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Studies have shown that the continuous application of N, P, and K fertilizers has led to
the depletion of secondary and micronutrients, which have become limiting nutrients
hindering crop growth and yield. An on-farm trial was conducted to determine the
effect of site-specific nutrient fertilizers and compost on soybean yield, phosphorus use
efficiency, and soil properties, at Nyong Guma, Serekpere, Daffiama Saapare, and Naaga
in northern Ghana. Nine (9) treatments (3 rates of mineral fertilizer × 3 rates of FertiSoil)
were applied in a factorial combination arranged in randomized complete block design
with three replications. On average, the soybean grain yield increased significantly with
the combined application of FertiSoil and mineral fertilizer at full rates at Nyong Guma,
Serekpere, and Naaga from <1,000 kg ha−1 to > 1,500 kg ha−1 . The co-application of
50% recommended rate (RR) of mineral fertilizer and 5 t ha−1 FertiSoil increased soybean
grain yield by over 250% at Daffiama Saapare. The application of 50% RR mineral fertilizer
significantly increased phosphorus use efficiency by 5–55% compared to its combination
with FertiSoil or FertiSoil alone at different rates across locations. Incorporation of 5 t
ha−1 FertiSoil and 100% RR mineral fertilizer significantly increased exchangeable K, Ca,
and Mg, and microbial C and P by 0.33, 2.84, 0.56 cmol(+) kg−1 and 102.7, 33.37 mg
kg−1 , respectively, at Serekpere. The combined application of 5 t ha−1 FertiSoil and 50%
RR mineral fertilizer relatively increased soil organic C (42%) and available P (12%) at
Naaga. The soil quality index revealed that the addition of 5 t ha−1 FertiSoil to 100%
RR mineral fertilizer was the most sustainable nutrient management option across the
study sites. Sole mineral fertilizer treatments at 50% RR were the most profitable in all
the study locations ranging from value cost ratio (VCR) of 2.7–7.6. The application of
limiting nutrients and organic amendments serves as an efficient nutrient management
option to improve soil health, crop production and economic profitability on smallholder
non-responsive soils.
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INTRODUCTION

in three agroecologies. This means that applying secondary,
micronutrients, and organic fertilizers to fields where crops are
non-responsive to NPK fertilizers has the potential to increase
yields beyond what can be achieved with only NPK fertilizers
(Kihara et al., 2020).
However, the research on the potential impact of secondary
and micronutrients on crop productivity is limited and scattered
in SSA despite their influence on crop production (Kihara et al.,
2017). Furthermore, the majority of soil fertility studies are not
based on the site-specific fertilizer recommendations but are
based on blanket fertilizer recommendations and may result in
under or over fertilization or improper balance of nutrients in
farmers’ fields (Richards et al., 2015).
The lack of crop response to NPK fertilizers have been
ascribed to multiple nutrient deficiencies, low organic matter,
poor physical factors among others (Nziguheba et al., 2009;
Kihara et al., 2016).
Studies on the relative contribution of these factors to the
lack of crop response to NPK fertilizers are lacking. There
is also a dearth of information on the influence of the sitespecific fertilizer application and organic amendment on soil
quality indicators. Understanding the conditions of soil and crop
non-responsiveness to macronutrient fertilizers is imperative to
bridge the yield gap and achieve the full potential of crops and
soils for food security and agricultural sustainability. The aim
of this research was to evaluate the effect of mineral fertilizers
and/or compost on soybean grain yield, some soil properties, and
their economic benefit on some identified non-responsive soils.

The global population is projected to rise to 10 billion by the end
of this century, while Africa’s population is expected to double in
the 50 years ahead (De la Croix and Gobbi, 2022).
The growing demand for food by the rising population
would require greater utilization of natural resources like water,
land, and nutrients to increase crop production (Tilman et al.,
2011). In sub-Saharan Africa (SSA), the yields of food security
crops such as maize and beans are <1 t ha−1 which are far
below the potential yields. The decrease in yield is attributed
primarily to the soil fertility loss in smallholder farms (Sánchez,
2010). The use of primary macronutrient fertilizers, N, P, and
K (briefly, NPK) has been the focus of many soil fertility
interventions in SSA over the decades in increasing yields and
improving the livelihoods of smallholder farmers. Regardless of
the positive response of crops to NPK fertilizers reported in
several studies, the evidence of poor or lack of crop response
to NPK fertilizers is also abundant (Abebe et al., 2015; Kihara
et al., 2016; Roobroeck et al., 2021). Soil non-responsiveness is
influenced by chemical, physical, and biological factors either
singularly or in combination (Vanlauwe et al., 2012). The
non-responsive soils are increasingly becoming widespread and
they represent majority of smallholder farmers’ fields in SSA
(Tittonell and Giller, 2013) and the resulting agronomic and
economic efficiency of nutrient inputs on such soils are very poor
(Kurwakumire et al., 2014).
Tittonell and Giller (2013) reported a mean loss of 5.2 t ha−1 of
maize grain yield in five East African countries due to poor crop
response to NPK fertilizers. The key factors identified for the lack
of response were loss of soil organic matter and poor agronomic
managements. A dissemination project established by N2Africa
in northern Ghana to test the response of legumes to P fertilizers
and/or rhizobia inoculant in 2011–2012 identified about 30% of
the experimental fields to be non-responsive (Woomer et al.,
2014).
Nurudeen et al. (2015) also reported the application of P and
K fertilizers showed no significant effect on maize grain yield and
profitability in Sudan savanna agroecological zone of Ghana due
to poor soil fertility. A study by Ronner et al. (2016) also found
negative responses of soybean to P fertilizer application and cited
multiple nutrient deficiencies and shallow depth as explanatory
variables for the lack of crop response.
The continuous use of NPK fertilizers in intensive cropping
systems with less usage of organic inputs contributes to rapid
depletion of secondary and micronutrients in soils (Das and
Mandal, 2015). Several studies have reiterated and confirmed
the importance of the secondary and micronutrients on crop
production (Nziguheba et al., 2009; Afolabi et al., 2014; Asei
et al., 2015). In India, for instance, deficiencies of sulphur (S),
boron (B), and zinc (Zn) led to crop yield stagnation for 10
years (Sahrawat et al., 2010). Agyin-Birikorang et al. (2022) in a
field trial illustrated that the omission of S, Zn, and B reduced
maize grain yield by an average of ≈34, 28, and 14%, respectively,
in northern Ghana. A review by Bua et al. 2020 on the yield
responses of maize to fertilizers in Ghana reported average
yield gains of 1.5, 0.9, and 0.4 t ha−1 to NPK and S fertilizer
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MATERIALS AND METHODS
Site Description
An agronomic trial for assessing crop response to different rates
of mineral fertilizer and compost was established in the Northern
(Nyong Guma), Upper West (Serekpere and Daffiama-Sapaare),
and Upper East (Naaga) regions of Ghana (Table 1) during the
2016 and 2017 cropping seasons. These four study sites were
identified as non-responsive soils by an N2Africa project “putting
nitrogen fixation to work for smallholder farmers in Africa”
through an agronomic trial in northern Ghana (Woomer et al.,
2014). The Northern region falls within the Guinea savannah and
the Upper East is of the Sudan savannah. The Upper West region
is sub-divided into two agro–ecological zones, the southern part
being the Guinea savannah and the northern and north eastern
part being Sudan savannah based on their rainfall pattern. The
zone has a unimodal rainfall pattern which starts from May to
October. Due to this, the region has a single growing season.
The mean annual rainfall is between 1,000 and 1,100 mm with
a growing period of 180–200 and 150–160 days for the Guinea
and Sudan savannahs, respectively (MoFA, 2013).

Field Experimentation and Treatment
Combination
The trial consisted of 27 plots; each plot measured 4 m × 4 m
separated by a 1 m central buffer between plots and a buffer
row in all the experimental sites. A total of nine treatment
combinations (three levels of mineral fertilizer and three levels
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TABLE 1 | The GPS coordinates, nutrient deficiencies, and soil type of experimental sites.
Site

Latitude

Nyong Guma

N09◦ 52.505

Longitude
′

Limiting nutrients

Soil type

W000◦ 39.173

′

P, K, Zn, B

Dystric Plinthosols

W002◦ 36.153

′

P, K, Mg, S

Gleyic Lixisols

′

P, K, Mg, S, Ca

Lithic Leptosols

P, K, Mg, S, Zn, B

Dystric Leptosols

Serekpere

N 10◦ 17.911

′

Dafiama Sapaare

N 10◦ 24.828

′

W002◦ 32.906

Naaga

N 10◦ 38.066

′

W 001◦ 02.072

of compost) were applied in a factorial experiment arranged in
randomized complete block design replicated three times. The
mineral nutrients applied were based on the limiting nutrients
identified through a nutrient omission trial in a previous study
(Asei et al., 2021). Two seeds of soybean variety “Jenguma” (TGx
series) were planted per hole at 75 cm row width and 10 cm hill
space. Weeding of the fields was done as and when necessary. The
seeds were inoculated with 5 g of rhizobia inoculant (Nodumax)
before planting. Mineral fertilizers were applied in bands at a rate
of 30 kg P ha−1 (TSP); 20 kg K ha−1 (MOP); 2.5 and 0.5 kg ha−1
for Mg and S, respectively (MgSO4 ). The calcium sulfate (CaSO4 )
was applied at a rate of 15 kg Ca ha−1 , ZnSO2 at a rate of 2.5 kg
Zn ha−1 , and Fertibor at a rate of 0.5 kg B ha−1 at 2 weeks after
sowing. The compost was broadcasted and incorporated into
the soil by shallow tillage before planting. FertiSoil (commercial
compost) was applied at a rate of 5 t ha−1 to the respective plots
and mixed with the top–soil prior to planting. Both nutrient
inputs were applied at 50 and 100% RR.

′

TABLE 2 | Chemical properties of FertiSoil used in study.
Parameter

FertiSoil
2016

2017

Average

Organic carbon (%)

37.85

39.26

38.56

Total nitrogen (%)

2.58

3.20

2.89

Total phosphorus (%)

1.09

1.53

1.31

Total potassium (%)

2.42

1.90

2.16

C:N ratio

14.67

12.27

13.47

Lignin content

5.40

6.50

5.95

Polyphenol content (%)

0.70

0.67

0.65

weights for each plot were then determined and used to estimate
the grain yield on per hectare basis.
The phosphorus use efficiency (PUE) for each nutrient
management option was calculated using the following equations
as described by Syers et al. 2008:

Soil Sample and FertiSoil Analyses
Samples of soil were taken from a 0–15 cm depth per field
following the “Y frame sampling method” using an auger at
the beginning and end of the 2-year field trial. Soil samples
were collected into zip bags and stored at 4◦ C prior to
laboratory analyses at the soil science laboratory, Department
of Crop and Soil Sciences, Kwame Nkrumah University of
Science and Technology. The soil texture was determined by
the hydrometer method, pH (1:2.5 soil: water ratio), total N
was analyzed by the macro Kjeldahl digestion and distillation
method (Bremner, 1982), available P by the Bray 1 method
(Olsen and Sommers, 1982). The modified Walkley and Black
procedure as outlined by Nelson and Sommers (1996) was used
to measure organic carbon content, exchangeable K, Ca, and Mg
were determined in 1 M ammonium acetate (NH4 OAc) solution
(Black, 1986). Bulk density (ρ b ) was measured by core method
(Blake and Hartge, 1986) and aggregate stability using the wet
sieving technique (Kemper and Rosenau, 1986). The microbial
biomass carbon (Cmic ), microbial nitrogen (Nmic ) and microbial
phosphorus (Pmic ) were determined according to the fumigation
extraction procedure (Anderson and Ingram, 1993). The lignin
and polyphenol contents of the compost were determined by the
acid detergent fiber (ADF) method described by Van Soest and
Wine (1968) and Folin–Denis method (Anderson and Ingram,
1993), respectively (Table 2).

PUE (%) =

Up − Uo
× 100
Fp

(1)

where U p refers to P uptake by crops in the fertilized P plots (kg
ha−1 ), U o is P uptake in the control plot (kg ha−1 ) and F p is the
total amount of P applied (kg ha−1 ).

Soil Quality Index
To evaluate the effect of nutrient management options on soil
quality, a soil quality index (SQI) was determined. The minimum
data set (MDS) of soil parameters used for developing the SQI
were pH; organic C; total N; available P; exchangeable cations (K,
Ca, and Mg); microbial C, N, and P; bulk density; and aggregate
stability (Table 3). The soil parameters significantly affected by
the nutrient management options were used in the MDS for each
site. The simple additive approach described by Amacher et al.
(2007) was followed to model the SQI based on the data obtained
from this research. Threshold values were established for each soil
parameter according to Amacher et al. (2007) and Mukherjee and
Lal (2014). The individual index values for all the soil physico–
chemical and biological properties were then summed to obtain
a total SQI:
X

Data Collection

Total SQI =

At physiological maturity stage, the seed yield of soybean plants
were harvested, air-dried, threshed, and winnowed. The dry

The total SQI for the soil properties was calculated as follows:
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Statistical Analyses

TABLE 3 | Selected soil quality indicators and scores.
Parameter

Soil quality indicator

Physical
Chemical

Bulk density (g cm−3 )

Less is better

Aggregate stability

More is better

pH

Optimum is better

Organic C (%)

More is better

Total N (%)

More is better

Available P (mg kg

−1

)

Exch. K [cmol(+) kg−1 ]

Biological

The linear mixed effects model was fitted using lme4 package
(Bates et al., 2018) of R based on the following equation:

Scoring function


yijkl = ci + fj + cfij + lk + b k l

where yijjk is the observation in FertiSoil i combined with
fertilizer j in replication l nested within location k; ci is the effect
of FertiSoil i; fj is the effect of fertilizer j, cfij is the effect of the
interaction between FertiSoil i and fertilizer j; lk is the effect of
location k; and b(k)l is the effect of the replication l nested within
location k.
All effects of the model were regarded as fixed except location,
year, and replication. The analysis of variance (ANOVA) was
performed on the soil quality data with 5% level of significance
using Tukey HSD test in JMP version 14 (Carver, 2019).

More is better
More is better

Exch. Ca [cmol(+) kg−1 ]

More is better

Exch. Mg [cmol(+) kg−1 ]

More is better

Microbial C (mg kg−1 )

More is better

Microbial N (mg kg−1 )

More is better

Microbial P (mg kg−1 )

More is better

(5)

RESULTS
SQI =

hX

Soil Physical and Chemical
Characterization

i 

SQI − (SQI)min / (SQI)max − (SQI)min (3)

Table 4 shows the results of the preliminary soil characteristics
of the experimental sites. The soils in the study locations were
inherently moderately acidic except those from Nyong Guma,
which was slightly acidic. Generally, the soil organic carbon
C (<1%) and total nitrogen N (<0.1%) were very low in all
the sites. The available P was low at Daffiama Saapare and
Naaga (<5) while Nyong Guma and Serekpere were moderate;
however, these values were below the critical level (15 mg kg−1 )
for soybean production (Staton, 2014). The exchangeable K and
Ca were moderate across the study area and Mg low (<1 cmol(+)
kg−1 ). The ratings of soil chemical properties were based on
the classification by Landon (2014). The textural class of Nyong
Guma was sandy loam, sandy at Serekpere and Daffiama Saapare,
and loamy sand at Naaga.

where (SQI)min is the minimum value of SQI and (SQI)max is the
maximum value of SQI from the total dataset.

Economic Analysis
Using the value cost ratio (VCR) as an economic index, the
economic viability of the various nutrient management options
was evaluated. The variables used in the economic analysis
were the cost of fertilizer inputs applied per hectare and the
income of marketable soybean grain yield at farm gate price. The
fertilizer inputs per hectare cost for Nyong Guma and Naaga
were USD39, and for Serekpere and Daffiama Saapare, it cost
USD25 in the first season. In the second season, the fertilizer
inputs per hectare cost were USD40 for Nyong Guma, USD27
for Serekpere and Daffiama Saapare and USD41 for Naaga. The
FertiSoil price per hectare were USD394 and USD478 in the first
and second seasons, respectively, for all the sites. The farm gate
prices for a 100-kg soybean in the first and second seasons were
USD31 and USD34, respectively. The exchange rates used were
GHc3.8 to USD1 in the first season and GHc4.2 to USD1 in the
second season.
The VCR cost ratio was estimated as follows:

VCR =

(YMF : FS : MF + FS − YC) PG
Q MF : FS : MF + FS × PQ

Soybean Response to Mineral Fertilizer
and Organic Amendment
Significant differences (p ≤ 0.05) were observed among
the different rates of nutrient applications across locations
and cropping seasons (Figures 1, 2). In 2016 cropping
season, the application of 5 t ha−1 FertiSoil and 100%
RR mineral fertilizer produced higher grain yields of
1,095 and 1,273 kg ha−1 , respectively, at Nyong Guma
(Figure 1). The combined application of half and full rates
of FertiSoil with 100% RR mineral fertilizer increased
grain yield by over 1,000 kg ha−1 compared to the control
at Serekpere. An increase of over 600 kg ha−1 in grain
yield was observed with sole 100% RR mineral fertilizer
and combined 2.5 t ha−1 FertiSoil and 50% RR mineral
fertilizer applications at Daffiama Saapare. The combined
application of FertiSoil and mineral fertilizer at half rates
gave the highest soybean grain yield of 1,444 kg ha−1 at
Naaga (Figure 1).
For the 2017 cropping season, the co-application of FertiSoil
and mineral fertilizer at different rates and sole FertiSoil at

(4)

where YMF : FS : MF+FS is the grain yield from mineral fertilizer,
compost, and combination of mineral fertilizer and FertiSoil
plots at different rates, YC is the grain yield from control plots,
PG is the unit price of grains, QMF : FS : MF+FS is the quantity
of mineral fertilizer or FertiSoil or combination of mineral
fertilizer and FertiSoil applied, and PQ is the unit price of
inputs incorporation.
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TABLE 4 | Soil physical and chemical properties of study sites.
Parameter

Nyong Guma

Serekpere

Daffiama-Sapaare

Naaga

pH (1:2.5 H2 O)

6.28 ± 0.04

5.72 ± 0.04

5.50 ± 0.02

5.60 ± 0.12

Organic carbon (%)

0.76 ± 0.07

0.49 ± 0.03

0.31 ± 0.04

0.50 ± 0.04

Total nitrogen (%)

0.05 ± 0.02

0.03 ± 0.02

0.03 ± 0.02

0.04 ± 0.02

Available phosphorus (mg kg−1 )

6.06 ± 0.04

7.73 ± 0.08

3.63 ± 0.09

4.46 ± 0.11

Exchangeable K (cmol(+) kg−1 )

0.03 ± 0.01

0.03 ± 0.02

0.02 ± 0.01

0.02 ± 0.02

Exchangeable Ca (cmol(+) kg−1 )

4.14 ± 0.14

2.20 ± 0.45

1.92 ± 0.20

3.54 ± 0.30

Exchangeable Mg (cmol(+) kg−1 )

0.72 ± 0.16

0.28 ± 0.12

0.08 ± 0.03

0.40 ± 0.20

Exchangeable acidity (Al + H) (cmol(+) kg−1 )

0.35 ± 0.02

0.85 ± 0.04

0.90 ± 0.10

0.60 ± 0.04

Al (cmol(+) kg−1 )

0.19 ± 0.00

0.42 ± 0.00

0.57 ± 0.05

0.41 ± 0.01

Sand (%)

72.96 ± 4.44

88.88 ± 3.33

93.04 ± 2.58

76.96 ± 5.96

Clay (%)

6.92 ± 1.44

6.20 ± 0.34

5.64 ± 1.10

6.20 ± 0.24

Silt (%)

20.12 ± 0.12

4.92 ± 1.11

1.32 ± 0.43

16.84 ± 0.89

Textural class

Sandy loam

Sand

Sand

Loamy sand

FIGURE 1 | Soybean yield response to mineral fertilizer, FertiSoil or in combinations for 2016 cropping season at the study locations. Error bars represent standard
error of difference (SED).

5 t ha−1 resulted in a significant increase in grain yield from
1,194 kg ha−1 in the control to over 2,000 kg ha−1 except for
the 100% RR mineral fertilizer + 2.5 t ha−1 FertiSoil at Nyong
Guma. The combined application of 100% RR mineral fertilizer
and 2.5 or 5 t ha−1 FertiSoil increased the grain yield by 1,148
and 1,364 kg ha−1 , respectively, over that of the control at
Serekpere (Figure 2). At Daffiama Saapare, the highest grain
yield of 1,533 kg ha−1 resulted from the combined 5 t ha−1
FertiSoil and 50% RR mineral fertilizer treated plots (Figure 2).
Application of FertiSoil, mineral fertilizer or in combination
at different rates gave grain yields of above 2,000 kg ha−1
except FertiSoil at 2.5 t ha−1 at Naaga (Figure 2). However,
the highest (2,768 kg ha−1 ) grain yield resulted from the
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combined application of FertiSoil and mineral fertilizer at
full rates.

Phosphorus Use Efficiency
The application of selected nutrient management options had
significant (p ≤ 0.05) effect on PUE across locations (Table 5).
The application of 50% RR mineral fertilizer alone increased
P use efficiency by 17% over the 100% RR mineral fertilizer
at Nyong Guma. Similarly, the highest P use efficiency of 53%
was recorded for the application of sole mineral fertilizer at
half rate although it was not significantly (p < 0.001) different
from the full rate at Serekpere. The PUE was highest (≈ 60%)
in the 50% RR mineral fertilizer application and resulted in a

5
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FIGURE 2 | Soybean yield response to mineral fertilizer, FertiSoil or in combinations for 2017 cropping season at the study locations. Error bars represent SED.

fertilizer and 5 t ha−1 FertiSoil, respectively, in relation to
the control.
A relative increase of over 50% in aggregate stability was
observed under FertiSoil application alone or in combination
with mineral fertilizer except the 50% RR mineral fertilizer +
5 t ha−1 FertiSoil which was 39% at Serekpere. Additionally, the
combined application of 100% RR mineral fertilizer and 5 t ha−1
increased exchangeable Ca and Mg, microbial C and P by 2.84
and 0.56, cmol(+) kg−1 102.7 and 33.37 mg kg−1 , respectively,
compared to the control.
At Daffiama Saapare, the integration of mineral fertilizer and
FertiSoil at 100% RR had the highest (0.12%) total N content
which was significant (p > 0.001) different from the control. The
combined application of mineral fertilizer and FertiSoil at 50 or
100% RR equally increased exchangeable K by 44% comparative
to the control. Also, the co-application of 100% RR mineral
fertilizer and 5 t ha−1 resulted in an increase in exchangeable Mg
(250%), microbial N (470%) and P (183%) levels in relation to
the control.
Seven out of 12 indicators were found to be significantly (p ≤
0.05) affected by the nutrient management options at Naaga. The
sole application of 5 t ha−1 FertiSoil increased pH from 5.18 in
the control to 5.92. Applying 100% RR mineral fertilizer to 2.5 t
ha−1 FertiSoil increased organic C (42%) and available P (12%)
contents. The highest [5.84 cmol(+) kg−1 ] exchangeable Ca value
was recorded in the 100% RR mineral fertilizer + 5 t ha−1 treated
plot and was significantly (p < 0.001) from the control.
The SQI values showed significant (p < 0.001) variations
among different nutrient inputs (Figure 3). The combined

relative increase of over 100% compared to the other nutrient
combinations applied at Daffiama Saapare. The sole application
50% RR mineral fertilizer had the highest (≈37%) PUE followed
by the combined application of mineral fertilizer and FertiSoil
at half rates (24%) which were both significantly (p < 0.001)
different from the 100% RR mineral fertilizer and its integration
with FertiSoil at different rates at Naaga. With the integrated
application, 2.5 t ha−1 FertiSoil and 100% RR mineral fertilizer
recorded the second highest PUE at Nyong Guma (14.54%). At
Daffiama Saapare and Naaga, the combined application of 2.5 t
ha−1 FertiSoil and 50% RR mineral fertilizer had higher PUE of
25.47 and 29.44%, respectively.

Influence of Nutrient Management Options
on Soil Quality Indices
The soil physico–chemical and biological properties were
significantly (p ≤ 0.05) influenced by the nutrient management
options across the locations (Table 6). At Nyong Guma, 6 out of
the 12 indicators tested showed significant differences between
the treatments. Exchangeable K and Mg were significantly
(p > 0.001) higher under combined application of 100%
RR mineral fertilizer and 5 t ha−1 FertiSoil with values
of 0.71 and 0.65 cmol(+) kg−1 , respectively, compared to
0.22 and 0.24 cmol(+) kg−1 , respectively, in the control.
The microbial C and P increased by 38.1 and 43 mg kg−1 ,
respectively, with the co-application of 100% RR mineral
fertilizer and 5 t ha−1 FertiSoil and 50% RR mineral
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TABLE 5 | The PUE of mineral fertilizer and FertiSoil by soybean on non-responsive soils.
Nutrient input

PUE (%)
Nyong Guma

Serekpere

Daffiama Saapare

Naaga

0%MF+50%FS

2.56e

11.32c

8.89d

5.43e

0%MF+100%FS

11.66cd

12.15c

4.17e

7.60de

50%MF+0%FS

16.13a

53.03a

59.48a

36.70a

50%MF+50%FS

12.87bc

17.02bc

25.47b

29.44b

50%MF+100%FS

11.10cd

11.84c

24.91b

9.38d

51.01

a

22.15

b

12.85c

21.49

b

14.90

c

12.59c

16.22

bc

100%MF+0%FS
100%MF+50%FS
100%MF+100%FS

13.80

abc

14.54

ab

9.79

d

9.73

d

9.20d

Fpr

<0.001

<0.001

<0.001

<0.001

CV (%)

12.5

15.9

11.3

10.9

Different letters within the same column show significant differences at p ≤ 0.05 (Tukey HSD).

synergy and/or additive effect, soil fertility improvement and
priming of soil properties (Kuzyakov et al., 2000; Vanlauwe
et al., 2001). The synergistic interaction observed in this study
could be ascribed to Liebig–synergism, where the increased yield
were obtained following the application of the most limiting
nutrients and resolving deficiencies (Wallace, 1990; Rietra et al.,
2017). It could be inferred that the supply of Ca, Mg, S, Zn,
and B was critical for achieving the maximum P utilization and
yield. Calcium may have increased the levels of plant hormones,
indoleacetic acid, and gibberellin, which boost soybean growth
and yield (Ha et al., 2022). Magnesium is required for a number
of biological processes in leaves, including CO2 fixation in
photosynthesis, photophosphorylation, protein and chlorophyll
production, phloem loading, and assimilate translocation (Wang
et al., 2020).
To boost the crop yield, photosynthetic assimilates from leaves
are transferred to sink organs (such as seeds) increasing higher
number of grains per plant (Rodrigues et al., 2021). Sulfur plays
a key role in nitrogenase biosynthesis and activity, enhance
nodule metabolism, N2 fixation, plant growth, photosynthesis,
and seed yield in legumes (Becana et al., 2018). Zinc is an
essential component of several enzymes that mediate a variety of
metabolic reactions in plants, as well as carbohydrate, protein,
and chlorophyll formation (Mallarino et al., 2017). Boron plays
a significant role in the plant metabolism by influencing the
enzyme activity, cell division, carbohydrate transport, calcium
and potassium uptake, and protein synthesis, nodulation and
fixation of atmospheric N, all of which contribute to pod and seed
production (Pawlowski et al., 2019).
Bharali et al. (2017) reported an enhanced photosynthesis
process and efficient assimilation due to organic and inorganic
fertilizer amendments contributing to higher rate of grain yield.
The application of the compost stimulates microbial growth
and activity and releases nutrients for plant uptake and overall
high crop yields (Tejada et al., 2009; Larney and Angers, 2012).
Further, the compost improves the soil organic C stock and
fertility for better yields (Scotti et al., 2015). Vanlauwe et al. (2011)
attributed increase in grain yield due to the combined compost
and mineral fertilizer to improved agronomic use efficiency of

application of mineral fertilizer and FertiSoil at 100% RR had the
highest (0.82) SQI, followed by 100% RR mineral fertilizer + 2.5 t
ha−1 (SQI = 0.70).

Economic Assessment
The economic viability of the selected nutrient management
options for the two cropping seasons is presented in Table 7. In
the 2016 cropping season, the VCR for the sole application of
mineral fertilizer at 50% RR ranged from 2 to 5.2 across the study
sites. However, the 100% RR mineral fertilizer application was
the most profitable in Nyong Guma (3.0) and Daffiama Saapare
(4.1). The sole application of FertiSoil or in combination with
mineral fertilizers at different rate had VCR values below 2 in all
the study locations.
In the second year, incorporation of mineral fertilizers at 50%
RR had a VCR above the economic threshold of 2 (2.8–7.6)
in all the study locations. The VCR of the 100% RR mineral
fertilizer application also had the range from 3.8 to 6.9 in all
the study locations except for Serekpere (VCR =1.7). On the
contrary, the sole addition of FertiSoil at 2.5 and 5 t ha−1 at all the
study locations had a VCR below 1. The combined application of
50% RR mineral fertilizer with 2.5 or 5 t ha−1 FertiSoil recorded
VCR values <2 in all the study locations with the exception of
Daffiama Saapare (VCR = 5.9 and 5.6, respectively). Similarly,
the co-application of 100% mineral fertilizer with 2.5 or 5 t
ha−1 FertiSoil gave VCR values of <2 across locations excluding
Daffiama Saapare (VCR = 6.1 and 5.4, respectively).

DISCUSSION
Mineral Fertilizer and Compost on Soybean
Grain Yield and P Use Efficiency
Generally, the combined application of FertiSoil and mineral
fertilizer at different rates significantly increased grain in all the
locations across seasons. Such positive yield responses following
site specific integrated nutrient management have been reported
by other authors (Kumaragamage, 2010; Adeyinka, 2016;
Rurinda et al., 2020). The crop yield increases under compost and
mineral fertilizer application have been expressed as improved
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TABLE 6 | Physico–chemical and biological properties as affected by mineral fertilizer and FertiSoil.
Soil Quality Indicator*

Nutrient input*

0MF 0FS

0MF 50FS

0MF 100FS

50MF 0FS

50MF 50FS

50MF 100FS

100MF 0FS

100MF 50FS

100MF 100FS

P

5.7cd

5.6d

5.9abc

6.0ab

6.0ab

5.8bcd

5.7cd

5.9abc

K

0.22

d

bc

b

Mg

0.24c

0.45bc

0.52bc

0.64b

0.46bc

1.10a

BD

1.66

cd

b

ab

a

ab

ab

Cmic

199.5c

212.5bc

212.4bc

199.3c

214.4bc

218.0abc

213.4bc

Pmic

24.9b

38.2b

42.8ab

40.5b

38.6b

67.9a

CV (%)

Nyong Guma
0.40

bc

1.76

0.41
1.83

0.43

1.86

0.38
1.81

bc

0.37
1.84

bc

6.1a

1.7

bc

0.71a

9.4

0.46bc

0.54bc

0.65b

19.8

ab

d

1.75bc

1.9

237.6a

228.4ab

3.2

40.1b

43.4ab

48.3ab

21.0

0.30
1.80

cd

0.41

1.65

Serekpere
K

0.29d

0.39cd

0.47bc

0.56ab

0.56ab

0.48bc

0.53ab

0.51abc

0.62a

9.7

Ca

2.61c

4.20abc

4.77ab

3.35bc

4.61ab

4.54ab

3.54bc

4.47abc

5.45a

15.7
9.0

Mg

0.26d

0.54b

0.51b

0.36cd

0.61b

0.52b

0.47bc

0.57b

0.82a

AS

43.35d

69.17a

65.32abc

65.06abc

67.89a

60.3c

61.58bc

68.30a

66.82ab

3.0

Cmic

282.0b

276.1b

278.4b

318.5ab

346.9ab

363.8a

360.0a

349.9ab

384.7a

12.2

Pmic

20.84c

38.54b

39.14b

35.79b

46.28ab

42.82ab

40.63b

43.17ab

54.21a

15.4

pH

5.70ab

5.70ab

5.99a

5.90ab

5.67ab

5.69ab

5.56b

5.78ab

5.62ab

2.5

TN

0.07

d

ab

bcd

bcd

a

ab

0.10abc

9.6

K

0.29e

0.38cd

0.34d

0.35cd

0.52ab

0.55a

0.49b

0.40c

0.52ab

4.3

Mg

0.22c

0.39bc

0.46bc

0.49b

0.47bc

0.47bc

0.51ab

0.63ab

0.77a

18.9

Cmic

230.3cd

301.2b

310.9b

202.1d

262.9bc

302.4b

312.1b

500.1a

284.7bc

11.1

ef

259.4

b

b

cde

bc

de

361.6a

12.2

37.1b

Daffiama Saapare
8

Nmic

63.4

91.7

Pmic

19.0c

34.3b

pH

5.18c

5.69a

OC

0.41c

0.55a

P

5.82b

5.82b

0.09

0.09

268.3

0.08

162.2

0.12

226.1

0.09

bcd

216.8

bcd

0.11

148.1

35.6b

37.7b

37.7b

39.3b

44.3ab

53.7a

10.6

5.92a

5.89a

5.60abc

5.20bc

5.66ab

5.50abc

5.49abc

2.9

0.51ab

0.47bc

0.52ab

0.47bc

0.56a

0.58a

0.52ab

7.5

5.61b

6.03ab

5.93ab

6.13ab

5.90ab

6.49a

5.82b

3.6

Naaga
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K

0.23f

0.35e

0.48cd

0.41de

0.54bc

0.75a

0.63b

0.52c

0.57bc

10.8

Ca

2.87e

3.94cd

5.11ab

3.64de

4.78bc

5.18ab

4.75bc

4.99ab

5.84a

11.8

Mg

0.28f

0.61e

0.59e

0.53e

0.96d

0.58e

1.47b

1.35c

1.81a

4.0

83.91a

3.1

Pmic

24.22

f

40.92

e

38.75

e

41.89

e

60.29

d

42.21

e

68.12

c

76.76

b

* MF: Mineral fertilizer rates: 30 P, 20 K, 10 Mg, 15 S, 15 Ca, 2.5 Zn, 0.5 B (kg ha−1 ): FS: FertiSoil rate 5 t ha−1 . Applications at 50 and 100% recommended rate (RR). Dystric Plinthosol (Nyong Guma), Gleyic Lixisol (Serekpere), Ferric
Lixisol (Daffiama Saapare), Dystric Leptosol (Naaga). pH: soil acidity, OC: organic carbon (%), TN: total nitrogen (%), P: available phosphorus (mg kg−1 ), K: exchangeable potassium [cmol(+) kg−1 ], Ca: exchangeable calcium [cmol(+)
kg−1 ], Mg: exchangeable magnesium [cmol(+) kg−1 ], AS: aggregate stability (%), BD: bulk density (g cm−3 ), Cmic : microbial carbon (mg kg−1 ), Nmic : microbial nitrogen (mg kg−1 ), Pmic : microbial phosphorus (mg kg−1 ). Different letters
within the same column show significant differences at p ≤ 0.05 (Tukey HSD).
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FIGURE 3 | The SQI values under different nutrient management options. Error bars represent standard error of difference (SED).

TABLE 7 | The VCR of mineral fertilizer and FertiSoil application in study locations.
VCR
2016

2017

Nutrient input

Nyong Guma

Serekpere

Daffiama Saapare

Naaga

Nyong Guma

Serekpere

Daffiama Saapare

Naaga

0%MF+50%FS

0.4

0.3

0.1

0.6

0.8

0.9

0.9

0.2

0%MF+100%FS

0.3

0.4

0.1

0.2

0.7

0.6

0.9

0.2

50%MF+0%FS

2.0

3.8

3.1

5.2

3.7

3.2

7.6

2.8

50%MF+50%FS

0.1

1.3

0.9

1.1

1.1

0.8

5.9

0.9
0.8

50%MF+100%FS

0.2

0.8

0.4

0.5

0.6

0.7

5.6

100%MF+0%FS

3.0

1.7

4.1

1.1

3.8

1.7

6.9

4.6

100%MF+50%FS

0.3

1.1

0.5

0.9

1.3

1.4

6.1

0.5

100%MF+100%FS

0.2

0.8

0.2

0.5

0.8

0.9

5.4

0.4

observed the high P use efficiency with the increasing
fertilizer rates.
Girma et al. (2017) reported high PUE under combined
application of organic and inorganic fertilizers at half rates, which
is in line with this study. Golla (2020) stated that the high
nutrient use efficiency is attained under the integrated nutrient
managements as the nutrients’ losses are minimized.

mineral fertilizers. The high quality of compost (N > 2.5%,
polyphenol 5.95%, and lignin 0.69%) applied in this study could
have accounted for the increased yield by readily releasing
nutrients to meet crop demand (Palm et al., 2001; Ulzen et al.,
2019).
The application of the mineral fertilizer or in combination
with FertiSoil at different rates significantly increased P
use efficiency. However, the highest P use efficiency was
observed with the application of 50% RR mineral fertilizer
across the locations. The results obtained are in accordance
with the findings of a study by Kihara et al. (2017) who
observed the highest nutrient use efficiency under low mineral
fertilizer application rates. This is, however, inconsistent
with the findings of Koocheki and Seyyedi (2015) who
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Soil Quality Indicators
The soil quality assessment based on minimum dataset (MDS)
to evaluate soil quality in different soil managements have been
used widely (Li et al., 2019; Jiang et al., 2020). In this study, the
MDS used were pH; organic C; total N; available P; exchangeable

9

April 2022 | Volume 6 | Article 796878

Asei et al.

Rehabilitating Non-responsive Soils, Impact on Grain Yield and Soil Quality

both cropping seasons. A VCR of 2 and above is commonly
used as the economic threshold for profitability attractive to
farmers (Morris et al., 2007). Conversely, Tovihoudji et al. (2018)
reported VCR values >2 and above 4 were obtained for the
application for compost at 3 and 6 t ha−1 , respectively. The
difference in VCR value is attributed to their lower cost of
compost (USD4 for a ton) compared to USD96 per ton used
in this study. The profitability depends on a lower ratio and as
input price increases the VCR decreases. The profitability of a
nutrient management option is dependent on input cost, crop
response to input, and market grain output prices (Richards et
al., 2015). Farmers can, however, substitute commercial compost
with crop residues, household wastes, and animal manure of
high quality.

cations (K, Ca, Mg); microbial C, N, and P; bulk density and
aggregate stability using a one-way ANOVA.
The integrated nutrient applications had greater significant
positive influence on the soil quality variables across
locations (Table 5). The application of mineral fertilizer
and compost provided a well-balanced and higher quantities
of nutrients which further improved their soil nutrient content
(Bhattacharyya et al., 2006). Compost has stable nutrient pools
that release nutrients slowly and sustain microbial biomass and
improve microbial activity involved in nutrient cycling (Murphy
et al., 2007; Poblete-Grant et al., 2019). The improved aggregate
stability with the co-application of compost and mineral fertilizer
corroborates the results of Yüksek et al. (2009) and Guo et al.
(2019). The observed stabled aggregates were due to organic
matter increases through organic amendments which acts as
cementing factor that flocculates soil particles to form stable
aggregates (Tejada et al., 2006). The stable aggregates and soil
structure are achieved through inter-particle cohesion within
aggregates and by improving their hydrophobicity thereby
reducing their breakdown (Diacono and Montemurro, 2011).
The rise in soil pH is attributed to the alkalinity production of
the compost through H+ and organic anions reactions in soil
exchange site and the ammonification of organic N (Xu et al.,
2006; Butterly et al., 2013). The readily available C and N in
the compost could explain the increased microbial biomass,
which increased root biomass and exudates microbial utilization,
growth, and stabilization of enzymes to humic substances
(Trasar-Cepeda et al., 2008).
Higher SQI under integrated nutrient managements
have also been reported (Sharma et al., 2018; Roy et al.,
2022). Mukherjee and Lal (2014) reported that the closer
the SQI is to 1, the better the quality of the soil and
the potential of that management option to improve
the soil.

CONCLUSIONS
The site-specific integrated nutrient management is a potential
approach to obtain positive soybean grain yields, nutrient use
efficiency, soil fertility, and economic benefits in non-responsive
soils. Smallholder farmers can obtain over 2,000 kg ha−1 in
soybean production when soil nutrient managements are
tailored to site-specific macro and micronutrient requirements
alongside the organic amendments. The efficient use of P
fertilizer is enhanced when secondary, micronutrient and
organic amendments are applied. The co-application of
organic amendments and site-specific fertilizer application
is the best soil nutrient management for crop response
on non-responsive soils. The primary of role soil organic
matter in improving soil quality for sustainable crop
production has been highlighted. Evaluation of site-specific
limiting nutrients in different agro–ecological zones and
incorporation of same into fertilizer recommendation programs
is paramount.

Economic Appraisal

DATA AVAILABILITY STATEMENT

The economic profitability of nutrient management practices
was higher in 2017 compared to the 2016 cropping season.
This was due to the maximum grain yields obtained in 2017
cropping season and their associated high gross income. The
sole application of mineral fertilizers at different rates in both
years were highly profitable (average VCR = 11). Findings in
this study are consistent with Dicko et al. 2017 and Sitienei
et al. (2018) confirming the high profit potential of applying
mineral fertilizers on crops. The implication of these results
reiterates the integral role of site-specific nutrients application
in sustainable crop production, soil fertility management (Angus
et al., 2004; Ogundijo et al., 2015), and overall maximizing
the net financial returns of farmers. This is in contrast to
results of previous studies that reported unprofitable returns
with mineral fertilizer application (Nkonya et al., 2005; Diallo
et al., 2016). According to Lécuyer et al. 2014, high fertilizer rate
application and its accompanying high prices, low agronomic use
efficiency as well as low market price of output affect economic
profitability and could have contributed to this contrasting
result. The application of FertiSoil at 2.5 and 5 t ha−1 were not
economically viable as VCR for all the sites were below 1 in

Frontiers in Sustainable Food Systems | www.frontiersin.org

The
original
contributions
presented
in
the
study
are
included
in
the
article/supplementary
material, further inquiries can be directed to the
corresponding author.

AUTHOR CONTRIBUTIONS
RA, RCA, AO, and SA-N: research conceptualization. RA,
RCA, and AO: set up the experiment. RA: collection,
analyses and interpretation of data, and manuscript write
up. RCA, AO, and SA-N: manuscript review and editing.
All authors made a significant contribution to manuscripts.
All authors contributed to the article and approved the
submitted version.

FUNDING
The authors would like to acknowledge the Bill and
Melinda
Gates
Foundation’s
financial
contribution

10

April 2022 | Volume 6 | Article 796878

Asei et al.

Rehabilitating Non-responsive Soils, Impact on Grain Yield and Soil Quality

ACKNOWLEDGMENTS

to this work through a grant (OPP1020032) to
Wageningen University’ and Research’s Plant Production
Systems
Group
on
the
project
N2Africa-Putting
Nitrogen Fixation to Work for Smallholder Farmers
in Africa.

The authors are grateful to the Kwame Nkrumah University
of Science and Technology for infrastructural and
technical support.

REFERENCES

Butterly, C., Baldock, J. A., and Tang, C. (2013). The contribution of crop
residues to changes in soil pH under field conditions. Plant Soil 366, 185–198.
doi: 10.1007/s11104-012-1422-1
Carver, R. (2019). Practical Data Analysis With JMP. Cary, NC: SAS Institute.
Das, D. K., and Mandal, M. (2015). Advanced technology of fertilizer uses for crop
production. Fert. Technol. 1, 19–67.
De la Croix, D., and Gobbi, P. E. (2022). Population homeostasis in Sub-Saharan
Africa. Eco. Hum. Biol. 45, 101102. doi: 10.1016/j.ehb.2021.101102
Diacono, M., and Montemurro, F. (2011). Long-term effects of
organic amendments on soil fertility. Sustain. Agric. 2, 761–786.
doi: 10.1007/978-94-007-0394-0_34
Diallo, L., Qing-jun, C., Zhen-ming, Y., Jin-hu, C., and Dafaalla, T. I. M. (2016).
Effects of various doses of mineral fertilizers (NPKS and Urea) on yield and
economic profitability of new varieties of Zea mays L. in Faranah, Guinea. J.
Northeast Agric. Univ. 23, 1–8. doi: 10.1016/S1006-8104(16)30025-3
Dicko, M., Koné, M., Traoré, L., Diakité, C. H., Kamissoko, N., Sidibé, B.,
et al. (2017). Optimizing Fertilizer Use Within the Context of Integrated Soil
Fertility Management in Mali. Fertilizer Use Optimization in Sub-Saharan
Africa. Nairobi: CABI, 100–112.
Girma, T., Beyene, S., and Biazin, B. (2017). Effect of organic and inorganic
fertilizer application on soil phosphorous balance and phosphorous uptake and
use efficiency of potato in Arbegona District, Southern Ethiopia. J. Fertil. Pestic.
8, 1–6. doi: 10.4172/2471-2728.1000185
Golla, B. (2020). Role of integrated nutrient management for enhancing nitrogen
use efficiency in crop. Open J. Plant Sci. 5, 001–012. doi: 10.17352/ojps.000017
Guo, Z., Zhang, L., Yang, W., Hua, L., and Cai, C. (2019). Aggregate stability under
long-term fertilization practices: the case of eroded ultisols of south-central
China. Sustainability 11, 1169. doi: 10.3390/su11041169
Ha, M. C., Im, D. Y., Park, H. S., Dhungana, S. K., Kim, I. D., and Shin, D.
H. (2022). Seed treatment with illite enhanced yield and nutritional value of
soybean sprouts. Molecules 27, 1152. doi: 10.3390/molecules27041152
Jiang, M., Xu, L., Chen, X., Zhu, H., and Fan, H. (2020). Soil quality assessment
based on a minimum data set: a case study of a county in the typical river delta
wetlands. Sustainability 12, 9033. doi: 10.3390/su12219033
Kemper, W., and Rosenau, R. (1986). Aggregate stability and size distribution.
Methods Soil Anal. Part 1 Physi. Mineralogical Methods 5, 425–442.
doi: 10.2136/sssabookser5.1.2ed.c17
Kihara, J., Nziguheba, G., Zingore, S., Coulibaly, A., Esilaba, A., Kabambe,
V., et al. (2016). Understanding variability in crop response to fertilizer
and amendments in sub-Saharan Africa. Agric. Ecosyst. Environ. 229, 1–12.
doi: 10.1016/j.agee.2016.05.012
Kihara, J., Okeyo, J., Bolo, P. O., and Kinyua, M. (2020). Non-Responsiveness of
Crops to Fertilizers Under Some Soils in Sub-Saharan Africa. Cambridge, MA:
Harvard Dataverse, V2, UNF:6:iU5IhV2OFjxYzpvvZ9waJA== [fileUNF].
doi: 10.7910/DVN/GXUNAZ
Kihara, J., Sileshi, G. W., Nziguheba, G., Kinyua, M., Zingore, S., and
Sommer, R. (2017). Application of secondary nutrients and micronutrients
increases crop yields in sub-Saharan Africa. Agron. Sustain. Dev. 37, 25.
doi: 10.1007/s13593-017-0431-0
Koocheki, A., and Seyyedi, S. M. (2015). Relationship between nitrogen
and phosphorus use efficiency in saffron (Crocus sativus L.) as affected
by mother corm size and fertilization. Ind. Crops Prod. 71, 128–137.
doi: 10.1016/j.indcrop.2015.03.085
Kumaragamage, D. (2010). Site specific nutrient management in soils of Sri
Lanka: review of recent work using systematic approach to formulate fertilizer
recommendations for annual crops. J. Soil Sci. Soc. Sri Lanka 22, 1–15. Available
online at: http://dl.nsf.gov.lk/handle/1/16220

Abebe, Z., Alemayo, D., and Wolde-Meskel, E. (2015). On farm yield responses
of soybean [Glycine max L. (Merrill)] to fertilizer sources under different soil
acidity status in Gobu sayo district, Western Ethiopia. J. Agron. 14, 30–36.
doi: 10.3923/ja.2015.30.36
Adeyinka, O. O. (2016). Optimizing site specific fertilizer recommendations for
maize production in the transition zone of Ghana (PhD thesis). Kwame
Nkrumah University of Science and Technology, Kumasi, Ghana.
Afolabi, S., Adekanmbi, A., Adeboye, M., and Bala, A. (2014). Effect of various
input combinations on the growth, nodulation and yield of inoculated soybean
in Minna. Nigeria Int. J. Agric. Rural Dev. 17, 2006–2011.
Agyin-Birikorang, S., Tindjina, I., Adu-Gyamfi, R., Dauda, H. W., Fugice
Jr, J., and Sanabria, J. (2022). Managing essential plant nutrients to
improve maize productivity in the savanna agroecological zones of Northern
Ghana: the role of secondary and micronutrients. J. Plant Nutr. 45, 1–20.
doi: 10.1080/01904167.2022.2027984
Amacher, M. C., O’Neill, K. P., and Perry, C. H. (2007). Soil vital signs: a new soil
quality index (SQI) for assessing forest soil health. USDA Forest Service Res.
Pap. 13.
Anderson, J. M., and Ingram, J. (1993). Tropical Soil Biology and Fertility: A
Handbook of Method. Wallingford, UK: CAB1 International, 221.
Angus, J., Marquez, D., and Tasic, R. (2004). “Diagnosing variable nutrient
deficiencies in rainfed lowland rice using strip trials,” in New Directions for
a Diverse Planet: Proceedings for the 4th International Crop Science Congress
(Brisbane, QLD).
Asei, R., Abaidoo, R. C., Opoku, A., Adjei-Nsiah, S., and Antwi-Agyei, P. (2021).
Use of limiting nutrients for reclamation of non-responsive soils in northern
Ghana. Front. Soil Sci. 4, 674320. doi: 10.3389/fsoil.2021.674320
Asei, R., Ewusi-Mensah, N., and Abaidoo, R. C. (2015). Response of soybean
(Glycine max L.) to rhizobia inoculation and molybdenum application
in the northern savannah zones of Ghana. J. Plant Sci. 3, 64–70.
doi: 10.11648/j.jps.20150302.14
Bates, D., Maechler, M., Bolker, B., Walker, S., Christensen, R. H. B., Singmann, H.,
et al. (2018). Package ’lme4’. Version 1. CRAN Repository, 17.
Becana, M., Wienkoop, S., and Matamoros, M. A. (2018). Sulfur transport
and metabolism in legume root nodules. Front. Plant Sci. 9, 1434.
doi: 10.3389/fpls.2018.01434
Bharali, A., Baruah, K. K., Bhattacharyya, P., and Gorh, D. (2017). Integrated
nutrient management in wheat grown in a northeast India soil: Impacts on soil
organic carbon fractions in relation to grain yield. Soil Till. Res. 168, 81–91.
doi: 10.1016/j.still.2016.12.001
Bhattacharyya, R., Prakash, V., Kundu, S., Ghosh, B., Srivastva, A., and Gupta, H.
(2006). Potassium balance as influenced by farmyard manure application under
continuous soybean-wheat cropping system in a Typic Haplaquept. Geoderma
137, 155–160. doi: 10.1016/j.geoderma.2006.08.006
Black, C. A. (1986). Methods of soil analysis: physical and mineralogical properties,
including statistics of measurement and sampling. Part 2 chemical and
microbiological properties. Am. Soc. Agron. 9, 1387–1388.
Blake, G. R., and Hartge, K. H. (1986). “Bulk density,” in Methods of Soil Analysis,
Part I. Physical and Mineralogical Methods, Vol. 9, ed A. Klute ( Madison, WI:
Agronomy), 363–375.
Bremner, J. (1982). Total nitrogen. Methods of soil analysis. Am. Soc. Agron.
10, 594–624.
Bua, S., El Mejahed, K., MacCarthy, D., Adogoba, D. S., Kissiedu, I. N., Atakora, W.
K., et al. (2020). Yield Responses of Maize to Fertilizers in Ghana. Accra: IFDC
FERARI Research Report. No. 2.

Frontiers in Sustainable Food Systems | www.frontiersin.org

11

April 2022 | Volume 6 | Article 796878

Asei et al.

Rehabilitating Non-responsive Soils, Impact on Grain Yield and Soil Quality

Program on Climate Change, Agriculture and Food Security (CCAFS). CSA
Practice Brief.
Rietra, R. P., Heinen, M., Dimkpa, C. O., and Bindraban, P. S.
(2017). Effects of nutrient antagonism and synergism on yield and
fertilizer use efficiency. Commun. Soil Sci. Plant Anal. 48, 1895–1920.
doi: 10.1080/00103624.2017.1407429
Rodrigues, V. A., Crusciol, C. A. C., Bossolani, J. W., Moretti, L. G., Portugal, J. R.,
Mundt, T. T., et al. (2021). Magnesium foliar supplementation increases grain
yield of soybean and maize by improving photosynthetic carbon metabolism
and antioxidant metabolism. Plants 10, 797. doi: 10.3390/plants10040797
Ronner, E., Franke, A., Vanlauwe, B., Dianda, M., Edeh, E., Ukem, B., et al. (2016).
Understanding variability in soybean yield and response to P-fertilizer and
rhizobium inoculants on farmers’ fields in northern Nigeria. Field Crops Res.
186, 133–145. doi: 10.1016/j.fcr.2015.10.023
Roobroeck, D., Palm, C. A., Nziguheba, G., Weil, R., and Vanlauwe, B. (2021).
Assessing and understanding non-responsiveness of maize and soybean to
fertilizer applications in African smallholder farms. Agric. Ecosyst. Environ. 305,
107165. doi: 10.1016/j.agee.2020.107165
Roy, D., Datta, A., Jat, H. S., Choudhary, M., Sharma, P. C., Singh, P. K.,
et al. (2022). Impact of long term conservation agriculture on soil quality
under cereal based systems of North West India. Geoderma 405, 115391.
doi: 10.1016/j.geoderma.2021.115391
Rurinda, J., Zingore, S., Jibrin, J. M., Balemi, T., Masuki, K., Andersson,
J. A., et al. (2020). Science-based decision support for formulating crop
fertilizer recommendations in sub-Saharan Africa. Agric. Syst. 180, 102790.
doi: 10.1016/j.agsy.2020.102790
Sahrawat, K., Wani, S., Pardhasaradhi, G., and Murthy, K. (2010). Diagnosis of
secondary and micronutrient deficiencies and their management in rainfed
agroecosystems: case study from indian semi-arid tropics. Commun. Soil Sci.
Plant Anal. 41, 346–360. doi: 10.1080/00103620903462340
Sánchez, P. A. (2010). Tripling crop yields in tropical Africa. Nat. Geosci. 3,
299–300. doi: 10.1038/ngeo853
Scotti, R., Bonanomi, G., Scelza, R., Zoina, A., and Rao, M. (2015).
Organic amendments as sustainable tool to recovery fertility in
intensive agricultural systems. J. Soil Sci. Plant Nut. 15, 333–352.
doi: 10.4067/S0718-95162015005000031
Sharma, K. L., SrinivasaRao, C., Chandrika, D. S., Lal, M., Indoria, A. K.,
Reddy, K. S., et al. (2018). Effect of predominant integrated nutrient
management practices on soil quality indicators and soil quality indices
under post monsoon (rabi) sorghum (Sorghum bicolor) in rainfed black soils
(Vertisols) of western India. Comm. Soil Sci. Plant Anal. 49, 1629–1637.
doi: 10.1080/00103624.2018.1474901
Sitienei, K., Kamiri, H. W., Nduru, G. M., and Kamau, D. M. (2018). Nutrient
budget and economic assessment of blended fertilizer use in Kenya tea industry.
Appl. Soil Ecol. 2018, 1–11. doi: 10.1155/2018/2563293
Staton, M. (2014). Phosphorus and Potassium Fertilizer Recommendations for
High-Yielding, Profitable Soybeans. Michigan State University Extension, 1–2.
Syers, J., Johnston, A., and Curtin, D. (2008). Efficiency of soil and fertilizer
phosphorus use. FAO Fertilizer Plant Nutr. Bull. 18.
Tejada, M., Garcia, C., Gonzalez, J., and Hernandez, M. (2006). Organic
amendment based on fresh and composted beet vinasse: influence on
soil properties and wheat yield. Soil Sci. Soc. Am. J. 70, 900–908.
doi: 10.2136/sssaj2005.0271
Tejada, M., Hernandez, M., and Garcia, C. (2009). Soil restoration using
composted plant residues: effects on soil properties. Soil Till. Res. 102, 109–117.
doi: 10.1016/j.still.2008.08.004
Tilman, D., Balzer, C., Hill, J., and Befort, B. L. (2011). Global food demand and
the sustainable intensification of agriculture. Proc. Natl. Acad. Sci. U.S.A. 108,
20260–20264. doi: 10.1073/pnas.1116437108
Tittonell, P., and Giller, K. E. (2013). When yield gaps are poverty traps: the
paradigm of ecological intensification in African smallholder agriculture. Field
Crops Res. 143, 76–90. doi: 10.1016/j.fcr.2012.10.007
Tovihoudji, P. G., Akponikpe, P. I., Adjogboto, A., Djenontin, J. A., Agbossou, E.
K., and Bielders, C. L. (2018). “Efficient use of nutrients and water through hillplaced combination of manure and mineral fertilizer in maize farming system
in northern Benin,” in Improving the Profitability, Sustainability and Efficiency
of Nutrients Through Site Specific Fertilizer Recommendations in West Africa
Agro-Ecosystems (Springer), 63–89.

Kurwakumire, N., Chikowo, R., Mtambanengwe, F., Mapfumo, P., Snapp, S.,
Johnston, A., et al. (2014). Maize productivity and nutrient and water use
efficiencies across soil fertility domains on smallholder farms in Zimbabwe.
Field Crops Res. 164, 136–147. doi: 10.1016/j.fcr.2014.05.013
Kuzyakov, Y., Friedel, J., and Stahr, K. (2000). Review of mechanisms
and quantification of priming effects. Soil Biol. Biochem. 32, 1485–1498.
doi: 10.1016/S0038-0717(00)00084-5
Landon, J. R. (2014). Booker Tropical Soil Manual: A Handbook for Soil Survey
and Agricultural Land Evaluation in the Tropics and Subtropics. Oxfordshire:
Routledge.
Larney, F. J., and Angers, D. A. (2012). The role of organic amendments in soil
reclamation: a review. Can. J. Soil Sci. 92, 19–38. doi: 10.4141/cjss2010-064
Lécuyer, B., Chatellier, V., and Daniel, K. (2014). Analysis of price volatility of
mineral fertilisers: possible issues for European farmers. Int. J. Agric. Resour.
Gov. Ecol. 10, 344–361. doi: 10.1504/IJARGE.2014.066255
Li, P., Shi, K., Wang, Y., Kong, D., Liu, T., Jiao, J., et al. (2019). Soil quality
assessment of wheat-maize cropping system with different productivities
in China: establishing a minimum data set. Soil Tillage Res. 190, 31–40.
doi: 10.1016/j.still.2019.02.019
Mallarino, A. P., Kaiser, D. E., Ruiz-Diaz, D. A., Laboski, C. A., Camberato, J. J., and
Vyn, T. J. (2017). Micronutrients for Soybean Production in the North Central
Region. Ames, IA: Iowa State University Extension and Outreach. Crop 3135.
MoFA (2013). Agriculture in Ghana-Facts and figures (2012). Ministry of Food and
Agriculture (MoFA)-Statistics, Research and Information Directorate (Accra:
SRID), 1–64.
Morris, S., Devlin, N. ,and Parkin, D. (2007). Economic Analysis in Health Care.
Chichester, West Sussex: John Wiley & Sons.
Mukherjee, A., and Lal, R. (2014). Comparison of soil quality index using three
methods. PLoS ONE 9, e105981. doi: 10.1371/journal.pone.0105981
Murphy, D. V., Stockdale, E. A., Brookes, P. C., and Goulding, K. W. (2007).
“Impact of microorganisms on chemical transformations in soil,” in Soil
Biological Fertility (Dordrecht: Springer), 37–59.
Nelson, D., and Sommers, L. E. (1996). Total carbon, organic carbon, and
organic matter. Methods of soil analysis: part 2 chemical and microbiological
properties. Am. Soc. Agron. 9, 539–579. doi: 10.2134/agronmonogr9.2.2ed.c29
Nkonya, E., Pender, J., Kaizzi, C., Edward, K., and Mugarura, S. (2005). Policy
options for increasing crop productivity and reducing soil nutrient depletion
and poverty in Uganda. Intl. Food Policy Res. Inst. Environmental and
Production Technology Division Discussion Paper No. 138, Washington DC.
Nurudeen, A. R., Tetteh, F., Fosu, M., Quansah, G., and Osuman, A. (2015).
Improving maize yield on ferric lixisol by NPK fertilizer use. J. Agric. Sci. 7,
233. doi: 10.5539/jas.v7n12p233
Nziguheba, G., Tossah, B., Diels, J., Franke, A., Aihou, K., Iwuafor, E., et al.
(2009). Assessment of nutrient deficiencies in maize in nutrient omission trials
and long-term field experiments in the West African Savanna. Plant Soil 314,
143–157. doi: 10.1007/s11104-008-9714-1
Ogundijo, D., Adetunji, M., Azeez, J., Arowolo, T., Olla, N., Adekunle, A., et al.
(2015). Influence of organic and inorganic fertilizers on soil chemical properties
and nutrient changes in an Alfisol of South Western Nigeria. Int. J. Plant Soil
Sci. 7, 329–337. doi: 10.9734/IJPSS/2015/18355
Olsen, S., and Sommers, L. (1982). “Phosphorus in AL page,” in Methods of Soil
Analysis. Part 2. Chemical and Microbiological Properties, eds Page A. L., et al.
(Madison, WI: American Society of Agronomy), 403–430.
Palm, C. A., Gachengo, C. N., Delve, R. J., Cadisch, G., and Giller,
K. E. (2001). Organic inputs for soil fertility management: application
of an organic resource database. Agric. Ecosyst. Environ. 83, 27–42.
doi: 10.1016/S0167-8809(00)00267-X
Pawlowski, M. L., Helfenstein, J., Frossard, E., and Hartman, G. L. (2019).
Boron and zinc deficiencies and toxicities and their interactions with other
nutrients in soybean roots, leaves, and seeds. J. Plant Nutr. 42, 634–649.
doi: 10.1080/01904167.2019.1567782
Poblete-Grant, P., Biron, P., Bariac, T., Cartes, P., María de La, L. M., and Rumpel,
C. (2019). Synergistic and antagonistic effects of poultry manure and phosphate
rock on soil P availability, ryegrass production, and P Uptake. Agronomy 9, 191.
doi: 10.3390/agronomy9040191
Richards, M., Butterbach-Bahl, K., Jat, M. L., Ortiz-Monasterio, I., Sapkota, T.
B., and Lipinski, B. (2015). Site-Specific Nutrient Management: Implementation
Guidance for Policymakers and Investors. Copehnagen: CGIAR Research

Frontiers in Sustainable Food Systems | www.frontiersin.org

12

April 2022 | Volume 6 | Article 796878

Asei et al.

Rehabilitating Non-responsive Soils, Impact on Grain Yield and Soil Quality

Trasar-Cepeda, C., Leirós, M., Seoane, S., and Gil-Sotres, F. (2008). Biochemical
properties of soils under crop rotation. Appl. Soil Ecol. 39, 133–143.
doi: 10.1016/j.apsoil.2007.12.003
Ulzen, J., Abaidoo, R. C., Ewusi-Mensah, N., and Masso, C. (2019). Combined
application of inoculant, phosphorus and organic manure improves grain yield
of cowpea. Arch. Agron. Soil Sci. 66, 1–15. doi: 10.1080/03650340.2019.1669786
Van Soest, P., and Wine, R. (1968). Determination of lignin and cellulose in aciddetergent fiber with permanganate. J. Assoc. Offic. Anal. Chemists 51, 780–785.
doi: 10.1093/jaoac/51.4.780
Vanlauwe, B., Hester, R., and Harrison, R. (2012). Organic matter availability and
management in the context of integrated soil fertility management in subSaharan Africa. Soils Food Secur. 35, 135. doi: 10.1039/9781849735438-00135
Vanlauwe, B., Kihara, J., Chivenge, P., Pypers, P., Coe, R., and Six, J. (2011).
Agronomic use efficiency of N fertilizer in maize-based systems in sub-Saharan
Africa within the context of integrated soil fertility management. Plant Soil 339,
35–50. doi: 10.1007/s11104-010-0462-7
Vanlauwe, B., Wendt, J., and Diels, J. (2001). “Combined application
of organic matter and fertilizer,” in Sustaining Soil Fertility
in West-Africa. SSSA Special Publication Number 58, eds G.
Tian, F. Ishida, and J. D. H. Keatinge (Madison, WI: SSSA),
247–280.
Wallace, A. (1990). Interactions of two parameters in crop
production and in general biology: Sequential additivity, synergism,
antagonism. J. Plant Nutr. 13, 327–342. doi: 10.1080/0190416900
9364079
Wang, Z., Hassan, M. U., Nadeem, F., Wu, L., Zhang, F., and Li, X.
(2020). Magnesium fertilization improves crop yield in most production
systems: a meta-analysis. Front. Plant Sci. 10, 1727. doi: 10.3389/fpls.2019.
01727

Frontiers in Sustainable Food Systems | www.frontiersin.org

Woomer, P., Huising, J., Giller, K. E., Baijukya, F. P., Kantengwa, S.,
Vanlauwe, B., et al. (2014). N2Africa Final Report of the First Phase:
2009–2013. Available online at: http://www.N2Africa.org 138
Xu, J., Tang, C., and Chen, Z. L. (2006). The role of plant residues in pH
change of acid soils differing in initial pH. Soil Biol. Biochem. 38, 709–719.
doi: 10.1016/j.soilbio.2005.06.022
Yüksek, T., Göl, C., Yüksek, F., and Erdogan Yüksel, E. (2009). The effects
of land-use changes on soil properties: the conversion of alder coppice to
tea plantations in the Humid Northern Blacksea Region. Afr. J. Agric. Res.
4, 665–674. doi: 10.5897/AJAR.9000707
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.
Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.
Copyright © 2022 Asei, Abaidoo, Opoku and Adjei-Nsiah. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

13

April 2022 | Volume 6 | Article 796878

