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In sub-Saharan Africa, smallholder farming systems continue to record very low yields

despite the availability of appropriate crop management technologies. A 2-year field

experiment was conducted in 2018 and 2019 at the Agricultural Research Station of

Northern Benin to evaluate the growth response, grain yield attributes, and nutrient- and

water- use efficiencies of different drought-tolerant (DT) maize varieties (TZEE-W-POP-

STR QPM, TZE-Y-POP-STR, 2008Syn-EE-W DT-STR, and 2000Syn-EE-W of 80–90

days cycle), compared to DMR-ESR-W, a drought-susceptible (DS) variety of 90 days

cycle, under different fertilizer options [no fertilizer control, microdosing option 1 (MD1,

25 kg N ha−1 + 4 kg P ha−1), option 2 (MD2, 25 kg N ha−1 + 8 kg P ha−1), option 3 (MD3,

35 kg N ha−1 + 8 kg P ha−1), and broadcast fertilizer at recommended rate (RR, 76 kg

N ha−1 + 13 kg P ha−1). Generally, combining microdosing with DT varieties showed

a very good performance by increasing the leaf area and biomass by 71 and 85%,

respectively, at anthesis compared to the conventional practice. Microdosing increases

grain and stover yields by 171 and 98%, respectively, compared to an unfertilized

control with generally no difference between MD3 and RR treatments. Also, the DT

varieties obtained the best yields (+19%), with the highest value observed with the TZE-

Y variety. Significant interaction was found between varieties and fertilization for grain

and stover yields. During the two cropping seasons, microdose fertilization increases the

DT grain yield and gross return by 658 kg ha−1 and 203$USD, respectively, than their

application on drought sensitive variety. The results of the current study demonstrated

that there is a considerable potential for smallholder farmers of northern Benin to improve

the maize productivity by means of DT varieties and of fertilizer microdosing. Using,

especially, the MD3 option on the DT variety, TZE-Y, may be the best combination

in optimizing the maize production in the sub-humid region of Benin, instead of the

climate sensitive variety of the DMR-ESR under the microdosing or a common fertilization
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practice. However, further testing of the technologies through on-farm experiments are

required before a precise advice can be given. Precisely, there is a need to evaluate

these management options in farmer’s fields, taking into account the climatic, soil, and

management conditions to better assess and understand the variation in response and

in economic benefits and risk.

Keywords: maize cropping systems, drought-tolerant, fertilizer micro-dosing, resource use efficiency, profitability

INTRODUCTION

Maize plays an important role in food security and in the
rural economy of Sub-Saharan Africa (SSA). However, its
production in SSA is drastically affected by several constraints
such as low inherent and decreasing soil fertility, poor crop and
farm management practices (choice of crop varieties, planting,
fertilization, etc.), recurrent droughts exacerbated by climate
change, and socioeconomic conditions (Traore et al., 2013;
Vanlauwe et al., 2014; Barrett and Bevis, 2015). Improvement
of maize production can be achieved through appropriate
management techniques to reduce the yield gap due to
environmental constraints and socioeconomic conditions of the
farms of the smallholders. The development of new agricultural
techniques in SSA that are specific to socio-economic conditions
of the farmers requires not only drought resistant crops, but also
more resilient methods that can reduce the vulnerability of crops
to drought, improve their efficiency of the nutrient use, and their
economic profitability to ensure food security.

More than 160 drought-tolerant maize varieties, hereafter
DT, have been implemented in 13 African countries over
the last decades through the DT Maize for Africa (DTMA)
program in collaboration with International Maize and Wheat
Improvement Center (CIMMYT), International Institute of
Tropical Agriculture (IITA), and African Agricultural Research
Centers (Beyene et al., 2013; Fisher et al., 2015; Setimela et al.,
2017; Makumbi et al., 2018). These high numbers of DT maize
varieties led to various growing cycle crops including extra early,
early, intermediaries, and late ones (Yallou et al., 2010; Badu-
Apraku et al., 2011a,b; Baco, 2019). The use of such improved
maize varieties can help farmers to produce maize during the
drought periods, especially when the drought occurs at the crucial
crop development stages such as the flowering and grain filling
stages. Their climatic endurance, highest yield, and grain quality
were the strong points of their adoption (Yeboah et al., 2019).
Varieties of DT maize are expected to improve the resilience
of maize-based farming systems in Benin by enhancing food
security, nutrition and farmer’s income, and reducing poverty
(Makate et al., 2017; Wossen et al., 2017; Abdoulaye et al.,
2018; Lunduka et al., 2019). Varieties of DT can produce more
than 30% of their potential yield after severe drought, before
and during flowering, and grain-filling stages (La Rovere et al.,
2010). Moreover, these varieties have some interesting additional
features including resistance to major diseases, high efficiency
of resource used, high protein content, etc., that can encourage
their use by smallholder farmers (Fisher et al., 2015). The DT
maize varieties have similar labor requirements and seed costs

with those of traditional and non-DT varieties, but they perform
better than the latter under drought and rain-fed conditions
(Cooper et al., 2013; Holden and Fisher, 2015). Therefore, the DT
varieties have been adopted by 85% of the farmers in the different
agro-ecological zones of Benin (Arouna and Arodokoun, 2013),
mainly because of their potential to improve the economic
performance of smallholder farmers.

Drought-tolerant maize varieties are usually produced in
smallholder maize farming systems to increase crops yields
by using a combination of fertilizers. For instance, previous
research across SSA countries have found a better yield of
DT maize varieties compared to local varieties for different
levels of fertilizers, and various soil fertility and rainfall
conditions (La Rovere et al., 2010; Kamara et al., 2014;
Sanou et al., 2016; Simtowe et al., 2019). However, the use
of fertilizers by smallholder farmers of the SSA is limited
by their socioeconomic conditions including inaccessibility to
farm inputs and credit (high cost, lack of credit, and poor
transport and marketing infrastructure), and poor agricultural
management such as inappropriate applications: right source,
rate, time, and placement (Waithaka et al., 2007; Boniphace et al.,
2015; Mucheru-Muna et al., 2021). Thus, fertilizer microdosing
has been widely promoted in the SSA region (Buerkert et al.,
2001). This technique consists of localized application of small
quantities of mineral fertilizer together with the seed at sowing
or shortly after planting, instead of evenly broadcasting the
fertilizers across the field with or without the subsequent
incorporation as commonly as most farmers do. Fertilizer
microdosing is an effective technique that helps to improve
the efficiency of nutrient and water use (Ibrahim et al., 2015;
Tovihoudji et al., 2017), to crop yield (Buerkert et al., 2001;
Aune et al., 2007; Camara et al., 2013; Sime and Aune, 2014;
Okebalama et al., 2016; Tovihoudji et al., 2018), and to reduce
the investment costs and financial risk for smallholder farmers
(Twomlow et al., 2010; Tovihoudji et al., 2019). Therefore,
fertilizer microdosing would enhance the yield of DT maize
varieties compared to local varieties, inducing better food security
and higher net returns for the benefit of smallholder farmers.
Several studies show a high potential of maize grain production
under microdose fertilization in Africa (Twomlow et al., 2010;
Sime and Aune, 2014), including northern Benin Tovihoudji
et al., 2017, 2019. However, we still lack knowledge of the
performance and nutrient- and water- use efficiencies of the
combined DT maize varieties and of the fertilizer microdosing
in the Sub-humid region of West-Africa. This study sets to
fill the gap and to expand our knowledge to understand the
impact of fertilizer microdosing on the productivity of various
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FIGURE 1 | Location of the experimental site.

DT maize varieties, as well as to help farmers optimize the use
of fertilizers.

This study primarily aims to evaluate the growth, biomass
accumulation, and yield attributes under the combined DT
varieties and fertilizer microdosing. Moreover, we investigated
the effect of various DTmaize varieties and fertilizer microdosing
combination on nutrient and rainwater use efficiency and
economic profitability. The findings from this research will
improve our understanding on the additive or synergistic effects
of combined DT maize varieties and fertilizer microdosing.
Moreover, this study will provide information for a better DT
maize crop management, for the use of fertilizers through
microdosing in smallholders’ farms, and for a better maize yield
in the drought environments of the SSA countries.

MATERIALS AND METHODS

Experimental Site
The present study was conducted in north-eastern Benin (in the
department of Borgou) in agro-ecological zone 3 (Figure 1).

The experiments were conducted at the Agricultural Research
Station of Northern Benin (CRA- Nord) located at Ina village
(Ina district, municipality of Bembèrèkè) (9◦ 57′N and 2◦ 43′E,
and altitude 382m). The annual rainfall ranges between 900
and 1,200mm with an average of 1,148 ± 184mm. The average

TABLE 1 | Initial soil chemical and physical properties of the experimental field.

Deph (m) 0–0.2 0.2–0.4

Clay (%) 4 6

Silt (%) 14 13

Sand (%) 82 81

pHH2O
5.7 5.5

Organic carbon (%) 0.41 0.24

Total nitrogen (mg kg−1) 397.1 220.5

C/N 10.3 10.9

P-Bray 1 (mg kg−1) 11.6 9.9

Exch-K (cmol kg−1) 0.21 0.17

daily temperature is 27.5◦C. The climate is characterized by a
single rainy season from May to October. The soil is ferruginous
tropical in the French soil classification system with low inherent
fertility, which corresponds to Lixisols according to the World
Reference Base (Youssouf and Lawani, 2002). The soil is acidic
at all depths (pH <7) with a loam-sandy texture in the topsoil
(0–40 cm) (Table 1), and poor in nitrogen (<750mg kg−1) and
phosphorus (<18mg kg−1). The level of exchangeable K is
medium (>0.10 cmol kg−1) at all depths. The rate of organic
carbon in the soil is low (<0.45%).
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Experimental Design, Trial Installation, and
Management
The experimental design was a randomized complete block with
a split-plot arrangement in three replicates. The main plots were
subjected to five fertilizer rates, and five maize varieties were
tested in the sub-plots. The main plots were 29m wide × 5m
long, and the subplots were 4m wide × 5m long. Five mineral
fertilizer options were tested: (i) a control (no fertilizer); fertilizer
microdosing at a rate of (ii) 25 kg N + 4 kg P ha−1 (MD1),
(iii) 25 kg N + 8 kg P ha−1 (MD2), (iv) 35 kg N + 8 kg P ha−1

(MD3), and (v) the recommended rate at 76 kg N ha−1 + 13 kg
P ha−1 (RR). The K was applied at the recommended rate of
25 kg ha−1 to all plots. Full dose of P and K was provided as
triple superphosphate (46% P2O5) and muriate of potash (60%
K2O) at plant emergence (10 days after sowing). Half of urea-
N was applied as basal at plant emergence and the remaining
quantity of N was applied before the flowering stage (45 days
after sowing). Fertilizer microdosing and the RR treatments were
applied according to Tovihoudji et al. (2017). Four DT maize
cultivars (TZEE-W POP-STR-QPM, TZE-Y-POP-STR, 2008Syn
EE-W-DT-STR, and 2000Syn-EE-W with 80–90 days cycle) were
compared to a drought-susceptible (DS) control cultivar (DMR-
ESR-W of 90 days cycle).

Land preparation was uniformly done across all plots by
tractor disk-plowing to a depth of 0.2m for the 2 years. At
planting, the experimental plots were leveled manually using
rakes and were sown after the first rainfall event that is greater
than 20mm on June 6, 2018 and June 9, 2019. The planting
hills were spaced by 0.8 × 0.4m with a total of six rows
each comprising of 13 pockets. Two weeks after sowing, the
maize seedlings were thinned to two plants per hill to attain a
plant population of 62,500 plant ha−1 (currently recommended
density). The plots were weeded twice (15 and 30 days after
sowing, DAS) and ridged at 45 DAS immediately after the urea
application with a hand hoe. Harvesting took place on September
22, 2018 and October 2, 2019.

Agronomic and Physiological
Measurements and Calculations
Agronomic and Physiological Measurements
Daily rainfall data were recorded each year with a rain gauge
located at the experimental field. Plant growth characteristics
including plant height, leaf area index (LAI), and above-ground
biomass were measured at two-week intervals from 20 DAS until
90 DAS. In each, plot five plants from three inner rows were
randomly selected and were tagged for measurements of plant
height and leaf area. Individual leaf area was estimated non-
destructively from the leaf length (l, cm) and frommaximum leaf
width (w, cm) measured with a ruler on green leaves on three

plants in the net plot. Dry biomass of three whole plants was
measured by the destructive method and samples were initially
oven-dried at 105◦C for 30min after further drying at 70◦C until
constant weight and expressed in g plant–1.

Harvest was done on three inner rows of each plot for yield
determination. In all plots, two neighboring plants in each row
were left as a buffer zone to reduce the edge and/or the neighbor

effects. The cobs and stover (stems and leaves + husks + central
axis) were weighed in the field. The grain moisture content was
then determined for each replication after oven-drying at 70◦C
to a constant weight (after an initial oven-drying at 105◦C for
30min). Maize stover subsamples were taken to the laboratory
for further drying (oven-drying at 70◦C to constant weight) and
for moisture correction. The number of plants and the number of
maize cobs per plant were counted. The thousand grains weight
(TGW) were estimated by counting and weighing five replicates
of 100 randomly sampled grains per plot. The number of grains
per cob was calculated by dividing the weight of grains per cob
by the average weight of one grain. The harvest index (HI) was
calculated by dividing the dry weight of grains by the total dry
biomass at harvest. Maize grain and stover yields were then
calculated and expressed in kg ha−1 on a dry weight basis.

Calculations
Leaf area (LA) was calculated from the formula used by Abbasi
et al. (2013) as follows: LA= leaf length×maximum width× k,
where k is a shape factor with a value of 0.75. LAI was obtained
by the ratio of total leaf area to per unit ground area.

Post-anthesis DM accumulation (DMa) was estimated as the
total DM at harvest minus that of the anthesis. Translocation
of DM, accumulated before anthesis (TrDM), was estimated
from DM at flowering minus the accumulated non-grain DM
at harvest. The DM translocation efficiency (DME, %) was
calculated as the translocation of DM accumulated before
anthesis (TrDM) divided by total DM at harvest.

Yield increases were calculated using the following equation:

Response = 100∗ (Yt – Yc)/Yc,

where Yt = yield treatment t (MD1; MD2, MD3, and RR) (kg
ha−1) and Yc = yield mean of the control (kg ha−1).

The agronomic efficiency (AE-X) of each nutrient X (X = N
or P) was calculated as a proxy of the nutrient use efficiency
as follows: AE-X = (Yt – Yc) / Ft, where Yt and Yc are the
yields per hectare of the treatment considered and of the control,
respectively; The Ft is the quantity of nutrients provided per
hectare for this treatment.

Also, the rainwater use efficiency (RUE) was determined by
the ratio between the grain yield and the total amount of rainfall
during the experiment.

Economic Analysis
Economic profitability of the different treatments was analyzed
based on gross margin, gross return, benefit/cost ratio (BCR),
and value-cost ratio (VCR). Fixed costs included the cost of
seeds and all major labor charges (field preparation, seeding,
weeding, ridging, harvesting, and threshing), whereas variable
costs included the cost of fertilizers and the application of
the different fertilizer. Input and output prices were taken as
the average market price of the two cropping seasons (2018–
2019; Table 2). The price of seeds and fertilizers fixed by the
Beninese government through the Agricultural Research Station
of Northern Benin (CRA- Nord) were used. Labor costs for land
preparation, planting, manure/fertilizer application, weeding,
and harvesting were collected during the experiments. The costs
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TABLE 2 | Input and output prices used in the economic analysis.

Unit Cost (US$)

Inputs

Maize seed US$ kg−1 1.75

Fertilizers (TSP and urea) US$ per 50 kg bag 25

Labor for maize cultivation

Tillage US$ ha−1 105

Seeding US$ ha−1 24

Hole digging US$ ha−1 20

Microdose fertilization (TSP + urea)* US$ ha−1 24

RR (TSP + urea) US$ ha−1 15

Weeding US$ ha−1 98

Harvesting US$ ha−1 49

Output

Maize grain US$ kg−1 0.26

*Application and closing the holes.

required for digging the hole and the labor costs involved in
its application were summed and were used as labor costs of
hill application of mineral fertilization (Table 2). For the maize
grain price, we used the average official price for the past
five years (Bulletin économique sur le marché des céréales en
Afrique, https://roac-wagn.blogspot.fr). The maximum price was
175 FCFA kg−1 and the minimum price was 125 FCFA kg−1,
with an average price of 150 FCFA kg−1 (1 US$ = 570 FCFA).
Total revenue was calculated by multiplying grain yield with the
average grain unit price. The gross margin (GM) was calculated
by subtracting variable costs from total revenue. The gross return
was also calculated by subtracting the sum of the fixed and the
variable costs from the revenue. The benefit/cost ratio (BCR)
was obtained by dividing the gross return by the total cost
of cultivation (fixed and variable costs). The value-cost ratio
(VCR) was computed as the difference in grain yield between the
fertilized plots and the control plot multiplied by the unit market
price of grain, divided by the cost of applied fertilizer.

Statistical Analysis
The collected data were first checked for normality and
homogeneity of error variances. Then, we computed an ANOVA
using a linear mixed-model. Fixed effects entered into the
model included variety and fertilizer and the year of the
variety/fertilizer interaction. Cropping years and replicates were
included as random factors. Secondly, when there was a
significant year × variety × fertilizer interaction effect for a
data, we separately fitted a model for each year (2018 and 2019),
where variety, fertilizer, and variety × fertilizer were considered
as fixed factors and replicates within variety as a random
factor. Mean separations were performed using the honestly
significant difference (HSD)/Tukey’s test at an error probability
< 0.05. The relationship between maize grain yield and the
other measured variables was evaluated by a two-sided Pearson
correlation analysis over years and replicates. The significance of
correlations was done for each variety for easier interpretation

FIGURE 2 | Rainfall distribution from sowing to harvest in 2018 and 2019.

and comparison. All analyses were done with GenStat Release
12.1 statistical software (Lawes Agricultural Trust, 2009).

RESULTS

Rainfall Distribution During the Cropping
Periods
Forty-two (42) and thirty-six (36) rainfall events fall on the
experimental site in 2018 and 2019, respectively. The rain
amounts were 750mm in 2018 and 650mm in 2019 (Figure 2).
The rainfall was more evenly distributed in 2018 than in 2019.
The total rainfall at vegetative stages, flowering time, and filling
to maturity stages were 29, 68, and 19, respectively, in 2018;
while 37, 36, and 27%, respectively, in 2019. The dry spells were
frequent (four times) and long (10 days) in 2019, and occurred
during the critical phase of maize growth (between the 30 and
65 DAS).

Plant Height (Ph), Leaf Area Index (LAI),
and Total Dry Matter (TDM)
The plant height, LAI, and TDM differ between the cropping
years (Figures 3A,B; Supplementary Table 1) except LAI at 48
DAS and TDM at 62 DAS. For all paramaters, the highest values
are recorded in 2018. Likewise, each of these three variables
was significantly different between maize varieties (p < 0.001)
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FIGURE 3 | Plant height (A,B), leaf area index [LAI, (C,D)], and total dry matter [TDM, (E,F)] at 48 (A,C,E) and 62 DAS (B,D,F) as affected by the interactions between

varieties and mineral fertilizer. Control refers to the absolute unfertilized treatment; MD1 (N25P4), MD2 (N25P8), MD3 (N35P8), and RR (N76P13) refer to fertilizer

microdosing options 1, 2, and 3 and the recommended fertilizer rate, respectively. ns, non-significant; Error bars represent standard deviations. V, Variety; F, Fertilizer.

and between fertilizer treatments (p < 0.001). The Ph values
were 42.6, 44.8, 43.1, and 26.6% higher for TZEE-W, TZE-Y,
2008Syn-EE, and 2000Syn-EE varieties, respectively, compared to
the DMR variety; and 55.2, 83.1, 151, and 121.5% higher for the

MD1, MD2, MD3, and RR microdosing treatments, respectively,
compared to the control treatment.

Generally, the LAI peaked at the flowering stage in the
two experimental years, increased from the juvenile stage
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TABLE 3 | Grain yield and components (mean ± standard error) as affected by the cropping years, varieties and mineral fertilizer.

Factors Levels Grain yield (kg ha−1) Stover yield (kg ha−1) HI (-) TGW (g) Grains cob−1

Cropping years (Y) 2018 2,614.5 ± 901.8 a 4,462.6 ± 1,298.0 a 0.36 ± 0.03 a 267.1 ± 41.4 b 226 ± 76.2 a

2019 2,340.7 ± 843.3 b 4,580.8 ± 1,444.59 a 0.33 ± 0.04 b 255.7 ± 45.9 a 219 ± 71.6 a

Varieties (V) DMR ESR 2,105.7 ± 857.0 a 3857.6 ± 1548.8 a 0.35 ± 0.04 a 271.4 ± 59.2 b 212 ± 73.2 ab

TZEE W 2,631 ± 862.09 ab 4,555.3 ± 1,359.5 ab 0.36 ± 0.03 b 261.4 ± 37.6 ab 252 ± 71.9 b

TZE Y 2,754.1 ± 941.8 b 5,098.7 ± 1,478.8 b 0.34 ± 0.03 ab 247.1 ± 35.6 a 218 ± 65.9 ab

2008Syn EE 2,589.1 ± 840.3 ab 4,773 ± 1,101.1 ab 0.34 ± 0.04 ab 275.3 ± 27.4 b 191 ± 52.8 a

2000Syn EE 2,307.9 ± 791.7 ab 4,323.7 ± 1,043.2 ab 0.33 ± 0.04 a 251.9 ± 48.7 a 238 ± 89.8 ab

Mineral fertilizer (F) Control 1,016.5 ± 222.2 a 2,464.7 ± 600.7 a 0.29 ± 0.03 a 198 ± 30.4 a 166 ± 73.9 a

MD1 2,368.4 ± 481.7 b 4,272.7 ± 997.4 b 0.35 ± 0.03 b 260 ± 27.7 b 241 ± 69.5 b

MD2 2,780.9 ± 355.4 c 4,973.1 ± 690.4 c 0.35 ± 0.02 b 272 ± 27.0 bc 220 ± 54.1 b

MD3 3,133.2 ± 456.6 d 5,392.4 ± 731.9 c 0.36 ± 0.03 b 285 ± 29.3 cd 249 ± 77.4 b

RR 3,089.0 ± 472.8 d 5,505.5 ± 914.9 c 0.36 ± 0.03 b 292 ± 29.2 d 235 ± 65.1 b

P-values

Y 0.021 ns <0.001 0.028 ns

V <0.001 <0.001 0.040 <0.001 0.001

F <0.001 <0.001 <0.001 <0.001 <0.001

Y × V ns ns ns <0.001 ns

Y × F ns ns 0.020 0.006 <0.001

V × F 0.035 0.045 0.010 <0.001 ns

Y × V × F ns ns ns <0.001 ns

Control refers to the absolute unfertilized treatment; MD1 (N25P4), MD2 (N25P8), MD3 (N35P8), and RR (N76P13) refer to fertilizer microdosing option 1, 2, and 3 and the recommended

fertilizer rate, respectively. For each factor, different lowercase letters after data indicate significant differences P < 0.05. ns, non-significant; HI, harvest index; TGW, thousand

grains weight.

to the flowering stage and then gradual decrease until the
maturity stage (Supplementary Figure 1). The LAI of maize
plants reached their maximum values (LAImax) at 48 DAS
irrespective of the years, varieties, and treatments; except for
2000Syn variety, where the LAImax was found at 62 DAS in
2019 (Supplementary Figure 1). The LAImax was significantly
higher for DT varieties (TZEE-W, TZE-Y, 2008Syn-EE, and
2000Syn-EE) compared to the DS variety (DMR-ESR-W) for
both measurement dates (Table 3). Growing DT varieties with
fertilizer microdosing significantly raised the LAImax at 48 DAS
by 33, 45, and 51% for MD1, MD2 and MD3, respectively,
compared to the conventional practice (DMR variety +

unfertilized control); while the LAImax at 62 DAS increased
by 55, 71, and 87% compared to the conventional practice
(Figures 3C,D; Supplementary Table 1).

Variety and fertilization significantly affected TDM
during the growing period (P < 0.001; Figures 3E,F;
Supplementary Figure 2). However, we mainly focused on
data from the flowering stage (48 and 62 DAS) across the
two years to evaluate the potential impacts of maize varieties
and fertilizers treatments on TDM (Supplementary Table 1).
The TDM was higher for the TZE Y variety (104.7 g plant−1)
compared to DMR-ESRW (72.3 g plant−1). Generally, the TDM
of DT varieties increased by 47.6–80.5% at 62 DAS compared to
their corresponding TDM at 48 DAS; but raised by 96.3–124.6%
compared to DMR-ESRW variety at 48 DAS. Considering the
fertilizer treatments, the TDM at 48 DAS increased by 53, 95,

140, and 145% for MD1, MD2, MD3, and RR, respectively;
and those at 62 DAS by 55, 83, 115, and 122% for MD1,
MD2, MD3, and RR, respectively, compared to the unfertilized
control. A significant interaction occurred between varieties and
fertilization at both 48 and 62 DAS (Figures 3E,F; p = 0.001).
As a result, the combined use of DT varieties and of fertilizer
microdosing significantly increased the TDM by 52, 94, 140, and
149% at 48 DAS, and 55, 82, 119, and 108% at 62 DAS for MD1,
MD2, and MD3, respectively, compared to the conventional
practice (24.8 and 39.3 g plant−1 at 48 and 62 DAS, respectively)
(Figures 3E,F). The TDM of RR treatment was not different
from that of MD3, but was higher than those of MD1 and MD2
(Figures 3E,F).

Three physiological parameters concerning TrDM, DMtE,
and DMa were estimated for the maize varieties, years, and
fertilizer treatments (Supplementary Table 2; Figure 4). All of
them (TrDM, DMtE, and DMa) were significantly different
betweenmaize varieties, andwere affected bymineral fertilization
(Figure 4). The average TrDM of the four DT varieties was
74% higher than the DMR variety. However, the high value of
TrDM and DMtE were observed in a recommended rate (RR)
and those of DMa were found for MD2 treatment. Overall,
TrDM and DMa of the microdosing treatments significantly
increased by 52 and 160%, respectively, compared to the
unfertilized control treatment; and TrDM and DMa of the RR
treatment raised by 127 and 233%, respectively, compared to the
unfertilized control. The DMtE oppositely decreased by 32% for
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FIGURE 4 | (A) Tanslocation of DM accumulated before anthesis (TrDM), (B) the DM translocation efficiency (DMtE), and (C) the post-anthesis DM accumulation

(DMA) as affected by the interactions between varieties and mineral fertilizer. Control refers to the absolute unfertilized treatment; MD1 (N25P4), MD2 (N25P8), MD3

(N35P8), and RR (N76P13) refer to fertilizer microdosing options 1, 2, and 3 and the recommended fertilizer rate, respectively. Error bars represent standard

deviations. V, Variety; F, Fertilizer.

microdosing fertilization, and by10% for RR treatment compared
to the unfertilized control (Supplementary Table 2; Figure 4).
The interaction variety-fertilizer was significant for each of the
three estimated parameters (P < 0.05, Supplementary Table 2).
The TrDM was higher under the DT varieties (694–2,810 kg
ha−1) than the DS variety DMR (721–1,011 kg ha−1) for the
microdosing treatments (Figure 4A). The results showed that
fertilizer microdosing was more efficient in terms of dry matter
translocation on DT varieties (Figure 4B). Generally, the TrDM
and DMtE have an overall increase with the increasing rate
of fertilizer microdosing on DT varieties (i.e., from MD1
to MD3) (Figures 4B,C). Nonetheless, the DMa was lower
for DT varieties (492–2,143 kg ha−1) than for DMR variety
(823–2,099 kg ha−1) under the microdosing treatments. The
DMa decreased with the fertilizer rate under the DT varieties
but the opposite was observed under the DS variety DMR
(Figure 4C).

Maize Grain and Stover Yields
There were significant effects of year, varieties, and fertilizers on
grain yield. Interactions were also found between varieties and
fertilizers (Table 3). More grain was produced in 2018 than in
2019. The DT varieties have significantly improved grain yields
on average by 19% compared to the DT variety (DMR-ESR)
across years (Table 3; P < 0.01). Average grain yields increased
in the following order: DMR-ESR = 2000Syn-EE ∼ TZEE-W <

TZE-Y < 2008Syn-EE. Fertilization has significantly increased
the grain yields compared to the control across years (Table 3; P
< 0.01). Grain yields tended to be higher with the RR treatment
than with the microdosing treatments, with no significant
difference between MD3 and RR. Microdose treatments have
significantly increased the grain yield by 132, 173, and 208%,
respectively, for MD1, MD2, and MD3, compared to the control
(1,017 kg ha−1). There was a significant variety by fertilizer
interaction (P= 0.035;Table 3). Microdose fertilization performs
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FIGURE 5 | Grain (A), stover yield (B), and harvest index (C) as affected by the interactions between varieties and mineral fertilizer. Control refers to the absolute

unfertilized treatment; MD1 (N25P4), MD2 (N25P8), MD3 (N35P8), and RR (N76P13) refer to fertilizer microdosing options 1, 2, and 3 and the recommended fertilizer

rate, respectively. Error bars represent standard deviations.

better under the sensitive variety (DMR-ESR; an increase of 183%
compared to the control against an increase of 169%) under the
DT varieties (Figure 5A).

As for the grain, there was a significant effect of variety and of
fertilizer on stover yield with the same trend (p < 0.05; Table 3).
The stover yields of the DMR variety was 3,857.6 kg ha−1, while
those of the DT varieties ranged from 4,323.3 to 5,098.7 kg ha−1

(increase ranged from 120 to 322%, compared to the DMR-ESR
variety) (Table 3). On average, stover yields was improved by
1,808 kg ha−1 (73%), 2,508 kg ha−1 (101%), and 2,927 kg ha−1

(119%), respectively, for MD1, MD2, andMD3. In general, yields

in RR were similar to MD2 and MD3, and greater than MD1
for most varieties and for both years (Table 3). There was a
significant variety by fertilizer interaction. Under the TZEE-W
and 2008Syn-EE varieties, there was no difference in stover yields
between all fertilized treatments, while stover yield in RR was
always similar to MD2 and MD2, and >MD1 under the other
three varieties (Figure 5B).

Yield Components
The harvest index (HI) was significantly different across growing
seasons, with mean yields larger in 2018 compared to 2019 (P
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FIGURE 6 | Thousand grains weight (TGW) as affected by the interactions between year, variety, and mineral fertilizer. Control refers to the absolute unfertilized

treatment; MD1 (N25P4), MD2 (N25P8), MD3 (N35P8), and RR (N76P13) refer to fertilizer microdosing options 1, 2, and 3 and the recommended fertilizer rate,

respectively. Error bars represent standard deviations. HI, harvest index; TGW, thousand grains weight.

< 0.001; Table 3). Mineral fertilization had a significant effect on
the HI, with the lowest values observed in the unfertilized control
(Table 3). There was a slight significant variety by fertilizer
interaction (P = 0.040; Table 3; Figure 5C).

Thousand grain weight (TGW) was affected by fertilizer,
variety × fertilizer, and year × variety × fertilizer interactions
(P < 0.001; Table 3; Figure 6). The MD2 (272 g) and MD3
(285 g) treatments were found to have a similar TGW as the RR
treatment (292 g), but significantly higher than the unfertilized
control (198 g). In 2018, TGW responded very well to MD1
for all DT varieties with average increase ranging from 24 to
51%, compared to the unfertilized control with DMR variety
(195 g). For varieties DMR-ESR, 2008Syn-EE, and 2000Syn-EE,
the TGW increase with fertilizer rates except for TZEE-W and
TZE-Y varieties, where TGW respond very well under MD1
(Figure 6).

The number of grains per cob was significantly affected by
variety and fertilization (Table 3; P < 0.001) with the highest
values observed with the varieties TZEE-W (252 grains cob−1)
and 2000Syn-EE (238 grains cob−1). Mineral fertilization had
a significant effect on the number of grains per cob, with the
lowest values in the unfertilized control (Table 3). Compared
to the unfertilized treatment, fertilizer application significantly
increased the number of grains per cob by 32, 45, 50, and 41%
for MD1, MD2, MD3, and RR, respectively.

Agronomic Efficiency and Rainfall Use
Efficiency
TheN and P use efficiencies (AE-N andAE-P) were influenced by
varieties and by fertilizer application (Table 4). The DT varieties
resulted in the highest AE-N and AE-P across years, ranging
from 51.3 to 59.7 kg grain kg−1 N and 234.3 to 341.1 kg grain
kg−1 P, respectively, whereas the DS variety had AE-N and AE-P
of 45.5 kg grain kg−1 N, and 208.1 kg grain kg−1 P, respectively
(Table 4). Microdosing treatments resulted in the highest AE-
N and AE-P across years, ranging from 54.5 to 60.8 kg grain
kg−1 N, and 222.1 to 341.1 kg grain kg−1 P, respectively, whereas
the RR treatment had AE-N and AE-P of 27 kg grain kg−1 N,
and 160.4 kg grain kg−1 P, respectively (Table 4). Any variety by
fertilizer interaction was found (Table 4).

Unlike AEs, the rainwater use efficiency (RUE) was
significantly higher in 2019 than in 2018 as a result of the
high differences in rainfall amount between the 2 years (Table 4;
P < 0.001). Likewise, RUEs were significantly affected by variety
and fertilization (Table 4; P < 0.05). Such DT varieties resulted
in the highest RUEs, ranging from 3 of 4.2 kg grain ha−1 mm−1,
whereas the DMR variety had RUEs ranging from 3 of 4.2 kg
grain ha−1 mm−1 (Table 4). As a result of the similar grain yields
produced with RR treatment, microdosing treatments resulted in
the similar RUEs with RR treatment, ranging from 3.3 to 4.2 kg
grain ha−1 mm−1. Like AEs, interaction was found (Table 4).
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TABLE 4 | Agronomic efficiency of N (AE-N) and P (AE-P) and rainfall use efficiency (RUE) (mean ± standard error) as affected by the cropping years, varieties, and

mineral fertilizer.

Factors Levels AE-N AE-P RUE

kg grain kg−1 N kg grain kg−1 P kg grain ha−1 mm−1

Cropping years (Y) 2018 54.6 ± 20.8 253.2 ± 93.0 3.4a ± 1.1a

2019 52.3 ± 20.2 241.7 ± 92.6 4.0 ± 1.5b

Varieties (V) DMR ESR 45.5 ± 15.5 a 208.1 ± 53.0 a 3.2 ± 1.3 a

TZEE W 57.0 ± 20.6 b 269.9 ± 114.7 b 4.0 ± 1.3 ab

TZE Y 59.7 ± 22.1 b 277.6 ± 102.1 b 4.2+1.4 b

2008Syn EE 53.8 ± 21.6 b 234.3 ± 90.8 ab 4.0 ± 1.3 ab

2000Syn EE 51.3 ± 20.4 ab 341.1 ± 80.5 b 3.0 ± 1.1 ab

Mineral fertilizer (F) Control - - 1.9 ± 1.2 a

MD1 54.5 ± 17.3 b 341.1 ± 108.5 c 3.2 ± 0.9 ab

MD2 71.0 ± 13.2 c 222.1 ± 41.5 b 4.2 ± 0.6 c

MD3 60.8 ± 11.8 b 266.2 ± 51.7 b 4.7 ± 0.7 c

RR 27.0 ± 5.6 a 160.4 ± 33.0 a 4.7 ± 0.8 c

P-values

Y 0.015 0.006 <0.001

V ns ns <0.001

F <0.001 <0.001 0.0001

Y × V ns ns ns

Y × F ns ns ns

V × F ns ns ns

Y × V × F ns ns ns

Control refers to the absolute unfertilized treatment; MD1 (N25P4), MD2 (N25P8), MD3 (N35P8), and RR (N76P13) refer to fertilizer microdosing option 1, 2, and 3 and the recommended

fertilizer rate, respectively. For each factor, different lowercase letters after data indicate significant differences at P < 0.05. ns, non-significant; EA, Agronomic Efficiency; RUE, Rainfall

Use Efficiency.

Economic Performance Indicators
The economic analysis based on average costs of inputs and
outputs (Table 5) revealed a larger benefit for DT varieties
compared to DS variety. Overall, the partial gross margin, the
gross return, the VCR, and BCR were significantly higher on DT
varieties than on DS variety. For both years, DT varieties have
increased the GMandGR by 137USD (67%) and 156USD (85%),
respectively, compared to DS variety (DMR ESR). The VCR and
BCR were increased by 57 and 85% compared to the DS variety.

Like DT varieties, microdose fertilization obtained the highest
performances. The MD1, MD2, andMD3 options have increased
the GM by 336 USD (108%), 453 USD (145%), and 550 USD
(176%), respectively, compared to the control without fertilizer,
whereas RR has increased the GM by 489 USD (156%). Also,
GR was increased by 310, 419, 511, and 454% for MD1, MD2,
MD3, and RR, respectively, compared to the unfertilized control.
However, MD3 and RR were statistically similar.

Overall, benefit-cost-ratio (BCR) and value-cost-ratio (VCR)
tended to increase with the increasing microdosing application
rates. The VCR on microdosing treatments vary between 5.6 and
6.5. The highest values of BCR and VCR were observed in MD3,
while the lowest value in RR for BCR and MD1 for VCR (p <

0.001; Table 5). MD2 and MD3 significantly increase BCR and
VCR by 19% and 47% on average, respectively, compared to RR
(p < 0.001; Table 5). Also, there was a high significant effect of
year on all economic indicators except for VCR (Table 5). As for

yields, the highest GM, GR, and BCR was observed in 2018 and
the lowest in 2019. A significant interaction was found between
variety and fertilization for GM,GR, and BCR (p< 0.05;Table 5).
Under the combined use of DT varieties and microdosing, GM
and GR were increased by 156 and 450%, respectively, compared
to control while the increases were 33 and 52%, respectively,
under the combined use of the DS variety and microdosing
(Supplementary Figure 3).

Relationship Among Yield, Growth Metrics,
and Yield Components
For all varieties, positive and significant correlation was found
between grain yield and LAI (r = 0.66–0.93; P < 0.001), and
TDM (r = 0.70–0.94; P < 0.001) throughout the two growing
seasons (Table 6). Unlike LAI and TDM, very few correlations
were found between plant height and grain yield except for DMR-
ESR-W and TZE-Y-Pop varieties where positive and significant
correlation was found between the grain yield and plant height
at 48 and 62 DAS (r = 0.42–0.68; P < 0.05; Table 6). Likewise,
generally, no significant and very few correlation were found
between grain yield and DMA (r = 0.28–0.76), TrDM (r = 0.21–
0.56), and DMtE (r = 0.08–0.55). There was a strong positive
correlation between grain yields and stover yields (r = 0.85–0.92;
P< 0.001) and thousand grains weight (r= 0.65–0.94; P< 0.001),
regardless of the variety. Generally, for the number of grains per
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TABLE 5 | Gross margin (GM, USD), gross return (GR, USD), benefit-cost-ratio (BCR), and value-cost-ratio (VCR) (mean ± standard error) as affected by the cropping

years, varieties, and mineral fertilizer.

Factors Levels Gross margin Gross return BCR VCR

USD

Cropping years (Y) 2018 720.2 ± 237.8 508.8 ± 237.8 1.9 ± 0.4 5.6 ± 1.5

2019 636.1 ± 220.7 427.1 ± 216.0 1.6 ± 0.4 5.4 ± 1.4

Varieties (V) DMR ESR 564.0 ± 220.7 a 358.5 ± 210.6 a 1.3 ± 0.06 ab 4.8 ± 1.2 a

TZEE W 725.4 ± 223.6 b 513.8 ± 223.6 ab 1.9 ± 0.06 bc 5.9 ± 1.4 ab

TZE Y 763.1 ± 248.6 b 551.6 ± 248.6 b 2.0 ± 0.06 c 6.2 ± 1.5 b

2008Syn EE 712.4 ± 218.5 ab 501.0 ± 128.5 ab 1.8 ± 0.06 c 5.4 ± 1.5 ab

2000Syn EE 626.0 ± 205.5 ab 414.7 ± 205.5 ab 1.5 ± 0.06 a 5.3 ± 1.4 ab

Mineral fertilizer (F) Control 312.1 ± 68.2 a 106.5 ± 58.2 a - -

MD1 648.6 ± 147.9 b 437.1 ± 147.9 b 1.5 ± 0.06 a 5.2 ± 1.2 b

MD2 765.4 ± 109.1 c 554.0 ± 109.1 c 1.8 ± 0.06 bc 6.1 ± 1.1 bc

MD3 862.8 ± 140.1 d 651.5 ± 140.1 d 2.0 ± 0.06 c 6.5 ± 1.2 c

RR 802.0 ± 145.1 cd 590.7 ± 145.1 cd 1.6 ± 0.06 ab 4.3 ± 0.8 a

P-values

Y 0.072 0.076 0.027 ns

V <0.001 <0.001 <0.001 <0.001

F <0.001 <0.001 <0.001 0.001

Y × V Ns ns ns ns

Y × F Ns ns ns ns

V × F 0.043 0.026 0.05 ns

Y × V × F Ns ns ns ns

Control refers to the absolute unfertilized treatment; MD1 (N25P4), MD2 (N25P8), MD3 (N35P8), and RR (N76P13) refer to fertilizer microdosing and the recommended fertilizer rates,

respectively. BCR, Benefit-Cost-Ratio; VCR, Value-Cost-Ratio; For each factor, different lowercase letters after data indicate significant differences at P < 0.05. ns, non-significant.

cob, correlations are very few and non-significant (r = 0.11–0.82;
P > 0.05; Table 6).

DISCUSSION

Agronomic Performances of Different DT
Maize Varieties
Drought-tolerant (DT) varieties show an excellent capacity to
accumulate dry matter than the DS variety, respectively, at 48 and
62 DAS (Figure 3). Likewise, these varieties recorded the greatest
leaf area index, despite the climate-sensitive variety are reputed
to produce more leaves during their cycle. Compared to climate-
sensitive varieties, DT varieties loss less leaves after silking (not
shown). These leaves actively participate in accumulating more
biomass than the climate-sensitive variety. Faster senescence of
the leaves in maize production can be the result of genetic and
N-stress (Schulte auf ’m Erley et al., 2007), water stress (Sah
et al., 2020), and disease. But, in our study, this can be attributed
to genetic reason because these parameters are not a variation
source. Tollenaar and Lee (2006) and Echarte et al. (2008) have
obtained similar conclusions when comparing an older hybrid
and a modern hybrid of maize. Duvick et al. (2004) concluded
that the delayed leaf senescence during grain filling has been one
of the traits that was the most visually distinctive between older
and newer hybrids.

The DT varieties have improved the grain and stover yields
compared to the climate-sensitive variety. These results show
that genetic improvement greatly contributes to increasing grain
and stover yields. Abbassene et al. (1997) revealed that in semi-
arid altitude conditions, the early genotypes are characterized
by high filling speeds per m², which are opposed to late
genotypes by efficiently using the assimilates stored in the stem.
This contributes to accumulation of more dry matter than the
late genotype. Equally, climate-sensitive varieties invest little
carbohydrates during the filling of cob because of the effects
of heat and water stress, many of their tillers abort (Abbassene
et al., 1997; Brancourt-Hulmel et al., 2003). Other studies have
come to the same result that the DT varieties have shown a
yield advantage over conventional hybrids under drought stress
conditions (Varshney et al., 2011; Ziyomo et al., 2013; Sammons
et al., 2014; Vanlauwe et al., 2014).

Indeed, under conditions of water stress, early varieties are
genetically more predisposed to produce more carbohydrates
than late genotypes. In controlled drought trials, DT maize has
been found to have a yield advantage of as high as 137% over
a commercial comparison variety (Fisher et al., 2015). Vernooy
(2003) have concluded that the use of local genotypes is a limiting
factor in the productivity of maize. Also, DT varieties obtained
the highest value of TrDM contrary to climate-sensitive variety.
The high part of dry matter was produce after the anthesis
day. Ying et al. (2002) confirmed the ability of a newer hybrid
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TABLE 6 | Relationship between maize grain yield and other agronomic variables taken over the two cropping seasons (two-sided test of correlations different from zero,

r, and probabilities, P).

DMR ESR W TZEE W Pop TZE Y Pop 2000Syn 2008Syn

R P-value r P-value r P-value r P-value r P-value

Ph34 DAS 0.32 0.083 0.15 0.413 0.16 0.38 0.09 0.61 0.33 0.07

Ph48 DAS 0.59 0.001 0.15 0.431 0.42 0.020 0.37 0.042 0.42 0.022

Ph62 DAS 0.68 <0.001 0.29 0.103 0.62 <0.001 0.37 0.047 0.46 0.011

LAI34 DAS 0.85 <0.001 0.76 <0.001 0.66 <0.001 0.72 <0.001 0.67 <0.001

LAI48 DAS 0.89 <0.001 0.79 <0.001 0.86 <0.001 0.86 <0.001 0.84 <0.001

LAI62 DAS 0.84 <0.001 0.88 <0.001 0.67 <0.001 0.93 <0.001 0.92 <0.001

TDM34 DAS 0.89 <0.001 0.79 <0.001 0.80 <0.001 0.85 <0.001 0.70 <0.001

TDM48 DAS 0.91 <0.001 0.87 <0.001 0.86 <0.001 0.88 <0.001 0.82 <0.001

TDM62 DAS 0.94 <0.001 0.90 <0.001 0.91 <0.001 0.89 <0.001 0.89 <0.001

DMA 0.75 <0.001 0.28 0.131 0.61 <0.001 0.35 0.056 0.76 <0.001

TrDM 0.21 0.259 0.55 0.001 0.46 0.010 0.32 0.217 0.29 0.115

DME 0.55 0.002 0.08 0.667 0.22 0.239 0.33 0.074 0.43 0.016

Stover yield 0.88 <0.001 0.89 <0.001 0.92 <0.001 0.85 <0.001 0.87 <0.001

TGW 0.94 <0.001 0.65 <0.001 0.66 <0.001 0.81 <0.001 0.92 <0.001

Ph, plant height (cm); LAI, Leaf area index; TDM, total dry matter; SY, stover yield; HI, harvest index; TGW, thousand grains weight; DMA, Dry matter accumulation; TrDM, Translocation

dry matter; DME, Dry matter efficiency.

to maintain a relatively high leaf carbon exchange during the
grain-filling period (i.e., functional “stay green”), which positively
influenced the dry matter accumulation. Inconsistently, DM
accumulation values were high with the climate-sensitive variety.
Indeed, a great part of dry matter was produced before the
anthesis day for this variety. Climate-sensitive variety did more
stock of assimilates in their stem for being used in the grain
filling before anthesis in opposite to DT varieties, which was done
after the anthesis day. In the same trend, Ciampitti and Vyn
(2012) showed a high total plant biomass accumulation during
the post-silking period in recently released cultivars (1991–
2011) compared with older genotypes (1949–1990). Conversely,
the high DM accumulation in modern cultivars during the
post-silking stage may be largely explained by the delayed leaf
senescence from silking to maturity (Tollenaar et al., 2004). Stay-
green leaves at maturity are considered to be a major contributor
to the genetic improvement in maize yield in the United States of
America (Duvick, 2005).

These DT varieties also show a significant economic advantage
under fertilizer microdosing over climate-sensitive varieties.
Gross margin and the gross return were improved by DT varieties
by 67 and 85%, respectively, compared to the climate-sensitive
variety. In Zimbabwe, for example, DT varieties increased yields
of climate-resilient maize, and translated to in an income of
240 USD per hectare (Lunduka et al., 2019). Equally, VCR and
BCR were increased by 57 and 85%, respectively, compared to
the climate-sensitive variety. These economic performances are
due to the perfect adaptation of these varieties to the actual
context of climate change. The adoption of climate-smart maize
across 13 African countries has the potential to generate between
362 million USD to 590 million USD over a 7-year period,
through both yield gains and an increase in yield stability

(Kostandini et al., 2013). This is an opportunity for small farmers
to make profitable maize production.

Maize Response to Fertilizer Microdosing
Application
The results show that the ability of plants to accumulate the total
dry matter at harvest varied greatly with fertilizer treatments.
Mineral fertilization increased the average biomass by 73, 101,
and 119% respectively for MD1, MD2, and MD3 compared
to the unfertilized control. Among all the microdoses tested,
MD3 produced the most dry matter as the RR treatment at
62 DAS. This is probably due to the availability of nutrients
that are indispensable for the plant at the right time and
right placement under the microdose fertilization technique.
Likewise, fertilization significantly affected the leaf area index
with the highest values obtained under MD3 and RR treatments
showing the high potentiality of microdosing to increase
photosynthesis rate.

The addition of nitrogen and phosphorus through
microdosing helped to boost average grain productivity by
171% and straw by 98%. This could be explained by the low
nitrogen (N) and phosphorus (P) content in the arable layers
of cultivated African soils (Bationo et al., 1998). Conventional
fertilization is, therefore, an interesting method of intensifying
cereal production systems (Kamara et al., 2005; Wopereis et al.,
2006; Vanlauwe et al., 2014; Naab et al., 2015). However, its
rational and sustainable use is desirable. Microdoses of MD1,
MD2, and MD3 have increased the average yields by 132,
173, and 208%, respectively, compared to the control without
fertilizer. The International Crops Research Institute for the
Semi-Arid Tropics, ICRISAT (2009) showed an increase of
sorghum and millet grain yields from 44 to 120% compared
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to the control without fertilizer. Twomlow et al. (2010) also
concluded an increase in grain yields of 30–40% with an
application of 17 kg N ha−1 on the skeletal soils of Zimbabwe. In
addition, Ncube et al. (2007) showed that farmers can increase
their yield by 50% with only 9 kg/ha of nitrogen compared
to control without fertilizers. Likewise, Buerkert et al. (2001)
obtained an increase from 70 to 74% on cereals in stations under
microdose fertilization with NPK (Nitrogen, Phosphorus and
Potassium) compound fertilizers. Indeed, microdose fertilization
increases the efficient use of the provided nutrients (Ibrahim
et al., 2015). A recent meta-analysis realized by Ouedraogo
et al. (2020) on microdosing performance in Sub-Sahara Africa
revealed a 68% increase of cereal yields (maize, millet, and
sorghum). Microdosing provides sufficient nutrients, especially
on poor soils or degraded lands in amounts that are not too
costly and are not damaging to the environment (Murendo and
Wollni, 2015). This technology stimulates premature growth of
the plant root system (Ibrahim et al., 2015). This increases the
nutrient absorption capacity and, thus, accelerates the capacity
of the plant to store more matter and to have an optimal growth
and development. Also, localized application reduces the risk of
losses by leaching and volatilization.

The harvest index (HI) is used to assess the ability of a variety
to produce more grain than above-ground biomass. The control
without fertilizer tends to produce more aerial biomass than
grain. This can be explained by the deficit of nutrients in the
soil at the filling grain stage. The average harvest index varied
considerably between years with the largest indices obtained in
2018 compared to 2019. This could be the direct consequence of
the rainfall fluctuations and dry spells observed in 2019. Indeed,
under conditions of water stress, themaize plant tends to produce
more biomass than grain. According to Tshiabukole (2018), water
stress during flowering results in a sharp reduction of the number
of seeds per cob. Likewise, the fertilizer treatments improved
significantly the TGW by 43% compared to the control. This
can be a result of a much high photosynthetic activity on these
treated plots.

Likewise, microdosing technology hugely increased the GM
and GR compared to the control without fertilizer. By using this
technology, farmers can increase the GM and GR by 143 and
413%, respectively, against the increases of 156 and 454% under
RR treatment. However, MD3 shows a similar performance to
RR despite the large difference in the applied fertilizer rates
between the two treatments. Indeed, despite the high variable
cost of microdosing fertilizer, this technology incurs more return
on investment than the conventional practice. Aune et al. (2012)
showed that gross margin could be doubled through the use of
microdosing in Mali. Likewise, GM increase of 170 USD was
found by Tovihoudji et al. (2019) on maize under combined
hill-placed manure and microdose fertilization.

The VCR under microdose fertilization varies between 5.6 and
6.5. In economic terms, a VCR value greater than 1 means that
the cost of investment in fertilizer and in additional labor costs
are recovered, while a VCR of 2 represents a 100% return on
investment (Kihara et al., 2016). These values are well greater
than values of 3–4 that may be required in risky environments
(CIMMYT, 1988). Aune and Ousman (2011) reported under

the on-farm experiments in Sudan, VCRs of 6.1 and 6.8 for
sorghum and millet, respectively, under the application of 0.3 g
fertilizer per pocket and priming. Likewise, the BCR was high
on microdosing treatments. The microdosing option 3 has
increased the BCR to 26% compared to RR, thus, showing its
economic potential.

Efficiency of Fertilizer Microdosing Across
Different DT Maize Varieties
Many studies separately reported the efficacy of microdosing
and DT varieties as climate-smart technologies, but few have
reported their effect together. Indeed, the efficiency of fertilizer
microdosing varied across varieties. When comparing the
microdosing treatments or the recommended rate, the greatest
yield and yield attributes, profitability, and agronomic efficiency
were observed on DT varieties. Microdosing fertilization
application offers an average yield surplus of 658 kg (+30%)
under DT varieties compared to its combination with the
climate-sensitive variety. This performance was undoubtedly
the result of an additive effect of these two climate-smart
technologies. In fact, DT varieties are able to optimize yield under
water stress, while fertilizer microdosing favors the efficient use
of nutrients. Likewise, DT varieties revealed their highest growth
and yield potential under low nutrient conditions than climate-
sensitive varieties. Collectively, these effects strengthen the ability
of the maize cropping systems to resist to environmental
constraints and increase the economic profitability. Tshiabukole
et al. (2019) recently reported in their study the high potential of
DT and agroecological adaptation varieties under low fertilizers
use. However, using low N fertilization (30 kg N ha−1) and
46 kg ha−1 of superphosphate. Yeboah et al. (2019) observed no
significant effect of DT varieties and nitrogen fertilizer in farm
conditions during the major and minor seasons. Kabate et al.
(2015), by reviewing the factors driving the doubling of maize
yields in recent years in Ethiopia, showed that this was due to
the adoption of modern (tolerant and high yielding) varieties
coupled with the application of a small amount of nitrogen
(34 kg ha). When using microdosing on DS variety, GM and
GR were increased by 33% (202 USD) and 263% (279 USD),
respectively, while microdosing use under DT varieties increases
these economic parameters by 156% (487 USD) and 450% (482
USD) compared to the control. With the combined use of
microdosing and DT varieties, a gain of almost triple and double
of the GM and GR was obtained. Here, this combination proves
to be a net and gross income multiplier in the maize farming
system. Indeed, this combination optimizes yields and nutrient
use, minimizes inputs by reducing the amount of fertilizer used,
and minimizes the effect of environmental constraints, notably
water stress.

However, the agronomic and economic performance
of microdose fertilization is variable across environmental
conditions and agricultural practices, as mentioned by
Ouedraogo et al. (2020). Likewise, several studies showed
that microdose fertilization strategy resulted in negative partial
nutrient balances in the order of−24 to−64 kg N ha−1 (Ibrahim
et al., 2015, 2016; Tovihoudji et al., 2017). Even though this
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negative balance has not been demonstrated with DT varieties in
this study, it may be necessary to combine these two technologies
with organic amendments (farmyard manure, crop residues,
etc.) to ensure a long term sustainability.

CONCLUSION

The results of the current study show that the adequate supply
of fertilizers through microdosing technology have considerably
improved the growth and yield performances of maize such as
the recommended rate, which is more expensive. Microdosing
has also been shown to be more efficient in the use of
nutrients. Likewise, DT varieties were better for all the studied
parameters than the climate-sensitive variety. Also, the economic
evaluation shows that these are lucrative compared to the
conventional practice. The combination of microdose and DT
varieties (especially 35 kg ha−1 of nitrogen and 8 kg ha−1 of
phosphorus), under TZE Y Pop STR QPM variety, seems to be
a very interesting alternative in our current context of declining
soil fertility and climatic variability. However, further testing
of the technologies through on-farm experiments are required
to confirm our findings. There is a need to evaluate these
management options in fields of farmers, taking into account
the different climatic, soil, and management conditions, to better
assess and understand the variation in maize response and
economic benefits and risk.
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