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An integrative approach based
on crop modeling and
geospatial and statistical
analysis to quantify and explain
the maize (Zea mays) yield gap
in Ghana

Mohamed Boullouz*?, Prem S. Bindraban?®, Isaac N. Kissiedu?,
Anselme K. K. Kouame?, Krishna P. Devkota®
and Williams K. Atakora?

tSchool of Agriculture, Fertilization, and Environmental Sciences (ESAFE), Mohammed VI
Polytechnic University (UM6P), Ben Guerir, Morocco, ?International Fertilizer Development Center,
Accra, Ghana, *African Sustainable Agriculture Research Institute (ASARI), Mohammed VI
Polytechnic University (UM6P), Laayoune, Morocco

In Ghana, maize (Zea mays) is a crop crucial to achieving food and nutrition
security. Maize consumption has increased exponentially over the past
decades and contributes to 25% of the caloric consumption in the country.
In order to assist in decision-making and guide investment in sustainable
intensification of maize production, this study set out to identify the
determinants of yield and to arrive at potential interventions for closing the
maize yield gap. These were quantified using analytical approaches that
combine a light use efficiency crop model (LINTUL-1) with statistical and
geospatial analyses. Legacy data, auxiliary covariables, and maize fertilizer
trials on eight experimental stations in Ghana were used in this study.
Overall, the maize yield gap across the stations and trial treatments ranged
from 17% to 98%. The variation in yield gap within a single station indicates a
significant scope for closing the yield gap through site-specific nutrient
management. Multiple linear regression models that explained 81% of the
variability in maize yield gap identified soil organic matter, soil water-holding
capacity, root zone depth, rainfall, sulfur fertilizer, and nitrogen fertilizer, in that
order of importance, as the major determinants for closing the yield gap in the
major agroecological zones of Ghana. The vield gap decreased by 1.4 t ha™
with a 1% increase in soil organic matter. A 1 mm increase of the soil water-
holding capacity reduced the yield gap by 1.06 t ha™, while an increase in pH
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and in the application of potassium fertilizer widened the gap. These results
suggest that both soil physical and chemical properties, together with weather
data, should be taken into consideration to arrive at site-specific fertilizer
recommendation and other agronomic practices.

KEYWORDS

LINTUL-1 model, light use efficiency, site-specific nutrient management, potential
yield, determinants of the yield gap

1 Introduction

In Ghana, maize is a major food crop and is cultivated
throughout the country (1), accounting for more than half of the
country’s total cereal output. The Eastern, Ashanti, and Brong-
Ahafo regions of Ghana produce approximately 80% of the
country’s total maize and the remainder is produced in the three
northern regions, i.e., Northern, Upper East, and Upper West.
The high domestic demand for maize as food for humans
(constitutes 25% of consumed calories) (2) or as livestock feed
make it a valuable source of income for a large community of
smallholder farmers. However, the yield of maize does not
exceed 1.9 metric tons per hectare (t ha™'), which is far below
the reported potential yield of 4-6 t ha™ (3). Maize production is
predominantly rainfed rather than irrigated, the latter
accounting for only 2% of the total arable land in the country
(4). In the rainfed system, the crop often suffers from water stress
due the erratic and highly variable unimodal and bimodal
rainfall patterns.

On average, the application rate of fertilizer in Ghana is 20
kg ha™ (5), with major differences in application rates between
farmers and average maize yields of 1.9 t ha™'. The large
difference in application rates among famers with low yields
implies a low fertilizer use efficiency (6). The low inherent soil
fertility limits the yield response to fertilizer (7). These findings
suggest that the amount of fertilizer is not the only factor
affecting the yield of maize. According to Kouame et al. (8),
the yield of maize in Ghana is subject to several factors that affect
its response to fertilizer, such as soil water-holding capacity, root
zone depth, rainfall, temperature, pH, available phosphorus, and
soil organic matter. Hence, understanding the yield gap, i.e., the
difference between the potential maize yield and the observed
yield as well as the determinants for closing this gap could
provide relevant insights for formulating effective technological
and policy interventions for improving maize self-sufficiency.

The difference in the potential yield, i.e., the yield obtained
under optimal growth conditions, and the observed yield
constitute the yield gap (9, 10). Previous studies have reported
a yield gap in maize between 67% and 87% over the water-
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limited yield in the northern regions of Ghana (11). However,
the determinants of the yield gap are still not understood. Crop
models are used to estimate yield potential. In Ghana, models
such as the Agricultural Production Systems sIMulator (APSIM)
(12) and Decision Support System for Agrotechnology Transfer
(DSSAT) (13) have been used to estimate maize yield under
various conditions. However, these comprehensive models
require a large amount of data for parameterization,
calibration, and validation, including crop physiological
processes, agronomic management, physical and chemical soil
properties, and various weather variables (14). Even the
minimum dataset required to run DSSAT, for instance, is still
large (15), and data paucity for Ghana hampers effective
application of the models.

LINTUL-1, a generic crop model developed by Spitters (16),
is a summary crop model that simulates the potential yield as a
function of light use efficiency (LUE) and the leaf area index
(LAI) of the crop (Figure 1). LINTUL-2 was subsequently
developed to simulate water-limited yield by incorporating a
soil-water balance module (18), and LINTUL-3 to simulate
nitrogen-limited yield gap (19). Intercepted photosynthetically
active radiation (IPAR) and LUE regulate the daily growth in the
model based on the Beer-Lambert law. In the model, the
subsequent allocation of dry matter is determined by crop
development as a function of temperature during the growth
cycle. LINTUL synthesizes basic plant physiological and edaphic
processes into generic rules, with a low data requirement that can
efficiently support research on yield gap analyses for decision-
making to enhance yield in data-poor environments, such as
Ghana. In this study, the LINTUL-1 model was therefore used to
calculate the potential yield of maize to subsequently quantify the
yield gap from experimental data and analyze the determinants
of this gap through multiple linear regression methods. This
comprehensive approach, based on multiple data sources and a
combination of crop modeling, advanced statistics, and spatial
analysis, allows calculation of the yield gap and identification of
its determinants. The potential yield and yield gap maps provide
a guideline for spatial explicit investments and interventions in
Ghana to raise maize yield and self-sufficiency.
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FIGURE 1

Relational diagram of LINTUL-1 to simulate the potential yield [modified from Nyombi (17)]. Wleaf, weight of leaves; Wstem, weight of stems;
Wroot, weight of roots; Wgrain, weight of grain; Dm, dry matter. LAl, leaf area index; Tbase, the low lowest temperature for the crop to grow;
PAR, photosynthetic active radiation; RUE, Radiation (light) use efficiency; Tsum, accumulated temperature.

2 Materials and methods

2.1 Study area

During the 2020 growing season, several fertilizer trials on
maize were conducted by the Fertilizer Research and
Responsible Implementation (FERARI)' program,
implemented by the International Fertilizer Development
Center (IFDC). These trials were conducted in eight locations,
ie., Ejura, Mampong, Nyankpala, Wenchi, Kwame Nkrumah
University of Science and Technology (KNUST), Sunyani,
Ashanti Anwomaso and Ashanti Ayeduase (Figure 2).
Different nutrient treatments were applied, and the soil,
weather, fertilizer rate, observed yield, and simulated potential
yield data were used to analyze the yield gap.

2.2 Experimental design

A randomized complete block design was used to establish
experimental plots of 5 m x 5 m (25 m*). Subsequently, inside
the 25 m> plot, two sub-plots of 4 m® each were randomly
selected in the field and used for harvest and yield
determination. Maize seeds of the Omankwa variety were
sown at approximately 5 cm depth in normal soil in all sites.
The seeds were planted at 75 cm x 40 cm spacing, with a density
of 33,333 plants per hectare. Fertilizer treatments were applied
with three or four replications across the study sites, which were
considered independent data points for the yield gap analysis
(Tables 1, 2); the different number of replications was due to
different resource availability at the study sites. For

1 https://ifdc.org/projects/fertilizer-research-and-responsible-

implementation-ferari/.
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micronutrient application, both foliar and soil application were
practiced. However, the application method for fertilizer was not
considered in this study to explain the yield gap. Table 3 shows
further details about the crop management and studied area.

2.3 Data collection
2.3.1 Crop growth and yield

The recorded agronomic data of maize yield, crop cycle
duration, and required temperature to reach maturity and

Studied sites

® Ashanti Anwomaso
Ashanti Ayeduase
Ejura
KNUST
Mampong
Nyankpala
Sunyani
Wenchi
I Ghana Districts

200 km

FIGURE 2

The location studied by the FERARI project in 2020, data
derived from this location was used for the calibration of
LINTUL-1 and for the yield gap analysis.
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TABLE 1 Fertilizer treatments applied on the study sites.

Treatment Ashanti Anwomaso  Ashanti Ayeduase Ejura KNUST Mampong Nyankpala Sunyani Wenchi
Latitude 6.697183 6.697183 740472 6.685167 7.298333 9.418917 7.401056 7.6518
Longitude -1.5504 -1.5504 -1.64447  -1.57769 -1.39581 -0.99428 -2.28891 -2.1056
Control X X X X X X X X
NPK X X X X X X X X
NPK + § X X X X X X - X
NPS X X X - - X - -
NKS X X X - - X - -
Ps X X X - - X - -
PK X X X - - X - -
N(PR)KS X X X - - X - -
N(P+PR)KS X X X - - X - -
PKS X X X - - X - -
NPK + Zn +$ - - - X X - X X
NPK + Zn - - - X X - - X
NPK + Zn + $ + Fe - - - - - - X X
NPK + Zn + Fe - - - - - - - X

(x) = Treatment applied; (-) = treatment not applied.

TABLE 2 Fertilizer application rates (kg ha™) at the study sites.

Study site N P205 K20 S Zn Fe PR Reps
Ashanti Anwomaso 18 20 25 10 0 0 100 4
Ashanti Ayeduase 18 20 25 10 0 0 100 4
Ejura 120 40 40 15 25 5 0 3
Ejura 120 20 40 15 2.5 5 0 3
KNUST 120 20 40 15 2.5 5 0 4
KNUST 120 40 40 15 2.5 5 0 4
KNUST 120 40 40 15 2.5 0 0 4
Mampong 120 40 40 15 2.5 0 0 3
Nyankpala 120 40 40 15 2.5 5 0 3
Nyankpala 120 20 40 15 2.5 5 0 3
Sunyani 120 40 40 15 2.5 5 0 1
Wenchi 120 40 40 15 2.5 0 0 3

PR, Phosphate rock; Reps, Number of replications.

TABLE 3 Sowing dates, total rainfall, and the average minimum temperature and maximum temperatures during the experimental period at the
study sites during 2020.

Site Planting date Rainfall (mm) Average Tmin (°C) Average Tmax (°C)
Ashanti Anwomaso June 1 301 222 28.5
Ashanti Ayeduase June 1 301 222 28.5
Ejura September 16 246.2 23.0 31.5
KNUST June 1 301 222 28.5
Mampong September 24 273.4 23.1 32.1
Nyankpala June 24 655.1 232 29.6
Sunyani October 1 187.4 22.8 30.9
Wenchi August 19 331.4 229 30.5
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anthesis from FERARI experimental sites (Figure 2) for 2020
were used to calibrate the LINTUL-1 crop model, quantify the
yield gap, and analyze the effect of various factors in explaining
the yield gap among the experiments.

2.3.2 Climatic data

The weather data for FERARI study sites and for the
randomly selected points at the district level were downloaded
from ERA5-Land, developed by Muiloz-Sabater (20), at 11 km
resolution, which is considered acceptable because the variance
of weather data in a small-scale area is relatively minor. The
Google Earth Engine interface and the geographical coordinates
to access this dataset were used.

2.3.3 Soil data

Before sampling the soil in the studied locations (Figure 2), the
field trials were delineated into at least three zones (or sub-plots)
based mainly on the terrain characteristics and drainage conditions.
Soil samples were then randomly collected from each sub-plot using
a handheld auger and core sampler. Around 10 soil samples were
collected from the 0-20 cm depth from each sub-plot. For each
study site, the collected samples were mixed and packed in 500 g
plastic bags for laboratory analysis.

The modified Walkley and Black Procedure, described by Nelson
and Sommers (21), was used to determine organic carbon. The Bray
1 extraction solution method (22) was used to determine available
soil phosphorus. NH40OAc solution (0.1 M neutral) was used to
extract the exchangeable bases, such as Ca2+, Mg2+, K+, and Na+;
the exchangeable acids were extracted with a 1.0 M KCl solution, as
described by Page et al. (23). The HT 9017 pH meter was used to
measure the pH in a 10 g soil sample. Soil water-holding capacity and
root zone depth were obtained from the ISRIC SoilGrids Africa soil
property map, with a spatial resolution of 1 km (24).

2.4 LINTUL-1 framework

LINTUL-1 is a mechanistic model that uses light interception
and light use efficiency to simulate biomass production and yield.
IPAR, described in Eq. 1, is a function of the photosynthetically
active part of the daily total radiation (RPAR; 400 nm to 700 nm, or
0.5 of the total radiation intercepted by the earth [Eq. 2, FPAR]), leaf
area index (LAI), and the extinction coefficient of light (K) (16).

The growth of LAI (GLAI) during the juvenile stage (Tsum<
330 growing degree days [GDD], or LAI< 0.75 m* m™) is described
as the exponential growth stage (Eq. 3; 25). After the juvenile stage,
the GLAI depends on the amount of the allocated dry matter to the
leaves multiplied by the specific leaf area (SLA; Eq. 4). The SLA in
LINTUL is constant throughout the simulation period.

Leaf senescence reduces the LAI and the leaf weight and is a
function of leaf death due to aging (RDRDV) or shading (RDRSH).
The relative death rate (RDR) used is the highest of the RDRDV
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and RDRSH. However, leaf death due to aging occurs only after
anthesis, while death due to shading is a function of the LAI itself.
When the LAI reaches a critical value (LAI,), the photosynthetic
active radiation (PAR) does not reach the leaves in the bottom part
of the crop, which start to die. The maximum death rate due to
shading (RDRSHM) is a standard value used to calculate RDRSH in
Eq. 5. The reduction of the LAI due to leaf death or senescence
(DLAI) is quantified by Eq. 6, and the daily total growth or
reduction of LAI (RLAI) is calculated by Eq. 7.

The partitioning coefficient of dry matter to the leaves (FLV),
stem (FST), roots (FRT), and storage organs (FSO) follows the
development stage of the crop. During the vegetative stage and
under the potential conditions, most of the dry matter is allocated to
the leaves, then to the roots and to the stems. And during the
reproductive stage, the crop allocates the dry matter increasingly
more to the storage organs (Eq. 8).

The total daily produced dry matter (GTOTAL; Eq. 9) is a
function of IPAR (Eq. 1) and of the light use efficiency (LUE) of the
crop. The LUE is measured from field experiments as the slope of
the linear regression between the dry matter produced and IPAR
and is considered constant during the crop cycle. LUE is a crop
parameter that must be provided for the model to run
the simulation.

The following are LINTUL-1 crop model equations, explained
based on Spitters (16) and Van Oijen and leffelaar (25). The model
is programmed in R with the Rstudio interface.

IPAR = RPAR x (1-e™h) (1)

RPAR = FPAR x DTR )
((RGRLX DTEFFXDELT) _ 1
GLAI = LAI x 3)
DELT
GLAI = SLA x RWLV (4)
(LAI - LAICR)
RDRSH = RDRSHM x - (5)
LAICR
DLAI = RDR x LAI (6)
RLAI = GLAI - DLAI )
RWLV = GTOTAL x FLV
}Leaf growth rate
RWLVG = GTOTAL x RWLVD
RWST = GTOTAL x FST Stem growth rate 8)
RWRT = GTOTAL x FRT Root growth rate

RWSO = GTOTAL x FSO Storage organ growth rate

frontiersin.org


https://doi.org/10.3389/fsoil.2022.1037222
https://www.frontiersin.org/journals/soil-science
https://www.frontiersin.org

Boullouz et al.

GTOTAL = %V: LUE x IPAR ©)

T
W = LUE x / IPAR (10)
0

DELT: Time step of integration (1 day); RGRL: Relative
growth rate of leaf area; DTEFF: Daily effective temperature.
RWLVG: Relative growth of the leaves.

2.5 Calibration and validation of
LINTUL-1

The calibration of LINTUL-1 was achieved by adjusting the
thermal time to maturity and to anthesis to properly simulate the
crop duration. The associated partitioning coefficient of dry
matter to different crop organs was adjusted to this duration.
The treatment within one of the study sites where the yield was
the highest and could be considered the closest to the potential
yield was selected for this adjustment. The adjustments for the
SLA, the growth rate of the leaves during the exponential stage,
and radiation (light) use efficiency were obtained from literature
for a similar short-season maize variety (BH660) used widely in
sub-Saharan Africa. In general, SLA in LINTUL-1 is constant,
according to Farré et al. (26). The SLA value at the flowering
stage is used in LINTUL-1. LINTUL-1 uses a constant LUE rate
throughout the crop cycle, assuming a linear relationship
between the biomass produced by the crop and the intercepted

FIGURE 3

10.3389/fs0il.2022.1037222

radiations (16). Therefore, the LUE was calculated, based on the
work of Srivastava et al. (27), as the average of LUE during
different development stages of maize.

2.6 Simulation of the potential yield,
harvest index, and vegetative
biomass

The calibrated LINTUL-1 in this study was used to simulate
the potential yield, harvest index, and vegetative biomass. The
sowing date of each study site was used in the simulations
(Table 3). The effect of temperature and solar radiation
variability on the yield of maize was studied based on the
results generated by LINTUL-1. The yield gap for each studied
site was calculated by subtracting the measured yield from the
simulated potential yield.

2.7 Geospatial analysis of maize
potential yield and yield gap

To construct the potential yield and the yield gap map of
maize in Ghana, MODIS Land Cover Map at 500 m resolution
(28) was used to randomly select 10 points per district (Figure 3).
The landcover map layers of the LC_Type2 Dataset were
reclassified as non-agricultural land and as agricultural land
(at least 60% of the land is cultivated); therefore, some districts,
especially in the northern regions, had less than 10 points

*

| Agricultural covered land
[ Non Agricultural covered lanc

Random selected points

Randomly selected points at district level in Ghana for maize potential yield and yield gap maps.
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because the area of cropland in these districts is small. In general,
through random selection, more points were selected in the
southern part because the density of cropland in this area is high
and because the district size in the south is small compared to
the north.

The weather data extracted from ERAS5-Land (20) for the
2,340 randomly selected points at the district level were used to
simulate the potential yield at each geographic point. The
calibrated LINTUL-1 in this study was used. June 1 (Julian
day 152) was considered as the sowing date for the simulation
based on the literature and because the period between May to
June is widely considered the best time for sowing (29).

The actual maize yields at the district level from the Ghana
Open Data Initiative* were used to calculate the yield gap. For
this reason, the observed yields in each district were assigned to
selected points within the respective district. Accordingly, the
yield gap of maize was calculated for all 2,340 points by
subtracting the actual (district-level) yield from the potential
yield at each selected point within the districts. QGIS with
ordinary kriging was used to predict and extrapolate the
potential yield and the yield gap at 1,000 m resolution for the
entire country. In addition, the observed yield was mapped with
2000 m resolution using the inverse distance weighting
interpolation method. This method of interpolation was
chosen due to the low amount of available data, as the
observed yield was aggregated at the district level.

2.8 Determinants of yield gap

Multiple linear regression (MLR) was used to identify the
determinant factors that contributed to explaining the yield gap
in the study sites. The calculated yield gap was used as a
dependent variable (y) and other covariates as independent
variables (X}, X5, X3 X, X5 X,,), whereas 8 was the regression
coefficient of each covariate (Eq. 11). Soil, rainfall, fertilizer
application rate, and the yield gap data from each site were
used to build a dataset. The dataset was randomly split into two
parts; 70% of the dataset was used for building, training, and
selecting the regression model, and 30% was used to test
the model.

The MLR was built based on a stepwise bidirectional
elimination method. The Akaike information criterion
function (stepAIC) was called from the MASS package in
RStudio.” The AIC method was used to select the best
regression model over several possible models based on the
AIC score; the model with the lowest AIC score was selected.
AIC uses the maximum likelihood estimate (L) and the number

2 https://data.gov.gh/.

3 https://cran.r-project.org/package=MASS.
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of independent variables (K) in the model to calculate the AIC
score of the model (Eq. 12; 30). However, to improve the
accuracy and reduce the standard error, the model selected
according to stepAIC was checked for multicollinearity using
the variance inflation factor (VIF), which determines how much
the variance of a regression coefficient is inflated because of
model multicollinearity. The VIF function in R programming
was called from car package.* Accordingly, the highly correlated
variables were dropped from the dataset, and the process was
repeated until the AIC function selected the best model with
non-multicollinearity; VIF< 10 is considered the tolerance level
of multicollinearity according to Kim (31).

Finally, the selected regression model was tested using 30% of
the dataset previously determined through a random process for
this purpose. The root mean square error (RMSE) and the
coefficient of determination (R? were used to test the accuracy of
the model. The RMSE is the square root of the mean of the square
of the errors between the predicted yield gap (Pg) and the observed
yield gap (Og) in the 30% dataset used to test the model (Eq. 13).
The coeflicient of determination (R?) shows the fraction of variance
in the dependent variable that is explained by the independent
variables; it is measured as the ratio of the sum of squares due to
regression (RSS) and the total sum of squares (TSS; Eq. 14).

¥y =P0+ PBlx1 +P2x2 + ... + Pnxn+ € (11)
AIC = 2K-2In(L) 12)
1 n
RMSE = HEgZO(Og-Pg)2 (13)
RSS
R-squared = TS (14)

2.9 Statistical analysis

The daily variability of the temperature was studied using
the non-parametric Kruskal-Wallis test, which is based on
ranking of the observations and does not require the
assumption of normality. It compares the medians of three or
more unpaired groups; values are sorted from low to high, and
analyses are based on distribution of those rankings (32). The
simulated potential yield was used to calculate the yield gap from
the observed yield for the respective study sites. Duncan’s New
Multiple range test was used for the statistical analysis to identify
the significance difference for the comparison of the observed
yield and of the yield gap among different fertilizer treatments
and across the study sites. Multiple linear regression and Pearson
correlation coefficient were used to determine the effect and the

4 https://cran.r-project.org/package=car.
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relationships between the simulated harvest index and the
variability of temperature and IPAR between the vegetative
and the reproductive stages.

3 Results and discussion
3.1 Soil analysis

The chemical properties of the collected soil samples from
the experiment fields are shown in Table 4. The results indicated
a low to moderate pH. The measured cation exchange capacity
(CEC) was very low in all the study locations, and the low
organic matter content indicates low fertility of the soils.

3.2 Calibration of LINTUL-1

3.21 Crop parameters

Figure 4 shows the observed yield in the study sites. An
average yield of 4.5 t ha™! was obtained in Ejura station, which
was significantly higher compared to all other study sites. The
highest yield in Ejura was 6 t ha™ from the application of NPS
fertilizer. This yield was comparable to the achievable yield of 5 t
ha™ reported by Adu et al. (29) for the Omankwa variety used in
the study sites. Therefore, the recorded effective temperature in
Ejura was used to calculate the required thermal time for maize
to reach anthesis and maturity.

Table 5 shows the adjusted initial crop parameters for the
calibrated LINTUL-1. The thermal time required between
sowing and anthesis is somewhat longer in Ghana compared
to the original value in the model, which was used in Spain by

TABLE 4 Soil properties of sampled soils at the experimental sites.

Soil Property/Site ~ Ashanti Ayeduase  Ashanti Anwomaso

pH 4.94 5.23
OM (%) 1.79 1.51
P (mgkg") 19.19 33.88
Zn (mg kg™ 1.2 1.05
Fe (mg kg) 32.67 39.18
Ca (mEq 100 g™) 0.12 0.09
Mg (mEq 100 g') 0.06 0.04
K (mEq 100 g 0.13 0.13
Na (mEq 100 g'") 0.01 0.01
CEC (mEq 100 g 1.02 0.77
BS (%) 31.42 35.13
S (mgkg™) 35 4.7

OM, Organic matter; BS, Base saturation; CEC, Cation exchange capacity.
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Farre et al. (26). The calculated values from emergence to
anthesis of 1,027 growing degree days (GDD) and 1,796 GDD
to maturity were in the range that was reported by Srivastava et
al. (27) for two maize varieties (BH660 and Obatanpa). It took
796 GDD in this study for the crop to develop from anthesis to
maturity. Similarly, MacCarthy et al. (33) reported 750 GDD for
Obatanpa maize. LUE of 2.26 g Mj ™" used in this study was lower
than the LUE of 4.6 g Mj ' used by Farré et al. (26). LUE in sub-
Saharan Africa was previously reported to be low at 1.3 g Mj" to
1.7 ¢ Mj™' and dependent upon factors such as nitrogen
application and stomatal conductance (34). Similarly, Lopez et
al. (35) found that the LUE reported in Nigeria was negatively
correlated with total intercepted radiation and with
precipitation, while it was positively correlated with nitrogen
application. However, the LUE does not exceed 2.5 g Mj .

3.2.2 Allocation coefficient of dry matter

Figure 5 presents the adjusted allocation coefficient of dry
matter. Based on the calculated thermal time from planting to
maturity and to anthesis, the allocation coefficient of daily dry
matter produced is adjusted to various plant organs. In the early
stage, dry matter is totally allocated to vegetative organs, while
after anthesis, most of the dry matter is allocated to storage
organs (26), which become sink organs (18). The allocation of
dry matter to the different organs is more complex, as it is
affected by several factors, such as drought. Nakhforoosh et al.
(36) and Cai et al. (37) reported that one of the crop strategies to
promote drought tolerance is to allocate more dry matter to the
roots and less to the aboveground organs. However, LINTUL-1
simulates the potential yield assuming optimal growth
conditions and therefore considers the allocation of dry matter
to be a function of the accumulated temperature (16).

KNUST Wenchi Mampong Nyankpala  Sunyani
6.63 6.67 6.58 4.96 5.1
3.30 151 1.58 0.89 1.44

26.65 14.13 200.68 1.54 36.30
8.46 3.79 7.67 031 2.14
67 65.72 46.83 222 115.86
0.28 0.28 0.22 0.11 0.14
0.07 0.03 0.05 0.05 0.02
0.03 0.49 0.02 0.15 0.15
0.01 0.01 0.01 0.01 0.10
0.59 111 0.50 127 1.26
66.25 73.03 60.18 24.97 32.38
5.6 11 0.67 0.67 1.57
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(A) Observed yield among study sites; (B) observed yield at Ejura by treatment. The small letters are the significance of the statistical differences
of the treatments. The only meaning is to show which treatment are significantly different and the ones that are not significantly different. The
letters were automatically generated by the statistical test.

TABLE 5 Calibrated parameters to simulate the potential yield of maize in Ghana.

Parameter

Tsum Sowing to Maturity
Tsum Sowing to Anthesis
LUE

SLA

RGRL

Original value

1,750 GDD
970 GDD
46
0.016 m* g
0.009 1/(°C d)

RGRL, Relative growth rate of the leaves; SLA, Specific leaf area.

Source

Farré et al. (26)
Farré et al. (26)
Farré et al. (26)
Farre et al. (26)
Farré et al. (26)

Recalibrated value

1,796 GDD
1,027 GDD
2.26
0.02m> g
0.02 1/(°C d)

Source

Calculated
Calculated
Srivastava et al. (27)
Srivastava et al. (27)

Srivastava et al. (27)

FIGURE 5
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3.3 LINTUL-1 validation

Figure 6 shows the simulated potential yield and total IPAR.
LINTUL-1 was able to simulate a potential yield range between
6.7 tha™ and 8.4 t ha! in the study sites. The simulated potential
yield was slightly higher than the finding of MacCarthy et al.
(13), who reported a potential yield of 6.4 t ha™ in Tamale,
located 10 miles from Nyankpala, where LINTUL-1 simulated a
potential yield of 7 t ha™!. However, the small difference between
our finding and the finding of MacCarthy et al. (13) is explained
by the different crop models used: MacCarthy et al. (13) used
DSSAT to simulate the potential yield. The potential yield
simulated by LINTUL-1 was higher than the potential yield of
4-6tha' reported by MoFA (38) for most of the released maize
varieties in the country. The reported results by MoFA (38) on
the potential yield were based on field research rather than crop
models, which explains the high potential yield simulated in our
study compared to MoFA (38). Due to the low availability of
data, we depended upon these studies to validate LINTUL-
1 simulations.

Results show that the potential yield of maize in the study
sites was highly dependent on the IPAR and on temperature
variability. Accordingly, the high simulated potential yield in
Ashanti Anwomaso was due to the high TIPAR (1,041 Mj m™), as
compared to KNUST site, where the simulated potential yield
was 6.7 t ha'! under the lowest IPAR (867 Mj m™) (Figure 6).
Similarly, Srivastava et al. (27) reported the yield of maize,

10.3389/fs0il.2022.1037222

simulated by LINTUL-5 under water limitation (39), to be
highly dependent upon radiation and temperature.

3.4 Temperature variability

Table 6 shows that the temperature variability on a daily
basis was significantly different among stations according to the
Kruskal-Wallis rank-sum test. Temperature particularly drives
the crop development in the model, determining the growth
duration of the development stages and, with that, the
partitioning coefficient of dry matter over time.

3.5 Temperature effect on crop growth

Figure 7 presents the growth duration at each station to
reach maturity. The growth duration was longer in Ashanti
(Anwomaso and Ayeduase) and in KNUST as compared to all
other sites, i.e., 104 days in the simulation and 108 days in the
field. This was due to the low average temperature recorded in
these study sites (25°C) compared to the other sites (Table 7).
The crop cycle was faster in Mampong, i.e., 91 days in the
simulation and 95 days in the field. The rapid development of
maize in Mampong is explained by the high average daily
temperature of 28°C. The small fluctuation between the
duration recorded from the field and that obtained from the
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TABLE 6 Results of the Kruskal—Wallis significance test for daily temperature variability.

Ashanti Anwomaso Ashanti Ayeduase Ejura KNUST Mampong Nyankpala Sunyani
Ashanti Ayeduase - - - - - - -
Ejura *kok *ohok - - - - -
KNUST - - et - - - -
Mampong >k *hok *t >4k - - -
Nyankpala % % R d il il - -
sunyani k% %% k% % % kot -
We“chi Xk % i d il il il -
Significance (<0.01 = ***); significance (<0.05 = **); insignificant (>0.1 = -).
A B
120+
100
@ 757 ~ 97
® 2
kel @©
=g Z
i) 5
£ 50+ T 60+
© 3
=l ©
s <
5 63 E
o 0 55 90 o s 86 57 o
254 o
307 &7 57 55 53 57 57 57 57
0.
S 8 &b o 2 & "1
§ §F 8 S & F & Y 2 e & o ¥ & &
§ & g 9 N s ¢ s & § &
< ¥ < & ¢ & S
s 5 AN
& 7 g ¢
Studied sites Studied sites
FIGURE 7
Julian days required by maize to reach anthesis and maturity in Ghana according to (A) LINTUL-1 simulation and (B) measurement in the field.
The lower part of the bar is the time to anthesis, and the upper part is the time to maturity.

simulation could be explained by measurement errors during
field sampling. These results reveal the importance of
temperature as a determinant factor of the phenological
growth and ultimate yield of maize. The effect of
temperature on the crop cycle was also reported by Amir
and Sinclair (40), who found that cool temperatures cause an

extension of the growth cycle. Temperatures on the African
continent have risen during the last two decades (41), for
instance, by 0.5°C in the north and 0.4°C in the southern
regions of Ghana in the last decade (42). Temperature
increases will have a significant depressing effect on the yield
of maize and on crops in general. This calls for an emergent

TABLE 7 Daily average intercepted photosynthetic active radiation (IPAR) and temperature (T) in the study locations.

Ashanti Anwomaso  Ashanti Ayeduase  Ejura
IPAR Em-An 615.8 587.2 631.5
IPAR An-Ma 426 419.7 407.2
T °C Em-An 17.3 17.3 18.9
T °C An-Ma 17.4 174 202
Average T °C 253 253 27.5

KNUST Mampong Nyankpala Sunyani  Wenchi
469.1 619.4 567.2 649.2 575.4
397.9 4116 386.8 4054 452

173 195 18.4 186 182
174 20.2 18.2 19.7 20.1
253 27.8 26.5 27 26.9

Em-An: From emergence to anthesis; An-Ma: From anthesis to maturity; Total: Em-An + An-Ma.
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response to reduce the risk of low yield and low resource use
efficiency in Ghana.

3.6 Harvest index

Figure 8 shows the simulated harvest index (HI) and shoot
biomass under the potential conditions. The HI simulation is a
function of both temperature and solar radiation. High
temperatures reduce the growth cycle of the crop and,
therefore, the HI. However, when the IPAR is high, the
simulated dry matter increases, which increases the HI.
Variability in the temperatures and IPAR during the
phenological growth of the crop leads to high fluctuations in
the simulated HI.

The HI simulated for Wenchi was 0.58 and for Sunyani was
0.51. The crop cycle duration was almost the same for these two
stations, yet the vegetative stage in Wenchi was longer by two
days compared to Sunyani because the temperature in Wenchi
was lower during the vegetative stage (18.2°C). The regenerative
stage duration in Wenchi was the same as Sunyani (Figure 7).
However, the IPAR during the vegetative stage was higher in
Sunyani (649.2 Mj m™?) than in Wenchi (575.45 Mj m™). On the
other hand, the IPAR was high during the reproductive stage in
Wenchi (451.55 Mj m™) and low in Sunyani (404.8 Mj m™).
Thus, more vegetative biomass was simulated in Sunyani, while a
higher economic yield was simulated in Wenchi.

A similar logic was observed when comparing Nyankpala
(HI = 0.53) and Wenchi (HI = 0.58). In Nyankpala, only 393
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o
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Mj m™ IPAR was recorded during the regenerative stage. In
KNUST, the simulated HI was 0.5, which was higher than that
of Sunyani. This is explained by the low temperature in
KNUST that extended the crop cycle compared to Sunyani
(Figure 8). However, even with the high HI in KNUST, the
simulated grain yield and vegetative biomass were low
compared to Sunyani because the positive effect of
temperature was not supported by IPAR, which was
lower (Figure 6).

Harvest index was 92%, explained by the variability of
temperature and of IPAR between the vegetative and the
regenerative stage of the crop. However, only the amount of
IPAR during the vegetative stage significantly affected the HI;
high IPAR during this stage significantly reduced the HI. While
the high IPAR during the regenerative stage appears to have had
a positive effect on the HI with a correlation coefficient of (r =
0.42), its effect was not significant. Temperatures during the
reproductive stage and during the vegetative stage were
negatively correlated with the HIs of r = -0.31 and r = -0.54,
respectively, though not statistically significant due to the small
size of the dataset. However, the effect of temperature on crop
growth and yield was very clear. For example, the temperature
was lower in Ashanti (Anwomaso and Ayeduase) and KNUST as
compared to the other sites, which caused the crop cycle to be
longer (Figure 7) and favorably affected the HI. This study
reveals that both solar radiation and temperature have a
considerable effect on maize HI and grain yield. This was also
reported by Hou et al. (43), who found that the yield of maize
decreased by 0.83 t ha™ with a 1°C increase in the seasonal mean
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(A) Harvest index and (B) shoot biomass simulated in the study locations using LINTUL-1.
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temperature, while a 0.85 t ha™' reduction was observed per 100
Mj decrease in accumulated PAR.

3.7 Yield gap quantification

Figure 9 shows the calculated yield gap as the difference
between the simulated potential yield and observed yield in the
study sites. This approach was used in several studies to quantify
the yield gap (44). In this study, the quantified maize yield gap
was between 17% and 98.2% of the potential yield. Similarly,
MacCarthy et al. (13) found that the yield gap in the northern
regions of Ghana was between 59% and 75% under farmer
practice, while it was between 29% and 59% under enhanced
farmer practices. The yield gap in sub-Saharan African countries
is the largest in the world at 64-80% (12), and the yield gap in
Ghana is generally around the same range. Accordingly, this
study confirms the large maize yield gap in Ghana.

3.8 Yield gap analysis

Figure 10 proves the accuracy of the MLR in explaining the
yield gaps in this study. The MLR explained 81.5% (RMSE =
734.5 kg ha') of the variability in the yield gap through 12
variables selected by the AIC bidirectional selection method. The
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Yield gap in the study sites, calculated as the difference between
simulated potential yield and observed yield at each site. The
small letters are the significance of the statistical differences of
the treatments. The only meaning is to show which treatment
are significantly different and the ones that are not significantly
different. The letters were automatically generated by the
statistical test.
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MLR accuracy in explaining the yield gap using soil, fertilizer, and
rainfall as variables. The green line corresponds to the regression
line, and the black line is the 45-degree line (1:1).

angle between the regression line and the 1:1 line is small,
supporting the accuracy of the MLR in explaining the yield
gap in this study based on the covariates presented in Table 8. In
addition, the predicted yield gap by the MLR model was almost
equal to the observed yield gap in the study sites, given that the
points are centered around the 1:1 line.

Table 8 summarizes the factors that drive closing the yield
gap. Organic matter, pH, soil water-holding capacity, root zone
length depth, rainfall, soil zinc, soil iron, nitrogen fertilizer,

TABLE 8 Factors influencing maize yield gap in the study area based
on the MLR.

Covariate Estimate Std. Error T value
Intercept 25927.400* 1309.59 19.95
Root zone depth -29.80*** 4.12 -7.23
Rainfall -15.17*4%* 0.80 -18.95
Nitrogen applied -12.714%% 1.71 -7.39
Sulfur applied -15.59* 8.23 -1.89
Iron applied 7383+ 41.16 1.79
Zinc Applied 96.92 60.08 1.61
Phosphate rock 2.58** 1.47 1.75
Soil pH 629.6*** 153.8 4.09
Organic matter -1413.04°7¢ 151.13 -9.35
Soil phosphorus S2.910% 0.71 -4.09
Soil iron -6.49 425 -1.52
Water-holding capacity -1066.78** 110.81 -9.62

%%, and * indicate significance at 1%, 5%, and 10%, respectively.
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sulfur fertilizer, and phosphate rock were determined to be the
major factors explaining the yield gap. In the literature, most
studies have explained the yield gap in Ghana and in sub-
Saharan Africa as being due to the low application of fertilizers
(11). However, the yield gap is widely affected by other factors,
including climate, soil physicochemical proprieties, and
management practices. Sileshi et al. (45) found that the risk to
maize yields is higher in Nitosols compared to Luvisols. Also, the
risk of getting a lower yield than expected is higher in soils with
low resilience to degradation, such as Ferralsols and Acrisols.
The risk of low maize yield was noted to be high in Nitosols
when mineral fertilizers were applied. In addition, the low
response of maize yield to fertilizer has been reported by
several studies (6), which raises questions about the
contribution of fertilizer in closing the maize yield gap in
Ghana. In the same context of the findings from this study,
Kouame et al. (8) found that 50% of maize yield variability under
farm conditions could be explained by Tmin, Tmax, soil water-
holding capacity, root zone depth, sand content, phosphate and
nitrogen fertilizers, and pH. In on-station conditions, 64% of
maize yield variability was explained by Tmax, soil water-
holding capacity, root zone depth, sand content, phosphate
and nitrogen fertilizers, pH, rainfall, elevation, clay and silt
content, organic matter, and potassium (8). The effects of
temperature and solar radiation were not considered as
explanatory variables in the statistical regressions of this study
because their effect was accounted for in the LINTUL algorithm.

3.8.1 Organic matter, soil water retention,
and rainfall

The results of this study show that low soil organic matter was
the major factor driving the yield gap. The yield gap decreased by
1.4 tha' with a 1% increase in soil organic matter (Table 8). These
findings were comparable to those of Kane et al. (46), who found
that increasing the organic matter content in the soil by 1%
enhanced maize production by 2.2 t ha™ under dry conditions.
Oldfield et al. (47) mentioned that increasing the soil organic
matter in maize production from 0.86% to 3.44% could reduce
nitrogen fertilizer by 70%. Soil organic matter in the sites of this
study ranged from 0.89% to 3.30%, which is comparably low,
suggesting that nitrogen application rates may need to be adjusted
to the soil organic matter content. Soil organic matter has several
functions in soils, e.g., improving soil water-holding capacity and
soil aeration, reducing runoft and erosion, and promoting soil
structure through aggregation (48). Fertile soil should generally
contain at least 4% organic matter (49) to provide a productive
and resilient system. However, even with high organic matter, the
application of mineral fertilizer is important due to the low release
rate of nutrients from the organic matter, which may not
sufficiently support crop growth, and to prevent soil nutrient
depletion from deteriorating soil health over time. Each metric ton
of maize grain removes 11 kg, 7.6 kg, 4.8 kg, and 0.9 kg of N, P,Os,
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K,0, and S, respectively (50). Thus, these nutrients must be
replenished through organic and mineral fertilizer applications.

The erratic and low amount of rainfall in the study sites
during the growing season (191-570 mm) demonstrates the
importance of both soil organic matter and water-holding
capacity. The MLR showed that increasing soil water retention
by 1 mm reduced the yield gap by 1.06 t ha™. The volume of
available water in the root zone is important in reducing the
negative effect of drought on maize grain yield and biomass.
Bawa et al. (51) reported that drought affects all the physiological
and morphological characteristics of maize, including grain
yield, leaf area, and shoot biomass. From 1960 to 2015, the
aridity index increased at a rate of 0.2 per decade in Guinea
Savannah. There also was an increase in the frequency of
drought occurrences, with a decline in the pattern of rainfall
(52). In the Transitional zone, rainfall has been dramatically
fluctuating over the years, with an increasing frequency of erratic
rainfall (53). These conditions are not favorable for maize
growers in Ghana (29). This study also highlights the effect of
rainfall on the yield gap; a 1 mm increase in rainfall reduced the
yield gap by 15 kg ha™".

The ability of the soil to retain water is important under
these drought conditions. Lawes et al. (54) reported that the
effect of the soil water-holding capacity on crop yield is
significant only when the rainfall season starts late, with a low
amount of rainfall. The MLR in this study considered only the
individual effect of each variable; the interaction between soil
water-holding capacity and rainfall was not considered, nor were
the temporal aspects of rainfall. Therefore, further studies and
analysis considering the interactions between different variables
could be beneficial.

3.8.2 Roots zone depth

A1 cm increase in the root zone depth reduced the yield gap
by 29 kg ha™'. The root zone depth in soils is limited by the
presence of a hard rock layer, a high concentration of heavy
metals, low soil pH, or high electrical conductivity (>12 'S m™) in
the soil layers (55). Low aeration and high sodicity are the most
influential factors in reducing the root zone depth for maize (24).
The average root zone depth in sub-Saharan Africa, as in Ghana,
is around 1 m (56), while maize roots can reach a depth of 1.6 m
(57). Good distribution of the roots in the soil accompanied by a
deep root zone are important in mitigating drought stress by
increasing access to water during the growing season (58). This
study confirms the correlation between the yield gap (actual
yield) and the root zone depth. However, the status of all the
factors affecting root development in the soils in Ghana should
be reviewed.

3.8.3 Soil pH
Soil pH is the third largest contributor to the yield gap in the
study locations (Table 8). The yield gap typically increases by
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629 kg ha™' when the pH increases by one unit. This is contrary
to the findings of The et al. (59), who reported that increasing the
soil pH improves maize yield because it improves the soil CEC
and reduces the aluminum and iron oxide in the soil solution,
thus increasing the availability of nutrients. Yet, the pH range in
the test soils was narrow and near optimal.

3.8.4 Fertilizer application and yield gap

Figure 11 shows the effect of different fertilizer combinations
on the yield gap. According to the MLR, the application of sulfur
and nitrogen fertilizers significantly affected the yield gap. A 1 kg
increase in sulfur and nitrogen application reduced the yield gap
by 15.5 kg ha™ and 12.73 kg ha™, respectively. Similarly, the
yield gap recorded for the NPK+S treatment in Wenchi was the
lowest of all the treatments. Similar results for sulfur fertilizer
were observed in all other study sites except Sunyani, where no
NPK+S treatment was used. In Mampong, the yield gap was very
high; the lowest gap was obtained with the control treatment due
to severe drought. Several studies have reported that
incorporation of secondary and micronutrients into fertilizer
formulations helps increase maize yield in Ghana. For instance,
Kugbe et al. (60) determined that application of 14 kg of S and
2.7 kg of B and Zn per hectare with NPK increased the yield by
30%. Agyin-Birikorang et al. (61) found that the application of
and Zn with NPK increased the yield by an average of 60% in the
Savannah zones.

In this study, only the application of sulfur with NPK at 10-
15 kg ha! appeared to reduce the yield gap of maize. However,
the effect of sulfur application was significant only in Nyankpala
and Wenchi and was not statistically significant in other study
sites. For example, in Ashanti Anwomaso the yield gap with the
application of NPK+S was the lowest, but this was not
significantly different from the other treatments. The difference
was also not significant at the KNUST site. The high response of
yield to sulfur application may have resulted from the low soil
sulfur content of 0.67-5.6 mg of sulfur per kilogram of soil,
which is below the critical level of 8-13 mg of sulfur per kilogram
of soil (62). In Wenchi, the omission of sulfur reduced the
observed yield by 11% and increased the yield gap by 19%, which
corroborates Agyin-Birikorang et al. (61), who reported the
omission of sulfur reduced yield by 35%.

The application of phosphate, potassium, and zinc did not
significantly affect the yield gap based on the MLR model.
However, phosphate showed a positive effect, reducing the gap
by 8 kg ha™. Essel et al. (63) reported the application of
phosphorus significantly increased yield in the Deciduous
Forest zone of Ghana. In this study, in Nyankpala the
application of NKS resulted in a yield gap of 86% over the
potential yield while the application of NPKS resulted in a yield
gap of 80%. This reveals that the application of 40 kg ha™' of
phosphorus reduces the yield gap by 6% over the potential yield.

Potassium fertilizer did not significantly affect the yield gap
of maize. Similar results were obtained by Essel et al. (63).
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Atakora et al. (64) reported that increasing potassium fertilizer
from 0 to 90 kg K,0 ha™' increased the yield from 2.5 tha™' to 2.7
t ha™', which reflects the low use efficiency of potassium in
Ghanaian soil. Soil exchangeable potassium at these study sites
was between 0.01 and 0.49 mEq 100 g, which is below the
critical level of 0.6 mEq 100 g™ to grow maize (65). While yield
response to potassium would be expected, that was not the case.
Therefore, further studies will be needed to understand the
dynamics of potassium in Ghanaian soils.

The application of 1 kg of iron significantly increased the
yield gap by 73 kg ha™, which highlights the negative effect of
iron on maize yield. Foliar application of iron at the rate of 5 kg
ha™! was practiced in this study. Some leaf burns were observed
where foliar iron was applied. The defoliation observed might
have been due to the high concentration of iron in the solution
and the pH of the water used to prepare the solution. In the same
context, Fernandez and Ebert (66) reported that leaf burn
negatively impacts crop performance and reduces yield. The
rise in soil content of iron reduced the yield gap significantly by
6.5 kg ha'!, thus proving again that the foliar application of iron
was the main reason behind the negative effect of iron in this
study. Therefore, soil application of iron might be more
preferred in Ghana based on the MLR results. However, more
investigations are recommended in this regard.

3.9 Maize potential yield and yield gap
map in Ghana

Figure 12 shows the potential yield simulated by LINTUL-1
for all agroecological zones of Ghana. A potential yield of
between 5.4 t ha in the southern regions and 8.6 t ha in the
northern regions was determined. The potential yield of maize
was found to follow an increasing pattern from the southern to
the northern regions. This is explained by the high intercepted
radiation in the northern regions compared to the south, as also
observed by Yang et al. (67). Tanu et al. (68) found the cloud
cover index in the southern regions to be higher compared to the
northern regions, further explaining this radiation pattern
for Ghana.

The yield gap follows the same pattern as the potential yield.
A huge yield gap was found in the northern regions, while the
gap was lower in the southern regions of Ghana. This pattern
results from the high potential yield in the northern part of the
country compared to the southern part and the low observed
yields in the north compared to the south. According to Atiah et
al. (69), the variability in the observed yield in Ghana is caused
by the variability in rainfall, soil moisture, temperature, and
management practices. However, Atiah et al. (69) reported that
rainfall and soil moisture have a negative effect on the observed
yield in Ghana, which does not concur with our findings.

The low yield in the northern regions is mostly associated
with rainfall variability (13) and soil fertility (70). This study
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reveals that solar radiation also contributes to the yield
variability across the country. Air temperature is another
factor that affects the observed yield through its effect on the
phenological development of the crop. Similarly, Cudjoe et al.
(71) found that in northern Ghana maize yield decreases with
increased temperature; an increase of 0.1°C reduced maize yield
by 0.1 tha.

In addition to all the factors related to management practices
and the ecosystem, socioeconomic factors also contribute to the
variability in the observed maize yield. Mbanya (72) reported
that access to improved seeds, fertilizer, product marketing,
processing, and utilization affect crop yield in Ghana. Access
to credit was also found to affect farmer productivity, indirectly
through its effect on the ability of farmers to purchase inputs or
adopt new technologies. In general, farmers in the southern part
of the country have more access to markets, credit, extension
services, and inputs sources, as they are closer to the big cities
and to the ports than farmers in the northern regions.
Knowledge gaps also contribute to yield variability.

4 Conclusion

This study found that the LINTUL-1 model can simulate the
potential yield of maize in the various agroecological zones in
Ghana. High intercepted photosynthetic active radiation in the
northern regions create the possibilities for a high potential yield
in the northern Ghana, which is not well exploited. However, a
higher temperature in the north compared to the south counters
some of this potential through its effect on the phenological
growth duration. Temperature variability was found to be a
major factor that affects the harvest index and therefore the
economic yield. High temperature during the regenerative stage
accelerates crop growth, while the grain-filling period becomes
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short. The effect of temperature might be compensated for when
high solar radiation is intercepted by the crop, especially during
the reproductive stage.

Based on the data collected in eight different locations with
296 different data points, the MLR model enhanced by Akaike
information criterion explained 81% of the yield gap. Several
factors other than fertilizer were found to explain the yield gap of
maize, including soil organic matter, soil water-holding capacity,
root zone depth, rainfall, and fertilizer application, particularly
nitrogen and sulfur. This study shows that the yield gap
decreased by 1.4 t ha™ with a 1% increase in soil organic
matter. Soil organic matter is key for a healthy soil, as it
favorably affects all physical, chemical, and (micro)biological
properties, and it is especially critical for soil structure, fertility,
and water-holding capacity. This finding may encourage
researchers to seek interventions to help farmers to manage
their fields by focusing their investments on enhancing soil
organic matter. An increase in soil pH was found to negatively
affect yield within the observed range, which should be studied
further as it contradicts common knowledge. Yet, the pH range
in the test soils was narrow and near optimal.

Sulfur was found to increase yield, which adds to the
evidence that it could be the fourth major nutrient for maize
production in Ghana, to be added to the recommended
application of NPK. This study underlines the fact that the
yield gap of maize in Ghana cannot be closed by only increasing
the application of fertilizer. An integrative approach that
considers multiple soil health-related properties will be needed
to close the yield gap in Ghana.

The methodology used in this study efficiently quantified
and explained a large part of the yield gap for maize in Ghana.
Rainfall was found to be the main driver for productivity, along
with soil water-holding capacity and root zone depth, all of
which affect water availability to the plant. Further studies are
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therefore needed to quantify the water-limited yield levels in
Ghana for a more comprehensive explanation of the yield gap
caused by edaphic and management factors, in addition to
radiation and temperature.
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