala (2.37 t ha−1) was from treatment T15, not

statistically different from T16, T14, T12, T11, T8, and T3 at Manga,

including T13 and T4 at Nyankpala. At Dokpong, the highest grain

yield (2.74 t ha−1) was from treatment combination T16, similar to

treatment combinations T15, T14, T13, and T11. The control T1

had the lowest grain yield (<1.0 t ha−1) in all locations.

The synergy of P and K on harvest index (PK-HI) differed

significantly at Nyankpala and Dokpong (Table 4). At Nyankpala,

treatment T4 had the highest PK-HI (0.44 kg kg−1) similar to all

other treatments except T3 and the control T1 (Figure 1B;

Supplementary Table S3). At Dokpong, T15 had the highest PK-

HI (0.50 kg kg−1) similar to treatments T14 and T16; control T1 had

the lowest PK-HI of 0.27 and 0.31 (kg kg−1) at Nyankpala and

Dokpong locations.

3.1.2 Rain use efficiency (PK-RUE) and partial
factor productivity (PK-PFP)

The synergistic effect of P and K treatment combinations on

rain use efficiency (PK-RUE) differed significantly in all locations

(Table 4). The PK-RUE increased as P and K combination rates

increased with T15 being the highest PK-RUE of 4.0, 3.5, and 3.6

(grain kg ha−1 mm−1 rainfall) at Manga, Nyankpala, and Dokpong,

respectively (Figure 2A; Supplementary Table S4). These values did
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not differ significantly from treatment combinations T16, T14, and

T12 across the specified locations; T8, T4, and T3 at Manga; T13

and T11 at Nyankpala and Dokpong; and T4 at Nyankpala. The

control T1 had the lowest PK-RUE of 1.5 (grain kg ha−1 mm−1

rainfall) across locations.

The synergy of P and K on partial factor productivity (PK-

PFP) was significant across locations (Table 4). The PK-PFP

decreased as P and K treatment combinations increased in

all locations (Figure 2B; Supplementary Table S4). The highest

PK-PFP at Manga (62.2 kg kg−1) and Dokpong (83.1 kg kg−1)

were from treatment combination T5, and treatment

combination T2 at Nyankpala (55.8 kg kg−1). In contrast, the

treatment combination T16 recorded the lowest PK-PFP values

of 10.4, 10.8, and 13.7 (kg kg−1) at Manga, Nyankpala, and

Dokpong, respectively.

3.1.3 Agronomic efficiency and value cost ratio
The synergy of P and K treatment interaction on agronomic

efficiency (PK-AE) differed significantly at Manga and Dokpong

(Table 4). The PK-AE values decreased with increasing P and K

treatment combinations at the two locations (Figure 3A;

Supplementary Table S5). Hence, the synergy of treatment T5

(P25K0) had the highest PK-AE of 35.7 and 43.4 (kg kg−1) at

Manga and Dokpong, respectively. In contrast, the synergy of

treatment T16 had the lowest PK-AE of 7.4 and 8.8 (kg kg−1) at

Manga, and Dokpong, respectively.

The effect of P and K treatment interaction on the variable cost

ratio (PK-VCR) only differed significantly at Dokpong (Table 4).

The PK-VCR decreased with increasing P and K treatment

combination rates (Figure 3B; Supplementary Table S5). Thus, the

highest PK-VCR was from T5 (9.5 $ $−1), not statistically different

from T2 (9.2 $ $−1). In contrast, the T16 obtained the lowest PK-

VCR across locations.
3.2 The additive effects of phosphorus
and potassium

The results indicated an additive effect of P and K interaction at

50% flowering time (days), plant height, and stover yield (SY) in all

locations; harvest index (HI) and VCR at Manga; and agronomic

efficiency (AE) and VCR at Nyankpala (Table 4; Figures 4–7). An

additive interaction occurred when the combined effect of P and K

was the sum of each independently.

3.2.1 Flowering phenology and stover yield
The effect of P rates on flowering time (P-FT) differed

significantly at Nyankpala and Dokpong (Table 4) with flowering

time reduced by 0.2–0.4 (days) compared to the control T1

(Figure 4A; Supplementary Table S6), with a significant increase

in plant height across locations. At Manga, the P rates increased

plant height by 10%–15% over the control T1. At Nyankpala, the

highest plant height was from T13 by an increase of 18.0%, 18.0%,

and 8.0% over the control T1, T5, and T9, and at Dokpong by

13.0%, 12.6%, and 2.0%, respectively.
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A

B

FIGURE 1

(A, B) Interaction effects of P and K rates (kg ha-1) on (A) grain yield (GY) at Manga, Nyankpala, and Dokpong; and (B) harvest index (HI) at Nyankpala
and Dokpong. Means (SEM±) within treatments in the same location with the same letter(s) group are not significantly different (P <0.05).
TABLE 4 Probability (F-values) for the phosphorus and potassium rates on soybean phenology, yield, and input use efficiency at Manga, Nyankpala,
and Dokpong in Ghana’s interior savanna.

Source df Flowering PFP AE RUE Yield Stover HI VCR

Time
(day)

Height
(cm)

(kg
kg−1)

(kg
kg−1)

(kg
ha−1 mm−1)

(t
ha−1)

(kg
ha−1)

(kg
kg−1)

($
$−1)

Manga (ESS)

Phosphorus,
(P)

3 0.5687 <.0001 <.0001 <.0001 <.0001 <.0001 0.0486 0.0014 <.0001

Potassium, (K) 3 0.1404 0.0305 <.0001 <.0001 <.0001 <.0001 0.3264 0.0006 <.0001

P × K 9 0.2444 .7870 <.0001 0.0003 <.0001 <.0001 0.0968 0.1037 0.0540

Nyankpala (OGS)

Phosphorus,
(P)

3 0.0467 <.0001 <.0001 0.0022 <.0001 <.0001 0.0013 0.0424 .0004

Potassium, (K) 3 0.3211 <.0001 <.0001 <.0001 <.0001 <.0001 0.0051 0.4385 <.0001

P × K 9 0.0935 0.2550 <.0001 0.1094 0.0014 <.0010 0.5049 0.0020 0.0735

Dokpong (WSS)

Phosphorus,
(P)

6 0.0381 <.0001 <.0001 <.0001 <.0001 <.0001 0.0210 <.0001 <.0001

Potassium, (K) 6 0.3658 0.0449 <.0001 <.0001 <.0001 <.0001 0.5246 <.0001 <.0001

P × K 9 0.5807 0.5849 <.0001 <.0001 <.0001 <.0001 0.0996 0.0116 <.0001
F
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PFP, partial factor productivity; AE, agronomic use efficiency; RUE, rain use efficiency; HI, harvest index; VCR, variable cost ratio.
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In contrast, the K treatment rates did not influence flowering

time significantly across locations. However, plant height was

significantly impacted across locations (Table 4). In Manga, the K

treatment rates increased plant height over the control T1 by 8%

(Figure 4B; Supplementary Table S6). In Nyankpala, the K

treatment rate T4 increased plant height by 14%, 11%, and 8%

control T1, T2, and T3, respectively. Similarly, at Dokpong, the K

treatment rate T4 increased plant height over the control T1 and T2

by 6% and 4%, respectively.

The P treatment rates significantly impacted stover yield across

locations (Table 4) with an increase of 14%–24% over the control

T1 at Manga (Figure 5A; Supplementary Table S6). The P treatment

rate T13 at Nyankpala had the highest stover yield (3.2 kg ha−1),

with an increase over the P control treatment T1, T5, and T9 by

31%, 25%, and 14%, respectively. At Dokpong, the P treatment rate

T9 recorded the highest stover yield (3.4 kg ha−1), with an increase

over the control T1 and T13 by 17 and 15%, respectively.

In contrast, the K treatment rates resulted in a significant stover

yield at the Nyankpala location (Table 4) with the highest stover

yield (3.10 kg ha−1) from T4 by 30% and 16% over the control T1

and T2, respectively (Figure 5B; Supplementary Table S6).

3.2.2 Agronomic efficiency and harvest index
The effect of P treatment rates on P-AE at Nyankpala was

significant with treatment T13 having the lowest P-AE compared to
Frontiers in Agronomy 08
T5 and T9 (Figure 6A; Supplementary Table S7). The effect of

K treatment rates on K-AE differed significantly, with K-AE

values decreasing as K treatment rates increased (Figure 6B;

Supplementary Table S7). Thus, the treatment rate T2 recorded

the greatest K-AE value of 15.7 (kg kg−1).

The impact of P treatment rates on P-HI was significant and

was increased as the P treatment rates increased with the highest P-

HI (0.46 kg kg−1) from treatment T13, and not statistically different

from treatment T9 (0.45 kg kg−1) (Figure 6B; Supplementary Table

S7). The lowest P-HI was obtained from treatment T5 (0.41 kg

kg−1), which was not statistically different from the control

treatment T1 (0.43 kg kg−1). Similarly, the K treatment rate T4

had the highest K-HI (0.46 kg kg−1), similar to T3 (0.46 kg kg−1),

and the lowest K-HI from T2 (0.42 kg−1) and control T1 (Figure 6B;

Supplementary Table S7).

3.2.3 Value cost ratio
The impact of P treatment rates on P-VCR decreased with

increasing P treatment rates at Manga and Nyankpala (Figure 7A;

Supplementary Table S7). The highest P-VCR was from the

treatment rate T5 with 4.0 and 3.4 ($ $−1) at Manga and

Nyankpala, respectively. The lowest P-VCR at Manga (2.1 $ $−1)

and Nyankpala (2.3 $ $−1) were from T1. Similarly, the K treatment

rates significantly impacted VCR at the Manga and Nyankpala

locations with a decrease in K-VCR values as K rates increased.
A

B

FIGURE 2

(A, B) Interaction effects of P and K rates (kg ha-1) on (A) rain use efficiency (RUE); and (B) partial factor productivity (PFP) at Manga, Nyankpala, and
Dokpong. Means (SEM±) within treatments in a location with the same letter(s) group are not significantly different (P <0.05).
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The highest K-VCR values at Manga (3.7 $ $−1) and Nyankpala (4.0

$ $−1) were from T2 (Figure 7B; Supplementary Table S7), and the

lowest were from T4 at Manga and Nyankpala.
4 Discussion

The current study was designed to evaluate the interaction effect

of P and K treatment rates on soybean cv. Favor for growth and

development. The study found that the combined effect of P and K

produced additive interaction for flowering time (days), plant height,

and stover yield (SY) and synergistic interaction on grain yield, RUE,

and PFP across locations, but varied for harvest index (HI), AE, and

VCR among locations. An additive interaction occurs when the

combined effect of P and K is the sum of each independent factor,

while a synergistic interaction occurs when the combined effect of P

and K is greater than the sum of each independent factor (Fong et al.,

2017). Fageria and Oliveira (2014) noted that the combined effect of P

and K nutrient rates may either produce a positive, negative, or

neutral response, based on yield and yield components.

Smallholder farmers consider soybeans as a “zero-input” crop

(Mungai et al., 2016), but soil health is critical for high-yielding

soybeans. The soil test results presented in this study suggest soil

remediation of nutrient inputs to make a meaningful crop harvest.

The soil pH ranged from moderately acidic (Manga) to strongly

acidic (Nyankpala and Dokpong), with lime required to improve soil
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pH at Nyankpala and Dokpong for soybeans (Awuni et al., 2023).

The available P and extractable K were limiting at low and very low

values across the three locations. Slaton and Steinke (2021) noted that

phosphorus soil test levels should bemaintained between 20 ppm and

40 ppm for soybeans. Nitrate concentration in soil is a good indicator

of available nitrogen to plants. The required soil nitrate–nitrogen

(NO3–N) differs from crop to crop, but the generally desired

concentration ranges between 10 mg kg−1 and 50 mg kg−1.
4.1 Soybean flowering time and
plant height

The current study observed that the control T1 had longer days to

flowering time (R1) at Nyankpala and Dokpong and reduced plant

height across locations. Neenu et al. (2020) reported similar findings

with various P application rates in soybeans on vertisols of central

India. In contrast, the K application rates had a neutral response to

flowering time, but positively increased plant height compared to the

control T1. The reduced flowering time and increased plant height in

the P treatment rates could be explained by improved nutrient uptake

and better water use efficiency relative to the control treatments. By

implication, the additive P and K mitigation effect on flowering time

and plant height is easily predictable. Munthali et al. (2017) observed

that nutrient application can mitigate environmental stress and

enhance crop development for yield optimization.
A

B

FIGURE 3

(A, B) Interaction of P and K rates (kg ha-1) on (A) agronomic efficiency (AE) at Manga and Dokpong; and (B) variable cost ratio (VCR) at Dokpong.
Means (SEM±) within treatments at a location with the same letter(s) group are not significantly different (P <0.05).
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A

B

FIGURE 4

(A, B) Main effects of (A) P and (B) K rates (kg ha-1) of location, flowering time (FT), and plant height (cm) at Manga, Nyankpala, and Dokpong. Means
(SEM±) within a treatment and in tha same location with the same letter(s) group are not significantly different (P <0.05).
A B

FIGURE 5

(A, B) Main effects of (A) P and (B) K rates (kg ha-1) on stover yield (SY) at Manga, Nyankpala, and Dokpong. Means (SEM±) within a treatments and in
the same location with the letter(s) group are not significantly different (P <0.05).
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4.2 Nutrient interaction and use efficiency
of P and K application

Sub-optimal and unbalanced fertilizer use favors multi-nutrient

deficiency in most soils in Ghana’s interior savanna, especially true

for the primary nutrients of N, P, and K. The P and K use efficiency

were evaluated based on soybean yield, stover yield, HI, PFP, AE,

RUE, and VCR. These parameters provide an integrative index that

quantifies total economic output relative to nutrient resource

utilization in cropping systems (Yadav, 2003).

The synergistic application of P and K rates increased grain

yield, PFP, and RUE in all three locations; AE at Manga and

Dokpong; and HI at Nyankpala and Dokpong. The combined

effect of P and K on PFP and AE was maximized at low

treatment rates T2 and T5 compared to higher P and K treatment

combinations. The low treatment rates T2 and T5 had the highest

PFP, AE, and VCR compared to the high nutrient treatment rates.

Dobermann (2007) published similar results with PFP values of 40–

80 (kg kg−1) and noted that values >60 (kg kg−1) were well-managed

production systems. The PFP values in the current study for T2 and

T5 ranged between 52 and 76 (kg kg−1). The control T1 had the

lowest PFP, indicating low soil fertility and declined indigenous soil

P and K supply. Similarly, the AE values in this study were between

21 and 37 (kg kg−1). Dobermann (2007) reported similar values of
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10–30 (kg kg−1) and noted that values<25 (kg kg−1) were well-

managed production systems. Integrating cultural practices

promotes nutrient recycling, helps reduce the quantity of fertilizer

applied, and improves fertilizer use efficiency. Vanlauwe et al.

(2011) noted that nutrient management sought to utilize

indigenous knowledge to maximize the AE of applied nutrient

inputs. Broadcast fertilizer application is and has been the most

popular and low-cost method among smallholder farmers. This

study suggests that a band application of low fertilizer input could

increase the yield of soybeans or even reduce the optimal

fertilization rate and avoid waste. This means band application

could increase crop nutrient uptake in soils where there is unusually

high P and K fixation capacity and when unfavorable soil conditions

restrict root growth. Therefore, smallholder farmers must develop

management practices that maximize agronomic efficiency and

improve nutrient stewardship in crop fields, such as applying the

right nutrient source, at the right rate, time, and placement

(APNI, 2022).

In contrast, the synergy of P and K interaction increased grain

yield, stover yield, harvest index, and RUE. This was true for

treatment combinations that involved low levels of P and

increased levels of K or the reversal, but the yield gains decreased

with an increasing trend of higher P and K combinations. In all

cases, the optimum grain yield, harvest index, and RUE were
A

B

FIGURE 6

(A, B) Main effects of P and K rates (kg ha-1) on (A) agronomic efficiency (AE) at Nyankpala; and (B) harvest index (HI) at Manga. Means (SEM±) within
a treatment and in the same the location with the same letter(s) group are not significantly different (P <0.05).
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obtained from the treatment combination T15 across locations.

Turner (2004) observed that nutrient application enhanced crop

growth, yield, and RUE through increased nutrient uptake and

improved agronomic practices.

The use of phosphate and potash fertilizers per hectare of

cropland in Ghana is low at 16.2 (P2O5 kg ha−1) and 13.6 (K2O

kg ha−1) (Ritchie et al., 2023). This is not an isolated case related to

Ghana alone but SSA countries that triggered the 2006 Abuja

declaration to suggest increased fertilizer use to 50 kg ha−1 to

increase crop yields (Henao and Banaante, 2006).

4.3 Economic implication of P and K
application rates

The VCR showed that increasing nutrient application rates

decreased VCR values. Hence, the greatest VCR values were from

T2 at Manga and T5 at Nyankpala and Dokpong locations, and the

lowest VCR from the combined treatment T16 across locations. The

VCR values for treatment rates T2 and T5 were between 5.4 and 9.2

($ $−1), and the lowest VCR from the high nutrient input treatments

was between 1.5 and 2.2 ($ $−1) across the three locations. The

results indicated that treatment rates T2 and T5 were the most

economical and profitable across locations.

In contrast, the combined treatment rate T16 obtained the

lowest economic returns across locations. Munthali et al. (2017)

reported similar results in Malawi, suggesting that smallholder

farmers may be more comfortable with the low fertilizer

application. All treatment rates passed the VCR threshold of 2.0

to be economically and profitably acceptable for farmer adoption,

except for the combined treatment rates T12 and T16 at Manga and

Nyankpala. This may be supported by the theory of diminishing

returns, which suggests that as P and K are applied incrementally,

the rate of profit margins increases initially but, at a point, cannot

continue to increase if other variables remain constant. However,

the economic viability of a crop production system depends on the
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yield and the cost of production (input price). Houssou et al. (2017)

asserted that resource-limited farmers, basically smallholder

farmers, would invest in the lowest opportunity cost that

enhances crop growth and provides the best returns on investment.

5 Conclusion

By adopting sustainable nutrient management practices such as

crop rotation and precision nutrient placement, farmers can improve

soil health, conserve water, and reduce nutrient losses. Fertilization,

mulching, and composting can help maintain soil fertility and promote

the growth of soybeans. The results of this study indicated that the

application of P and K treatment rates had a significant effect on grain

yield, nutrient use efficiency, and better economic returns compared to

the control treatments. This means that the soils are deficient in P and

K nutrients for optimal soybean production in the three study

locations. Although the synergy of P and K produced a higher yield,

PFP, and RUE, the yield increase diminished at a point as P and K rates

increased and did not translate into better economic returns compared

to low doses of P and K application. Adopting the low-treatment inputs

will provide environmental stewardship compared to the higher doses

of P and K nutrient rates, which were seldom economical. By all

indications, phosphorus was the most limiting nutrient at two locations

(Donkong and Manga) and potassium at one location (Nyankpala).

By all indications, the study justified the use of nutrient input in

soybeans, especially P to enhance grain yield and profitability.

However, avoiding broadcast applications and adopting a band

placement (precision) with the 4R nutrient principles of right

placement, right fertilizer source, right rate, and the right time is

key. With the highly weathered interior savanna soils, a split

application of high fertilizer doses in low application doses may

provide feasible and efficient nutrient use. The study recommends

further experiments on different combinations of P and K in

different agro-ecologies and soil types for a long-term residual

study on rotational crops.
A B

FIGURE 7

(A, B) Main effects of (A) P and (B) K rates (kg ha-1) on the variable cost ratio (VCR) at Manga and Nyankpala. Means (SEM±) within a treatment and in
the location with the same letter group are not significantly different (P <0.05).
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