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The Abuja Fertilizer Declaration in 2006 recommended the increase of fertilizer use
from the current practice for Sub-Saharan Africa (SSA) to achieve food sufficiency
and improve soil fertility status. However, the current recommended rates of fertilizer
have not been evaluated for specific crops on their potential to reduce the yield gap
and optimize nitrogen use efficiency (NUE). In this study, with nitrogen (N) being a
significant yield-determinant nutrient, four N use scenarios were drawn from existing
recommendations and were evaluated under field conditions for maize crops in two
catchments of the Lake Victoria basin. The scenarios included Business as Usual (BAU,
Okg N ha™'), 25% of the Abuja declaration (ADS 12.5kg N ha~'), 50% of the Abuja
declaration (ADS 25kg N ha~'), and Abuja declaration-Abuja scenario (ADS, 50kg N
ha="). The results revealed that increasing N input levels significantly influenced the
growth and yield of maize crops. The ADS scenario recorded the highest grain yield
increase (167.39%) in Nyando and 103.25% in Rangwe catchments compared to the
BAU scenario. N deficits were observed in all the N use scenarios with a range of —66.6
to —125.7 kg N ha~" in Nyando and —62.5 to —105.4 kg N ha~" in Rangwe catchments
with the 50% ADS scenario having the highest deficits. The deficits imply that the added
N input is insufficient to create an N balance for optimal NUE with consequent high risks
of soil N mining. In both catchments, all N use scenarios were within the recommended
agro-physiological N efficiency (APEy) level of between 40 and 60 kg kg~' N. The partial
N balance obtained at Nyando (1.56-3.11) and Rangwe (1.10-4.64) was higher than the
optimal values, a sign of insufficiency of N inputs and possible risk of soil N depletion
in all the scenarios. Our findings conclude that the proposed N rates in the region
are still very low for food sufficiency and optimized NUE. Therefore, there is a need to
explore other sources of N such as biological N fixation and organic manure and inform
policy- and decision-makers to recommend higher rates beyond the “Abuja declaration”
with the prospect of reaching target yield and optimizing NUE values based on specific
crop recommendations.
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INTRODUCTION

Low soil fertility in Sub-Saharan Africa (SSA) is a significant
challenge limiting the realization of higher crop productivity
among small-scale farmers (Vanlauwe and Giller, 2006; Ten
Berge et al., 2019). In most farms, negative nutrient balances
have been reported where the use of nutrients has been below
10kg ha™!, and in most cases, no mineral fertilizer is applied
(Chianu et al,, 2012; FAO, 2017; Gram et al.,, 2020) compared
to over 100kg ha™! in Europe, North America, and China
(Rurinda et al., 2020). Nitrogen (N) is a critical element for
increased crop production and is a significant yield-determining
nutrient in farming systems (Noor et al., 2020; Quemada et al,,
2020). Ninety percent of fertilizers applied in Africa are used
to supply N, although the current application rates are far
below the recommended rates (Thar et al., 2021). Although
N is required in adequate quantities to sustain yields, caution
should be exercised to avoid excessive application. According
to the African Union (2006), agricultural ministers pointed out
that increasing fertilizer application rates to 50 kg ha=! in SSA
could be the main solution to lift the low productivity levels
of maize. Against this background, with ~90% of the fertilizer
used being of N form, assessing its efficiency on soil fertility
is critical. According to Richards et al. (2016) and a report
by the African Union (2014), the recommended rate of 50 kg
ha~! by the Abuja Declaration on Fertilizer for the African
Green Revolution remains a nightmare for many farmers. The
low inputs have contributed to the depletion of soil stocks,
characterized as “soil mining,” leading to soil fertility losses (Ten
Berge et al., 2019; Leitner et al., 2020), implying that the amount
of nutrients absorbed/removed by crops is higher than fertilizers
applied (Chianu et al., 2012). N depletion rates in SSA have been
reported to be more than 100 kg N ha=! (Akintoye et al., 1999;
Nyamangara et al., 2003; Oikeh et al., 2003; Pasley et al., 2020).
Maize remains one of the most cultivated crops due to its
essence in the food and livelihoods of the population in SSA
(Badu-Apraku and Fakorede, 2017; Ten Berge et al.,, 2019).
However, maize yields in this region are low due mainly to
insufficient fertilizer inputs and accessibility of input (Jama et al.,
2017; Beesigamukama et al., 2020; Gweyi-Onyango et al., 2021).
Existing evidence shows that maize yield is as low as 1.4t ha™!
against a potential of 4-13t ha™! in SSA when proper nutrition
and improved varieties are used (Mueller et al., 2012; Tamene
et al., 2016). According to Mueller et al. (2012), closing yield
gaps in SSA to ~50% of the attainable yields requires addressing
the existing nutrient deficiencies, which remains a challenge
for many smallholder farmers. As reported by Dzanku et al.
(2015), smallholder agriculture in Africa experiences large food
crop yield gaps under rainfed conditions. With the anticipated
population increase in SSA, approaches are required to reduce
the yield gap particularly for cereal crop that forms the most basic
meal for every household (Van Ittersum et al., 2016). Small-scale
agrarian livelihood is the most dominant production system,
contributing to most national-level food production, with a
significant farm size being <2 ha (Leitner et al., 2020). Low use
N input and small crop land for most rural farmers contribute
significantly to large yield gaps. However, increasing N input is

linked to increment of yield and minimizes the current gaps and
food insecurities. This can be attested from Malawi’s experience
where maize yield doubled with fertilizers’ subsidies that allowed
farmers access to N fertilizers and use of improved maize varieties
(Folberth et al., 2013; Masso et al., 2017; Katengeza, 2020).

Nitrogen use efficiency (NUE) is defined as a ratio between
the amount of N removed with harvest and N applied in the
cropping system. It is an established metric used to benchmark
the management of N in defined systems (Congreves et al., 2021;
Ntinyari et al., 2021). NUE provides information on the relative
utilization of applied N to an agricultural production system
to either specific plots or farms (Brentrup and Palliere, 2010).
The components of NUE that are critical in the analysis of N
management are as follows: the partial N budget (PNB) that
shows the nutrient recovery efficiency; the agronomic efficiency
of N (AEN) shows the measure of crop yield with the amount of
N added (Dobermann, 2005); the agro-physiological N efficiency
(APEy) shows the economic yield per unit N accumulated from
the N fertilizer applied (Dobermann, 2005); and N surplus/deficit
that shows a balance between N input and output from the
system with positive values indicating surplus and negative values
showing N deficits.

Insufficient N inputs in most SSA countries have been linked
to NUE values above 100% (Edmonds et al., 2009), compared
to 70% in regions with good use of N in cropping systems
(Sutton et al., 2013; Masso et al., 2020). The European Union
Nitrogen Expert Panel (EUNEP, 2016) described the desired
NUE to range between 50 and 90%. NUE levels higher than
90% represent chances of extreme risks of mining soil N stocks
(Quemada et al., 2020). Comparatively, global NUE averages
approximately 45-50%, indicating that a few countries have
achieved a desirable NUE.

According to Elrys et al. (2020), the failure of African countries
to achieve a six-fold increase in fertilizer input, as suggested by
the Alliance for a Green Revolution in Africa (Trade and Africa,
(2018), has led to poor NUE values posing a severe threat toward
achieving food sufficiency and environmental sustainability.
Therefore, there is a need to adopt better practices to optimize
NUE and minimize the risks of excess soil nutrient mining in
scenarios with low N inputs (Kuyah et al., 2021). According
to Hirel et al. (2011), N fertilizer’s in-season application is an
essential facet toward improving NUE. Proper timing of N
fertilizer application improves synchronization of available N
to plants and maximizes uptake and utilization (Yadav et al.,
2017; Ullah et al., 2019; Ishfaq et al., 2021). To optimize NUE,
farmers are encouraged to apply the 4 R stewardship of nutrient
management (i.e., right rate, right source, right timing, and
right placement) to increase NUE while minimizing losses and
environmental impacts (Davidson et al., 2016; Masso et al., 2017;
Ladha et al., 2020; Ntinyari and Gweyi-Onyango, 2021).

Although recommendations by the Abuja declaration have
been made to increase fertilizer inputs, their influence on NUE
has not been evaluated at the plot level. Besides, most of the
studies have relied on model projections in estimating the change
in yield over time (Mueller et al.,, 2012; Leitner et al., 2020).
Still, they have neglected key indicators for NUE for major
crops within the region. Based on this, scenarios for N use were
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simulated at field conditions to give insights into possibilities
of reducing the yield gap, optimizing NUE, and contributing to
farmers’ knowledge on improving N management. The scenario’s
choices were based on the Comprehensive Africa Agriculture
Development Programme (CAADP), Abuja declaration of 2006,
and Malabo declaration of 2014 aligned with global agriculture
and Sustainable Development Goals. The objective of this study
was to evaluate the Abuja 2006 declaration by using gradual
increases of N as a main inorganic fertilizer in SSA for maize for
its effectiveness in reducing yield gaps and enhance achievement
of optimal nitrogen use efficiencies. The scenarios described in
this study show a projected transition of N inputs uses by the
farmers from the current practices. This is one of the first studies
to assess the effect of the Abuja fertilizer declaration (50 kg ha™!)
on optimization of NUE in yield, agronomic, and environmental
sustainability, assuming that farmers will transit gradually from
current practices. The results from this study can be a basis for
the formulation of new policies and priorities for sustainable N
management within the region.

MATERIALS AND METHODS
Study Site Characteristics

Two field experiments were carried out in two distinct
catchments of the Lake Victoria basin, namely, Nyando and
Rangwe. Nyando is located in Kisumu County 34.912190°S,
—0.148550°E at an elevation of 1,154 m above sea level. The
average monthly temperatures are between 24.0 and 25°C. The
soils in the study site are Vertisols black cotton soils with shallow
depths, high organic matter, and moderate pH levels (Gachene
and Kimaru, 2003). The catchment receives cumulative rainfall
of 1,350 mm annually. Rangwe is located in Homabay county at
34.573104°S, 0.623583°E with an elevation of 1,166 m above sea
level. The average monthly temperatures range between 22.1 and
23.9°C. The soils are Eutric Fluvisol with low organic matter and
moderate pH levels. The cumulative rainfall for the catchment
is 1,646 mm annually. The analysis of the selected physical-
chemical characteristics were done according to Okalebo et al.
(2002) (Table 1).

Nitrogen Fertilizer Scenarios Applied

The change in N fertilizer use was assumed to be influenced
by implementing various recommendations and policy
interventions set aside for the Africas Green revolution
and livelihood transformation through Agriculture (Trade and
Africa, 2018).

Scenario 1: Business as Usual (BAU)

The first scenario evaluated maize simulation (BAU) representing
zero N input (0 kg N ha™1), reflecting the actual farmers’ practices
in the two catchments. This scenario was guided by the fact that
60% of the farmers in the region do not use N fertilizer input
in their maize fields. Therefore, this scenario assumes that the
farmers in this category would continue to grow crops without
any N inputs over time.

TABLE 1 | Selected chemical and physical characteristics of the experimental
soils.

Parameter Nyando Rangwe
0-20 cm 20-40 cm 0-20 cm 20-40 cm

Total N% 0.07 0.06 0.08 0.07
TOC (%) 1.35 1.16 0.56 0.82
NO—2 (mg kg~") 18.90 10.6 16.20 12.00
NH** (mg kg~") 22.20 36.5 45.20 32.60
pH (1:2.5 water) 5.70 5.9 6.13 6.23
EC (ms cm™") 0.13 0.14 0.07 0.04
Available P (ppm) 28.8 62.3 7.20 9.70
Ca (cmol kg™") 7.50 6.2 2.85 3.10
K (cmol kg~") 1.76 1.14 1.18 0.48
Bulk density (g cm~2) 1.30 1.32 1.40 1.43

Case 2: 25% of the Abuja Declaration (25% ADS)

The second scenario represented 25% of the recommended rate
by the Abuja declaration of 2006 on the set target of 50 kg ha~!
and recommended by Africa.fertilizer.org. In this scenario, N
input was set to 12.5kg N ha™!, which was the average nutrient
application rate by 2015 from Abuja fertilizer declaration in 2006.

Case 3: 50% of the Abuja Declaration (50% ADS)

Scenario 3 represented 50% of the recommended rate by the
Abuja declaration of 2006 on the set target of 50kg ha=! of
nutrients. The N input for this scenario was 25kg N ha™! and
represented a double increment and a transition from the 25%
ADS scenario that was the base value in the fertilizer declaration
summit. This scenario also reflects the current N input rates by
some farmers in selected countries in SSA (Sheahan et al., 2014).

Case 4: Abuja Declaration Scenario (ADS)

This scenario used 50kg N ha~!, which was adopted as the
set target for Abuja fertilizer declaration. Nevertheless, many
farmers are still far short of the Abuja fertilizer summit. The
scenario represented 100% transition by the farmers to the
“summit adopted” rate of N application. This scenario assumes
that there will be changes in favor of fertilizer accessibility; hence,
farmers will purchase/access and apply the recommended N
inputs in maize cropping systems.

Experimental Design and Data Collection

Maize (Zea mays L.) seeds of Sc Duma-43 from the Seed
Co. (hybrid variety and recommended for the Lake Victoria
catchment) were sown in the fields during the cropping season
of September 2020-January 2021. A total of 16 plots measuring
5 x 5m with border widths of 0.5 and 1m for plots and
blocks, respectively, were adopted and arranged in a randomized
complete block design (RCBD) with four replications for each
scenario. The spacing for the maize plants was 75 x 25cm.
Three plants per hill were planted and thinning was done
to 2 seedlings per hill after 2 weeks of germination. Urea, a
commonly available source of nitrogen fertilizer in the region,
was applied into fields except for control (BAU) and other treats
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as 12.5kg N ha=!, 25kg N ha™!, and 50kg N ha~!. The N
fertilizer was applied in two splits; the first split was at planting,
while the second application was during the vegetative stage,
which corresponded to 30 days after planting (DAP). During
the experiment, the standard agronomic practices of maize crop
production, including weeding and pest control, were carried out.

Data on biomass and other growth parameters were collected
at three critical stages of maize production: vegetative, which
was 30 DAP, tasseling (60 DAP), and physiological maturity (90
DAP). Five plant samples were collected from the experimental
plots at vegetative (V6), reproductive (R1), and physiological
maturity (R6) harvesting stages. The samples were thoroughly
washed in running water to free them from soil and any other
surface impurities. The samples were separated into leaves, stems,
roots, and grain at harvesting and taken to the laboratory
for drying at a temperature of 70°C for 48h (after achieving
constant weight). The dried samples were then ground using a
mechanical grinder.

At maturity, yield data were collected from each plot after
all the ears had reached physiological maturity. Plants were
harvested by cutting at ground level, and ears were threshed.
Both grain and stover were air-dried and then oven-dried in
the laboratory until a constant moisture content of 12.5% was
reached. The yield obtained from the net plot of each N use
scenario was determined and extrapolated into tons per hectare
(tha™?).

Laboratory Analysis Methods

Soil samples were collected from the two experimental fields
at the start of the experiment to analyze the selected chemical
and physical compositions of the soils The soils were sampled
from depths (0-20 and 20-40 cm) for analysis of total organic
N, available N (NO;3), and NHI), organic carbon, available P,
pH, bulk density electrical conductivity (EC) soil texture, and
exchangeable cation (K and Ca). Electrical conductivity (EC)
and pH were determined using extracts 1:2.5 [weight/volume
(w/v)] for soil to distilled water. The pH and EC were then
read directly using a pH (AD1000, Adwa, Romania) and EC
meter (AVI, Labtech, India), respectively (Okalebo et al., 2002).
The available N (NH4-N and NO3-N) was extracted from soil
using 0.5M potassium sulfate at a ratio of 1:10 (w/v). The
potassium sulfate mixture was shaken for 1h using an orbital
and linear shaker (KOS-3333/KCS-3333, MRC, UK). Filtration
of the solution was done using Whatman No. 1 filter paper, and
the filtrate was used for further analysis using the colorimetric
method at 655 and 419 nm as described by Okalebo et al. (2002).
Total N in soil was determined using the Kjeldahl digestion and
distillation method. Exchangeable Ca and Mg were determined
using Atomic Absorption Spectrometry at 422.7 and 285.2 nm,
respectively (iCE 3300 AA system, Thermo Scientific, Shanghai,
China), and K was determined using flame photometry. Available
phosphorus was analyzed using Bray 2 method as described by
Okalebo et al. (2002). Air-dried samples were ground using an
analytical mill for N concentration in grain and plant tissues
per N use scenario. The N content in the plant tissue (grain
and stover) will be determined by Kjeldahl digestion procedure
(Baker and Thompson, 1992). A sample of 0.3 g of milled plant

material was put in a digestion tube and digestion mixture,
1% NaOH was added, and total N was determined through
distillation. To determine nitrogen partitioned to roots, stem,
leaves, and grain, the N content obtained was divided by the
total amount of N in the whole plant and later converted to a
percentage by multiplying by 100.

Nitrogen Use Efficiency
The calculated N use efficiency indicators, according to Fixen
etal. (2015), were as follows:

a. Partial nutrient balance (PNB) was determined to show
nutrient recovery efficiency, usually expressed as nutrient
output per unit of nutrient input (a ratio of “removal to use”)
(Equation 1).

PNB =
Ncontent of the harvested (edibleportion) (kg N ha™')
Rate of N fertilization (kg N ha=1)

(1)

b. Agro-physiological N efficiency (APEN kg grain kg™!) was
calculated to determine the economic yield per unit N
accumulated from each fertilizer treatment (Equation 2).

APEN =
yield with N (kg ha™') — yield without N(kg ha™")
biomass uptake with N(kg N ha=1) — biomass uptake without N(kgN ha=1)

2

c. Agronomic efficiency of N (AEy kg grain (kg N)™!) was
calculated to show the increase in yield per the unit of N
increase applied (Equation 3).

AEN =
Yield N (kg N ha=') — Yield without N(kg N ha™!)
Rate of N application (kg N ha=1)

3)

d. N surplus/deficit was calculated to show the balance between
the applied N and the crop N removal (Equation 4).

N surplus/ deficits = Ninputs(ngha_l)
- Nuutputs(nghail) (4)

Statistical Analysis

The collected data were checked for normality using the Shapiro-
Wilk test. Plant biomass, N grain yield, NUE, and total nitrogen
crop production were analyzed using a one-way analysis of
variance test using R software version 4.1.0. Computation
of least squares means was done using “Ismeans” package,
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TABLE 2 | Biomass accumulation of maize as influenced by various N use scenarios during maize phenological stages.

N scenarios kg N ha™' Biomass accumulation (t ha~")
Nyando Rangwe
Vegetative (V6) Reproductive (R1) Harvesting (R6) Vegetative (V6) Reproductive (R1) Harvesting (R6)

BAU 0 0.17¢ 2.45° 5.47° 0.13° 2.68° 4.44°
25% ADS 12.5 0.39° 3.25° 8.914 0.35% 3.10b° 4.66°
50% ADS 25 0.762 4.65% 10.172 0.37% 4.86%° 6.62%
ADS 50 0.722 7.00? 10.422 0.422 6.272 8.622
p-value 0.002 0.002 0.004 0.04 0.03 0.004

BAU, Business as Usual; 25% ADS, Abuja declaration scenario; AS, Abuja scenario, vegetative, reproductive, and harvesting = 30, 60, and 90 days after planting, respectively. In the

same column, means with the same letter superscripts are not significantly different.
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FIGURE 1 | Box plots of maize grain yield (A for Nyando and B for Rangwe) influenced by N use scenarios. Boxes and whiskers show 5 and 95% percentiles, boxes
denote 25% (Q1) and 75% (Q3) quartiles, the line in the middle is the median, while single dots indicate outlying values.

followed by mean separation using adjusted Tukey’s method
implemented using “cld” function from the “multicompView”
package. Distribution of means for grain and stover yield was
done using the ggplot command from the ggpubr package (R
Core Team, 2019).

RESULTS

Biomass Accumulation, Grain Yield, and N
Partitioning

Biomass accumulation varied significantly (p < 0.05) among the
N use scenarios during vegetative (V6), reproductive (R1), and
physiological maturity (R6) stages of maize production (Table 2).
There was a significant increase in biomass accumulation from
vegetative (V6), reproductive (R1), and maturity (R6) in the
two catchment areas (Table2), with ADS (50kg N ha™1)
having the highest biomass accumulation of 0.72-10.42t ha™!
in Nyando and 0.42-8.62t ha™! in Rangwe across all the three
phenological stages.

The different N use scenarios showed significant differences (p
< 0.001) in maize grain yield in the two catchments (Figure 1).
A positive trend on grain yield increase with increasing N
application rates was observed. In Nyando, a significant (p
< 0.001) difference was observed across the scenarios, with
ADS 50kg N ha™! having the highest yield of 6.15t ha™1,
which was 167.39% higher compared with the BAU (0Okg
N ha~!) (Figure 1A).

In Rangwe, a similar trend of maize yield was observed
with ADS at 50kg N ha™!, recording the yield of 5.00t ha™1,
which was 103.25% higher than the BAU (0kg N ha™!).
However, the yield differences were not significantly different
between AS and the other two N scenarios (i.e., 25 and
50% ADS) in Rangwe. The regression analyses (Figure 2A)
showed that grain yield increased with N rates, and the
response assumed a polynomial function, with R? values of 0.93
and 0.98 for Nyando and Rangwe, respectively. However, in
Rangwe (Figure 2B), the curve seems to plateau, which could
result from other factors, including calcium and potassium,
which were relatively low in the site, hence affecting N
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FIGURE 3 | Nitrogen partitioning as influenced by nitrogen use scenario (A) for BAU,
in the Rangwe catchment.
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(B) for 25% ADS, (C) for 50% ADS, and (D) for Abuja declaration scenario (ADS)

in the test variety. In all the N wuse scenarios, in both
catchments, the highest N concentration was partitioned to
the grain, representing 39.01-42.07 and 38.62-41.09% of the
entire plant uptake in both Nyando and Rangwe catchment
areas (Figures 3, 4).

The results indicate that ~40% of N uptake was removed from
the field with the grain harvested for all nitrogen use scenarios.
The lowest partitioning of N concentration was observed in the
roots with mean percentage ranges of 28.19-31.19 and 28.41-
29.85% in Rangwe and Nyando, respectively (Figure 4).
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TABLE 3 | Effects of N use scenario fertilizers on nitrogen use efficiencies and partial N balance maize.

N use scenarios Nitrogen use efficiency
Nyando Rangwe
kg N ha~' APEy PNB N surplus/deficit APEy PNB N surplus/deficit

BAU 0 n.a. n.a. —66.6% n.a. n.a. —62.52

25% ADS 125 47.42 3.114 —109.1° 52.48 4.642 —82.4%
50% ADS 25 48.92 2.39° —125.7° 45.42 2.992b —105.4°
ADS 50 51.72 1.56° —119.6° 57.6% 1.10° —63.302
p-value 0.030 0.001 0.001 0.75 0.013 0.001

BAU, Business as Usual; 25% ADS, Abuja declaration scenario; ADS, Abuja scenario; APEn, Agro Physiological Nitrogen Efficiency; PNB, Partial N Budget; n.a., not applicable. In the
same column, means with the same letter are not significantly different.

Nitrogen Use Efficiency to the lack of differences and N inputs being too low. The ADS
Agro-physiological nitrogen efficiency (APEy) was not  scenario at 50kg N ha™! recorded the highest APEy, with a
significantly (p < 0.05) different among the N use scenarios  mean value of 57.60kg grain kg~! N in Rangwe and 51.7 kg
in the two catchments. However, there was a clear trend with  grain kg~! in Nyando catchment. In both catchments, all N use
the highest N inputs (ADS 50kg N ha~!) having higher APEy  scenarios achieved the recommended APEy level of between 40
values. The lack of differences could be influenced by the N and 60 kg grain kg~! N (Table 3).

scenario adopted in this study being too low to affect maize grain N surplus/deficit of maize varied significantly (p < 0.001)
significantly. Moreover, degraded soils could have contributed  across all the scenarios in the two catchments evaluated (Table 3).
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The 50% ADS (25kg N ha~!) had the largest N deficit of —125
and —105kg N ha~! in Nyando and Rangwe catchments. This
indicates that the addition of more N input could optimize N and
reduce the negative imbalances in the soils; however, the 50 kg N
ha~! suggested at the Abuja fertilizer summit is still very low for
maize crop to contribute to the optimization of overall NUE.

The PNB of maize varied significantly (p < 0.001) across all
the N use scenarios evaluated in the two catchments (Table 3).
The 25% ADS (12.5kg N ha™!) had the highest values of PNB of
3.11 kg grain N (kg N)~! in Nyando, while 50% ADS (25kg N
ha=!) and AS (50kg N ha~!) had 2.39 and 1.56 kg grain N (kg
N)~! PNB, respectively.

A similar reducing trend of PNB with an increased N was
also observed at Rangwe. The declining trend of PNB with N
was linear (Figure 5, Table 3). Moreover, ADS (50kg N ha~!)
fertilizer application resulted in a near-optimal PNB of 1.10kg
grain N (kg N)~! (Figure 5). The higher N application rate

resulted in values closer to optimal PNB, while the low N
rates had higher values, far from the optimal range. Figure 6
confirmed a strong association between nitrogen scenarios and
partial N balance for both Nyando and Rangwe study sites. The
increase of N application rates as defined by the N use scenarios
resulted in lowering partial N balance with R* = 0.86 and 0.97 for
Nyando and Rangwe, respectively (Figure 5).

Agronomic Performance
AEy had significant differences across the N use scenarios in the
two catchments. AEy depicts the efficiency of N recovery from
the applied fertilizers in grain yield. In all the N use scenarios, the
AE\N obtained was greater than the common values of 10-30 kg
grain (kg N)~! (Table 4).

The values obtained were between 81.7 and 118.7 kg grain (kg
N)~! in Nyando and between 45.4 and 154.3 kg grain (kg N) ™! in
the Rangwe catchment, which are higher values than 30kg grain
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TABLE 4 | Effects of N use scenario fertilizers on Agronomic Nitrogen Efficiency
(AEy) on maize.

Nyando Rangwe
AEN AEN
BAU - -
25% ADS 118.7% 154.32
50% ADS 132.12 103.02
ADS 81.7° 45.40
p-value 0.02 0.01

BAU, Business as Usual; ADS, Abuja declaration scenario; AS, Abuja scenario. In the
same column, means with the same letter are not significantly different. AEy, Agronomic
efficiency of nitrogen (dash means parameter could not be estimated).

(kg N)~1, implying that the amount of N fertilizer supplied was
very low to optimize AEy.

DISCUSSION

Effects of N Use Scenarios on Nitrogen

Use Efficiency Indicators

PNB that expressed the nutrient output per unit of nutrient input
varied significantly across the scenarios. The values observed in
this study were above the typically optimal range that indicates
insufficient or low N level of the applied fertilizer. The PNB
of 1.56-3.11 and 1.10-4.64 kg grain (kg N)~! (Table 3) showed
that the amount of N used was not sufficient to supply the
required quantity of N to optimize NUE, hence a need for
an increased application. Increasing the fertilizer rate from the
current ADS scenario could lead to more sustainable PNB in
the region, a fact that is supported by the positive regression in
Figure 5. With no plateaus observed in the regression lines, it
may be an indication that increasing more N for the two regions
would result in desirable PNB values (lower than <1) (Figure 6).
Besides, the high PNB values >1 imply that more nutrients were
being removed from the plot than what was applied; a situation of
soil N mining. Therefore, there is lack of a mass balance between
N used and N removed in the crop, with precise/optimal ranges
shown in Figure 6.

Negative values of N balance observed in all the scenarios in
the two catchments (Table 3) implied higher crop removal of N
compared to N input, a process that is likely to contribute to
extreme depletion of the soil N status. The N deficits indicate that
even with the implementation of the Abuja recommendation,
the soil fertility will still decline due to continuous mining.
The current findings agree with those of Snyder and Bruulsema
(2007), who suggested that a PNB value close to 1 is an indicator
of the nutrient’s mass balance and higher than 1 shows extreme
deficits in the systems. However, this was not achieved in our
case, and this could probably mean more N input needs to be
added to correct the existing deficiencies of mineral N inputs.
Similar results of higher PNB >1 were also reported by Fixen
et al. (2015) in the global PNB analysis, with SSA having the
highest values. APEN of maize across the scenarios varied in
the two catchments expressing the plants’ ability to transform

nutrients applied into economic yield (Table 3). The increasing
trend in APEy values obtained in this study could suggest that an
additional supply of more N inputs into the soils would lead to a
positive contribution of the maize crop to transform the acquired
N into economic yield. Therefore, achieving an optimal NUE for
maize crops requires increment of N inputs as confirmed in this
study and also agrees with the projection’s analysis for Elrys et al.
(2020) on Africa achieving food sufficiency in 2050. The APEy
values for ADS (50kg N ha™!) results in the Rangwe catchment
agreed with Fixen et al. (2015), who reported APEN optimal
values of 40-60 kg grain kg~!. The results are also supported by
the findings of Snyder and Bruulsema (2007), who suggested that
APEy values >50 kg/kg could be obtained in low N use in some
of the properly managed systems.

Effects of N Use Scenarios on Agronomic

Performance of Maize

Our results on AEN showed that by increasing the fertilization
rate to 50 kg ha™! as the recommendation in the Abuja Fertilizer
summit, there is a possibility of optimizing AEN (Table 4),
particularly for the Rangwe site though the optimal range was not
achieved, and there was a significant milestone toward enhanced
insights into the sustainability of the agricultural system. The
decreasing trend of AEN with increase in N fertilizer application
rates indicates that with more N, there are possibilities of
achieving an optimal value of AEy for cereal crops between
10 and 30kg grain (kg N)~!. The AEy values >30kg grain
(kg N)7! as reported by Vanlauwe et al. (2011) demonstrated
that lower N rates resulted in higher AEy in the African
context, which strongly agrees with the findings of our current
study. In addition to increasing N fertilizer input, hybrid maize
varieties are also recommended to optimize AEy for the region.
Narrowing the agronomic use efficiency gap for the region can
be achieved by increasing addition of N input coupled with
improved management practices (Kuyah et al., 2021). According
to Ahrens et al. (2010), higher values of AEy result from fields
with depleted soil N pools and are due to less fertilization, which
is an implication that the current study did not achieve adequate
N input to obtain optimized AEN values. In addition, there is
a need to understand other factors contributing to high AEy
beyond the optimal values at the farm level as a way of addressing
the existing gap for example by including improving fertilization
(Ahrens et al., 2010).

Influence of N Use Scenarios on Growth,
Yield, and N Partitioning

The results indicate that more biomass could be achieved at
higher N application. The findings also imply that increasing
N fertilization reflected in the scenarios adopted in this study
could result in more grain yield. Thus, this confirms that farmers
need to change their current practices of little (or lack of)
fertilizer application to more improved practices for higher
yields to achieve food sufficiency and reduce the yield gap.
Although the ADS of 50kg ha™! results in incremental grain
yield, exploring more alternative sources like animal manure and
biological nitrogen fixation may be critical for the region for more
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sustainable production. These results are in concurrence with
findings of others (Abbasi et al., 2013; Chen et al., 2017; Hammad
et al,, 2017; Srivastava et al., 2018) who reported an increasing
trend on yield and growth under influence of N application. The
lower biomass accumulation at the vegetative stage reported in
our study agrees with Mueller and Vyn (2018), who associated
the low dry weight to reduced N uptake at vegetative as compared
to silking and tasseling stages. Sen et al. (2016) also reported
reduced biomass accumulation in maize crops grown in low N
status compared to those supplied with N fertilizers. The higher
biomass accumulation at the tasseling stage could be due to an
increase in soil N status upon the second split application of
the slow-release urea at the vegetative stage and the increased
demand of N by the plants stage. Moreover, Wang et al. (2017)
and Nasielski and Deen (2019) also reported a higher biomass
accumulation of maize at reproductive stages under different
N applications.

The increase in yield without any plateaus in the regression
lines signifies the need for more N to achieve food sufficiency.
However, in Rangwe (Figure 2B), the curve seems to plateau,
which could result from other factors, including calcium (Ca)
and potassium (K) that were relatively low in the site, hence
affecting N in the test variety. The significant increase in grain
yield with N rates confirmed the potential of meeting the food
needs and reducing the yield gap if more N fertilizers were used
(Pasley et al., 2019). In addition, the lack of a plateau in the yield
response model indicates that increasing N fertilizers to 50 kg N
ha~! could not be optimum, specifically for soils reported to have
negative N balances like the case of SSA (Figure 2A). The variety
(Sc Duma-43) used could also be more effective in scavenging
for the available nutrients to promote growth and consequent
positive increment in yield. Besides, the variety could be more
effectively utilizing N use effectively although the rates used are
lower to match the need for the crop. This may be a pointer that
the rates used by the farmers are well below the plants’ demands,
which partially agrees with the low NUE in these sites (Table 3).

With optimal N management through proper application
timing, specifically for slow-release fertilizers, there is a higher
chance of obtaining a significant increase in yield (Grant et al.,
2012; Davies et al., 2020). Although increasing application of
N fertilizers may have a positive increase in both grain and
stover yields, it may be difficult for some farmers in SSA
due to financial constraints and therefore need for exploring
alternative sources of N (IFDC, 2003; Pasley et al, 2019;
Elrys et al., 2020). However, this can be made possible by
increasing availability and subsidizing the cost of fertilizers,
and exploring more organic sources of N. Therefore, policy
instruments, including extension services, are critical for the
region to offer technical efficiency in reducing the yield gap.
This can be achieved by addressing N inputs management,
including the timing for application for maximum as knowledge
is limited (van Dijk et al., 2020).

The partitioning of about 50% of nitrogen into the root and
the straw is an indicator practice of N recycling specifically
for farms where plowing is done to incorporate both the straw
and the roots in the soils after harvest (Figures 3, 4). These
findings can be used to guide policy and decision-making on

straw management as a way of improving N management
sustainability. Enlightening farmers through local extension
services on the benefits of incorporating straws into the soils
other than burning or feeding to livestock would be a milestone
toward increasing nitrogen recycling into the cropping systems
for the region.

The higher concentration of N in the grain is an indicator of
N recovery from the cropping systems and the proportion of N
that is exported from the field. The findings agree with Ning et al.
(2017), who reported a significant decrease in N concentration in
the stover and a higher increase of N concentration in the grain
of maize both under low and high nitrogen inputs.

CONCLUSIONS

This is the first study to assess the Abuja 2006 fertilizer summit
declaration from an African perspective on increasing fertilizer
input, NUE optimization, and agronomic performance at a plot
level and for specific crops. We conclude that the suggested
fertilizer increment to 50kg ha=! as spelt out in the Abuja
declaration will slightly improve the growth and yield of maize,
but is not sufficient to overcome the soil fertility decline,
compared to other regions with plausible nitrogen management
strategies coupled with strong policies. Negative N balances were
also evident from this analysis, an indicator of higher N removal
than the N input, indicating the presence of low N status that
leads to soil N mining and degradation of the overall fertility
and quality of the soil. In addition, the PNB showed increased
soil N deficits in systems with values >1, an implication that
more balanced N inputs are essential. Hence, policies should
target higher N fertilizer levels to reduce the yield gap, optimizing
the current NUE to a sustainable range. With the unlikelihood
of most farmers achieving the Abuja recommendation rate, we
recommend to explore other complementary sources of N such
as animal manure and biological nitrogen fixation to improve
the present scenario of low inputs into cropping systems within
the region. In addition, we also recommended development of
specific crop optimum rates as a basket of options and also take
into consideration the socio-economic context of the smallholder
farmers. Therefore, the findings of this study can be helpful in
decision-making and policymaking to formulate new targets for
fertilizers, particularly N input above 50 kg N ha™!, to optimize
NUE and reduce the yield gap for sustainability, and also focus
more on integrated soil fertility management as a package for
nutrient management in systems.
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