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Northern Ghana
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ABSTRACT
Although several studies have established the importance of sulfur (S) in
increasing maize productivity in the savanna agroecological zones (AEZs)
of northern Ghana, the economically optimum S application rate is still
unknown. In a two-year study at eight locations across the AEZs, we deter-
mined the economically optimum S application rate for S-deficient soils.
We compared eight S application rates, ranging from 0 to 70 kg ha�1 at
10 kg intervals, for optimal maize productivity and profitability. The study
identified 30 kg S ha�1 as the minimum rate that resulted in a plant tissue
S concentration above the critical level of 0.15%. Although increasing the
S application rate resulted in increases in maize grain yield, application of
S beyond a rate of 30 kg ha�1 resulted in increases in maize grain yield
that were not statistically significant and leveled off at 50 kg S ha�1.
Application rates �50 kg ha�1 resulted in a high proportion of the applied
S not taken up by the plant and, thus, subject to losses from the soil.
Based on agro-input prices at the local level and the farm-gate prices of
maize, the greatest potential profit resulting from S application was
observed at 30 kg S ha�1, with a projected average maize yield of between
�4.2 and 5.3Mg ha�1, representing >90% of the observed yield with the
highest S application rate of 70 kg ha�1. Thus, we conclude that, for sus-
tainable and profitable maize production in S-deficient soils of the savanna
AEZs of northern Ghana, an S applications rate of 30 kg ha�1 is economic-
ally justified.
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Introduction

Maize is a crop that requires high levels of essential plant nutrients for increased productivity. In
addition to macronutrients (nitrogen [N], phosphorus [P], and potassium [K]), secondary and
micronutrients play a role in increasing maize yield in the savanna agroecological zones (AEZs)
of northern Ghana, which has been well established (Kugbe, Kombat, and Atakora 2019).
However, unlike N and P, sulfur (S) has not been studied extensively in much of the savanna
AEZs of northern Ghana because S deficiencies have seldom been documented. However, several
studies have shown that S is critical for maize production, particularly for the newly evolved
high-yielding maize hybrids and open-pollinated varieties (Sutar et al. 2017; Kaur et al. 2019).
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Kovar (2021) observed that S deficiency symptoms in maize are difficult to detect because they
are not always obvious, and if detected, it is expensive to correct during the growing season.
However, studies by several workers in many parts of the world, involving several agroecological
regions have shown significant maize yield responses with S application (Khan et al. 2006;
Kanton et al. 2016; Kaur et al. 2019; Kugbe, Kombat, and Atakora 2019; Garba et al. 2020). Kaur
et al. (2019) and Kugbe, Kombat, and Atakora (2019) reported that in S-deficient soils, the use
efficiency of applied NPK fertilizers and the economics of their use are seriously affected, result-
ing in non-attainment of anticipated high yields and profitability. Thus, the complete yield poten-
tial of the high-yielding maize cultivars cannot be obtained when soils are deficient in S,
irrespective of whether all other essential nutrients are in adequate supply and excellent farm
management practices are followed.

Sulfur not only influences yield but also improves crop quality due to its influence on protein
metabolism and oil synthesis (Krishnamoorthy 1989; Patil et al. 1998). In maize, important qual-
ity parameters, such as carbohydrate and protein yields, are affected by the level of S supply.
Sulfur also improves the quality of crops because it has a direct impact on the various biochem-
ical reactions in plants and participates in chlorophyll formation. Several studies have shown that
S is involved in the synthesis of essential amino acids, such as cystine and methionine (Singh
2001; Kumar and Yadav 2007). In addition, it is a constituent of the vitamins: thiamin and biotin,
S-glycosides, and coenzyme A. It improves crop management through its favorable effects on
environmental stress and resistance against pests and diseases (Rausch and Wachter 2005; Kruse
et al. 2007). Sulfur encourages photosynthetic activity by increasing chlorophyll pigments, synthe-
sis of essential amino acids and proteins, and translocation and utilization of starch and nitrogen;
all of these functions consequently converge to increase maize yield.

Reports on the S application rate to achieve optimal maize productivity have not been consist-
ent across the savanna agroecological zones of SSA. Most farmers in the savanna AEZs of north-
ern Ghana have adopted an S application rate of 50 kg ha�1 for maize production, although the
basis for that recommendation is unknown. For sustainability and to obtain the maximum benefit
from investments in S fertilizers, and fertilizer in general, the rate must be economically justified;
however, to our knowledge, no study has specifically evaluated S application rates in northern
Ghana that will optimize not only maize yield, but also potential profitability of S fertilizer use.
Therefore, the main objective of this study was to determine the economically optimum S fertil-
izer application rate for S-deficient soils of the savanna AEZs of northern Ghana. Specific objec-
tives were to determine: (i) yield responses of maize to different S application rates, and (ii)
economically optimum S rate for maize production under the prevailing price combinations of S
fertilizer and maize, based on unsubsidized local agro-input market and farm-gate prices.

Materials and methods

Experimental sites

The trials were conducted during the 2018 and 2019 farming seasons in eight communities in
northern Ghana: four each in the Guinea Savanna and Sudan Savanna AEZs. Sulfur-deficient soils
were specifically selected for the trials at all locations. The trials in the Guinea Savanna AEZ were
located at Damango (9�05’36.9”N 1�49’05.0”W), Karaga (9�55’32.7”N 0�25’45.7”W), Wechiau
(9�48’46.3”N 2�40’47.8”W), and Zabzugu (9�17’49.3”N 0�22’08.3”E); those in the Sudan Savanna
AEZ were located at Binaba (10�48’08.6”N 0�28’19.6”W), Bunkpurugu (10�30’47.8”N
0�06’10.6”E), Issa (10�23’32”N 2�19’57”W), and Sandema (10�44’35.1”N 1�17’32.7”W). A map
showing the locations of the experimental sites is presented in Figure 1. The soil in the entire
region is classified as Savanna Ochrosols (Brammer 1962) but has different chemical characteris-
tics among experimental sites, fitting into the World Reference Base classification of either
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Lixisols, Luvisols, or Plinthosols (ISSS/ISRIC/FAO 1998). Seasonal rainfall amount ranges from
900mm to 1,400mm in a mono-modal distribution at all locations, and temperature ranges from
31� to 32 �C (Guinea Savanna AEZ) and 32� to 33 �C (Sudan Savanna AEZ). The growing season
is between five and six months (May-October) in the Guinea Savanna AEZ and four to five
months in the Sudan Savanna AEZ (Figure 2), followed by dry conditions until the next rainy
season (Issahaku, Campion, and Edziyie 2016).

Characterization of initial soil conditions

Before starting the trials, composite surface soil samples were collected from each site to deter-
mine the initial soil conditions. Each field was divided into 16 subunits, and a composite soil
sample (formed by mixing twenty 25-mm-diameter core samples) was collected from the top
30 cm of each subunit. Air-dried soil samples were analyzed for the initial soil chemical properties
(Table 1) according to the methods described in Agyin-Birikorang et al. (2020). Soil pH was
determined in water (1:2 soil-to-water ratio), organic carbon by chromic acid titration, available
P by Bray-1 extraction, exchangeable K, calcium (Ca), and magnesium (Mg) by ammonium acet-
ate extraction, and plant-available S by monocalcium phosphate extraction. Calcium phosphate
extracts were analyzed via inductively coupled plasma-atomic emission spectroscopy (SPECTRO
Analytical Instruments GmbH, Kleve, Germany) to account for both SO4-S and dissolved organic
S (Zhao and McGrath 1994).

Field layout and experimental setup

The treatments for the study consisted of eight S fertilizer application rates: 0 (control), 10, 20,
30, 40, 50, 60, and 70 kg S ha�1. The experiment was laid out in a randomized complete block

Figure 1. Map of northern Ghana showing the locations of the experimental sites.
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design (RCBD), with each of the eight treatments having four replications and each treatment
randomly assigned to a plot within each block. Individual plot size was 8.1m x 5m. All limiting
essential nutrients, based on a soil fertility map developed for the AEZs (IFDC, unpublished
data), were supplied in adequate quantities such that only S remained the limiting nutrient. N, P,
K, zinc (Zn), and boron (B) were applied at uniform rates of 100 kg N ha�1 (in ammonium sul-
fate [21% N] and ammonium nitrate [34% N]), 40 kg P ha�1 (in TSP [45% P2O5]), 60 kg K ha�1

(in KCl [62% K2O]), 5 kg Zn ha�1 (ZnCl2 [50% Zn], and 1 kg B ha�1 (Borax [11% B]), respect-
ively, to all treatments. Zn and B were applied in solution to ensure uniform distribution across
each plot. Except for N, which was split-applied, all nutrients were applied in full doses at plant-
ing. The local extension practice for the region is for N to be applied in two splits: one-half at
planting and one-half at V6 stage (�42-46 days after emergence). However, for this study, a slight
modification was made to the extension recommendation of the splits N application: Since the S
fertilizer source (ammonium sulfate) contained both N and S, it was applied at quantities to sup-
ply the required S per treatment, and the shortfall in the N requirement was supplied with
ammonium nitrate. That is, applying the highest S rate (70 kg S ha�1) from ammonium sulfate
supplied 61 kg N ha�1. Therefore basal N for all treatments was applied at this rate, and the
shortfall in basal N occurring with lower S application rates was supplied with ammonium
nitrate, with all treatments receiving a basal N application of 61 kg ha�1. The remainder of the
required N (39 kg ha�1) was applied at V6 stage.

A high-yielding, medium-maturing (115 days), and drought-tolerant maize hybrid (Pan 53)
was used as the test crop for both years. The seeds were planted with an inter-row spacing of
80 cm and an intra-row spacing of 20 cm with one plant per hill, resulting in a plant population
of 62,500 plants ha�1. Planting was done at the onset of the rains at the various locations (com-
mencing in mid-June to mid-July in both years (Figure 2). All other management practices,
including weed, pest (particularly fall armyworm), and disease control, were carried out judi-
ciously when required.

Determination of maize yield, tissue nutrient concentration, and uptake

At the initial silk stage, ear leaves were collected from 10 plants randomly selected from the four
center rows of each plot to determine the S concentration of the plants. The samples were
digested by the dry ashing method as described by Jones and Case (1990), and S content was
measured using Spectro Arcos ICP-OES analyzer (SPECTRO Analytical Instruments GmbH,
Kleve, Germany). At physiological maturity, the four center rows of each plot were manually har-
vested, de-husked, and shelled. The grains were weighed, and the moisture content was measured
to determine grain yield. All grain yields were adjusted to a moisture content of 15.5% (Agyin-
Birikorang et al. 2020) to ensure uniform treatment comparison. Plant biomass samples were col-
lected by manually harvesting 12 plants randomly selected from the rows immediately outside the
four center rows. Subsamples were weighed and oven-dried at 65 �C (until the weights became
stable) to calculate biomass weights. Samples of the harvested grain and biomass were oven-dried,
ground, and digested to determine tissue S and N concentrations. Total N in grain and biomass
was determined using a micro-Kjeldahl method, a modification of the aluminum block digestion
technique described by Gallaher et al. (1975), followed by automated colorimetry with a Tech-
nicon Auto Analyzer. Grain and biomass S content was determined as described above. . The
product of S and N concentrations and total biomass (grainþ stover yield) was used to calculate
the uptake of the respective nutrients per plot. Apparent S and N recovery efficiency (AR [%])
was calculated following a the procedure described in Dobermann and Cassman (2005):

AR ¼ Sf � S0ð Þ
SA

x100
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where Sf is either S or N accumulation in the aboveground plant dry matter resulting from S fer-
tilizer application (kg ha�1), S0 is S or N accumulation in aboveground plant dry matter resulting
from the control (no S) (kg ha�1), and SA is the quantity of either S or N applied from fertilizer
(kg ha�1).

Post-harvest soil sampling and analysis

After the final harvest in each growing season, soil samples were collected and analyzed for S and
N concentrations, as described above for S and in Agyin-Birikorang et al. (2020) for N, to deter-
mine residual S and N contents of the soil as influenced by S application rate and to calculate the
S and N balance for each treatment.

Determination of economically optimum sulfur application rates

Analyses of yield response model and economically optimum fertilizer rates were carried out fol-
lowing a modification of the procedure described by Valkama, Uusitalo, and Turtola (2011).
Yield response to S rates was analyzed using the Mitscherlich yield response model, a statistical
model commonly used to describe the relationship between fertilizer rates and yield responses
(Schabenberger and Pierce 2002). The Mitscherlich model was expressed in the form:

y ¼ að1� e�bxÞ

Figure 2. Rainfall distribution in northern Ghana during the 2018 and 2019 growing seasons and 10-year average rainfall show-
ing: (A) rainfall amounts in the Guinea Savanna AEZ, (B) number of wet days in the Guinea Savanna AEZ, (C) rainfall amounts in
the Sudan Savanna AEZ, and (D) number of wet days in the Sudan Savanna AEZ. Source: Modified from Agyin-Birikorang
et al. (2022).
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where y is the yield response, a is the maximum yield, b is the constant that governs the rate of
yield response (steepness of the yield response curve), and x is the S fertilizer rate.

The Marquardt–Levenberg algorithm was used to find the coefficients (parameters) of the
independent variables that give the best fit between the equation and the data using the
SigmaPlot 14.5 program (SYSTAT Software Inc., San Jose, CA, USA). This algorithm seeks the
values of the parameters that minimize the sum of the squared differences between the observed
and predicted values of the dependent variable. The Shapiro–Wilk test was used to determine
whether the weighted residuals (observed yield increase-estimated yield increase) of the model
were normally distributed using the SYSTAT software. The economically optimum S rate was cal-
culated based on the expected profit from the S application, which was derived using a modifica-
tion of the calculation described in McConnell and Dillon (1997):

Profit (GH¢ ha�1) ¼ Yield Increase due to S Fertilization (kg ha�1) x
Yield Value (GH¢ kg�1) – Applied S (kg ha�1) x S Fertilizer Price (GH¢ kg�1)
Note: 1 Ghana cedi (GH¢) ¼ U.S. $0.174
The unsubsidized input costs from the local market and farm-gate maize prices were obtained

from the Esoko database (Esoko 2021).
The profit from S application was considered optimal when the difference between the extra

income due to the yield increase and the cost of the S fertilizer used was at its highest (positive)
value. The average value of the yield increase term was obtained from the least-squares fits of the
Mitscherlich response curves, and its range was calculated on the basis of the standard error of
the variable a (maximum yield) of the curves.

Statistical analyses

First, analysis to assess treatment and experimental site effects and their interactions was con-
ducted using a mixed analysis of variance (ANOVA), in which all the factors and their interac-
tions were handled as fixed effects and the residual, or error, term as a random effect. A second
analysis to test the effect of growing season (year) was conducted with an ANOVA mixed model
containing the factors enumerated above plus the year. In this second model, the random factor
was the residual term. The ANOVA model assumption of normality and homogeneity of varian-
ces were tested using the Kolmogorov-Smirnov procedure and Levene’s test residual plots,
respectively (Littell et al. 1996). ANOVA for grain yield, tissue S concentration, aboveground S
and N uptake, and apparent S and N recovery efficiency was performed using a generalized linear
mixed model (PROC GLIMMIX, SAS 9.4) (SAS Institute Inc 2018), in which treatments and
growing season, as well as their interactions, were handled as fixed effects, while replications and
their interactions were handled as random effects (Littell et al. 1996). Differences in mean values
of the various parameters among treatments were separated using Tukey’s Honestly Significant
Difference (HSD) test, which corrects for the experiment-wise error rate (Littell et al. 1996). The
trends of the increasing S rate effects for each of the measured parameters were assessed using
polynomial contrasts (Littell et al. 1996).

Results

Physicochemical characteristics of soil at experimental sites

The texture of the soil at the experimental sites were either sandy loam (Bunkpurugu, Damango,
Issa, Wechiau, and Zabzugu) or coarse-textured loam (Binaba, Karaga, and Sandema) (Table 1).
The soil in the various experimental sites were weakly acid to near-neutral, with pH ranging
from 6.04 (Damango) to 6.44 (Karaga) (Table 1). Across all experimental sites, the soils were low
in organic C content, having values < 0.5%, and low in plant-available P (<3mg kg�1), and S
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(<1.3mg kg�1), and low to moderate exchangeable K (0.11� 0.19 cmol kg�1), Ca (1.0� 1.7 cmol
kg�1) and Mg (0.3� 0.9 cmol kg�1).

Ear-leaf tissue sulfur concentration

Averaged across all locations, increasing S application rates resulted in increasing ear-leaf tissue S
concentrations, with mean values of 0.032%, 0.064%, 0.115%, 0.1531%, 0.171%, 0.194%, 0.212%,
and 0.22% for the 0 (control), 10, 20, 30, 40, 50, 60, and 70 kg ha�1 treatments, respectively, dur-
ing the 2018 growing season (Figure 3). Similarly, in the 2019 growing season, tissue S concentra-
tions averaged across all experimental sites were 0.034%, 0.072%, 0.121%, 0.171%, 0.204%,
0.222%, 0.241%, and 0.244% for S application of 0 (control), 10, 20, 30, 40, 50, 60, and 70 kg
ha�1, respectively (Figure 3).

Maize grain yield

At all experimental sites, there were highly significant effects of S application rate and growing
season on maize grain yield. However, the interaction effect of the S application rate and growing
season on maize grain yield was not significant. In general, maize grain yield obtained during the
2019 growing season was significantly higher than that of the 2018 growing season across all
experimental sites. However, regardless of the differences in maize yield between the two growing
seasons, the treatment effects on maize yield followed a similar pattern for each growing season.
Across all experimental sites, the lowest yield occurred with the control. Application of S
increased maize yield; the highest yield occurred with an application rate of 70, 60, 50, 40, and
30 kg S ha�1, followed by 20 kg S ha�1, 10 kg S ha�1 and 0 kg S ha�1, in that order. Thus, across
all experimental sites and for the two growing seasons, maize grain yield followed the order:
70 kg S ha�1 ¼ 60 kg S ha�1 ¼ 50 kg S ha�1 ¼ 40 kg S ha�1 ¼ 30 kg S ha�1 > 20 kg S ha�1 >
10 kg S ha�1 > control. Although increasing the S application rate resulted in increases in maize
grain yield, the increases were not statistically significant beyond 30 kg ha�1 and leveled off at
rates �50 kg S ha�1 (Figure 4).

Aboveground sulfur uptake and apparent recovery efficiency

There was no significant location variation on aboveground S uptake, and therefore, S uptake was
averaged across all experimental sites. However, there was a significant year effect on S uptake
from the treatments, but the interactive effects of treatments and year on S uptake and apparent
recovery efficiency were not significant. As a result, the S uptake data were analyzed separately
for each growing season (Table 2). In both growing seasons, there was a highly significant

Table 1. Selected chemical properties of the soils used for the trials at the various sites.

Site pH-H2O Organic C Available P SO4-S
Exchangeable cations Texture

K Ca Mg Sand Silt Clay
(g kg-1) mg kg-1 cmol kg-1 g kg-1

Binaba 6.27 4.66 1.16 0.93 0.15 1.68 0.79 520 330 150
Bunkpurugu 6.19 3.76 2.98 1.21 0.15 1.32 0.41 560 280 160
Damango 6.04 4.65 3.87 1.23 0.16 1.17 0.31 570 310 120
Issa 6.40 3.62 2.91 1.01 0.11 1.27 0.77 550 310 140
Karaga 6.44 4.50 1.44 1.24 0.18 1.18 0.79 520 320 160
Sandema 6.36 3.58 2.72 1.06 0.19 1.35 0.88 510 350 140
Wechiau 6.23 2.68 2.24 1.01 0.11 1.00 0.58 540 290 170
Zabzugu 6.09 3.30 2.95 1.25 0.13 1.48 0.54 570 290 140

Numbers are mean values of 16 replicates.
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positive correlation (r¼ 0.81) between S application rate and aboveground S uptake, with increas-
ing S application rates resulting in increased S uptake.

Figure 3. Ear-Leaf tissue sulfur concentration as a function of sulfur application rate. Error bars denote standard error of the
mean. Horizontal line within the graph is a visual representation of the critical plant tissue sulfur concentration for maize.
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In the 2018 growing season, the greatest aboveground S uptake occurred with the highest
application rate of 70 kg S ha�1, followed by 60, 50, 40, 30, 20, 10, and 0 kg S ha�1, in that order.
A Similar trend of S uptake pattern was observed for the 2019 growing season (Table 2).
Conversely, apparent S recovery efficiency decreased with an increasing S application rate. In the
2018 growing season, the greatest apparent S recovery efficiency of 80% was observed with the

Figure 4. Maize grain yield as a function of sulfur application rate. Each dot represents measured yield for each plot. Vertical
line indicates the predicted economically optimum sulfur application rate for each year.
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lowest S application rate (10 kg S ha�1), while the smallest apparent S recovery efficiency of 35%
occurred with the highest S rate of 70 kg ha�1 (Table 2). Similarly, in the 2019 growing season,
the greatest S recovery efficiency of 87% and the lowest of 37% occurred with the 10 and 70 kg
ha�1 treatments, respectively. Thus, in both years, apparent S recovery efficiency followed the
order: 10 kg S ha�1 > 20 kg S ha�1 > 30 kg S ha�1 > 40 kg S ha�1 > 50 kg S ha�1 > 60 kg S
ha�1 ¼ 70 kg S ha�1 (Table 2).

Aboveground nitrogen uptake and apparent recovery efficiency

Similarly to S uptake, there was no significant location variation on aboveground N uptake, and
as with S uptake, the aboveground N uptake was averaged across all experimental sites. Also,
there was a significant year effect on N uptake resulting from S application rates but no signifi-
cant location x year interaction. Therefore, N uptake data were collated separately for each grow-
ing season (Table 3). In both growing seasons, there was a significant positive correlation
between S application rate and aboveground N uptake, with increasing S application rates result-
ing in increased N uptake. In the 2018 growing season, the greatest aboveground N uptake
occurred with an application rate of 70 kg S ha�1 and the smallest with the control. A similar
trend for N uptake was observed for the 2019 growing season (Table 3). Contrary to the trend of
apparent S recovery efficiency, which decreased with an increasing S application rate, apparent N
recovery efficiency increased with an increasing S application rate. In the 2018 growing season,
the greatest apparent N recovery efficiency of 62% occurred with the highest S application rate
(70 kg ha�1), while the lowest apparent N recovery efficiency of 20% occurred with the lowest S

Table 2. Aboveground sulfur uptake and apparent sulfur recovery efficiency of maize fertilized at different sulfur application
rates during the 2018 and 2019 growing seasons.

Sulfur application rate (kg S ha-1)

Sulfur uptake (kg ha-1) Apparent sulfur recovery efficiency (%)

2018 2019 2018 2019

0 (control) 0.45h 0.51h N/A N/A
10 8.42g 9.24g 79.2a 86.7a
20 13.8f 15.6f 67.3b 75.4b
30 17.3e 18.3e 57.2c 58.6c
40 20.6d 21.2d 50.1d 52.4d
50 21.7c 23.1c 41.6e 44.5e
60 22.8b 24.8b 37.3ef 40.1ef
70 25.2a 26.1a 35.4f 37.3f
Tukey’s HSD (0.05) 1.02 1.18 6.01 5.86

Numbers are mean values of 32 replicates (8 sites x 4 reps/site), presented in three significant figures.
Numbers in each column followed by the same letter are not significantly different (p> 0.05).

Table 3. Aboveground nitrogen uptake and apparent nitrogen recovery efficiency of maize fertilized at different sulfur rates
during the two-year duration of the study.

Sulfur application rate (kg ha-1)

Nitrogen uptake (kg ha-1) Apparent nitrogen recovery efficiency (%)

2018 2019 2018 2019

0 (control) 2.40h 3.14h N/A N/A
10 22.7g 29.5g 20.1d 25.4d
20 38.4f 49.1f 36.2c 46.4c
30 44.8e 54.1d 41.6c 50.5c
40 54.5d 67.8c 52.2b 65.4b
50 56.6c 74.2b 54.1ab 73.2ab
60 59.4b 76.8b 57.1ab 72.4ab
70 66.4a 81.1a 61.5a 77.5a
Tukey’s HSD (0.05) 2.04 3.89 8.75 8.92

Numbers are mean values of 32 replicates (8 sites x 4 reps/site), presented in three significant figures.
Numbers in each column followed by the same letter are not significantly different (p> 0.05).
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application rate of 10 kg ha�1 (Table 3). Similarly, in the 2019 growing season, the greatest N
recovery efficiency of 78% and the lowest of 26% occurred in treatments receiving 70 and 10 kg
ha�1, respectively (Table 3).

Residual sulfur and nitrogen concentrations

Across all experimental sites, residual soil S concentration values observed during the 2018 and
2019 growing seasons were not significantly different among respective treatments (Table 4).
There were no significant differences in the residual soil S concentrations among the S applica-
tion rates and the control. A similar trend was observed for residual soil N concentrations, with
no significant differences among treatments for each growing season across all experimental sites,
and the value observed for the control was not significantly different from those observed for S
application treatments in respective growing seasons (Table 4).

Discussion

Effect of soil characteristics and weather conditions on sulfur application rate for
maize production

Soils at the experimental sites had textures that are generally characterized by good drainage, lim-
ited susceptibility to compaction, and low to moderate water and nutrient holding capacity. The
pH of the soils was (6-6.5) conducive for maize production, however, the soils were low in SOM
content and low fertility status: deficient in plant-available P and S, and low to moderate
exchangeable K, and Ca and Mg. Therefore, to increase maize productivity in such soils, and to
realize the full benefits of investments in fertilizers, farmers must supply these limiting essential
plant nutrients to their crops. Again, efforts must be made by farmers to conserve organic matter
in the soil to improve the physical and chemical properties of the soil, such as water and nutrient
holding capacity, and cation exchange capacity of the soils.

The rainfall pattern encountered during the two growing seasons provided a unique opportun-
ity to evaluate the effect of S application rates on maize productivity under varying rainfall distri-
bution patterns. Compared to the 10-year average, the 2018 growing season experienced a
relatively higher total rainfall for the two savanna AEZs in northern Ghana (Figure 2a and c).
However, the rainfall was not evenly distributed throughout the growing season, with much of it
occurring during the months of June and July when the seedlings had just emerged and were too
small to utilize all of the basally applied fertilizer nutrients. To exacerbate the problem, fewer wet
days occurred during this period than the 10-year average (Figure 2b and d). This indicates that

Table 4. Residual soil sulfate-S and inorganic nitrogen (NO3-NþNH4-N) concentrations measured at the end of each growing
season for the duration of the study.

Application rate (kg S ha-1)

Residual soil SO4-S concentration (mg kg-1) Residual soil inorganic N concentration (mg kg-1)

2018 2019 2018 2019

0 (control) 0.34 0.41 2.92 2.77
10 0.39 0.44 2.85 3.01
20 0.43 0.42 3.12 3.14
30 0.44 0.44 2.99 2.96
40 0.37 0.51 3.04 2.93
50 0.34 0.47 3.24 3.05
60 0.44 0.46 2.98 2.74
70 0.42 0.46 3.22 3.17
Tukey’s HSD (0.05) 0.13 0.12 0.82 0.67

Numbers are mean values of 32 replicates (8 sites x 4 reps/site), presented in three significant figures.
Numbers in each column are not significantly different (p> 0.05)
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rainfall intensity was higher than normal during this period, which resulted in excessive nutrient
losses through leaching and/or surface runoff. Surprisingly, during the months of August and
September, when peak rainfall was expected to occur for tassel initiation and grain filling, a short
dry spell occurred that clearly affected maize productivity. On the other hand, although the total
amount of rainfall during the 2019 growing season was lower than that of 2018, the pattern mim-
icked that of the 10-year average: rainfall was evenly distributed throughout the growing season,
with a short dry spell toward the end of the growing season when the maize crops were nearing
physiological maturity (Figure 2). Thus, the 2019 growing season had a better rainfall distribution
pattern for maize production than the 2018 growing season.

Effect of sulfur application rate on sulfur sufficiency level for maize

The soil tests commonly used to determine plant-available S usually measure only the amount of
SO4-S present in the sampled area but do not account for possible contributions from other
potential sources, such as organic S mineralization and rainfall. Therefore, a high S soil test result
indicates a possible adequate S supply, but a low test result could mean either S is inadequate or
could possibly become adequate in course of the plant growth. In view of this limitation, plant
tissue S concentration is perceived to be the best test to give an accurate account of S availability
to the plant. Analysis of the tissue S concentration data across the experimental sites for the two
growing seasons showed a highly significant positive correlation (r �0.88) between the S applica-
tion rate and tissue S concentration, suggesting that there was an increased S concentration in
the soil solution for plant uptake due to increased S fertilizer application. This is consistent with
the observation of Kovar (2021). Several studies have shown that the total S concentration of
plant tissue can be used as an index of sufficiency or insufficiency of S in the plant tissue
(Carciochi et al. 2019; Kovar 2021). From considerable data spanning the southeastern United
States, Kamprath and Jones (1986) identified a plant tissue S concentration of 0.15% as the crit-
ical level of S sufficiency in maize and reported that maize responds well to S fertilization, par-
ticularly when tissue S concentration is less than 0.15%. Similarly, Bryson and Mills (2014)
reported that a tissue S concentration of 0.15% is considered adequate for maize. A similar obser-
vation was reported by Kaur et al. (2019) from a two-year field study at 10 locations in North
Dakota. However, in another study, Kang and Osiname (1976) considered 0.14% S as the critical
level of S concentration in maize ear leaf in Nigeria. This variation in critical limits may be due
to the type of extractant, soil type, and cultivar used, among other variables. Therefore, in our
study, we based the critical tissue S concentration sufficient for maize at 0.15%, below which
maize productivity could be negatively affected.

Averaged across all experimental sites and for the two growing seasons, tissue S concentrations
of the control and treatments with an application rate of up to 20 kg ha�1 were consistently
below the critical level for proper growth and development of maize. Thus, it was not surprising
that the control treatment and treatments of up to 20 kg S ha�1 produced low yields. A modest S
application rate of 30 kg ha�1 significantly increased the tissue S concentration to levels consid-
ered adequate for maize productivity (�0.154% and �0.171%, respectively, for 2018 and 2019).
Increasing the S application rate resulted in further increases in tissue S concentrations; plants
receiving 70 kg S ha�1 had the greatest tissue S concentrations. Carciochi et al. (2019) reported
that application of S beyond those to achieve the critical plant tissue S concentration will cause
its concentration in the plant to increase because it is not diluted by added dry matter accumula-
tion, since it does necessarily contribute to increasing productivity. In the present study, across
all experimental sites and in the two growing seasons, an S application rate of 30 kg ha�1 was
identified as the minimum rate that would ensure an adequate S supply for the maize plants to
truncate S deficiency limitations on maize productivity.
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Economically optimum sulfur application rate

According to the Mitscherlich model, with all other limiting essential plant nutrients supplied in
adequate levels, S application explained about one-half of the variation in the yield increase (R2

ranging between 0.48 to 0.54; Figure 3). This suggests a profound effect on yield variation by
other factors, such as soil characteristics, rainfall, and other weather and environmental variables.
Averaged across all experimental sites, maize yield with the control (0 S) was 2.66 and 3.84Mg
ha�1 in 2018 and 2019, respectively (Figure 3). The increased average yield in 2019 could be
attributed to a better rainfall distribution during growing season than in 2018. This is consistent
with yields reported in Kugbe, Kombat, and Atakora (2019) for trials conducted in the AEZs, in
which S was omitted from balanced fertilization (minus-S treatment). Applying the limiting
essential nutrients with a modest rate of 10 kg S ha�1 increased maize yield by 6% and 9% for
the 2018 and 2019 growing seasons, respectively. Further increases of S application to 20, 30, 40,
50, 60 and 70 kg ha�1 resulted in maize yield increases of 12% and 17%, 23% and 29%, 24% and
31%, 25% and 33%, 25% and 34%, and 25% and 34%, respectively, for the 2018 and 2019 growing
seasons compared to the control. Thus, across all experimental sites and in both growing seasons,
the greatest yield increase occurred with an S application rate of 30 kg ha�1, and the rate of yield
increase leveled off at an application rate of 50 kg S ha�1.

The optimal S rate derived from the response curves suggest an S fertilizer rate greater than
20 kg ha�1 but lower than 50 kg ha�1. Based on agro-input prices at the local level and farm-gate
prices of maize for the 2018 and 2019 growing season (Esoko 2021), the calculated potential gross
profits from S application at rates of 20, 30, 40, and 50 kg ha�1 were GH¢ 1,850, GH¢ 2,510,
GH¢ 2,220, and GH¢ 1,980 ha�1, respectively, and those of the 2019 growing season were GH¢
1,660, GH¢ 2,250, GH¢ 2,080, and GH¢ 1,790 ha�1, respectively (GH¢ 1¼U.S. $0.174). This sug-
gests that potential profit from S fertilizer application on these S-deficient soils was maximized at
an S application rate of 30 kg ha�1. Thus, the resultant economically optimum S rate for both
years was �30 kg S ha�1 (�43% of the highest application rate of 70 kg ha�1), with a projected
average maize yield of between �4.2 and 5.3Mg ha�1, representing >90% of the observed yield
with the highest S application rate. Accordingly, with all other things being equal, application of
S at a rate of 30 kg ha�1 will result in a GH¢ 460.00 reduction in fertilizer cost per hectare, com-
pared to an S application rate of 70 kg S ha�1, but with an insignificant reduction (GH¢ 82 ha�1)
in total revenue (based on farm-gate prices), ultimately resulting in fertilizer cost savings
of�GH¢ 378 ha�1.

Studies have shown that economically optimum fertilizer rates are usually lower than those
needed for an optimal yield because, above a certain application rate, with all other production
variables being constant, the yield increase per unit of fertilizer applied decreases with an increas-
ing fertilizer application rate, whereas the cost of fertilizer continues to be proportional to the
amount applied regardless of the quantity (modified from Valkama, Uusitalo, and Turtola 2011).
Thus, the economically optimum S rate cannot be a mere fixed percentage of that required for
the maximum yield response, because the economically optimum rate will always depend on the
price combination of S fertilizer and the marketable yield, which, more often than not, fluctuates
in a free-market system (McConnell and Dillon 1997). This portends that S fertilizer application
should always be economically justified for sustainable and profitable agricultural production.

Effect of sulfur application rate on sulfur and nitrogen recovery efficiency

As expected, S application resulted in significant increases in S uptake, with an increasing rate of
S application resulting in corresponding increases in S uptake. Application of a modest rate of
10 kg S ha�1 increased S uptake 84% and 104% for the 2018 and 2019 growing seasons, respect-
ively, relative to the control (0 S). Further increases of the S application rate to 20, 30, 40, 50, 60
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and 70 kg ha�1 resulted in S uptake increases of 130% and 172%, 154% and 202%, 164% and
208%, 171% and 210%, 176% and 211%, and 176% and 213% for the 2018 and 2019 growing sea-
sons, respectively, compared to the control. The greater S uptake values in the 2019 growing sea-
son than in 2018 could be a direct effect of the rainfall distribution that occurred during the two
growing seasons. Rainfall intensity at the beginning of the 2018 growing season, when the maize
seedlings had just emerged, was very high (higher amounts occurring in relatively fewer days;
Figure 2) and possibly resulted in substantial S losses. Irrespective of differences in the level of S
uptake during the two growing seasons, the significant increases in S uptake with an increasing S
application rate suggest that more S became available in the soil solution for plant uptake when
the S application rate was increased. Several studies have shown this trend of increasing S uptake
resulting from increasing S application rate (Bharathi and Poongothai 2008; Mehta, Shaktawat,
and Singhi 2005; Majumdar, Nagaraj, and Trivedi 2002). Carciochi et al. (2019) reported that
plant-available S generally increased with an increasing S application rate in three soils with dif-
ferent physicochemical characteristics and varying initial SO4-S contents. Matamwa et al. (2018)
noted that the S uptake of maize grain and stalk increased significantly with increasing S avail-
ability in the root zone. Kovar (2021) reported that application of S significantly increased total
biomass S uptake with increasing S availability to the plant. Thus, the higher S uptake with a
higher S application rate was not surprising.

On the other hand, apparent S recovery efficiency decreased with an increasing S application
rate. This is consistent with results from the study of Adjei et al. (2000), who observed a decreas-
ing fertilizer uptake efficiency with increasing fertilizer application rate. Several studies have
shown a negative correlation between nutrient application rate and nutrient recovery efficiency,
with increasing nutrient recovery efficiency as nutrient application rate decreased (Gahlout,
Singh, and Lal 2010; Carciochi et al. 2019; Kaur et al. 2019). This could be attributed to the crop’s
inability to utilize all applied nutrients at high application rates and, in most cases, resulted in
greater nutrient losses or, to a lesser extent, accumulation of the unused nutrient in the soil.
Thus, in both years, a substantial portion the S at higher rates of application (� 50 kg ha�1) was
not utilized by the crop.

Maize N uptake and apparent recovery efficiency were positively influenced by application of
S, with an increasing S application rate resulting in increasing N uptake and apparent recovery
efficiency. Maurya, Sharma, and Tripathi (2005) reported that N metabolism is strongly affected
by the S status of the plant and that S deficiency can reduce N use efficiency. Studies have shown
that, for synthesis of S-containing amino acids, an assimilatory reduction reaction of both sulfate
and nitrate is necessary, and therefore, N and S uptake and assimilation are closely linked
(Sutradhar, Kaiser, and Fern�andez 2017). Other studies have also shown that increasing availabil-
ity of S progressively enhances N uptake in maize (Mehta, Shaktawat, and Singhi 2005; Carciochi
et al. 2020) and rapeseed (Brassica napus L.; Fismes et al. 2000).

Apparent sulfur and nitrogen losses from applied fertilizer

Despite the increasing rate of S application (0 to 70 kg ha�1), with apparent S recovery efficiency
ranging from 35% to 80% and 37% to 87% during the 2018 and 2019 growing season, respect-
ively, there was no significant difference in residual soil S concentrations among the treatments
in either year (Table 4). This suggests that most of the S applied at high rates that was not taken
up by the plants did not accumulate in the soil; instead, it was lost from the soil, possibly through
leaching and/or surface runoff. The soils at the experimental sites were coarse-textured and with
low organic matter content (Table 1), therefore the propensity of S leaching from the soil was
high and could account for a large portion of S losses from the soil. Apparent S balance was cal-
culated by subtracting the sum of normalized S uptake and residual soil S content from the quan-
tity of S applied for each treatment to estimate S loss with each treatment. The results show that,
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during the 2018 and 2019 growing seasons, an average of 17% and 11%, respectively, of the S
applied at 10 kg ha�1 could not be accounted for and was assumed lost from the field; 24% and
18%, 29% and 21%, 36% and 43%, 49% and 43%, 57% and 54%, and 62% and 58% of S from
applications at rates of 20, 30, 40, 50, 60, and 70 kg ha�1, respectively, could not be accounted for
and was assumed lost from the soil in the 2018 and 2019 growing seasons. It is not surprising
that much of the nutrient losses occurred in the 2018 growing season, because a high rainfall
intensity was encountered soon after basal fertilizer application (Figure 2), resulting in higher S
leaching and/or runoff losses than in the 2019 growing season. The high S losses with high rates
of S application (�50 kg S ha�1) should be of economic and environmental concern to farmers,
and such high S application rates must be avoided. Contrary to apparent S losses, the highest
apparent N losses occurred with the lowest S application rate and vice versa. Increasing the S
application rate induced an increasing apparent N recovery efficiency, resulting in decreasing N
losses from the applied N fertilizer.

Conclusions

Across all experimental sites and in both growing seasons, S application significantly increased
maize yields. However, potential profit from S fertilizer application on these S-deficient soils was
maximized at an S application rate of 30 kg ha�1. Thus, the resultant economically optimum S
rate for both years was �30 kg S ha�1 (�60% of the application rate [50 kg ha�1] adopted by
most farmers in the AEZs), with a projected average maize yield of between �4.2 and 5.3Mg
ha�1, representing >90% of the observed yield with the highest S application rate of 70 kg ha�1.
Thus, applying S at a rate of 30 kg ha�1 will result in not only a substantial reduction in fertilizer
cost, compared to an S application rate of 50 kg S ha�1, but also an insignificant reduction in
total revenue, consequently resulting in high potential farm income. From the combined results,
we conclude that, for sustainable and profitable maize production in S-deficient soils of the
savanna AEZs of northern Ghana, an S fertilizer application rate of 30 kg ha�1 is economically
justified and that high S losses from application rates �50 kg S ha�1 should be of economic and
environmental concern to farmers; therefore, such rates must be avoided. Future research should
determine the economically optimal rates for other limiting essential plant nutrients to ensure
profitable maize production in the savanna AEZs of northern Ghana.
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