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Abstract
Developing optimal strategies for nutrient management of soils and crops at a larger

scale requires an understanding of nutrient limitations and imbalances. The avail-

ability of extensive data (n = 1,781) from 2-yr nutrient omission trials in the most

suitable agroecological zone for maize (Zea mays L.) in Nigeria (i.e., the northern

Guinea savanna) provides an opportunity to assess nutrient limitations and imbal-

ances using the concept of multi-ratio compositional nutrient diagnosis (CND). We

also compared and contrasted the use of linear regression models and bootstrap for-

est machine learning to predict maize yield based on nutrient concentration in ear

leaves. The results showed that 35% of the experimental plots had low yields due

to nutrient imbalances (hereafter referred to as low yield imbalanced [LYI]). These

experimental plots were dominated by control plots (without any nutrients applied),

Abbreviations: Av. P, soil available phosphorus content; CND, compositional nutrient diagnosis; CVA, critical value approach; DRIS, diagnosis
recommendation and integrated system; ECEC, effective cation exchange capacity of soil; Fv, filling value; HYB, high yield and nutrient balanced group;
HYI, high yield and nutrient imbalanced group; ICP-OES, inductively coupled plasma optical emission spectroscopy; −K, experimental treatment with
omission of potassium and simultaneous application of nitrogen and phosphorus; LGA, local government area; LYB, low yield and nutrient balanced group;
LYI, low yield and nutrient imbalanced group; −N, experimental treatment with omission of nitrogen and simultaneous application of phosphorus and
potassium; NPK, experimental treatment with simultaneous application of nitrogen, phosphorus, and potassium; NPK+, experimental treatment in which
secondary macronutrients (sulfur, calcium, and magnesium) and micronutrients (zinc and boron) were applied in addition to nitrogen, phosphorus and
potassium; Ntot, soil total nitrogen content; −P, experimental treatment with omission of phosphorus and simultaneous application of nitrogen and potassium;
SOC, soil organic carbon.
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plots without N fertilization, and plots without P fertilization. Using the control plot

as the ultimate indicator of nutrient imbalance, the significantly limiting nutrients in

order of decreasing frequency of deficiency were N, P, S, Ca > Cu, and B. Both lin-

ear regression and bootstrap forest machine learning models fairly predicted maize

grain yield based on nutrient concentration in ear leaves only in the LYI group and

when examining all data with an independent validation dataset. These results suggest

that nutrient management strategies, especially through the site-specific management

approach, should consider S, Ca, Cu, and B in addition to the existing nutrients N, P,

and K to improve nutrient balance and maize yield in the study area.

1 INTRODUCTION

With the global decline in the availability and quality of
arable land, optimal crop nutrition that ensures crops have
access to sufficient amounts of all essential plant nutrients
to produce higher yield per unit area is critical (FAO, 2017).
Whether the essential nutrients are required in relatively high
(macronutrients) or low (micronutrients) concentrations, none
of them can be considered insignificant, as they all play
an indispensable role in optimizing plant growth and devel-
opment and/or the quality characteristics of the harvested
product (Arnon & Stout, 1939; Brown et al., 2021; Marschner,
2012). One of the recognized laws in plant nutrition and
production, Liebig’s “law of the minimum” states that the
deficiency of a single nutrient is sufficient to limit plant
growth and productivity (Claupein, 1993). In addition, the
supply of these essential nutrients to plants must be balanced,
since an imbalanced supply due to natural and/or anthro-
pogenic phenomena triggers nutrient interactions that can
hinder the uptake and utilization of other nutrients, thus affect-
ing plant growth, productivity, and quality. The assessment
of nutrient imbalances in crops is therefore critical for the
development of decision support and sound nutrient manage-
ment strategies to improve not only crop yield and quality,
but also nutrient use efficiency (Magallanes-Quintanar et al.,
2006).

Various approaches such as visual deficiency symptoms,
soil tests, and plant tissue tests are used to detect nutrient
imbalances or deficiencies that help farmers make empirically
based nutrient management decisions (Ichami et al., 2022).
Assessing nutrient deficiencies based on visual symptoms of
plants is a quick and inexpensive method. However, symp-
toms attributed to hidden starvation may be overlooked or
misinterpreted if the deficiency symptom is associated with
other plant stresses (e.g., pests and diseases) (Foster, 2001;
Ichami et al., 2022). Soil testing is the most widely used
approach for assessing nutrient deficiencies and developing
fertilizer recommendations for arable crops (Roy et al., 2006).
Often, low soil test values indicate a positive crop response

to fertilization (Petersen et al., 2012). One of the main advan-
tages of soil tests compared with other diagnostic methods for
crop deficiencies is that nutrient deficiencies can be detected
early, even before crops are grown. However, soil test values
must be calibrated to plant response before they can be accu-
rately interpreted (Havlin & Jacobsen, 1994), and sometimes
other growth-limiting factors can interfere with the correla-
tion between soil test results and plant nutritional status (Schut
& Giller, 2020; Sinclair et al., 1997). Plant tissue testing to
measure the nutrient concentration of growing plants reflects
the current state of nutrient supply, which can serve either as a
diagnostic function (to confirm or reject the presence of limit-
ing nutrients in the soil highlighted by visual symptoms on the
plants), a monitoring function (to ensure that growing plants
always have adequate nutrient supply for optimal growth), or a
supportive function (where it is used in conjunction with soil
test results to make fertilizer recommendations) (Imakum-
bili et al., 2020). Although plant tissue testing provides more
up-to-date plant-related information than soil testing, it is
more costly and requires more effort in sampling, sample
handling, and analysis (Roy et al., 2006). In addition, informa-
tion on plant nutrient status from plant tissue testing is often
obtained late in plant growth when the plant has already suf-
fered from nutrient stress, so it is likely to be useful for the
subsequent crop. Therefore, plant tissue testing can be con-
sidered a useful complement to soil testing (Nowaki et al.,
2017).

Over the years, various methods have been developed to
diagnose and interpret the nutritional status of plants based on
plant tissue analysis. These methods include the critical value
approach (CVA; Bates, 1971), the diagnosis recommendation
and integrated system (DRIS; Walworth & Sumner, 1987),
and the compositional nutrient diagnosis (CND; Khiari et al.,
2001b; Parent & Dafir, 1992; Parent et al., 1993). The CVA is
a univariate approach that establishes adequate nutrient con-
centrations based on a threshold at 90–95% of maximum yield
(Ware et al., 1982). The CVA works well when only one
nutrient is deficient because it does not consider the interac-
tions between nutrients (Jones et al., 1991). The DRIS is a
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SHEHU ET AL. 3

bivariate method that uses dual nutrient ratios that reflect
some degree of nutrient interactions (Walworth & Sumner,
1987). However, DRIS indices are empirical, without an
accurate sketch of the covariance matrix for conducting mul-
tivariate statistical analyses, leading to potential misinterpre-
tation when correlated with yield (Barłóg, 2016; Parent et al.,
2012). Parent and Dafir (1992) proposed a multi-ratio CND
concept based on compositional data analysis (Aitchison,
1982). Compositional nutrient diagnosis accounts for multi-
ple and complex interactions among essential plant nutrients
(Fageria, 2001) and accurately specifies a covariance matrix
that allows multivariate calculation of ratios resulting from
mutually exclusive nutrient concentrations (Parent, 2011),
thereby avoiding possible misinterpretation in correlation
with yield.

The agroecology of the northern Guinea savanna is the
most suitable zone for maize (Zea mays L.) cultivation in
Nigeria because it offers a relatively favorable combination
of adequate rainfall, low night temperatures, and low inci-
dence of potential pests and diseases (Badu-Apraku et al.,
2015). Despite being the most suitable region, the aver-
age maize yield in farmers’ fields in this region has been
fluctuating around 1–2 t ha−1 for several decades (FAO-
STAT, 2021). This value is much lower than the attainable
yield of about 7 t ha−1 in well-managed experimental fields
(Fakorede & Akinyemiyu, 2003; Sileshi et al., 2010) and far
below the water-limited yield potential of 10.8 t ha−1 (GYGA,
2021). Similar to other sub-Saharan African regions, the large
maize yield gap in this region is attributed to a variety of
biophysical and socioeconomic factors, including inherent
and/or induced low soil fertility, erratic rainfall, disease and
pest infestation, poor agronomic management practices, lim-
ited access to agricultural inputs, and inadequate adoption of
improved production technologies (Beah et al., 2021; Kamara
et al., 2009; Njoroge et al., 2017). Among these factors,
poor soil fertility and inadequate nutrient management are
among the major causes of low maize yields in the region. To
improve maize yields, nutrient management strategies need
to be developed to ensure adequate and balanced supply of all
limiting nutrients. However, to develop such nutrient manage-
ment strategies, information on how, where, and why nutrient
imbalances and limitations occur in maize at large scales is
critical. Therefore, this study was conducted to diagnose nutri-
ent limitations and imbalances in maize using foliar CND in
the northern Guinea savanna region of Nigeria. Specifically,
the objectives of this study were (a) to establish foliar nutri-
ent sufficiency ranges for maize in northern Guinea savanna
in Nigeria based on the CND approach, (b) to assess nutrient
deficiencies and imbalances in maize in the northern Guinea
savanna in Nigeria, and (c) to explore the possibility of pre-
dicting maize yield based on ear-leaf nutrient concentration
dictated by nutrient imbalances from the CND in the northern
Guinea savanna in Nigeria.

Core Ideas
∙ Thirty-five percent (n = 625 out of total 1,781)

of the experimental plots have low yield due to
nutrient imbalances.

∙ Nitrogen and P are the most yield limiting nutri-
ents.

∙ Nitrogen, P, S, Ca > Cu, and B were the sig-
nificant deficient nutrients in decreasing order of
importance.

∙ Most of the obtained CND nutrient sufficiency
ranges are comparable to ranges published in
literature.

∙ Linear regression and bootstrap forest models
perform fairly and comparably in yield prediction.

2 MATERIALS AND METHODS

2.1 Site selection, description, and
experimental design

This study is based on data from 158 on-farm nutrient omis-
sion experiments conducted in two rainy seasons (2015 and
2016) in 12 local government areas (LGAs) of the north-
ern Guinea savanna in Nigeria (Figure 1). The LGAs were
selected to cover a wide range of maize growing condi-
tions and include areas where research for development can
support maize value chain programs in areas of high pro-
duction potential in the northern Guinea savanna of Nigeria.
The agroecological zone of the northern Guinea savanna is
a subhumid to semiarid zone with an annual rainfall of 900–
1,400 mm (Ayanlade, 2009). The predominant soil types in
the region are Acrisols and Lixisols with variable proportions
of Plinthosols and Cambisols (Dewitte et al., 2013). Average
cumulative precipitation and average monthly minimum and
maximum temperatures in the 12 focal LGAs are shown in
Figure 2. The experimental plots were selected by creating one
or two 10-km× 10-km grids in each study LGA (depending on
the size of the county) using ArcGIS software (Environmen-
tal System Research Institute). Within each of these 10-km
× 10-km grids, five 1-km × 1-km subgrids were uniformly
delineated. In each of the 1-km× 1-km subgrids, one field was
randomly selected for the experiment based on the willing-
ness of a farmer and the availability of land for experimental
setup. In each experimental field, two sets of experiments
were established side by side, one with hybrid maize (hybrid)
and the other with open-pollinated maize (OPV). The nutrient
omission experiments were composed of six nutrient appli-
cation treatments: (a) control with no nutrient application at
all (control), (b) no N with simultaneous application of P and

 14350661, 0, D
ow

nloaded from
 https://acsess.onlinelibrary.w

iley.com
/doi/10.1002/saj2.20472 by N

igeria H
inari N

PL
, W

iley O
nline L

ibrary on [09/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



4 SHEHU ET AL.

F I G U R E 1 Map of Nigeria showing the study local government areas (LGA) and experimental fields where diagnostic nutrient omission trials
were conducted during the 2015 and 2016 rainfed seasons

K (−N), (c) no P with simultaneous application of N and K
(−P), (d) no K with simultaneous application of N and P (−K),
(e) treatment with application of all three nutrients (NPK),
and (f) treatment in which secondary macronutrients (S, Ca,
and Mg) and micronutrients (Zn and B) were applied in addi-
tion to NPK (NPK+). Plot size was 5 m × 6 m (30 m2) with
plant spacing of 0.75 m (between rows) and 0.25 m (within
rows). Detailed information on the experimental design and
treatments can be found in Shehu et al. (2018, 2019).

2.2 Field and laboratory measurements

2.2.1 Soil data

From each experimental field, four soil samples were col-
lected from a depth of 0–20 cm using the zig-zag principle
when the experiment was set up prior to fertilizer appli-
cation. The four collected samples were thoroughly mixed
to obtain one disturbed composite sample per experimental
field and passed through a 2-mm sieve for laboratory anal-
ysis. Total soil organic C was determined using a modified
Walkley & Black chromic acid wet oxidation and spectropho-
tometric method (Heanes, 1984). Total N was extracted using
a micro-Kjeldahl digestion method (Bremner, 1996), and
the concentration was measured colorimetrically using an
N-autoanalyzer (Technicon autoanalyzer II, SEAL Analyti-
cal). Soil pH in water (soil/water ratio 1:1) was determined
using a pH meter with glass electrode, and particle size
distribution was determined using the hydrometer method

(Gee & Or, 2002). Available P, available S, exchangeable
cations (K, Ca, Mg, and Na), and micronutrients (Zn, Fe,
Cu, Mn, and B) were analyzed using the Mehlich-3 extrac-
tion method (Mehlich, 1984) followed by inductively coupled
plasma optical emission spectroscopy (ICP-OES, Optima
800, Winlab 5.5, PerkinElmer). Exchangeable acidity (H +
Al) was determined by extracting the soil with 1 N KCl
and titrating the supernatant with 0.5 M NaOH (Anderson
& Ingram, 1993). Effective cation exchange capacity (ECEC)
was calculated as the sum of exchangeable cations (K, Ca, Mg,
and Na) and exchangeable acidity (H + Al).

2.2.2 Ear leaf data

For nutrient diagnostics in maize, it is generally accepted that
the ear leaf is an organ with greater metabolic activity and its
nutrient concentration is best related to maize yield (Jones,
1998). Therefore, a total of 10 ear leaves were randomly sam-
pled from each experimental plot at the critical early stage of
silking (reproductive stage “R1”). Ear leaves were sampled
in the rows adjacent to the net plot (the net plot consists of
four center rows of 3 m x 3 m for grain harvest). An ear leaf
was removed by plucking it downward with moderate force
(approximately at an angle of <30˚) so that the leaf could
be plucked at the collar, leaving the leaf base surrounding
the stalk. The ear leaf samples were then washed with dis-
tilled water to remove impurities and oven dried at 60 ˚C for
48 h. The dried ear leaf samples were then ground into pow-
der using an agate pestle and mortar. The powdered samples
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SHEHU ET AL. 5

F I G U R E 2 Monthly total rainfall and monthly average minimum and maximum temperatures in the studied districts in the northern Guinea
savanna of Nigeria, recorded in two seasons of the experiment (i.e., 2016 and 2015)

were digested with nitric acid (HNO3) and the concentrations
of P, K, S, Mg, Ca, Zn, Cu, Mn, Fe, and B were determined
by inductively coupled plasma optical emission spectroscopy
(ICP-OES, iCAP 7000 Series, Thermo Scientific). Nitrogen
concentration (N) was determined colorimetrically using an
autoanalyzer (Technicon AAII, SEAL Analytical) according
to the micro-Kjeldahl digestion method (Bremner, 1996).

2.2.3 Yield data

Plants were harvested at physiological maturity from a net plot
area of 9 m2 (i.e., it included four middle rows of 3-m length of
the experimental plot within the main plot), and the total fresh
weight of the cobs was recorded. Ten cobs were then randomly
selected as subsamples to account for grain shelling percent-
age and moisture content after air drying. Random selection
was done by first counting the number of cobs in the net plot
and then randomly arranging them in a row. The subsamples
were then subsequently calculated at each interval as the total
number of cobs in the net plot over the number of subsamples
to be taken. Finally, grain yield was reported on a dry weight
basis at a moisture content of 15.0%. The inferential statistics
of the grain yield across the nutrient application treatments
have been published by Shehu et al. (2019).

2.3 Compositional nutrient diagnosis

Compositional nutrient diagnosis parameters were calculated
based on the relationship between grain yield and the concen-
trations of eleven different nutrients (N, P, K, Mg, Ca, S, Cu,
Fe, Mn, Zn, and B) in the maize ear leaf and the filling value
(Fv) following the procedure described by Parent and Dafir

(1992) and Khiari et al. (2001b). A filling value is 100% of
the dry matter concentration minus the commutative fraction
(%) of the 11 nutrient concentrations. A total of 1,781 samples
(856 and 925 from the 2015 and 2016 experimental periods,
respectively) across the experimental treatments were used for
CND computation. First, the dataset (grain yield and corre-
sponding nutrient concentrations in the ear leaf plus Fv) was
arranged in decreasing order of the maize grain yield. Then,
ear leaf nutrient concentrations, originally expressed in per-
centage units, were converted to row-centered log ratios (clr)
according to Aitchison (1982) and Aitchison and Egozcue
(2005). Subsequently, the CND parameters were calculated
stepwise in Microsoft Excel 2016 and summarized below (for
the detailed mathematical equations of each step parameter,
the reader is referred to Parent and Dafir (1992) and Khiari
et al. (2001b):

I. Yield threshold separating the high yield subpopulation
from the low yield subpopulation: this was determined
at the highest inflection point across the nutrient expres-
sions (11 nutrients plus a Fv) from the cubic relationship
between yield and cumulative variance ratio function of
the nutrient expression. Statistical differences of grain
yield and nutrient concentration between high-yield and
low-yield subpopulations were evaluated using Student’s
t test.

II. CND norms and indices: CND norms are the thresh-
old of nutrient’s clr and were calculated as means and
standard deviations of the nutrient’s clr of the high-yield
subpopulation. The CND indices represent deviations
from the CND norms. A negative index indicates a
low nutrient concentration compared with the norm and
indicates a possible deficiency or imbalance.
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6 SHEHU ET AL.

III. CND imbalance index (CND r2): it measures the
index of nutrient imbalance of the sample and
was calculated as the sum of the squared of CND
indices. The critical CND r2 was determined from
the allocation of the proportion of the low-yielding
subpopulation as the exact probability of the chi-squared
distribution function with 12 degrees of freedom (i.e.,
11 nutrients plus a Fv). The maize yield cutoff or
threshold value and the critical CND r2 value can be
used to categorize and interpret the grain yield and
ear leaf nutrient composition data into four quadrants
following Swets (1988). The four quadrants are: high
yield and nutrient balanced (HYB) group, high yield and
nutrient imbalanced (HYI) group, low yield and nutrient
balanced (LYB) group, and low yield and nutrient imbal-
anced (LYI) group. High yield and nutrient imbalanced
(HYI) group represents luxurious nutrient consumption,
whereas LYB indicates that yield is limited by other
factors but not nutrients (Parent et al., 2012).

IV. CND nutrient sufficiency ranges: these define adequacy
of nutrient, with a fall below the range indicating nutri-
ent deficiency and rise above the range indicating nutrient
excess. The upper and lower boundaries of the CND
nutrient sufficiency ranges were derived from the means
and standard deviations of the sample nutrient concentra-
tions with a CND r2 below the critical value (i.e., nutrient
balance subpopulation). The nutrient sufficiency ranges
obtained from this study were also compared with the
ranges published in the literature.

V. Frequency and significant limiting nutrients: the fre-
quency of nutrients deficiency in the low yield and
nutrient imbalanced (LYI) group were evaluated using
the CND sufficiency ranges. However, to identify
the major limiting nutrients, the average value of the
individual nutrient index in the same LYI group was
used and tested if the average value was significantly less
than zero, indicating that the nutrient was significantly
limiting, and vice versa (De Bauw et al., 2016; Khiari
et al., 2001a; Parent et al., 1994). If normality of nutrient
index was confirmed by Shapiro–Wilk W test in JMP
statistical software version 14.0 (SAS Institute, 2017),
then Student’s t test was used to test whether the mean
nutrient index is significantly below zero or not at P ≤

.05. If normality of nutrient index was not confirmed,
Wilcoxon’s one-sample test was used to test whether the
mean of nutrient index is significantly below zero or not
at the same P ≤ .05.

2.4 Yield prediction based on nutrient
concentration in the ear leaves

Prediction of grain yield based on nutrient concentration in
ear leaves was evaluated by linear regression and bootstrap

forest models using JMP statistical software version 14.0
(SAS Institute, 2017). To evaluate the potential influence
of nutrient balance status on yield prediction, five datasets
were used, including the total population data set and the
four yield–nutrient balance subpopulation datasets (i.e., HYB,
HYI, LYB, and LYI derived from CND Step IV above). In
each of the five datasets, 75 and 25% of the data were ran-
domly selected as independent model training and validation
dataset, respectively. For the linear regression model, the best
model was selected based on the highest coefficient of deter-
mination (R2) and the minimum corrected Akaike information
criterion (AICc) of the training dataset among five distribu-
tion functions (linear, polynomial, logarithmic, exponential,
and Cauchy). The selection of nutrient in the linear regres-
sion was based on Lasso estimation method. For the bootstrap
forest model, the best model was selected based on the lower
out-of-bag error after testing four levels of trees (50, 100, 150,
and 200) in the forest. Finally, the performance of the two
models (linear regression and bootstrap forest) in the valida-
tion dataset was compared and contrasted using the RMSE,
R2, index of agreement (d) (Equations 1–3). The model with
the best performance is the one with a smaller RMSE and a
higher R2 and d value.

RMSE =

√∑𝑛

𝑖=1
(
𝑌
obs
𝑖

− 𝑌
pre
𝑖

)2
𝑛

(1)

𝑅
2 =

⎛⎜⎜⎜⎝
∑𝑛

𝑖=1
(
𝑌
obs
𝑖

− 𝑌
obs) (

𝑌
pre
𝑖

− 𝑌
pre)√∑𝑛

𝑖=1
(
𝑌
obs
𝑖

− 𝑌 obs
)2√∑𝑛

𝑖=1
(
𝑌
pre
𝑖

− 𝑌 pre
)2

⎞⎟⎟⎟⎠
2

(2)

𝑑 =
∑𝑛

𝑖=1
(
𝑌
obs
𝑖

− 𝑌
pre
𝑖

)2
∑𝑛

𝑖=1

(|𝑌 pre
𝑖

− 𝑌 obs |||+|𝑌 obs
𝑖

− 𝑌 obs|||)2 (3)

where 𝑌
obs
𝑖

= ith grain yield observed, 𝑌 obs = mean of the
observed grain yield, 𝑌

pre
𝑖

= ith grain yield predicted by
the model, 𝑌

pre= mean of the predicted grain yield, and
n = number of observations.

3 RESULTS

3.1 Soil characteristics of the experimental
fields

The soil properties of the experimental fields showed great
variability, except for pH, which had a low CV of 8.2%
(Table 1). Sand, silt, and clay contents in the fields ranged
from 26 to 70%, 13 to 43%, and 13 to 42%, respectively;
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SHEHU ET AL. 7

T A B L E 1 Descriptive statistics of selected chemical and physical properties of topsoil (0–20 cm) of fields where the on-farm nutrient omission
trials were conducted

Soil parameter Min. Max. Median Mean SD CV
%

pH (in water 1:1) 4.8 7.2 5.7 5.8 0.5 8.2

SOC, g kg−1 2.4 15.5 6.3 7.0 2.4 34.9

Ntot, g kg−1 0.25 0.98 0.44 0.46 0.13 29.00

Av. P, mg kg−1 0.6 50.0 4.9 9.6 8.7 90.8

S, mg kg−1 4.69 11.52 7.32 7.55 1.43 18.91

Ca, cmolc kg−1 0.28 9.78 2.09 2.28 0.87 38.29

Mg, cmolc kg−1 0.08 1.99 0.70 0.72 0.31 42.40

K, cmolc kg−1 0.06 1.35 0.17 0.21 0.14 64.06

Na, cmolc kg−1 0.04 0.09 0.09 0.08 0.02 21.22

EA, cmolc kg−1 0.00 1.00 0.00 0.04 0.13 304.06

ECEC , cmolc kg−1 1.23 11.06 3.17 3.33 1.03 30.78

Zn, mg kg−1 0.83 37.52 6.86 7.94 5.77 72.74

Cu, mg kg−1 0.76 5.12 1.66 1.89 0.90 47.60

Mn, mg kg−1 3.71 158.46 28.48 33.04 21.51 65.11

Fe, mg kg−1 43.36 527.18 121.80 158.25 94.53 59.74

B, mg kg−1 0.00 0.12 0.02 0.03 0.02 74.71

Sand, % 26 70 46 47 10 21

Silt, % 13 43 31 30 8 25

Clay, % 13 42 22 23 5 23

Note. SOC, soil organic C; Ntot, total N; Av. P, available P; EA, exchangeable acidity; ECEC, effective cation exchange capacity.

however, on average, the fields had a loamy texture. On aver-
age, soil pH in the fields was in the moderately acidic range
(pH 5.6–6.0). Soil organic C (SOC), total N (Ntot), available
P (Av. P), ECEC, and available B contents were small and
classified as low in the majority of the experimental fields
according to the Nigerian Savanna Soil Fertility Classification
by NSPFS (2005) and Esu (1991). Despite wide variability
among fields, average contents of exchangeable bases (Ca,
Mg, and K), available S, and available Cu were at intermedi-
ate levels according to the same Nigerian savanna soil fertility
classification by NSPFS (2005) and ESU (1991). In con-
trast, the average contents of available Zn, Fe, and Mn in the
experimental fields were in the range of high fertility.

3.2 Compositional nutrient diagnosis

3.2.1 Yield threshold and nutrient
concentrations of the high- and low-yield
subpopulations
The threshold or cutoff yield separating low and high yield
subpopulations was obtained at the highest inflection point
after examining a cubic cumulative–variance ratio functions
of 11 nutrients and a filling value (Fv) vs. yield. The high-
est threshold yield was obtained for P with a value of 4.1 t

ha−1(Supplemental Table S1). Supplemental Table S1 also
shows that the threshold value for K was negative and hence
out of range. With this yield threshold at 4.1 t ha−1, 46% of
the total 1,781 observations belong to a high-yield subpopu-
lation. Plots with NPK+, NPK, and −K (K omitted) nutrient
application treatment were well represented in this subpopula-
tion, contributing about 76% to this high-yield subpopulation.
In contrast, the control, −N, and −P treatments dominated the
low-yielding subpopulation (73%). The average grain yield of
the high-yield subpopulations was significantly higher (P ≤

.05) at 5.9 t ha−1 than that of the low yield subpopulations
at 2.2 t ha−1(Table 2), confirming that the 4.1 t ha−1 yield
limit makes sense. In addition, the mean concentrations of all
nutrients in the ear leaves, except Fe, were statistically higher
(P ≤ .05) in the high-yield subpopulations than in the
low-yield subpopulation (Table 2).

3.2.2 CND norms

The CND norms as means and standard deviations of the cen-
tered log ratios (clr) for high-yield subpopulations are shown
in Table 3. Norms were negative for micronutrients and posi-
tive for macronutrients and Fv. Overall, the sum of the norms
equals zero, indicating that the Cate Nelson yield-nutrient
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8 SHEHU ET AL.

T A B L E 2 Average grain yield and ear leaf nutrient concentrations
of the high- (HY) and low-yielding (LY) maize grain subpopulations
based on compositional nutrient diagnosis (CND) yield partitioning
procedure in the Nigeria’s northern Guinea savanna

Variable HY LY F value
Grain yield, t ha−1 5.9 2.2 3,494.6**

Stover yield, t ha−1 6.2 3.7 778.0**

Macronutrients, %

N 2.50 2.01 438.9**

P 0.25 0.20 255.6**

K 2.03 1.94 21.0**

Mg 0.26 0.23 35.4**

Ca 0.60 0.49 225.6**

S 0.17 0.15 334.4**

Micronutrients, mg kg−1

Cu 6.70 5.93 61.5**

Fe 143.9 140.3 1.12

Mn 62.84 50.22 54.4**

Zn 14.08 12.80 31.7**

B 10.29 6.24 69.4**

Note. The F value is for the difference between HY and LY.
*Significant at the .05 probability level.
**Significant at the .01 probability level.

response partitioning procedure (Nelson & Anderson, 1977)
was performed correctly.

3.2.3 Critical CND imbalance index and
nutrient imbalance partitioning

According to a chi-square distribution function with
12 degrees of freedom (11 nutrients plus Fv), the critical
CND imbalance index value (CND r2) was 11.0 (Supple-
mental Figure S1). Values less than or equal to the CND r2

indicate nutritionally balanced, whereas values above the
CND r2 show nutritionally imbalanced situations. Combining
the grain yield cutoff and CND r2, the experimental datasets
were portioned into four quadrants (Figure 3). The LYI group
accounted for the largest proportion (35%) of the experimen-
tal plots. Within the LYI group, 76% of the observations were
from the control plots, −N, and −P treatments. The LYB
group accounted for approximately 19% of the observations.
Plots in this group showed that yield was limited by other
abiotic and biotic constraints rather than nutrients. The HYI
group, which indicates an excess of one or more nutrients,
accounted for the smallest number of observations constitut-
ing just less than 18.6% of the experimental plots. Finally, the
HYB group comprised 27.1% of the total 1781 observations.
Within this HYB group, 76% of the observations came from
the NPK+, NPK, and −K treatments.

T A B L E 3 Compositional nutrient diagnosis (CND) norms (𝑉 ∗
𝑥

)
for maize in the Nigeria’s northern Guinea savanna

Nutrient

CND norms
Mean SD

Macronutrients

𝑉
∗
N 3.38 0.17

𝑉
∗
P 1.07 0.21

𝑉
∗
K 3.17 0.24

𝑉
∗
Mg 1.09 0.28

𝑉
∗
Ca 1.95 0.21

𝑉
∗
S 0.71 0.12

Micronutrients

𝑉
∗
Cu −4.87 0.28

𝑉
∗
Fe −1.82 0.30

𝑉
∗
Mn −2.72 0.46

𝑉
∗
Zn −4.12 0.24

𝑉
∗
B −4.85 0.77

𝑉
∗
Fv 7.03 0.16∑
𝑉

∗
𝑥

0 –

Note. CND norms (𝑉 ∗
𝑥

) are means and standard deviations (SD) of raw-centered,
log ratios in a high-yielding subpopulation. Fv represents filling value.

3.2.4 CND ear leaf nutrient sufficiency
ranges

The maize nutrient sufficiency ranges obtained in this study
for the northern Guinea savanna in Nigeria and comparison
with the published literature sufficiency values obtained in
other locations are presented in Table 4. In general, most of the
ear leaf nutrient sufficiency ranges obtained in this study from
the CND were within the published literature ranges, except
for the upper limit for K and the lower limits for Cu and B,
which were slightly higher and lower, respectively, than the
ranges reported in the literature obtained from other locations.

3.2.5 Maize nutrient limitations and
imbalances

As described in Section 2.3, the experimental plots in the LYI
group were used to evaluate the nutrients in the maize ear
leaf that were significantly deficient or, if possible, in excess
due to nutrient imbalance in the study area. The frequency
of significant nutrient deficiencies in the different nutrient
application treatments is shown in Table 5, whereas the fre-
quency of excess in the same LYI group is shown in Table 6.
The nutrients that were significantly deficient in the control
plots (n = 182) without any nutrient application were, in order
of decreasing frequency, N, P, S, Ca > Cu, B > Mn (Table 5).
Overall, these deficiencies were found in over 60% of all
control experimental plots. In the −N plots (n = 165), the
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SHEHU ET AL. 9

T A B L E 4 Maize ear leaf nutrient sufficiency ranges in the Nigeria’s northern Guinea savanna based on compositional nutrient diagnosis
(CND) and comparison with published references

Nutrient

Northern Nigerian Guinea
savanna Njoroge et al. (2017) Reuters & Robinson (1997)
LBL UBL LBL UBL LBL UBL

Macronutrients, %

N 2.12 2.88 2.09 2.34 2.30 3.30

P 0.20 0.30 0.26 0.29 0.17 0.32

K 1.71 2.38 1.67 1.87 1.71 2.25

Mg 0.20 0.33 0.15 0.17 0.13 0.24

Ca 0.49 0.71 0.45 0.51 0.21 1.00

S 0.15 0.20 0.15 0.17 0.16 0.22

Micronutrients, mg kg−1

Cu 5.35 8.55 7.40 8.30 6.00 20.00

Fe 100.91 169.26 – – 30.00 200.00

Mn 32.49 84.00 68.91 77.30 20.00 150.00

Zn 10.80 17.28 10.67 11.97 18.00 60.00

B 4.14 13.06 11.10 12.45 5.00 25.00

Note. LBL, lower boundary limit; UBL, upper boundary limit.

T A B L E 5 Frequency of ear leaf nutrients deficiency in the low yield and imbalanced maize subpopulation (LYI) in the Nigeria’s northern
Guinea savanna based on nutrient sufficiency ranges from this study

Frequency intervals, %

NAT
No. of
plots 90–81 80–71 70–61 60–51 50–41 40–31 30–21 20–11 0–10

Control 182 N, P, S, Ca Cu, B Mn Mg, Zn K Fe

−N 165 N, S Cu, Zn Ca, B Mg, Mn P Fe K

−P 126 P, Ca B N, Mg, S Cu K, Fe, Mn Zn

−K 57 B K, S N, Zn P, Cu, Fe Mg, Ca Mn

NPK 52 B N S, Zn K Cu P, Mg, Ca Fe Mn

NPK+ 43 Cu N, P K, S Mg, Ca, Zn Fe, Mn, B

Overall 625 N, S, B P, Ca, Cu Zn K, Mg, Mn Fe

Note. NAT, nutrient application treatment. Nutrients in bold are those with indices being significantly below zero (indicating significantly limiting) based on Student’s t
test (if normality confirmed) or ‘one-sample Wilcoxon signed ranked’ test (if normality unconfirmed).

T A B L E 6 Frequency of ear leaf nutrients in excess in the low yield and imbalanced maize subpopulation (LYI) in the Nigeria’s northern
Guinea savanna based on nutrient sufficiency ranges from this study

NAT
No. of
plots

Frequency Intervals, %
90–81 80–71 70–61 60–51 50–41 40–31 30–21 20–11 0–10

Control 182 Fe K N, P, Mg, Ca, S,
Cu, Mn, Zn, B

−N 165 P, K, Fe N, Mg, Ca, S,
Cu, Mn, Zn, B

−P 126 Zn K, Cu, Fe N, S, Mn P, Mg, Ca, B

−K 57 Ca, Mn Mg, Cu, Fe P N, K, S, Zn, B

NPK 52 Cu, Fe P, Ca, Mn Mg, Zn N, K, S, B

NPK+ 43 B Mn, Zn P, K, Mg N, Ca, S, Fe Cu

Overall 625 Fe K, Mg, Cu,
Mn, Zn, B

N, P, Ca, S

Note. NAT, nutrient application treatment.
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10 SHEHU ET AL.

F I G U R E 3 Portioning of data into four quadrants based on the relations between the cutoff yield (separating high and low yield subpopulation
according to their nutrient balances) and critical compositional nutrient diagnosis balance index (CND r2) for maize in the Nigeria’s northern Guinea
savanna. HYB, high yield and nutrient balanced group; LYB, low yield and nutrient balanced group; HYI, high yield and nutrient imbalanced group;
LYI, low yield and nutrient imbalanced group

significant limiting nutrients in decreasing order of frequency
of deficiency were as follows: N, S > Cu, Zn > Ca, B > Mn
(Table 5). These deficiencies account for about 55% of all
−N plots. In the −P plots (n = 126) of the same LYI, the
significant limiting nutrients were the following in decreasing
order of frequency: P, Ca > B > Mg. These significantly
limiting nutrients occurred in 43% of all −P plots. In the −K
experimental plots of the LYI group (n = 57), B > K, S > N,
and Zn were the significantly deficient nutrients in decreasing
order of frequency. These deficiencies affected only 17% of all
−K plots. In the NPK plots (n = 52) that were still in the
same LYI group, the statistically deficient nutrients were in
decreasing order of frequency: B > N > S, and Zn. This was
observed in only 17% of the total NPK plots. In the plots
(n = 43) where secondary macro- and micronutrients (S, Ca,
Mg, Zn, and B) were added to the NPK (NPK+), the signifi-
cantly deficient nutrients from the same LYI group ranked in
decreasing order of frequency: Cu > N, P > S > Mg, and Ca.
These nutrient deficiencies occurred in NPK+ in only 15% of
the total plots. With the exception of B in the NPK+ plots and
Zn in the −P plots, the frequency of one or more nutrients
found to be in excess is <40% of all plots in the LYI group
(Table 6). In −P plots, Zn is present in excess in 50–41% of
plots, whereas in NPK+ plots (within the same LYI group),
81–90% of samples (n = 43) had excess concentrations of B.

The correlation coefficients between soil characteristics
and nutrient concentration in the ear leaf of the control plot

of LYI are shown in Table 7. A positive but weak correlation
was found between the concentration of N, P, C, and Cu in the
soil and in the ear leaf. In the same trend, a positive correla-
tion was observed between SOC and the concentration of K
and Fe in the ear leaf. In contrast, a negative but weak corre-
lation was recorded between SOC and the concentration of P,
Ca, and B in the ear leaves. Soil pH had a positive effect on
the concentration of P and Zn in the ear leaf. Soil texture, par-
ticularly clay content, affected nutrient concentration in the
maize ear leaf, with a positive correlation between soil clay
content and N, Mg, S, and Cu content in the ear leaf and a
negative one with P concentration in the ear leaf. However, a
positive correlation coefficient of .42 was found between soil
sand content and P concentration in the ear leaf. Other positive
correlations worth mentioning are between the P available in
the soil and the B content in the ear leaf, and between the Ntot
content in the soil and the S content in the ear leaf.

3.3 Yield prediction based on nutrient
concentration in the ear leaves

The linear regression models for predicting maize grain yield
based on nutrient concentration in the ear leaf for different
data sets (nutrient balance groups) are shown in Table 8. In
the linear regression, N and P have a positive contribution to
grain yield in the different data sets (Table 8). Potassium has
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SHEHU ET AL. 11

T A B L E 7 Spearman correlation coefficient between soil characteristics and concentration of nutrients in the maize ear leaf of control plots of
low yield and nutrient imbalanced group (LYI)

Soil characteristic

Concentration of nutrient in the maize ear leaf
N P K Ca Mg S Cu Fe Mn Zn B

pH (in water) −.11 .19* .13 .05 .02 −.07 −.13 .14 −.22 .21** .10

SOC .07 -.24** .25** −.18** −.10 −.03 −.01 .20** −.04 .01 −.21**

Ntot .15* −.07 −.07 .09 .12 .20** .27** .09 −.01 .05 −.01

Av. P .09 .30** −.23** .30** .08 .08 .13 −.17* −.01 −.08 .15*

S .16 −.10 .01 .04 .19** .10 .11 .1 .08 .04 .04

Ca .12 .11 −.10 .17* .17* .06 .03 .06 −.12 .08 .09

Mg .01 −.11 −.04 −.07 .10 .09 .14 .05 −.23** .09 .12

K −.19 .05 .03 −.04 −.12 −.19 −.15* .12 −.05 −.03* .14

ECEC .11 .07 −.1 .13 .16* .07 .07 .08 −.16* .07 .14

Zn −.03 .20** −.16* .12** .01 −.04 .01 −.16* −.16* .03 .06

Cu .01 −.13 .17* −.20 −.12 −.09 .17* .08 .02 .07 −.06

Mn .03 .07 −.35** .11 .14 −.01 .14 −.05 .06 −.12 .13

Fe −.02 .15* .09 .07 −.11 −.09 −.13 −.01 .14 −.11 .01

B −.03 .11 .05 −.10 .04 −.01 .06 −.02 −.01 .16 .02

Sand −.32** .42** .03 −.05 −.23** −.26** −.25** −.09 .07 −.07 −.05

Silt .24** −.31** −.04 .06 .12 .198 .15* .07 −.09 .14 .10

Clay .23** −.32** .01 .01 .24** .22** .24** .08 −.01 .08 −.05

Note. SOC, soil organic C; Ntot, total N; Av. P, available P; ECEC, effective cation exchange capacity;.
*Significant at the .05 probability level.
**Significant at the .01 probability level..

T A B L E 8 Linear regression models of maize grain yield prediction from ear leaf nutrient concentrations

Group (dataset) Model equation Model R2

All Data Grain yield (t ha−1) = −4.284 + 1.562 N (%) + 5.673 P (%) + 0.920 K (%) – 2.632 Mg (%) +
4.511 Ca (%) + 5.032 S (%) – 0.095 Cu (mg kg−1) – 0.003 Fe (mg kg−1) – 0.0012 Mn (mg
kg−1) – 0.02 Zn (mg kg−1) + 0.0094 B (mg kg−1)

.48

HYI Grain yield (t ha−1) = 3.287 + 0.706 N (%) + 1.974 P (%) + 0.428 K (%) – 2.079 S (%) –
0.0779 Cu (mg kg−1) + 0.019 Zn (mg kg−1)

.16

LYI Grain yield (t ha−1) = −1.168 + 0.450 N (%) + 2.998 P (%) – 2.915 Mg (%) + 4.331 Ca (%) +
0.0293 Cu (mg kg−1) + 0.003 B (mg kg−1)

.51

HYB Grain yield (t ha−1) = 0.525 + 1.128 N (%) + 3.046 P (%) + 0.979 K (%) - 2.132 S (%) –
0.088 Cu (mg kg−1) + 0.062 Zn (mg kg−1)

.24

LYB Grain yield (t ha−1) = 0.815 + 0.400 N (%) + 3.378 P (%) – 3.001 Mg (%) + 2.268 Ca (%) +
0.112 Cu (mg kg−1) – 0.004 Fe (mg kg−1) + 0.005 Mn (mg kg−1) – 0.058 Zn (mg kg−1) +
0.029 B (mg kg−1)

.26

Note. HYB, high yield and nutrient balanced group; LYB, low yield and nutrient balanced group; HYI, high yield and nutrient imbalanced group; LYI, low yield and
nutrient imbalanced group. The explanatory parameters in the regression equations are nutrient concentration in the maize ear leaf.

a positive contribution in the linear regression model for all
data, HYI, and HYB, although its effect was not observed
in LYI and LYB. Sulfur had a positive contribution to the
linear model when all data groups were considered and a neg-
ative effect in HYI and HYB. A positive contribution from
Ca and B was observed in the entire data group, LYI, and
LYB, whereas it was absent in the remaining models (i.e., HYI

and HYB). A negative coefficient was observed for Mg for all
data, LYI, and LYB, whereas it had no significant effect in
the remaining datasets. Copper has a positive contribution to
the linear model in LYI and LYB and a negative one in the
rest of the group (data sets). Zinc has a positive contribution
in HYI and HYB and a negative contribution in the remain-
ing datasets (groups) to the same linear model of the region.
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12 SHEHU ET AL.

Manganese has a positive contribution in the linear regres-
sion model of LYB and a negative contribution when all data
are considered. Iron has a negative coefficient in all datasets
and the LYB group and is not present in the linear regression
models of the remaining nutrient balance groups.

The contribution of each nutrient to the bootstrap forest
model for the different data sets is shown in Supplemental
Figure S2. Bootstrap forest models in Java Script format can
be accessed by following this link. When considering the
entire dataset, N, P, S, and Ca have the highest contribution
(more than 12%) to the bootstrap forest model, whereas Fe
and Mg have the lowest contribution. Nitrogen, P, and Ca are
among the highest contributors to the bootstrap forest model
in the four nutrient balance groups (i.e., HYI, LYI, HYB, and
LYB). Similarly, unlike Zn, S is also among the highest con-
tributors to the bootstrap model in the four nutrient balance
groups except HYI. Potassium is among the leading contrib-
utors to the bootstrap forest model only in HYB and LYB.
Although Mn is among the top contributing nutrients except
in LYI. Boron, Mg, and Fe contributed least to the bootstrap
forest model in all four nutrient imbalance groups.

The two models (linear and bootstrap forest) performed
quite fairly and comparably in LYI and when all data were
examined using an independent validation dataset (Figure 4).
However, the two models did not perform well in the other
nutrient balance groups, particularly in HYB and LYB where
no nutrient imbalances or limitations were observed. Despite
the generally poor performance of the two models, the linear
model outperformed the bootstrap forest model in the HYI,
HYB, and LYB groups when the index of agreement is used
as a measure.

4 DISCUSSION

4.1 Soil characteristics of the experimental
fields

Medium-textured soils are reported to be optimal for maize
cultivation (Akinyele & Adigun, 2006); therefore, the aver-
age loamy texture of the experimental fields indicates that
the fields are ideal for maize cultivation. The relatively high
sand content in the soils was not a surprise, as soils in the
region were reportedly formed from aeolian material and Pre-
cambrian basement complex rocks (such as granite, schist,
and sandstone) (Bennett, 1980). Furthermore, Malgwi et al.
(2000) reported that sorting of soil material due to clay elu-
viation and wind erosion as additional factors leads to high
relative sand content in the surface soils of the northern
Guinea savanna in Nigeria. The overall low contents of SOC,
Ntot, Av. P, ECEC, and B in the soils can be attributed to two
main factors: (a) the nature of the parent material and the

intensive weathering of the soils with low mineral reserves
required for inherent nutrient enrichment, and (b) the inten-
sive cultivation of the soils with inappropriate (unbalanced
and inadequate external input) nutrient management, includ-
ing burning or complete removal of crop residues (Jones &
Wild, 1975; Kwari et al., 2011; Manu et al., 1991; Smaling
et al., 1991). The moderate average contents of exchangeable
cations (Ca, Mg, and K) are not surprising, since most soils
were formed from complex bedrock that contains high lev-
els of these cations. Møberg and Esu (1991) also reported
a considerable occurrence of K-containing feldspar miner-
als in sand and silt particles of savanna soils in Nigeria.
Although the average content of micronutrients (Cu, Zn, Mn,
and Fe) in the soils was moderate to high, some fields have
low contents of Cu in particular. The low content of micronu-
trients in some fields is in agreement with the findings of
Oyinlola and Chude (2010) and was attributed to poor nutri-
ent management practices such as unbalanced application of
one or more macronutrients depleting the reserves of the other
micronutrients.

4.2 Compositional nutrient diagnosis

4.2.1 Grain yield cutoff and nutrient
concentrations of the high- and low-yield
subpopulations

The cutoff yield obtained in the CND analysis of this study,
which separates a high-yielding from a low-yielding subpop-
ulation, is similar to the 4.1 t ha−1 obtained by Njoroge et al.
(2017) for long-season rainfed maize in western Kenya. The
dominance of NPK+, NPK, and −K plots in the high-yield
subpopulation with large concentrations of N and P in the ear
leaves indicates these two elements as the most yield limiting
for maize production in the study area. Soil organic matter
(indicated by SOC), Ntot, and Av. P values are low in most of
the studied fields, which explains the large yield responses to
N and P addition. The substantial number of −K plots in the
high-yield subpopulation suggests that K is a less important
limiting nutrient for maize yield in the study area compared
with N and P. Soil exchangeable K content is actually above
the critical soil requirement of 0.16 cmolc kg−1 for maize in
a greater number of the fields studied (Agboola & Ayodele,
1985). The low response of maize yield to K addition is also
consistent with the work of Adediran and Banjoko (1995).
The absence of significant differences in Fe concentration
in the maize ear between the high-yielding and low-yielding
CND subpopulation could also be related to the high Fe con-
tent in the experimental fields (43–527 mg kg−1 as shown in
Table 1), which is far above the critical value of 5.0 mg kg−1

for maize reported in the literature (Farshid, 2012).
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SHEHU ET AL. 13

F I G U R E 4 Observed maize grain yield against predicted yield based on ear leaf nutrient concentration of the independent validation dataset:
(a) all data (all group), (b) high yield and nutrient imbalanced group (HYI), (c) low yield and nutrient imbalanced group (LYI), (d) high yield and
nutrient balanced group (HYB), and (e) low yield and nutrient balanced group (LYB). d = index of agreement

4.2.2 CND norms, critical CND imbalance
index, nutrient imbalance partitioning, and
CND ear leaf nutrient sufficiency ranges

Although slightly different, the values and trend of CND
norms from this study are close to those obtained by Gott

et al. (2017) and Njoroge et al. (2017). However, the minor
differences between the norms could be related to variations in
the prevailing climatic conditions, genotypes, and crop man-
agement. The most striking observation in the distribution
of nutrient imbalances in the maize ear leaf is that about
35% of the experimental plots in the study area (including
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primarily the control, N, and P plots) ended up in the LYI
quadrant. This indicates that tremendous maize yield losses
occur due to nutrient imbalances, which in turn are a result
of inadequate supply of nutrients (especially N and P). How-
ever, the occurrence of some NPK+, NPK, and−K plots in the
same LYI quadrant suggests that in certain cases, the supply
of these nutrients is either inadequate or no longer available to
the crop due to various losses such as leaching, fixation, and so
on. In addition, there are also a significant number of fertilized
plots in the HYI quadrant, suggesting that uniform or blanket
application of fertilizer in the study area may lead to nutrient
imbalances despite good yields due to spatial and temporal
variability among fields. It follows that balanced nutrient sup-
ply can be achieved if fertilizer applications in the study area
are tailored to the specific needs of the fields. Also, opti-
mization of maize yields in the northern Guinea savanna zone
of Nigeria requires attention to other limiting factors such
as water stress, pests and diseases, agronomic management
practices, and so forth, in addition to nutrient supply.

The differences between observed and published CND ear
leaf nutrient sufficiency levels in the literature (especially
evident for K, Cu and B) are due to differences in soil, cli-
mate, and maize varieties (Agboola & Ayodele, 1985; Njoroge
et al., 2017). As also explained by Sahrawat (2006), the dis-
crepancies between nutrient sufficiency levels in different
areas are largely due to differences in nutrient concentrations
influenced by growing conditions (such as climate and soil),
nutrient supply, their interactions, and the cultivar grown.

4.2.3 Maize nutrient limitations and
imbalances

Using the control (no nutrient application) plots in the LYI as
the ultimate indicator of an existing nutrient imbalance, the
major nutrient deficiencies in the northern Guinea savanna
zone of Nigeria are N, P, S, Cu, B, and Mn. As described
above, N and P deficiencies in maize in the Nigerian savanna
have been reported in several research papers (Aliyu et al.,
2021; Ekeleme et al., 2014; Kamara, 2017; Nziguheba et al.,
2009). Due to the low levels of these nutrients (N and P) in
the soil and the positive relationship between soil and ear leaf
content, optimization of soil content is crucial to correct lim-
itations and maximize yield. In fact, despite the addition of
N and P in the respective fertilized plots, some nutrient defi-
ciencies were still found in this study. This means that either
fertilizer rates were insufficient or fertilizer use efficiency was
low. Low N and P use efficiency was frequently reported in the
study area (Ravensbergen et al., 2021; Shehu et al., 2019; Tabi
e et al., 2008). Sulfur deficiency in maize on West African
savanna soils, including the northern Guinea savanna in Nige-
ria, has been similarly reported by Friesen (1991), Ojeniyi and
Kayode (1993), Schulz et al. (2002), Nziguheba et al. (2009),
and Aliyu et al. (2021). The application of S in the NPK+ plots

in this study significantly reduced the incidence of S defi-
ciency in the study area from >70% to <40%. However, soil
N content rather than S content was found to contribute posi-
tively to S uptake in the ear leaf. This explains the synergistic
relationships between S and N. The synergistic interaction
between N and S is not surprising because the assimilation
of N and S are closely related and strongly influence each
other (Hawkesford et al., 1995; Zhao et al., 1997). Therefore,
optimization of soil N supply can significantly reduce S defi-
ciency. A considerable number of the studied fields have Cu
and B content in the soil below the critical value for maize
of 1.0 and 0.3 mg kg−1, respectively, according to Sillanpää
(1982). Therefore, the deficiency of Cu and B is not surpris-
ing. Ayodele and Omotoso (2008) and Eteng et al. (2014)
found Cu deficiency in some parts of Nigerian savanna soils.
Similarly, widespread B deficiency was found in some parts
of savanna soils in northern Nigeria (Aliyu et al., 2021; Kihara
et al., 2016; Oyinlola & Chude, 2010). Copper and B deficien-
cies are common in many cereals and occur either as severe
deficiencies affecting vegetative organs or as mild deficien-
cies (hidden starvation) affecting the reproductive potential of
plants (Njoroge et al., 2017). The Mn deficiency in the control
(unfertilized) plots of LYI remains puzzling, since the soils
of the study fields have high contents of this nutrient (3.71–
158.46 mg kg−1 and an average of 30.9 mg kg−1, as shown
in Table 1). Therefore, it seems better not to overestimate
this nutrient, also because the lower limit of the sufficiency
ranges of the nutrient in the study area was almost double
the values reported by Ojeniyi and Kayode (1993) in a sim-
ilar environment. Despite the low response of maize yields
to K application as described above, more than 60% of the
−K plots had significant K deficiency in the LYI. This indi-
cates that the addition of K to maize in the northern Guinea
savanna of Nigeria based on site-specific nutrient manage-
ment principles is still necessary to ensure balanced nutrient
supply and interaction, and to avoid depletion of K reserves
in the future. Also, addition of soil organic matter can signif-
icantly help in correcting marginal K deficiency and ensure
nutrient balance, because the observed positive (but weak)
correlation between SOC and ear leaf K content is signifi-
cant. The weak negative correlations between SOC and ear
leaf P, C, and B contents remain puzzling in this study and
may be related to other biophysical and chemical factors influ-
encing soil–plant interactions that were not considered. Schut
and Giller (2020) and Sinclair et al. (1997) reported that other
growth-limiting factors can interfere between soil test results
and plant nutritional status.

4.3 Yield prediction based on nutrient
concentration in the ear leaves

The fair and comparable performance of the linear and boot-
strap forest models in LYI and the entire dataset suggests
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that either model can be used to predict grain yield based
on nutrient concentration in ear leaves in the study area. The
fair performance of the two models in LYI is not surpris-
ing since this is a group where low yields and simultaneous
nutrient imbalance exist, so adding nutrients will significantly
increase grain yield. The poor performance of the two models
in HYI, HYB, and LYB is not surprising because HYI repre-
sents luxury nutrient use, whereas in HYB, there is no nutrient
limitation and no luxury use, while in LYB, yield is limited
by other biophysical factors and management failures (such
as water, temperature, pests, and diseases) and not by nutrient
supply.

The observed negative or positive coefficients of nutrients
in the linear regression model and the different contributions
of nutrients to the bootstrap forest model in the nutrient bal-
ance groups of the CND indicate different forms of interaction
of nutrients affecting the growth and yield of maize under
different conditions of nutrient availability and balance. The
most striking interaction is among N, P, S, and Ca, which con-
tribute positively to grain yield in the linear regression and
make the largest contribution to grain yield when the entire
dataset is considered in the bootstrap forest regression model.
This indicates a synergistic relationship among the four nutri-
ents (i.e., N, P, S, and Ca) regardless of the nutritional status
of maize in the study area. Most interactions between nutri-
ents reported in the literature are dual or bivariate interactions,
with an overall lack of information on the effects of inter-
actions between multiple nutrients on plants (Fageria, 2001;
Rietra et al., 2017). Several studies have reported positive
interactions between N and P, N and S, and P and Mg (Fageria,
2001; Rietra et al., 2017). Although the mechanisms lead-
ing to positive interaction of N and P are poorly understood
(Fageria, 2001), many scientists have conceptually con-
tributed this to synergistic growth responses (Schleuss et al.,
2020). The synergistic interaction between N and S is not sur-
prising because the assimilation of N and S is closely related
and strongly influences each other (Hawkesford et al., 1995;
Zhao et al., 1997). This is because both N and S play a cen-
tral role in the synthesis of proteins in the plant (Jones, 2012).
A positive interaction between P and Mg is expected because
Mg is an activator of kinase enzymes that initiate most reac-
tions involving phosphate transfer (Fageria, 2001). Potassium,
along with N, P, S, and Ca, has a positive effect on maize
grain yield when total data and HYB and HYI nutrient balance
or imbalanced portioned groups are considered. Moreover,
the five nutrients (N, P, S, Ca, and Mg) in the same boot-
strap forest models for HYI and HYB groups are among the
most important factors in the model. The synergistic inter-
action between N and K has been widely reported and is
attributed to the involvement of K in NO3

– uptake, which
is the predominant form of N in soil (Fageria, 2001; Fage-
ria & Oliveira, 2014). For other nutrients where a negative
coefficient was observed for the grain yield prediction mod-

els in the different balanced and unbalanced nutrient groups,
this can be attributed to interactive dilution and accumulation
effects influenced by different biophysical factors and nutrient
application treatments in the study. For example, Mn concen-
tration in the ear leaf was found to have a positive coefficient
in the linear model of LYB and a negative coefficient in the
other nutrient balance groups. The average Mn concentration
in LYB is 20% lower than in the other groups. Therefore,
the positive coefficient of the linear regression model for Mn
could be attributed to a deficiency of this nutrient and vice
versa in the other nutrient balance groups.

5 CONCLUSION

From the results of this study, it appears that (albeit with vari-
ations from field to field) N, P, S, Cu, and B are the most
important nutrient deficiencies overall in maize from the CND
analysis in the northern Guinea savanna region of Nigeria.
Potassium was also not among the significantly limiting nutri-
ents in the CND analysis, but >70% of plots where K was
not applied (−K) developed significant K deficiencies. Invest-
ing in site-specific nutrient management practices based on
integrated soil fertility management principles will radically
correct the identified nutrient limitations and imbalances. The
benefits would come from optimizing and maintaining nutri-
ent use efficiency and yield by supplying all limiting nutrients
and avoiding over- or underapplication of fertilizer. In the
same vein, the established nutrient sufficiency ranges in the
maize leaves from the CND analysis in the study area can
provide a quick and easy guide for identification of nutrient
deficiencies and real-time nutrient management.

This study also found that both linear regression and boot-
strap forest machine learning models predicted maize grain
yield fairly and comparably based on nutrient concentration in
ear leaves only in the LYI category and when the whole data
were examined using an independent validation dataset. With
the emerging use of digital decision support tools in the study
area, integration of these models with other yield-limiting and
yield-reducing factors (e.g., weather, crop management) can
improve yield prediction, which will enhance scenario analy-
sis and foresight studies to optimize maize yield in the region.
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