& frontiers | Frontiers in

@ Check for updates

OPEN ACCESS

EDITED BY
Khurram Shahzad,

Lasbela University of Agriculture, Water and
Marine Sciences, Pakistan

REVIEWED BY
Muhammad Tahir Shehzad,

University of Agriculture, Faisalabad, Pakistan
Manuel Angelo Rodrigues,

Centro de Investigacdo de Montanha (CIMO),
Portugal

*CORRESPONDENCE
William Makaza
william.makaza@um6p.ma

RECEIVED 11 December 2024
ACCEPTED 24 June 2025
PUBLISHED 04 August 2025

CITATION
Makaza W, Khiari L and El Achaby M (2025)
Optimizing safe rates of pop-up

inorganic starter nitrogen and

potassium fertilizers for maize.

Front. Agron. 7:1543564.

doi: 10.3389/fagro.2025.1543564

COPYRIGHT

© 2025 Makaza, Khiari and El Achaby. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Agronomy

TvpPE Original Research
PUBLISHED 04 August 2025
D01 10.3389/fagro.2025.1543564

Optimizing safe rates of pop-up
Inorganic starter nitrogen and
potassium fertilizers for maize

William Makaza®®*, Lotfi Khiari** and Mounir El Achaby?

tCenter of Excellence in Soil and Fertilizer Research in Africa, College of Agriculture and
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Applying starter nitrogen (N) and potassium (K) fertilizers in a pop-up placement
directly in the maize seed furrow is a delicate practice due to the direct contact
between fertilizers and seeds. This proximity increases the risk of seed damage
caused by the salinity of N and K fertilizers and the ammoniacal toxicity of
nitrogen fertilizers. This study aims to determine the safe application rates of four
commonly used starter fertilizers: monoammonium phosphate (MAP:
NH4H,POy4), diammonium phosphate (DAP: (NH4),HPO,), potassium chloride
(KCl), and potassium sulfate (K,SO4) across three soil textures: fine (G1), medium
(G2), and coarse (G3). A greenhouse experiment was conducted using a three-
factor factorial design (four fertilizer sources, five application rates, and three soil
textures) arranged in a randomized complete block design. ANOVA revealed
significant effects of fertilizer source, application rate, soil texture, and significant
two-way interactions between these factors. Polynomial contrasts of maize
germination rates in response to increasing fertilizer doses allowed us to
establish the maximum safe rates: i) DAP: 3 kg N ha™* in G1, 0.8 kg N ha™ in
G2 and G3; i) MAP: 5-7 kg N ha™ regardless of soil texture; iii) KCl: 10 kg K ha™ in
G1, 14 kg K ha™ in G2 and G3; K,SO4: >16 kg K ha™ regardless of soil texture. The
experiment also identified visual signs of toxicity, mainly associated with nitrogen
fertilizers. These included delayed and reduced emergence, leaf chlorosis,
necrotic roots and seeds, stunted and grooved coleoptiles, and, at high doses,
seedling mortality. Other quantitative performance indicators, such as shoot and
root biomass, chlorophyll readings, and early vigor, were strongly correlated with
germination rates and supported the same conclusions regarding safe fertilizer
rates. These findings provide practical recommendations for agronomists and
farmers to optimize starter fertilizer management in maize by selecting
appropriate application rates and fertilizer sources.
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fertilizer toxicity, seed emergence, salt injury, NH3 toxicity, in-furrow placement, visual
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1 Introduction

Global maize production has surged in recent decades,
propelled by the rising demand and technological advancements
that enhance productivity (Erenstein et al., 2022). To promote rapid
seedling establishment and reduce the need for multiple machinery
passes, high rates of starter fertilizers are commonly applied at
planting worldwide. However, this practice does not necessarily
translate into higher yields (Chen et al, 2016; Vanlauwe et al,
2023). Under these conditions, direct contact between fertilizers
and seeds can jeopardize germination and ultimately impact
maize productivity.

The toxicity of fertilizers applied near seeds is primarily
attributed to two mechanisms: high levels of ammonia (NHj)
(Pan et al, 2016) or osmotic stress induced by fertilizer salinity
(Laboski, 2008; Kaiser and Rubin, 2013a, b; Makaza and Khiari,
2023). NHj toxicity occurs when this gas is released from N-based
starter fertilizers passively diffuses into seedling cells (Vines and
Wedding, 1960), disrupting intracellular pH regulation between the
cytosol and vacuoles. These disturbances are strongly influenced by
how fertilizers are placed near seeds in the furrow (Blandino et al.,
2022). Pop-up placement of starter fertilizers is widely recognized as
the most effective practice for many crops, including maize (Mullins
and Burmester, 1997; Kaiser et al., 2005; Maeoka et al., 2020).
Although the fertilizer salt index (FSI) may still be helpful, there is
an opportunity to exploit ecotoxicological techniques and
modernize fertilizer application guidelines, providing more
suitable advice based on real-plant responses to starter fertilizer
excess. Studies indicate that NH; toxicity and fertilizer salinity can
have lethal effects as early as seed germination and, in some cases,
may also impact young seedlings (Wan et al., 2016; Pan et al., 2016).

For example, salt injury caused by applying 50 kg ha™ of
potassium chloride (KCI) led to reduced germination rates and a
yield loss of 1 t ha™ (Gordon and Pierzynski, 2006). Barker et al.
(1970) soaked cucumber seeds in a 0.1 N potassium solution and
observed severe germination damage. Wang et al. (2022)
demonstrated that the higher a fertilizer’s salt index, the greater
the inhibition of canola seed germination. This low water potential
around the seed limits water uptake, ultimately compromising the
germination process (Randall and Hoeft, 1988; Cassman et al., 1989;
Mullins and Burmester, 1997).

NH; toxicity is exacerbated when nitrogen-based starter
fertilizers are broadcast or band-applied when a buffer zone is
maintained between the fertilizer and the seeds (Kaiser et al., 2016;
Galpottage Dona et al, 2020). In simultaneous applications, the
more alkaline the ammoniacal fertilizer, the greater its toxicity to
plants (Zhang and Rengel, 2002). For instance, urea is the most
alkaline ammoniacal fertilizer. When applied near wheat seeds at
0.58 to 1.75 mg N g™ soil, it reduced germination by 51% to 95%
and caused root and shoot growth arrest (Wan et al., 2016; Pan
et al, 2016). Dowling (1993) also observed that coleoptile
elongation in maize, wheat, and sorghum was particularly
sensitive to NH; when associated with the alkaline hydroxide anion.

From this perspective, farmers strive to achieve rapid and
uniform seed germination and even crop emergence. Any delay in
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germination is irreversible, leading to reduced plant populations and
lower yields, ultimately threatening food and nutritional security.
Therefore, assessing the potential damage caused by starter fertilizer
doses applied in direct contact with seeds is crucial to maximizing
their benefits while minimizing risks. The key question is determining
the maximum safe rate of starter fertilizers below which germination,
root growth, and early seedling development remain unaffected to
achieve modern site-and-crop-specific fertilizer applications.
Exceeding this threshold increases the risk of seedling damage,
primarily due to excessive salinity or NH; toxicity. Establishing
these safe maximum rates is both a theoretical and practical
concern, requiring specific evaluations for each starter fertilizer
used in major and sensitive crops, mainly maize.

Therefore, the primary aim of this study is to assess the impact
of concurrently placed starter N and K fertilizers with maize seeds
on seed emergence rates and the early development of maize
seedlings, focusing on identifying toxicity symptoms in the roots,
seeds, and above-ground parts. Through this analysis, we intend to
determine the critical maximum application rates for commonly
used ammoniacal and potassium fertilizers, to guide farmers in
safely applying these nutrients alongside their maize seeds.

2 Materials and methods
2.1 The experimental site

This study was conducted under greenhouse conditions at the
experimental farm of Mohammed VI Polytechnic University in
Bengurier, Rehamna Province, central Morocco (32°13'08"N, 7°56’
08"W, 449 m.a.s.l). Maize was grown in cylindrical pots with a
capacity of 566.75 cm’, maintained at approximately 21°C. This
experiment utilized three surface soil (0-20 cm) types representing
a range of textures commonly found in smallholder farming
systems (Table 1). Based on the historical discussions with local
farmers, there was no record of herbicide application at these sites,
eliminating concerns about herbicide residue carryover that could
affect germination, emergence, or seedling establishment.

2.2 Starter fertilizer materials collection,
preparation, and characterization

The Moroccan fertilizer industry provided starter ammoniacal-
N and potassic (K) fertilizer samples for research. The study
included four commercially available dry starter fertilizers:
Ammoniacal-N fertilizers: diammonium phosphate (DAP: (NH,)
,HPO,), and mono ammonium phosphate (MAP: NH,H,PO,),
and potassium fertilizers: potassium sulfate (K,SO,) and KCl. The
pH of the saturated fertilizer solution was measured (Lindsay et al.,
1962) using Thermo Scientific " Orion Star' " A211 Benchtop pH
Meter, with values recorded as follows: DAP: 7.31, MAP: 4.28, KCl:
791, and K,SO,: 2.34.

The electrical conductivity (E.C. (dS/m)) of the saturated
fertilizer solutions was determined using the Thermo Scientific
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TABLE 1 Physicochemical characteristics of the three soil types (G1: fine
texture, G2: medium texture, G3: coarse texture) used in the maize
germination experiment.

10.3389/fagro.2025.1543564

TABLE 2 The elemental composition (%) of different starter fertilizer
materials studied.

DAP: MAP:
Property Gl G2 G3 Material  (NH4)>,HPO,4 NH4H,>PO,
Clay (%) 455 16.2 7.1
Silt (%) 43.1 73.0 55 K 02 03 235 19.8
Sand (%) 115 10.8 87.5 S 0.6 L1 ND 14.8
Textural class Silty clay Silt loam Sand Ca 1.0 1.6 0.1 0.1
PHyater 74 82 7.4 Fe 03 04 ND 0.0
Soil organic matter (%) 2.7 1.9 1.5 Mg ND 0.8 0.8 ND
Electrical conductivity (E.C. - dS/m) 3.37 0.34 4.13 Al 0.1 0.1 0.2 0.1
Elements extracted from the Mehlich-3 (mg kg™) Ti 0.002 0.003 ND 0.001
P 72 79 156 Cr 0.014 0.014 ND ND
K 322 201 223 Mn ND ND 0.021 ND
Ca 8014 4261 1887 Pb 0.010 0.006 0.007 | 0.006
Mg 1631 321 205 Cu 0.007 0.007 0004  0.003
Al 643 12 196 Zn 0.816 0.955 0379 0.115
B 4.1 34 35 ND means not detected.
cu 2 '8 07 Walkley-Black method (Allison, 1965; CEAEQ, 2003). The available
Fe 36 19 40 nutrients were extracted using the Mehlich-3 procedure (Mehlich,
Mn 77 75 36 1984). The electrical conductivity of soil was measured using the
. s e 25 Thermo Scientific Orion Lab Star EC112 Conductivity Bench

G1, G2, and G3 were soil sample textural groups following the description of Chelabi et al.
(2016). G1 (fine-textured, silty clay) was collected in Had Soualem, Berrechid Province (33°
16'15.53"N, 7°35’5.06”W). G2 (medium-textured, silty loam) was collected from Benguerir,
Rehamna Province (32°22°7.21”N, 7°87°83.96”W). G3 (coarse-textured sand) was collected
from Had Soualem, Berrechid Province (33°45'8.86”N, 7°57°16.22”W). M; represents the
Mehlich 3 extraction method.

Orion Lab Star EC112 Conductivity Bench Meter model, with
values of 9.84 (DAP), 9.66 (MAP), 17.09 (KCl), and 10.97
(K5S04). The fertilizers’ salt index for each material was
calculated (Mortvedt, 2001; Murray and Clapp, 2004) using the
new KCl-based method, which provides a more accurate estimation
of salt effects compared to previous approaches. The FSI was
determined using the following Equation I:

E.C. of fertilizer sample

FSI =
. EC of KCI

)

The resulting FSI values were 58 (DAP), 57 (MAP), 65 (K,SO,),
and 100 (KCI). Additionally, all fertilizers’ elemental composition
was quantified and presented in Table 2.

2.3 Experimental conditions, plant material,
and treatments

Soil samples were air-dried and passed through a 2-mm sieve.
Soil texture was analyzed using the hydrometer method (Day,
1965). Soil pH was determined by a 1:1 (w/v) soil/water ratio,
whilst organic matter content was determined by the modified
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Meter model.

The soil was homogenized and sieved through a 20-mm mesh
to remove foreign material and gravel-sized particles before being
placed in the pots. Starter fertilizer application rates were
standardized based on total N content, with treatments set at 0, 5,
10, 15, and 20 kg N ha’l. Potassium fertilizer rates were similarly
standardized at 0, 4, 8, 12, and 16 kg K hal.

Nitrogen and K are the two fertilizer elements most likely to
cause seed and seedling toxicity (Kaiser and Rubin, 2013a; Abit
et al,, 2016). This study aimed to determine the maximum safe
application rates of N and K. The experiment was conducted using a
three-factor factorial design, with the following factors: i) Fertilizer
source: Four starter fertilizers (MAP, DAP, KCl, and K,SO,), ii)
Application rate: Five increasing levels of N (0, 5, 10, 15, and 20 kg
Nha™) orK (0,4, 8,12, and 16 kg K ha™), iii) Soil texture: Three soil
texture groups (G1, G2, and G3). In total, 60 treatments (4 fertilizer
sources x 5 application rates x 3 soil textures) were tested, with
three replications in a randomized complete block design (RCBD),
resulting in 180 experimental units. Guard pots surrounded each
block to minimize edge effects.

Maize seeds were surface-sterilized using a 1% sodium
hypochlorite (NaClO) solution for 60 seconds to eliminate seed-
borne pathogens. Fertilizer materials were precisely weighed and
manually placed in each pot simultaneously with the seed. After
fertilizer application, the upper soil layers were carefully added,
leveled, and lightly compacted to ensure a consistent depth between
the pot surface and the seed and fertilizer placement zone. The pots
were irrigated on the planting day and daily thereafter to maintain
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soil moisture at approximately 80% of field capacity until the end of
the experiment.

Maize was grown for 40 days after initial emergence. The
number of emerging plants was recorded daily in each
experimental unit until the end of the study. Emergence was
expressed as the percentage of total seeds planted and the number
of seeds that successfully emerged. The relative emergence
percentage (EP) was calculated using the following Equation 2:

Number of emerged seeds in the fertilized pot

~ Number of emerged seeds in the unfertilized control pot
2

A critical EP threshold of 80% was applied to determine the
maximum safe rate of starter fertilizers.

EP

At the end of the experiment, the soil was carefully removed from
each pot to separate the plant roots from the soil. Several emergence
parameters were then calculated, including the mean emergence time
(MET), mean emergence rate (MER), emergence speed (ES),
uncertainty index (UNC), synchronization index (SYN), the index
of emergence variance (EV), emergence standard deviation (SDE),
and emergence coefficient of variation (CVE), following the
methodology described by Makaza et al. (2024). MET represents
the number of seeds that emerged to the number of seeds that
emerged at the time of evaluation, whilst MER is the reciprocal of
MET. The uncertainty index (UNC), an adaptation of the Shannon
index, quantifies the variability in emergence frequency. Lower UNC
values indicate higher emergence uniformity, as this index measures
the degree of dispersion in emergence timing. The synchronization
index (SYN) was initially developed to assess the overlap in flowering
among individuals within a population. A SYN value of 1 indicates
that seed emergence occurs simultaneously. In contrast, a SYN value
close to 0 suggests that at least two seeds emerged at different times,
reflecting greater variability in emergence timing.

The chlorophyll content index (CC) was measured on mature
and fully expanded leaves 40 days after the first emergence for the
maize biophysical data. The CC measurements were taken per
treatment using a portable chlorophyll meter (SPAD 502,
Spectrum Technologies; Inc. USA). Aboveground fresh biomass
(AFB) and root fresh biomass (RFB) were separated at the
approximate level of the soil and weighed, where the summation
of AFB and RFB gives the total fresh biomass (TFB), which was later
dried at 65°C. Salt injury and NHj toxicity symptoms were assessed
through visual observation. Root traits such as the maximum
number of roots (MNR), the number of root tips (NRT), the total
root length (TRL), average diameter (AD), perimeter (P), root
volume (V), and root surface area (SA) were analyzed
phenotypically using the RhizoVision Explorer tool (https://
www.rhizovision.com/) with minor modifications based on the
methodology of Seethepalli et al. (2021) and Makaza et al. (2024).

2.4 Data analyses

Statistical analyses were performed using the R software
program (version 4.4.2) (Venables et al., 2024), assuming fixed
effects for soil type, fertilizer source, fertilizer rate treatments, and
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random effects for replication. Statistical significance was set at P <
0.05 for all tests. Variance (ANOVA) was analyzed to assess
treatment effects, and Duncan’s multiple range test was used to
compare mean differences between treatments. The statistical
model used in this study was as follows (Equation 3):

Yijim = M+ bi 48+ fi + T +Sifi + St + fitm + Sifim

+ Ez'jkm (3)

where Yjj,,, represents the overall maize response of the j'h soil
type, k™ fertilizer type, and m'™ fertilizer rates within the i
replication, along with their interactive effects, and g, is the
pooled error term. The GerminaR package is implemented to
calculate nine (9) emergence indices described above (Lozano-Isla
et al., 2019). The critical starter ammoniacal-N and K fertilizer rates
for different soil fertilizer materials were determined for the
emergence parameters, root traits, and biophysical data.
Polynomial contrasts between the relative emergence percentage
(EP) and N or K fertilizer rates were used to determine the
maximum safe fertilizer dose, corresponding to a minimum
emergence rate of 80% for maize seeds. Pearson correlations were
performed to assess associations between different parameters using
the prcomp function and the mixOmics package. Principal
component analysis (PCA) was generated to determine traits that
explain most of the variation as well as to determine treatment
groups associated with major traits using ggplot2, factoextra, and
FactoMineR packages in R Studio. Clustering was done to group
each object into clusters using Ward’s method based on Euclidean
distance over a complete linkage dissimilarity matrix.

3 Results

3.1 Effects of starter fertilizers on seed
emergence parameters

The analysis of variance revealed the significant interaction
between fertilizer type and the fertilizer rate (p<0.001), soil type and
fertilizer rate (p<0.001), and soil type and fertilizer type (p<0.01) on
emergence percentage under the influence of starter ammoniacal-N
fertilizers (Table 3). Concurrently, increasing starter N (DAP and
MAP) fertilizer rates have been shown to decrease the emergence
percentage (EP) significantly. The cubic model shows that to ensure
a minimum relative emergence rate of 80%, the maximum safe
recommendation rate for DAP is 1 kg N per hectare (ha™") (Figure 1;
Supplementary Tables S1, S2). In contrast, MAP exhibits a
significantly higher safe rate of 3.5 kg N ha™" (Figure 1A). The
maximum nitrogen rate favorable to ordinary maize emergence
varies with soil texture. For G1 soil, the safe starter N-rate was 4.7 kg
ha™', while G2 and G3 recorded low safe rates of 1 and 2 kg N ha™,
respectively (Figure 1B). A comprehensive analysis of the cubic
modeling results, aimed at identifying critical nitrogen thresholds
for co-placement with maize seeds across the three soil types and for
all ammonium-based fertilizers (Table 4), reveals that safe N-rates
range from 1.4 to 7.8 kg ha™ for MAP and from 0.8 to 2.8 kg ha™
for DAP. However, no significant interactions were recorded
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TABLE 3 The analysis of variance (ANOVA) for the maize seed emergence influenced by ammonia-nitrogen and potassium fertilizers applied in pop-
up with seeds.

A) Starter ammoniacal-N fertilizer effects

Source of variation EP MET MER
Soil type 2.98 (0.058) 2751 (<.001) 0.65 (0.526) 0.65 (0.524) 7.62 (0.001) 1.26 (0.29)
Fertilizer type 8.24 (0.006) 3.08 (0.084) 6.17 (0.016) 6.14 (0.016) 0.35 (0.557) 2.06 (0.157)
Fertilizer rate 98.58 (<.001) 8.59 (<.001) 26.14 (<.001) 26.09 (<.001) 9.61 (<.001) 15.69 (<.001)
Soil type x fertilizer type 7.69 (<.001) 5.06 (0.009) 7.95 (<.001) 7.98 (<.001) 5.2 (0.008) 0.7 (0.500)
Soil type x fertilizer rate 6.25 (<.001) 1.51 (0.175) 3.44 (0.003) 3.44 (0.003) 2.78 (0.011) 1.84 (0.089)
Fertilizer type x fertilizer rate 6.38 (<.001) 1.53 (0.207) 1.21 (0.315) 1.21 (0.315) 1.19 (0.326) 1.22 (0.313)
Soil type x fertilizer type x fertilizer rate 1.37 (0.229 1.27 (0.276) 1.01 (0.438) 1.01 (0.436) 0.89 (0.533) 0.52 (0.837)

B) Starter K fertilizer effects

Soil type 3.27 (0.045) 47.59 (<.001) 26.03 (<.001) 26.21 (<.001) 0.04 (0.957) 0.43 (0.655)
Fertilizer type 34.57 (<.001) 26.78 (<.001) 21.23 (<.001) 21.29 (<.001) 0.66 (0.419) 8.8 (0.004)
Fertilizer rate 13.87 (<.001) 4.43 (0.003) 3.48 (0.013) 3,53 (0.012) 0.48 (0.749) 333 (0.016)
Soil type x fertilizer type 5.08 (0.009) 356 (0.035) 0.53 (0.592) 051 (0.603) 2.22 (0.118) 0.69 (0.503)
Soil type x fertilizer rate 2.12 (0.048) 334 (0.003) 1.7 (0.118) 1.72 (0.114) 2.67 (0.014) 1.96 (0.068)
Fertilizer type x fertilizer rate 6.46 (<.001) 2.68 (0.041) 1.69 (0.165) 1.71 (0.16) 1.82 (0.138) 0.71 (0.589)
Soil type x fertilizer type x fertilizer rate 1.03 (0.423) 327 (0.004) 0.38 (0.929) 037 (0.934) 1.2 (0.315) 0.15 (0.996)

Strongly signiﬁcant, p<0.001; moderately signiﬁcant, p<0.01; signiﬂcant‘ p<0.05, not signiﬂcant. EP, emergence percentage; MET, mean emergence time; MER, mean emergence rate; ES,
emergence speed; UNC, uncertainty index; SYN, synchronization index.

between soil type, fertilizer type, and fertilizer rates on EP, MET,  and fertilizer type revealed significant interactions for EP and MET
MER, ES, UNC, and SYN (Table 3A). This is contradictory to the  (Table 3B). Individual effects of soil type, fertilizer type, and
influence of the main factors, which are soil type, fertilizer type,and ~ fertilizer rate recorded significant differences among all the
fertilizer rate, that showed significant (p<0.05) differences in all ~ emergence parameters except for the uncertainty index (UNC,
emergence parameters (EP, MET, MER, ES, UNC, and  p>0.05), which describes the heterogeneity of the seed emergence
SYN) (Table 3). process. The maximum permissible doses for mixing potassium

Regarding the starter K fertilizers, significant interactions  fertilizers, K,SO4 or KCl, with maize seeds have been determined.
between soil type, fertilizer type, and fertilizer rate were observed  For the G1 soil, 16 kg K ha™* or higher doses are deemed safe. KCl is
only for MET (p<0.01). On the same note, the interactions between ~ recommended at a maximum dose of only 8.8 kg K ha™, as shown
fertilizer type and the rate; soil type and fertilizer rate; and soil type  in Figure 2A and Supplementary Table S3). For G2 and G3 soils, the

120% 120%
A. B
100% 4- 100%
0 80%

,,SOA’ o ° y = 0.0001x’ - 0.002x? - 0.034x + 1.01
8 s ) S eGl R*=0.99
] ADAP Y= -0.00042x | {Q_m'?g -0.208x +0.99 g -
;&0% oY é" 60% sar Y0003+ 001 02045+ 1.0004
@ - 2 @
< “«MAP V" 00002’ - 2;034,« -0.048x + 101 <
240% 2 40%
& £
= =
] &

20% N 20%

0% Y 0%
10 15 20 25 15 20 25
Starter fertilizer rates (kg N ha'') Fertilizer rates (kg N ha'')
-20% -20%

FIGURE 1
Significant relationship for maize emergence rate relative to: (A) Ammoniacal-N starter fertilizer type and nitrogen dosages (p<0.001) and (B) Soil
type and initial ammoniacal-N fertilizer dosages. The dashed vertical line represents the best-fit curve based on the data.
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TABLE 4 Cubic modeling of emergence percentage displayed based on the interaction between soil type, fertilizer type, and fertilizer rates evaluated
in young maize seedlings (Y) in response to ammonium and potassium fertilizer dosages applied in pop-up with seed (X).

Cubic model parameter: Y = aX>+bX?

Variable Fertilizer type Soil type Fertilizer rates Maxi(rl?gurﬁ ﬁ:t?) s +cX+d

R2
DAP 0, 5, 10, 15, and 20 2.8 -0.0003 0.01 0.0849 09932 | 0.993
MAP “ 5.8 0.0004 0012 | 00159 1021 0.961
DAP 0.8 -0.0005 0.02 02545 | 0993 0.996

G2
MAP 1.4 -0.0001 0.007 01536 | 1.0076 0995
DAP 0.8 -0.0005 0.02 025136 0.9938  0.997
MAP @ 7.4 0.0004 20.013 | 0.04629 = 1.0087 = 0.994
EP kg K ha!

K>SO, 0,4,8,12,and 16 216 000042  -0.0156 | 0.165 = 09969 = 0.996
KCl “ 9 000112 -0.0355 = 02399 = 09624  0.871
K>SO, 144 22E-05 | -0.0012  0.0041 0988 0795
KCl “ 6 22E-05 | -0.0011 | -0.0209 = 10061 | 0.991
K,SO, >16 000015  -0.0065 = 0.0647 = 09734 = 0437
KCl @ 12 0.00035 0014 | 011936 = 09898 = 0977

EP, emergence percentage; DAP, diammonium phosphate; MAP, mono ammonium phosphate; K,SO,, potassium sulfate; KCI, potassium chloride. Maximum safe rate refers to the critical starter

fertilizer levels that can be placed directly with the maize seed.

maximum safe rates were 8.7 kg K ha™' and 14.4 kg K ha™,
respectively (Figure 2B). Moreover, the investigation into the
interplay between fertilizer type and dosage reveals that K,SO, is
considerably safer for use at higher doses, specifically those 216 kg
K ha™. Upon reviewing the data for the three soil types and the two
varieties of potassium fertilizer (as detailed in Table 4), it becomes
clear that the critical dosage for K,SO, in the pop-up is 214.4 kg K
ha™, while the KCI safe dosage range between 5.5 and 12 kg K ha™".
This has been strongly witnessed in the correlation matrix, where
significant and relatively strong correlations were observed between
emergence metrics when starter N and K fertilizers were applied
(Supplementary Figure S1).

3.2 Seed-placed starter fertilizers affect
maize root-related components

Data illustrating the influence of soil type, starter fertilizer type,
and fertilizer rate on maize root parameters are shown in Table 5.
Starter ammoniacal-N fertilizers revealed significant interaction
between soil type, fertilizer type, and fertilizer rate on MNR
(p<0.001), NRT (p<0.01), TRL (p<0.001), AD (p<0.01), P
(p<0.001), and SA (p<0.05) except for the root volume (V, p =
0.101) (Table 5A). At the same time, the interaction between soil
type x fertilizer rate, and soil type x fertilizer type strongly
influenced (p<0.001) all the recorded root parameters. On the
other hand, fertilizer type x fertilizer rate was only significant
(p<0.05) for MNR, NRT, and AD. The effect of fertilizer rate
alone had highly influenced all recorded root traits (p<0.01)
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except for the root volume. Also, fertilizer-type effects were
significant (p<0.05) for MNR, TRL, AD, P, and the V. Moreover,
the influence of varying soil types had a strong significant (p<0.001)
effect across all the measured root parameters. The ANOVA for
starter K fertilizers’ interactive effects showed strong significant
(p<0.01) interactions on soil type x fertilizer type x fertilizer rate,
fertilizer type x fertilizer rate, soil type X fertilizer rate, and soil type
x fertilizer type for all the root traits (MNR, NRT, TRL, AD, P, V,
and SA) (Table 5B). The main effects: fertilizer rate, fertilizer type,
and soil type, had significant (p<0.05) differences amongst all the
root traits. In general, soil type, starter fertilizers, and fertilizer rate
had strong positive correlations with the root parameters studied
(Supplementary Figure S2).

3.3 Fertilizer salt effects and NH3 toxicity
on the visual appearance of maize

The toxicity of starter N and K fertilizers was assessed
qualitatively (Figure 3). The visual appearance of the plants was
recorded from the day of the first emergence until harvesting. Since
soils react to salts differently, depending on their chemistry and
texture, starter ammoniacal-N fertilizers may result in physiological
and morphological disorders that lead to reduced crop
establishment, growth, and development. Although the salt index
of DAP and MAP-containing treatments is less than that of K-
containing treatments, starter N fertilizer effects may be attributed
to NH; toxicity. Significant and severe detrimental effects were
recorded following starter ammoniacal-N treatments at emergence
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FIGURE 2

Significant correlations observed in maize emergence rate relative to: (A) Soil type and potassium dosages (p<0.001) and (B) Type of potassium
fertilizer and potassium dosages (p<0.001). The dashed vertical line represents the best-fit curve based on the data.

and seedling development. Symptoms of NHj toxicity became
apparent between 3 and 8 days after the first emergence,
depending on the concentration of seed-placed starter
ammoniacal-N placement. DAP was more lethal to maize
emergence in its increasing order from 0 to 20 kg N ha™' than
MAP (Figure 3). NH; toxicity was initially associated with
interveinal chlorosis, which later extended to the older leaves.
Simultaneously, shorter petioles of the younger leaves were
observed. This was followed by die-back of leaf margins and
upward leaf curling, which evolved with a strong fire tip burn and
later necrotic appearance. Finally, the plants ceased to grow and
continued to deteriorate. These emerged maize seedlings were
globally stunted with very few numbers of leaves. In some cases,
there was a severe “bloody yellowing” of the leaves from the tip into
the interveinal plant parts, leaf wilting, desiccation, and global V-
shaped sections.

Those seedlings that struggled to emerge fully had a canker and
stubby coleoptile, which later became necrotic from the tip and
dried out. Most plants, however, remained alive for quite some time
despite physical stress conditions. For control treatments, maize
plants grew much better than in seed-placed starter ammoniacal-N
fertilizers (DAP and MAP). However, these seedlings eventually
exhibited symptoms of N deficiency, which were quite dissimilar to
the NHj; toxicity symptoms (Figure 3A). Non-emerged seeds under
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starter N treatments recorded a greater potential to draw water out
of the roots, which can result in plant desiccation and shrinking
seeds (Figure 3B). Moreover, severe darkening of the seed testa and
discoloration were observed at varying N concentrations in all soils.
The cause of the darkening of the testa and the discoloration of the
residual moisture may be related to the accelerated leaching of
electrolytes from the seed exposed to NH; during imbibition. A
recovery plan was employed to regerminate the seedlings under
normal conditions, but none recorded any indication of radicle
protrusion after 10 days of recuperation. This means that NH;
impacted the morphology of root development as no radicle growth
was observed. In cases where germination happens, the radicle, or
the first emerging root, was typically short, and the tip was brown or
black in most soils under DAP and MAP influence. The radicles
were killed in severe cases of damage.

In contrast, a high emergence rate was observed under seed-
placed K fertilizers (K,SO, >80% and KCl >60%). However, maize
seedlings recorded general yellowing under starter K fertilizers. The
leaves had V-shaped necrotic tips and yellow leaf margins
compared to the control. The growth rate was relatively slow
compared to the control. Few seeds failed to emerge under K
fertilizers, with average stunting and stubby coleoptiles observed.
Damaged plants may tend to recover by establishing and developing
many roots in pop-up K fertilizers. An increasing rate of seed-
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TABLE 5 The effect of soil type, fertilizer type, fertilizer rate, and their interactions, established on seed-placed root parameters of young maize

seedlings, as assessed by three-way ANOVA (F values, and their probability).

Source of variation

A) Starter N fertilizer effects

TRL AD P

Soil type 59.68 (<.001) 36.1 (<.001) 50.43 (<.001) 33.58 (<.001) 44.36 (<.001) 16.89 (<.001) 46.19 (<.001)
Fertilizer type 6.54 (0.013) 2.74 (0.103) 10.9 (0.002) 12.24 (<.001) 14.51 (<.001) 9.82 (0.003) 0.01 (0.923)
Fertilizer rate 64.81 (<.001) 30.53 (<.001) 54.48 (<.001) 3.83 (0.008) 57.58 (<.001) 2.3 (0.069) 36.1 (<.001)
Soil type x fertilizer type 9.46 (<.001) 3.89 (0.026) 14.92 (<.001) 11.18 (<.001) 18.87 (<.001) 9.73 (<.001) 0.07 (0.936)
Soil type x fertilizer rate 4.45 (<.001) 5.99 (<.001) 9.78 (<.001) 7.11 (<.001) 9.36 (<.001) 5.36 (<.001) 16.46 (<.001)
Fertilizer type x fertilizer rate 3.08 (0.023) 3.6 (0.011) 2.2 (0.081) 5.11 (0.001) 2.3 (0.069) 2.04 (0.101) 1.79 (0.144)
Soil typexfertilizer type x fertilizer rate 5.05 (<.001) 3.72 (0.001) 8.7 (<.001) 2.87 (0.009) 8.61 (<.001) 1.41 (0.211) 2.47 (0.022)

B) Starter K fertilizer effects

Soil type 2351 (<.001) | 14.62 (<001) | 1491 (<001) | 48.16 (<.001) | 1867 (<001) | 52.11 (<.001) | 38.16 (<.001)
Fertilizer type 23.4 (<.001) 3.31 (0.043) 19.74 (<.001) 21.16 (<.001) 18.79 (<.001) 8.09 (<.001) 6.5 (0.003)

Fertilizer rate 8.83 (<.001) 4.15 (0.005) 5.82 (<.001) 19.56 (<.001) 7.06 (<.001) 36.24 (<.001) 11.54 (<.001)
Soil type x fertilizer type 22.67 (<.001) 7.92 (<.001) 23.16 (<.001) 15.63 (<.001) 30.15 (<.001) 22.43 (<.001) 9.53 (<.001)
Soil type x fertilizer rate 6.07 (<.001) 5.27 (<.001) 3.33 (0.003) 34.31 (<.001) 5.08 (<.001) 42.55 (<.001) 4.7 (<.001)

Fertilizer type x fertilizer rate 9.26 (<.001) 8.2 (<.001) 6.53 (0.003) 35.08 (<.001) 5.44 (0.007) 67.32 (<.001) 13.3 (<.001)
Soil typexfertilizer type x fertilizer rate 7.6 (<.001) 6.2 (<.001) 3.15 (0.02) 41.84 (<.001) 4.01 (0.006) 72.74 (<.001) 14.03 (<.001)

strongly significant, p<0.001; moderately significant, p<0.01; significant, p<0.05, not significant. MNR, maximum number of roots; NRT, number of root tips; TRL, total root length (mm); AD,
average root diameter (mm); P, root perimeter (mm); V, root volume (mms); SA, root surface area (mmz).

placed K in G1 soils exhibited a low salinity effect compared to G3
and G2 soils, which have reduced fertilizer adsorption capacity and
less water-holding capacity. The salt index of K,SO, and KCl had
no significant effect on maize seeds’ appearance as substantial
growth and establishment can be visually witnessed but at varying
growth rates and performances.

3.4 Starter fertilizer toxicity affects maize
biophysical and yield-related components

The influence of seed-placed fertilizer toxicity on biophysical and
yield-related traits was quantified (Table 6). The ANOVA indicated
strong significant interactions between soil type x fertilizer type x
fertilizer rate on the AFB (p<0.001). In contrast, the interaction effects
of fertilizer type x fertilizer rate on CC and TFB, as well as soil type x
fertilizer type on RFB, and TFB were insignificant (p>0.05) under the
starter ammoniacal-N fertilizer treatments (Table 6A). The starter
ammoniacal-N fertilizer rate had significantly influenced all
biophysical and yield-related components, whilst the influence of
fertilizer type was recorded only on the AFB (p<0.01). Also, soil type
variability proved to have a strong significant (p<0.001) influence on
AFB, RFB, TFB, and CC where G2 soil yielded the maximum biomass
and G1 had the maximum CC (Table 6A). Concerning seed-placed K
fertilizers, only CC confirmed a significant interaction between soil type
x fertilizer type x fertilizer rate, and soil type x fertilizer rate. On the
same note, no significant interactions were observed for soil type x
fertilizer type on AFB, RFB, and TFB except for the CC (p<0.05). The
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results revealed that the main effects were predominant with soil type,
starter K fertilizer type, and fertilizer rate exerting the most significant
influence on the biophysical and yield-related components. The
influence of starter fertilizers was evaluated using the Pearson
correlation analysis, and all biophysical parameters had significantly
high positive correlations. For example, EP and AFB (r = 0.76***), EP
and TFB (r = 0.74***), CC and AFB (r = 0.88***) for starter N fertilizers,
while EP and AFB (r = 0.55%**) for starter K fertilizers (Figure 4).

All the biophysical, root, and emergence traits measured were
performed on PCA to identify the pattern between different
treatment combinations and obtain clear information about maize
behavior (Supplementary Figure S3). The results of PCA revealed
two main components, which explain more than 70% of the original
variability. PCA axis 1 (54.9%) was strongly determined and
dominated by the emergence (EP, MET, MER, ES, UNC, and
SYN), root (MNR, NRT, TRL, P, and SA), and biophysical (CC,
AFB, RFB, and TRB) parameters. On the same note, PCA axis 2
(15.7%) was strongly determined by the AD (r = 0.469) and V (r =
0.519) (Supplementary Figure S3). The PCA biplot showed that all
tested combinations could be grouped into three clusters. The first
cluster consisted of treatment combinations that are negatively
correlated with all maize emergence, root, and biophysical traits
recorded. This cluster consists mainly of the treatment that contains
DAP and MAP seed-placed starter N fertilizers applied at 5, 10, 15,
and 20 kg N ha™' for all the soil types (e.g., G1/DAP/20
combination). The second cluster contained treatment
combinations of DAP and MAP at very low seed placement rates
across 3 soil types (e.g., G1/DAP/5 or G3/MAP/0) and a few starter

frontiersin.org


https://doi.org/10.3389/fagro.2025.1543564
https://www.frontiersin.org/journals/agronomy
https://www.frontiersin.org

Makaza et al.

10.3389/fagro.2025.1543564

MAP

—_—
Gl - DAP G2 - DAP

G3 - DAP

G2 - MAP G3 - MAP

FIGURE 3

Visual appearance and/or indicators of fertilizer salt injury and NHs toxicity for maize grown under varying soil types, fertilizer types, and fertilizer

rates. A) Aboveground and, (B) seeds

K treatment combinations (mainly the KCI combinations). The
third cluster grouped soil type, fertilizer type, and fertilizer rate
treatment combinations for which seed-placed starter K rates are
dominant at all placement rates (e.g., G1/K,S04/20, G2/K,;S04/5
treatments). On average, seed-placed K fertilizers were positively
associated with emergence, root, and biophysical maize traits for all
soils, whereas >5kg N ha! from DAP or MAP treatments were
negatively correlated to all recorded traits with minor exceptions,
thus indicating the variability in terms of the fertilizer salt injury
and potential NHj toxicity (Supplementary Figure S3).

4 Discussion
4.1 Seed-placed starter fertilizer toxicity
impacted maize seed emergence
parameters

Seed emergence, being a crucial step for establishing crops in

the soil and ensuring uniformity of seedling emergence, is
potentially threatened by seed-placed starter ammoniacal-N and
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K fertilizers, which interfere with plant growth and development.
Our findings concerning the low emergence percentage for starter N
(DAP and MAP) and delayed emergence for starter K (KCl and
K,SO,) fertilizers complement and extend the elegant work by
Court et al. (1964). They revealed that reduced seed emergence
could be associated with excessive concentrations of fertilizer salts
placed in contact with germinating seedlings to create an imbalance
of ions. The fact that we found starter N fertilizers exhibiting
detrimental effects in maize seeds and seedlings suggests the
potential of the materials to liberate NHj, which can freely move
within the soil solution and into plant cells, resulting in total
desiccation of plant tissue (Qian et al., 2012; Pan et al, 2016).
Similar findings were reported by Mahler et al. (1989) who
postulated that N source, N application rate, and varied soil-water
potential generally reduced winter wheat emergence by 5 to 26%
when in-furrow placed with the seed. Given the implications of the
difference between starter N fertilizers, DAP (pH: 7.31) releases
NH," and volatile NH; that is harmful to the radicle and plumule
growth and development near the seed compared to MAP (pH:
4.28) fertilizer in calcareous soil (Colliver and Welch, 1970;
Nadarajan and Sukumaran, 2021). These observations were
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FIGURE 4

Pearson correlation analysis for the biophysical traits under the influence of (A) starter ammoniacal-N and, (B) starter K fertilizers, using different soil
types and fertilizer placement rates. CC, chlorophyll content index; AFB, aboveground fresh biomass; RFB, root fresh biomass; TFB, total fresh

biomass. Asterisks represent correlation significance: ***<0.001.

comparable to the study on the effect of seed-placed anhydrous
NHj;, muriate of potash (MOP), ammonium nitrate, ammonium
sulfate, 6-12-12 fertilizer, and sulfate of potash (SOP) where N and
K fertilizers were highly toxic for maize emergence (Cummins and
Parks, 1961; Sardi and Beres, 1996; Ritchie et al., 1998). Given the
variability in soil textures, safe pop-up N and K fertilizer
recommended rates and seed emergence were high in Gl
compared to G2 and G3 soils. This agrees with Kaiser and Rubin
(2013a), who observed higher emergence and seedling growth in
fine-textured soils than in medium and coarse-textured soils.

The safe and maximum starter N and K fertilizer recommendation
rates established in this study, notably <5kg N'ha™, and 8-16 kg K ha™,
could promote relatively uniform seed emergence, and shorten the
emergence rate and time (Wan et al., 2016). These findings align with
Hergert et al. (2012), who indicated that ammoniated zinc application
in the seed furrow should be 5-7 kg N + K ha™ on sandy soils to
minimize seed damage from volatile NH;. Likewise, Kaiser and Rubin
(2013b) predicted that 10.6 kg N + K ha™ was ideal for direct
placement with maize seeds for clay loam and silt loam soils, while
5.7 kg ha! for fine sand soils. In another study, starter K fertilizer
(MOP and SOP) increased maize and soybeans establishment and
productivity despite high levels of soil P and K, except where excessive
rates were applied in-furrow (Gordon, 1999). Others reported a
pronounced inhibitory effect with cations (K*), especially associated
with an anion (CI") compared to SO,* (Makaza and Khiari, 2023). As
for the lentils, peas, and chickpeas, they tolerated up to 10 kg N ha™
rates, whilst soyabean and black beans could tolerate 10-20 kg N ha™ of
seed row-placed fertilizer for improved seed emergence (Galpottage
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Dona et al,, 2020). In a similar pot experiment, seed-placed rates as low
as 25 kg N ha ™' significantly increased seedling emergence of wild oats
(Agenbag and De Villiers, 1989). This study clearly shows that EP,
MET, and MER could be among the high emergence indicators of
fertilizer ecotoxicological effects influenced by starter N and K seed
placement as they describe the financial feedback in the
yield acquisition.

4.2 NHs toxicity and salt injury affect maize
root architecture

Maintaining root system elongation and its development plays an
essential role in alleviating fertilizer salt injury and NHj toxicity (Chen
et al., 2022). However, toxic concentrations of starter N and K fertilizers
are perceived by the roots, followed by a series of adaptive responses at
the physiological, cellular, and morphological levels (Zhao et al., 2016;
Arif et al., 2019). Our findings showed that the safe pop-up fertilizer
rates for N and K fertilizers significantly increased maize root
architecture. This complements Schenk and Wehrmann (1979) who
noticed the drastic reduction in the root morphology characterized by
the root length, the number of tips, and the root surface area due to
significant inhibition of root cells following NHj; exposure.
Furthermore, we showed that starter K fertilizers had the highest
root production compared to starter N fertilizers, which was supported
by Zhao et al. (2016) and Tsialtas et al. (2016). They showed an
improved root formation following K fertilizer application, which is an
important organogenetic process that determines the establishment of
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TABLE 6 Effect of soil type, fertilizer type, the fertilizer rate, and its interactive effects on physiological and yield-related traits of maize grown under
greenhouse conditions.

o o e Soil type x = Soil type x Fertilizer Soil type x
Fertilizer . . Fertilizer = Fertilizer yP yP oIt typ
Variables Soil type fertilizer fertilizer type x fertilizer type X
type type rate i o
type rate fertilizer rate fertilizer rate

AFB | 55.05 (<.001) = 7.89 (0.007) | 176.47 (<.001) = 6.11 (0.004) 37.36 (<.001) 8.99 (<.001) 3.2 (0.004)
RFW = 31.61 (<.001) | 0.62(0.436) | 62.15 (<.001) 1.43 (0.246) 7.69 (<.001) 2.78 (0.035) 4.36 (<.001)

Starter TFW  57.21 (<.001) = 0.81 (0.371) | 158.88 (<.001) 1.62 (0.206) 26.5 (<.001) 0.41 (0.801) 1.16 (0.338)

ammoniacal-N

fertilizer effects CC  33.11(<001) 001 (0925 | 83.83(<.001) = 10.36 (<.0.01) | 17.54 (<.001) 2.29 (0.071) 1.75 (0.107)
AFB | 47.94 (<001) = 31.34 (<001)  10.5 (<.001) 0.73 (0.435) 2 (0.063) 2.19 (0.081) 1.2 (0.317)
RFW = 32.8 (<.001) | 20.02 (<.001) | 7.38 (<.001) 0.65 (0.524) 1.33 (0.246) 1.54 (0.204) 1.18 (0.325)
TFW = 66.74 (<.001) | 42.09 (<.001) = 14.75 (<.001) 1.01 (0.371) 2.48 (0.022) 3.03 (0.022) 2.01 (0.061)

Starter K

fertilizer effects CC  5552(<.001) 11.73 (0.001) | 5.23 (0.001) 4.61 (0.014) 7.1 (<.001) 6.18 (<.001) 2.31 (0.032)

AFB, aboveground fresh biomass; RFB, root fresh biomass; TFB, total fresh biomass; CC, chlorophyll content. strongly significant, p<0.001; moderately significant, p<0.01; significant, p<0.05,
not significant.

root architecture, contributes to water-use efficiency, and improves the  electrogenic influx of NH,*, may contribute to ammonium
absorption of micro- and macro-nutrients from the soil. In an ex-ante ~ accumulation, and therefore to NH; toxicity. Furthermore, toxic
study on canola (Starling et al, 1998; Qian et al, 2012) and barley  rates of DAP and MAP can precipitate and inactivate Ca and Mg
(Makaza et al.,, 2024), a cessation of tap root elongation was observed,  into relatively insoluble Ca-P and Mg-P complexes in crop seeds
followed by progressive basal-directed necrosis, and shrinking of the (Esteban et al.,, 2016; Makaza and Khiari, 2023). Nevertheless, starter
root axis. Therefore, NH; gas toxicity and root-specific root system K fertilizers placed with the seed had relative pH and electrical
architecture should be considered in N placement and source selection, ~ conductivity changes that pose general leaf yellowing and reduced
while the fertilizer salt index should be our principal guide to minimize ~ growth when applied in excess (Schenk and Wehrmann, 1979). The
fertilizer toxicity. influence of in-furrow-placed fertilizers at high rates could leave maize

seedlings vulnerable to root disease infections, which could be

exacerbated in fertilizer-injured roots (Pan et al., 2016).
4.3 Maize toxicity symptoms are elevated
by fertilizer injury and NHz toxicity

4.4 Seed-placed starter fertilizers influence

When the concentration of ions is greater in the soil than in the ~ the maize yields

plant, the salt moves from the plant tissue to the soil, causing the plants’
lethality (Laboski, 2008). The details on the consequential effects of Starter fertilizer, regardless of placement, often increased early-
ammoniacal-N and/or salt toxicities on morpho-physiological and  season dry matter production and significantly increased grain yields
biochemical attributes of maize were reviewed. Our visual  (Battisti et al.,, 2022; Blandino et al., 2022). However, research indicated
observations regarding stunted growth, chlorosis, necrotic leaves and  that >22 kg N ha™" in direct seed contact did not increase yields and
roots, leaf curling, seed rotting, discoloration, and leakage of electrolytes  significantly reduced maize stands following seed-placed starter N
concur with Makaza and Khiari (2023). Vines and Wedding (1960)  fertilizers (Niehues et al., 2004). Similar results were recorded in this
showed that NHj, which is an effective inhibitor of respiration in plant  study when >5 kg N ha™' DAP was applied in varying soils compared to
tissues, results in poor seed viability and necrosis. Similar findings  K,SO4 and KCl. As opposed to the dribble over-the-row and
showed heavy chlorosis following NHj treatment of 0.06 — 0.09 mM in  subsurface placements, N rates between 11 and 34 kg ha™ did not
cucumber (Schenk and Wehrmann, 1979). In addition, they noticed  affect plant stands, albeit resulting in little added yield benefit (Nichues
NH; influenced the morphology of roots, for which the root length, et al., 2004). This could be physio-metabolically associated with a
tips, and area were drastically reduced due to significant inhibition of =~ reduction in the amount of carbon availability, damage to the
root cells. Moreover, seed-placed DAP revealed some root  chloroplast’s ultrastructure, an increase in proton efflux, ineffective
discoloration and root hair disfigurement, perhaps due to higher  transmembrane ammonium cycling, suppression of the enzyme GDP-
NHj; volatilization (Pan et al, 2016). Evidence supporting the  mannose pyrophosphorylase, and oxidative stress (Shilpha et al., 2023).
involvement of NHj toxicity concerning the leakage of electrolytes ~ Our observations showed that established maximum N and K-placed
shows that its transport across the plasma membrane also comes from  fertilizer rates had the highest chlorophyll content compared to the
the N natural isotopic signature (§'°N) and discrimination (A'"°N) of  toxic rates across all soil types. Shilpha et al. (2023) highlighted that
NH,*-fed plants, which tend to be enriched in "*N (depleted in '>N) fertilizer toxicity is always accompanied by lower levels of chlorophyll a
(Esteban et al,, 2016). The various ammonium transport-related  and b and carotenoids, a decline in photosynthetic rates, and a rise in
components, especially the non-electrogenic influx of NH; and the  the production of ethylene. It is interesting to highlight that the higher
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the chlorophyll content index, the higher the crop biomass and vice
versa, which could be a relative indicator of fertilizer toxicity that can be
used as a decision support tool and may be used for improving the
estimation of crop yield and biomass (Figures 3, 4; Supplementary
Figure S3).

In this study, when >15 kg K ha™ is seed-placed, it results in
improved plant biomass. This often disagrees with Hergert et al. (2012)
who reported that starter K fertilizer decreased the time to flowering
compared with no starter but had little effect on the grain yield of no-till
grain sorghum in eastern Nebraska. Mackenzie et al. (1988) postulated
that even though the added KCl increased exchangeable and soluble K,
probably due to reduced K fixation by illite, mica, and vermiculite
minerals in the soil, high rates could reduce dry matter contents of
silage maize on Ormstown silty clay loam. Starter K fertilizer placed in
the furrow, for example, KCI could have the highest impact on seedling
salinity injury (Kaiser et al., 2005; Lago et al., 2023). Therefore, ensuring
and maintaining the osmotic potential of the in-furrow-placed starter
N and K fertilizer is critical. This is because improper starter fertilizer
placement injures crops by reducing the stand or retarding the
development of established plants. In the context of the development
of future cereal crop fertilization systems, it is vital to consider the
introduction of environmentally friendly innovations in a sustainable
intensification approach. This study has highlighted the importance of
developing starter fertilizer reccommendation models to guard against
inaccurate and misleading fertilizer salt index characterized by the
changes in the fertilizer industry, and this could promote high input use
efficiency. In addition, this approach can promote plant vigor in the
early vegetative stages and is a key factor that leads to significant and
sustainable yield advantages. Here, the starter fertilization, with the
application of N and K close to seed furrows, had the greatest effect,
suggesting that simply reducing fertilizer inputs may represent a
significant drawback for high N- and K-requiring crops, such as
maize, and that it is necessary to re-design the fertilization strategies
by above all enhancing the input use efficiency, focusing on the most
critical growth stages for nutrient uptake.

5 Conclusion

As there are currently no established recommendations for the
maximum safe rates of N and K fertilizers applied at maize planting,
particularly when starter fertilizers are placed simultaneously with
seeds, this study was designed to address this long-standing
knowledge gap for practitioners. To achieve this, we examined
three contrasting soil textures (G1, G2, and G3) and evaluated two
nitrogen-based and two potassium-based starter fertilizers that are
commonly applied in-furrow alongside maize seeds. The study
assessed different fertilizer rates to determine their potential impact
on seed and seedling viability. The findings indicate that K,SO, posed
the lowest risk, as even a 16 kg K ha™ application showed no signs of
toxicity, regardless of soil texture. However, maximum safe
application rates were identified for nitrogen fertilizers:
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¢ DAP:3 kg N ha' in G1 and 0.8 kg N ha™ in G2 and G3.

¢ MAP: 5-7 kg N ha™, irrespective of soil texture.

* KCl, known for its high salt index, had a maximum safe rate
of 10 kg K ha™ in G1 and 14 kg K ha™ in G2 and G3.

These safe application rates resulted in normal germination
indicators (MET, MER, ES, UNC, and SYN) and healthy seedling
development (MNR, NRT, TRL, AD, P, V, and SA), with no visual
symptoms of toxicity observed in seeds, roots, or young seedlings.
Future studies that benefit from examining the specific effects of
each fertilizer salt to better understand distinct ionic, osmotic,
and metabolic responses for the predicted recommendations
could be explored. Overall, the insights from this study provide
practitioners with science-based guidelines for optimizing starter
fertilizer applications alongside maize seeds, ensuring effective
nutrient management while minimizing the risk of seed and
seedling damage.
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