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Abstract: The dynamics of nitrogen availability in soil result from the net amount of organic and
inorganic inputs undergoing decomposition, mineralization, and immobilization. This varies with
soil type, climate, and cropping system management practices. Hence, the interaction of these factors
in a specific environment is important for nitrogen management and availability in any cropping
system. This study evaluated the concentration of nitrate (NO3~) and ammonium (NH4") in a
maize monocropping system in a long-term trial under different tillage practices, i.e., no-till (NT),
conventional tillage (CT), and rotational tillage (RT), and with different nitrogen (Urea) fertiliser

application rates (0, 100, and 200 kg/ha N). The experimental area was a split plot with randomized

check for

updates tillage strips as the main plots, with the nitrogen fertiliser application rates forming the subplots.

The results found the highest concentration of NO;~ (7.728 mg/kg) and NHy* (0.762 mg/kg)
under the NT (p < 0.05) compared to the other treatments. CT recorded the lowest amount of
NH4" (0.648 mg/kg) (p < 0.05) compared to RT (0.758 mg/kg), while the concentration of NO3~

Citation: Zulu, S.G.; Motsa, N.M.;
Magwaza, L.S.; Ncama, K.; Sithole,
N.J. Effects of Different Tillage

Practices and Nitrogen Fertiliser
Application Rates on Soil-Available
Nitrogen. Agronomy 2023, 13, 785.
https://doi.org/10.3390/
agronomy13030785

Academic Editor: Koki Toyota

(6.755 mg/kg) under the CT was relatively higher than under the RT (4.720 mg/kg). The results
also showed that the 0-10 cm depth had a significantly (p < 0.05) higher concentration of NO3~
(6.787 mg/kg) and NH4 " (0.851 mg/kg), followed at the 20-30 cm depth with 6.229 mg/kg NO3~ and
0.832 mg/kg NHy*. Soil samples taken at 10-20 cm depth recorded the lowest NO3; ™~ (6.188 mg/kg)
and NH,4 ™" (0.485 mg/kg). The study also found the highest NO3~ concentration (0.452 mg/kg) with
200 kg/ha N (p < 0.05), while the highest concentration of NH4* (0.954 mg/kg) was found with

0 kg/ha N. The lowest concentrations of both NO3 ™~ (6.333 mg/kg) and NH4* (0.561 mg/kg) were
found with 100 kg/ha N. the no-till also had a significantly (p < 0.05) higher NO3;~ (8.518 mg/kg)
concentration with 200 kg/ha N compared to the CT (6.005 mg/kg) and RT (4.833 mg/kg). On the
other hand, more NH* (1.478 mg/kg) was found with 0 kg/ha N under the NT compared to the
CT (0.717 mg/kg) and the RT (0.669 mg/kg). The concentration of NHs* was relatively low with
200 kg/ha N in the NT (0.545 mg/kg) and CT (0.598 mg/kg) but higher in the RT (0.813 mg/kg). In
conclusion, the NT favoured the availability of NO3~ and NH,* in the studied cropping system;
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however, the concentration of these was affected by fertiliser application rate and depth. This
suggested that each tillage system should be compatible with the type and the rate of inorganic
This article is an open access article  njtrogen fertiliser for better crop production.
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40/).
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1. Introduction

Nitrogen is the fourth limiting factor for proper crop plant growth after carbon,
hydrogen, and oxygen [1]. Nitrogen (N) is regarded as the most valuable component of
all amino acids and nucleic acids; it plays a huge role in biochemical and physiological
functions of crop plants [2,3], which significantly affect the yields and quality of agricultural
products. Deficiencies in reactive nitrogen diminish the crop output and food supply,
subsequently leading to hunger in the developing world [4]. Nitrogen is available in
limited quantities in many soils, even though there is a huge reservoir of nitrogen in the
atmosphere [2]. The availability of nitrogen in the soil for plant uptake depends on the
rate at which carbon is converted to plant-available carbon (inorganic carbon), as well
as the tillage practice [5]. Ref. [6] reported that soil nitrogen is conserved in soil organic
matter (SOM); thus, a decrease or an increase in the SOM has a great effect on nitrogen
cycling. Trends in the changes in the total nitrogen and those observed in the soil organic
carbon content tend to be the same; this is because the nitrogen and the carbon cycles are
totally inseparable [5].

The decrease in the soil organic content and total nitrogen is generally caused by inten-
sive tillage practices [7]. Intensive tillage, which is commonly referred to as conventional
tillage, accelerates the decomposition of soil organic carbon [8], which, in turn, favours the
conversion of the organic form of nitrogen into inorganic forms, such as nitrate (NO37),
ammonium (NHy*), nitrous oxide (N,O), nitric oxide (NO), etc., through the process called
mineralization [9-11]. With conventional tillage, nitrogen is mostly lost by nitrate (NO3; ™)
leaching [9,10]. However, these findings were different from those of [11-13]. They found
that the leaching of nitrate was greater under no-till than in conventional tillage practices.
The conclusion was that there is little or no disturbance in soil structure under no-till, and,
since nitrate (NO3 ™) is soluble and mobile, it moves together with water through the path
provided by macro pores down the soil profile. Conservation agricultural (CA) practices,
such as no-till with residue retention and minimum tillage, have been reported to reduce
the loss of nitrogen from the soil to the atmosphere and leaching. The decomposition of
residues and soil organic matter is slow under CA because aggregates are more stable, thus,
less SOM is exposed to microbial attack. This, in turn, slows the decomposition of soil
organic carbon, hence, soil inorganic nitrogen immobilization takes place [5,14]. During
immobilization, inorganic forms of nitrogen are converted into organic nitrogen, resulting
in lower amounts of nitrogen available for plant uptake. Conservation agricultural practices
help to reduce leaching and denitrification [6,9], which indirectly reduce yields, nutrient
balance, and dry mass production [1].

Research has shown that supplementing reactive nitrogen using mineral fertilisers has
helped in increasing agricultural products to feed the increasing global population [4,15].
However, N fertiliser increases crop production costs and causes climate change, biodi-
versity losses, eutrophication, atmospheric pollution, etc. [1,4,16]. N fertiliser application
rates also play a huge role in the aforementioned problems and in the rate at which N is
mineralized or immobilized [9,11]. Ref. [9] reported that, at lower N fertilization rates,
more soil nitrogen was mineralized under no-till in comparison to the minimum and con-
ventional tillage. In addition, at high N application rates, more nitrogen was mineralized at
the minimum and no-till than under conventional tillage. According to [9,17], applying N
fertilisers tends to increase nitrous oxide (N,O) and nitric oxide (NO) emissions, especially
under monoculture. Applying nitrogen fertilisers under conservation agricultural practices,
such as no-till, increases the N mineralization rate when compared to conventional tillage,
but this depends mainly on the rate at which the fertiliser is applied [9]. This, therefore,
shows that tillage practices, as well as the amount of nitrogen fertiliser added to the soil,
could have an effect on the availability and the concentrations of soil-available nitrate
and ammonium.

Therefore, the agricultural sector is faced with the challenge of improving soil fertility
and N management strategies with organic and inorganic fertilisers to reduce losses to the
environment, while achieving optimum yields for present and future food security. The
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objective of the study was to investigate the effect of different tillage practices and fertiliser
application rates on soil nitrate (NO3 ™) and ammonium (NH;*).

2. Materials and Methods
2.1. Study Area

The study was conducted in a trial that was established in the 2002-2003 summer
growing season by the KwaZulu-Natal Department of Agriculture and Environmental
Affairs at Grouton farm (28°55'26.83" S, 29°33/38.64" E) (Figure 1), situated in Winterton,
Bergville, KwaZulu-Natal province of South Africa. The initial purpose for the establish-
ment of the trial by the Department was to assess the combined effects of tillage practice
and fertiliser application rates on soil fertility, diseases, and maize yield. From 1990 to the
2002-2003 growing season, the trial was under maize commercial production in rotation
with soybean and managed under no-till. Before that, the field was planted to maize
under conventional tillage. The largest percentage of dryland maize in KwaZulu-Natal
is produced commercially in this area. Annually, the area experiences an average rainfall
of 634 mm in summer and an average air temperature of 19.3 °C and 27.9 °C in June and
January. The trial site is characterised by clay loamy-textured (Hutton non-swelling) soil,
and it is left fallow in winter and planted with dryland maize in summer. The amount of
rainfall received and temperatures during the experiment are presented in detail by [18].
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Figure 1. The location of the study area (28°55'26.83" S, 29°33'38.64" E, 1038 m above sea level).

2.2. Experimental Design

The experiment site was a split plot with three tillage treatments: [no-till (NT), rota-
tional tillage (RT), and conventional tillage (CT)], randomized three times, forming the
whole plot (see [18] for the trial layout). Each subplot comprised 12 m x 9.5 m rows of
maize at a density of 70,000 plants/ha, and the total area of the whole plot was 0.86 ha. The
nitrogen (N) source (Urea or LAN) and the rate of application (0, 50, 100, 150, or 200 kg/ha)
formed the subplots, which were randomized within the whole plot. However, in this
study, samples were only taken on Urea at 0, 100, and 200 kg/ha. Under the NT, there were
no disturbances in the soil. No-till involved direct seeding using the planter and, every time
after harvesting, the maize residue was left on the surface as permanent soil cover, while
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under the CT, the field was ploughed using the mouldboard and disc-ploughed to a depth
of 30 cm before planting. Under the RT, the soil was managed under no-till for four years
and then conventionally tilled on the fifth year. Under NT and RT, about 10-12 t/ha/yr of
maize residues was left on the soil surface, forming the permanent soil cover. The nitrogen
source was urea and was top-dressed at three rates (0, 100, or 200 kg/ha) at four weeks
after planting. Phosphorus (P) and potassium (K) were applied in a band method at a rate
of 50 and 20 kg/ha, respectively. Lime was applied at a rate of 2 t/ha at planting in the
conventionally tilled treatments and incorporated on the surface in the no-till and rota-
tional tillage treatments during the second season. Chemicals were used to control weeds
using the combination of S-metolachlor and 2,4-D, mesotrione, and atrazine. Pyrethroid
(Decis Forte) was the only chemical that was applied at planting to control cutworms.
Carbendazim plus azoxystrobin and flusilazole were used to control fungal diseases such
as rust, grey leaf spot, and northern corn leaf blight. The chemicals were applied using a
tractor-drawn ring equipped with an 18 m wide boom sprayer.

2.3. Soil Sampling

Soil samples were collected in April 2019, August 2019, and March 2020 using an auger
at 0-10 cm, 10-20 cm, and 20-30 cm depth; each depth was replicated three times randomly
within each subplot. The soil samples were taken in all the subplots where nitrogen was
applied as urea at (0, 100, and 200 kg/ha). The samples of the same depth from the same
tillage strip (whole plot) were mixed to get a representative soil sample. The samples were
then put in plastic bags for available soil nitrate and ammonium analysis.

2.4. Soil Nitrate and Ammonium Analysis

Nitrate and ammonium were analysed according to the method that was previously
described by [19]. Briefly, the method involves weighing 10.0 g of freshly sampled soil into
a plastic shaking bottle and adding 100 mL of 2 M KCL extracting solution. The solution is
shaken for 1 h, then filtered through No. 42 Whatman filter paper. The method involves
stem distillation and, finally, measurement of the nitrate and ammonium.

2.5. Soil Organic Carbon and pH

The soil total, C, was analysed by an automated Dumas dry combustion method using
a LECO CNS-2000 [20]. The air-dried soil samples were passed through a 0.5 mm sieve
size; then, a 0.5 g sample was measured and placed in the LECO for analysis of the C. The
procedure was based on the dry combustion of air-dried samples in crucibles, subjected to
a 1350-degree Celsius furnace temperature for about 7 min.

The soil pH was measured in a 1:2.5 soil:water mixture [21]. The pH of each soil sample
was measured in distilled water and 1 mol/L of KCl solution at a ratio of
1:2.5 (volume:volume). Next, 10 g portions of soil, previously dried, ground, sieved
on a 2 mm sieve, and thoroughly mixed, were placed using the plastic calibrated spoon
in 50-100 mL beakers. Thereafter, 25 mL of distilled water or 1 mol/L of KCI were added,
respectively. The solutions/mixtures were replicated three times. After hand mixing, the
suspensions were left overnight. The next day, the suspensions were mixed twice before
a pH measurement. The pH readings were taken using a pH meter calibrated based on
standard buffer solutions in a pH range of 4.01, 7.01, and 10.01 [20].

2.6. Statistical Analysis

The soil nitrate and ammonium were analysed using GenStat16 software (VSN Inter-
national, 2009). The data were subjected to an ANOVA, and the means were separated by
Tukey’s least significant difference (LSD) at a 5% level of significance.

3. Results

Highly significant differences (p < 0.001) were observed in tillage treatments and their
interaction in the concentrations of NO3;~ and NHy* (Table 1).
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Table 1. ANOVA results of the effect of tillage treatments (NT, RT, and CT), depths (0-10, 10-20, and
20-30 cm), N-levels (0, 100, and 200 kg/ha), sampling times (April 2019, August 2019, and March
2020), and their interaction on soil-available nitrate (NO3 ~) and ammonium (NH4").

NO;3;~ NH,*
Effects Df F P F p
2 61,184.55  <0.001 *** 66.90 <0.001 ***
2 2914.23 <0.001 *** 674.09 <0.001 ***
2 98.75 <0.001 *** 674.21 <0.001 ***
2 611.47 <0.001 *** 372.57 <0.001 ***
4 1344.32 <0.001 *** 799.06 <0.001 ***
Treatment x N level 4 3915.15  <0.001 *** 759.68 <0.001 ***
Depth x N level 4 3717.67 <0.001 *** 367.86 <0.001 ***
Tillage x Season 4 262.12 <0.001 *** 44.56 <0.001 ***
4
4
8
8
8
8

Treatments
Depth
N level

Season

Treatments x Depth

305.94 <0.001 *** 141.54 <0.001 ***
599.66 <0.001 *** 92.84 <0.001 ***
6274.74 <0.001 *** 1059.93 <0.001 ***
763.77 <0.001 *** 178.78 <0.001 ***
370.18 <0.001 *** 312.48 <0.001 ***

Depth x N Level x Season 367.92 <0.001 *** 493.52 <0.001 ***
Tillage x Depth x N Level x Season 16 452.35 <0.001 *** 161.72 <0.001 ***

N = nitrogen fertiliser application rates. The symbols *** denote statistical significance at 0.001.

Depth x Season

N Level x Season

Tillage x Depth x N Level

Tillage x Depth x Season

Tillage x N Level x Season

Highly significant differences (p < 0.001) were found in the concentration of NO3 ™~ and
NH4* under different tillage treatments (Table 1). NT had the highest NO3 ™~ (7.728 mg/kg),
followed by CT at 6.755 mg/kg, and, lastly, RT with the lowest concentration of 4.720 mg/kg
NO3™ (Figure 2). The NT (0.762 mg/kg) and RT (0.758 mg/kg) had significantly higher
(p < 0.05) concentrations of NHs* compared to the CT treatment (0.648 mg/kg) (Figure 2).

, 9 LSD: NH, ™= 0.022
o g c NO,= 0.017
= b -
2 7 _
©
;:q 6

“an a
Z o
5% -
c g4 m NH4
o —
5 3 NO3
g
g ) a b b
(=]
S o L_mmm | [

cT NT RT
Tillage treatments

Figure 2. The concentrations of extractable NO3~ and NH,* at three different tillage treatments of
no-till (NT), rotational tillage (RT), and conventional tillage (CT) after 17 years of trial establishment.
The bars not sharing the same letter differ significantly at LSD (p = 0.05).

The results showed a highly significant interaction (p < 0.001) between the tillage
treatments and the depths for available NO3;~ and NH4* (Table 1 and Figure 3). The
0-10 cm depth of the NT (8.046 mg/kg) had the significantly (p < 0.05) highest concentration
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of NO3 ™, compared to the CT (7.472) and RT (4.844 mg/kg) treatments (Figure 3a). The
concentration of NO3 ™~ decreased at the 10-20 cm depth and increased at the 20-30 cm
depth, while that of the RT and CT decreased with depth (Figure 3a).

Concentration of NO; (mg/kg)

_ LSD= 0.030 1.6 - LSD=0.038
h g
1 f= f
€ - ¥ L4 = e
- dm ) I
c £ 121
J g
r 14
J b a a =
- = mCT S 084 4 d mCT
J g c L
NT = bc c NT
i *@ 0.6 - T b -
RT € a & RT
| L 04 - T
c
(o]
i O 0.2 4
i 0 A
0-10cm 10-20 cm 20-30 cm 0-10cm 10-20cm  20-30cm
Sampling depth (cm Sampling depth (cm
pling depth (cm) @) pling depth (cm) (b)

Figure 3. The concentration of extractable NO3;~ (a) and NH;* (b) at three sampling depths (0-10,
10-20, and 20-30 cm) of the three tillage treatments (CT, NT, and RT) recorded after 17 years of
trial establishment. cm = centimetre. The bars not sharing the same letter differ significantly at
LSD (p = 0.05).

The 0-10 cm depth of the NT had a significantly higher (p < 0.005) concentration of
NH4* compared to the 20-30 and 10-20 cm depths, respectively (Figure 3b). Contrarily,
in the RT treatment, the highest concentration was found at the 20-30 cm depth, followed
by the 0-10 and 10-20 cm depths, respectively. On the other hand, the CT treatment had
similar (p > 0.05) concentrations of NH,* at the 0-10 and 20-30 cm depths, with the lowest
at the 10-20 cm depth (Figure 3b).

The interaction of tillage treatment and N fertiliser application rate was signifi-
cantly different (p < 0.05) for soil-available NO;~ (Table 1 and Figure 4a). The no-till
recorded the highest concentration of NO3 ™~ (8.518 mg/kg) with 200 kg/ha N, followed
by 100 (7.34 mg/kg) and 0 (7.33 mg/kg) kg/ha N, respectively (Figure 4a). The results
showed that the no-till recorded the highest concentration of NO3; ™ under all three nitro-
gen fertiliser application rates (0 N, 100 N, and 200 N) compared to the rotational and
conventional tillage systems (Figure 4a). The rotational tillage system recorded the lowest
nitrate concentration of them all. Most notable was that the rate at which N was applied
had an impact on the concentration of nitrate; the concentration of nitrate decreased with
an increase in N fertilization. (Figure 4a). Under CT, the concentration of NO3;~ decreased
with an increase in N fertiliser levels, while, under NT and RT, NO3; ™~ increased with an
increase in N fertiliser levels.

The results showed a significant interaction (p < 0.05) between tillage treatments and
N fertiliser application rates for soil-available NH4* (Table 1 and Figure 4b). The highest
concentration of NHy* was found under NT at 0 kg/ha N (1.478 mg/kg) (Figure 4b). The
concentration of NH* was relatively lower with 200 kg/ha N in the NT (0.545 mg/kg) and
CT (0.598 mg/kg) but higher in the RT (0.813 mg/kg) (Figure 4b). The ammonium found
under the RT (0.669 mg/kg) and CT (0.717 mg/kg) with 0 kg/ha N was more than that
with the 200 kg/ha N in the NT(Figure 4b).

The results showed that the concentration of NO3 ™~ was significantly different (p < 0.05)
at different sampling periods (Table 1 and Figure 5). More NO3; ™~ was found in August 2019
(6.534 mg/kg), followed by 6.436 mg/kg in March 2020. April 2019 recorded the lowest
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concentration of NO3 ™~ (6.233 mg/kg) (Figure 5). The study found that the concentration of
NH,* was slightly significantly different (p < 0.05) at different sampling periods (Figure 5).
The concentration of NH4* found in April 2019 was significantly different to that in August
2019 and March 2020, but between August 2019 and March 2020, there was no significant
difference. More NH4* was recorded in March 2020 (0.823 mg/kg); the least was recorded
in April 2019 (0.546 mg/kg) (Figure 5).
9 | LSD=0.030 16 . LSD= 0.038
8
= h = 14
g e g
oo 7 a0
£ E 12
Y d =
o 6 T
= z 1
LB 5 b a ¢ q6 § f
c - _ c
,g mCT _g 0.8 de T I EmCT
£ sNT | OE z o be NT
< S 06 b
2 3 RT 2 RT
S S 04
2 ) a
1 0.2
0 0
ON 100N 200N ON 100N 200N
a N fertilizer (kg/ha) b N fertilizer (kg/ha)

Figure 4. The concentrations of extractable NO3;~ (a) and NHy* (b) under three tillage treatments
(NT, RT, and CT) and three nitrogen (Urea) treatments (0, 100, and 200 kg/ha) recorded after 17 years
of trial establishment. N = nitrogen fertiliser. The bars not sharing the same letter differ significantly
at LSD (p = 0.05).

The results showed no significant difference (p < 0.05) in the concentration of SOC
under different tillage treatments (Table 2). However, NT had more SOC (1.78%) compared
to CT (1.75%) and RT (1.72%), respectively. The results found a significantly (p < 0.05)
higher concentration of SOC at the 0-10 cm soil surface depth (2.03%), followed by that
of the 1020 cm depth (1.65%), and the lowest concentration of SOC was found at the
20-30 cm soil depth. The interaction between tillage treatments and sampling depths was
slightly significant (p < 0.05) for total soil organic carbon. Most notably, the 0-10 cm depth
had the highest concentration of SOC in all the tillage treatments. The NT (2.21%) had the
highest concentration of SOC at the 0-10 cm soil depth, followed by the RT (2.04%); the
CT had the lowest SOC concentration (1.83%) (Table 2). Soil organic carbon was relatively
lower at the 20-30 cm soil depth under all the tillage treatments. Even though the SOC
was low at the 20-30 cm depth, the CT had more SOC (1.68%) compared to the NT (1.53%)
and RT (1.51%).

Table 2. Soil pH and SOC measured 17 years after implementation of the trial at different soil depth
and under different tillage treatments (NT, CT, and RT).

Tillage System
Soil pH Depth (cm) NT RT CT
0-10 5.56 @ 5654 6.09 2
10-20 5.69 2 6.122 6.272
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Table 2. Cont.

Tillage System
20-30 5.56 2 6.312 6.102
Mean 5.60 2 6.03P 6.16 °
LSD; = 0.298, LSDy .4 = 0.516
SOC (%)
0-10 2214 2.04¢d 1.83 be
10-20 1.61 2P 1.60 2P 1.74 be
20-30 1.532 1.512 1.68 2P
Mean 1.78 2 1.722 1.752

LSDy = 0.108, LSD;. 4 = 0.186

Note: t = tillage and d = depth. Numbers in the table not sharing the same letter differ significantly at
LSD (p = 0.05).

7 LSD: NH,*=0,02217
NO;=0,01733

=)

w

'S

m NH4

w

B NO3

%)

Concentration of NH,"and NO; (mg/kg)
-

o m ] 0

Apr-19 Aug-19 Mar-20
Sampling period

Figure 5. The concentration of extractable NO3;~ and NHy* across the three sampling periods
recorded after 17 years of trial establishment.

The results showed no significant interaction (p > 0.05) between tillage practices and
nitrogen fertiliser application rates on SOC (Table 3). Similar trends were also observed
in soil pH, where there were no significant interactions between the tillage systems and
fertiliser application rates. (Table 3). However, the pH in the NT treatment was found to be
significantly lower than that of the RT and CT treatments (Table 3).

The results showed a significant interaction (p < 0.05) between tillage treatments,
sampling depth, and N fertiliser levels for both NO3;~ and NH,*. (Table 4) Rotational
tillage, combined with the effect of N fertiliser levels and sampling depths, recorded the
lowest concentration of NO3~ when compared to that of CT and NT combined with N
level and sampling depths. Moreover, the concentration of NH,* varied significantly with
the combined effect of tillage treatments, sampling depths, and N fertiliser levels.
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Table 3. The concentration of soil organic carbon (SOC) and soil pH at different N fertiliser levels
under three tillage treatments (NT, CT, and RT) after 17 years of trial establishment.

N Level (kg/ha)
Soil pH Tillage 0 100 200 Mean
CT 6.102 6.122 6.252 6.16 P
NT 5.742 5532 5542 5.60 2
RT 6.172 5912 6.012 6.03 b
LDS; = 0.298, LSDy ¢ = 0.516
SOC (%) CT 1.742 1.812 1.692 1.752
NT 1.732 1.882 1.742 1.782
RT 1.59 2 1.732 1.832 1.712

LSD; = 0.108, LSD;¢ = 0.186

Note: t = tillage and f = fertiliser level. Numbers in the table not sharing the same letter differ significantly at
LSD (p = 0.05).

Table 4. Concentrations of NO3~ and NH* (mg/kg) and standard errors of means found under
different tillage treatments, sampling depths, and N fertiliser application rates.

NO;~ NH,*
Depth (cm) Depth (cm)
Tillage N Level 0-10 10-20 20-30 0-10 10-20 20-30
CT 0 72161 +0.161 7.014 1 + 0.024 7.553 K 4+0.472 0.5681 ¢ +0.167  0.2380 2® + 0.029 1.3436 ' +0.182
100 9.934™ +0.151 5.796 ¢ + 0.242 5.270 € + 0.037 0.7691 M +0.208  0.8484 U £0.284  0.2647 2> £ 0.025
200 5.267 ¢ + 0.055 7.142) +0. 374 56064 +0.173  0.6770 8" +0.081  0.6520 8" +0.193  0.4664 % + 0.068
NT 0 7.587 X +0.166 5.929 f 4+ 0.235 8.467 1 4+ 0.335 3.4274™ £0.558  0.3769 4 + 0.029 0.6291 f +0.107
100 6.607 & + 0.302 6.876 " +0.255 8.535! 4+ 0.084 0.1813% £ 0.045  0.29332 £0.065  0.3117 " 4 0.072
200 9.943™ £ 0.097 8.910 ™ 4 0.390 6.700 8 4+ 0.105 039014 +£0.036  0.48889¢ +£0.031  0.7570 8" + 0.263
RT 0 46162 4 0.036 4.735° +0.057 4.661%° +0.021 0.1688° £ 0.054  0.6405% +0.161  1.1971X +£0.154
100 4.696 % + 0.023 4.644°° 4 0.039 4.636 2 + 0.007 05549 ¢ +0.019 02736 +0.004  1.5482™ = 0.320
200 5.221°40.216 4.646 % +0.077 4.630° +0.017 092187 +0.175 0.5509 *f + 0.057 0.9657 ) & 0.199

N = nitrogen fertiliser, N = nitrogen application rates, and cm = centimetre. Numbers in the table not sharing the
same letter differ significantly at LSD (p = 0.05).

4. Discussion
4.1. Soil Available Nitrate (NO3 ™)

The study found that NT had a significantly (p < 0.05) higher NO3;~ concentration
(7.728 mg/kg) compared to CT (6.755 mg/kg) and RT (4.720 mg/kg). The results were
in agreement with those of [22], who reported that direct seeding with mulch recorded
the highest concentration of nitrate compared to conventional tillage. Conventional tillage
accelerates the rate at which SOC decomposes; this favours the mineralization of soil
nitrogen (from organic to inorganic form) [23]; hence, more NO3; ™ becomes accessible to
crop plants, so less nitrogen (NO3 ™) remains in the soil [8-11]. This is supported by the
results of the present study (Table 2), where the concentration of SOC was high under
NT, especially at the 0-10 cm depth, compared to CT and RT. The NT had more NO3™
(7.728 mg/kg) and SOC (1.782%), followed by the CT (NO3~ (6.755 mg/kg) and SOC
(1.750%), then, the RT, with the least NO3;~ (4.720 mg/kg) and SOC (1.715%). The potential
of nitrate to leach is very high in intensively tilled soils compared to the minimum and no
tillage, because tillage increases the flow of water down the soil profile [24].

The results also found more NO;~ at the 0-10 cm depth (6.787 mg/kg), followed
by that at the 20-30 cm depth (6.229 mg/kg). The second depth (10-20 cm) recorded the
lowest amount of NO3 ™ (6.188 mg/kg). Similar findings were observed by [25], where



Agronomy 2023, 13, 785

10 0f 13

biochar amendments and N fertiliser (Urea) significantly increased NO3; ™ content at the
top 0-10 cm soil depth. Ref. [25] also reported that the concentration of NO3; ™~ decreased
with an increase in depth, which is contrary to the findings of the present study. More SOC
(2.026%) was found at the 0-10 cm soil depth in the present study, hence, the accumulation
of more NO3 ™ at the 0-10 cm depth. On the other hand, the concentration of SOC was low
at the 20-30 cm depth, but the concentration of NO3 ™~ was relatively higher than that at
the 10-20 cm depth. This suggests that the NOs; ™ had leached to deeper soil depths. The
results also found a significantly (p < 0.05) higher concentration of NO3 ™ with 200 kg/ha N
(6.452 mg/kg), followed by 0 kg/ha N (6.420 mg/kg); 100 kg/ha N had the lowest amount
of NO3™ (6.333 mg/kg). These findings were inconsistent with [25], who reported that the
NOj3™ content decreased with an increasing N fertiliser rate.

The concentration of NO3 ™~ was significantly different at different sampling periods.
More NO3; ™~ was found in August 2019 (6.534 mg/kg), followed by 6.436 mg/kg in March
2020. Ref. [11] found that the concentration of nitrate was relatively higher after the harvest-
ing of the maize crop than before sowing under both conventional and minimum tillage,
which is similar to our findings, since, in August, the trial was left fallow (after the maize
crop harvesting). April 2019 recorded the lowest concentration of NO3~ (6.233 mg/kg).
These findings were contrary to those of [26], who found that the concentration of NO3 ™~
increased during the growing period of corn under both no-till and tillage treatments. This
suggests that more NO3 ™ is taken by the growing maize crop during the growing period
(April 2019 and March 2020), or the NO3 ™ leaches to greater depths (>30 cm).

Moreover, the interaction of tillage treatments and sampling depths was significant.
RT recorded the lowest NO3 ™~ concentration (4.642 mg/kg, 4.675 mg/kg, and 4.844 mg/kg)
compared to NT and CT at all the sampling depths. The interaction of NT and sampling
depth gave the highest concentration of NO; ™~ (8.046 mg/kg). Most notably, the 0-10 cm
soil depth recorded the highest concentration of NO3;™~ under all the tillage treatments
(RT (4.844 mg/kg), CT (7.472), and NT (8.046 mg/kg), while the lowest concentration was
observed at the 20-30 cm depth for the RT (4.642 mg/kg) and CT (6.143 mg/kg). Ref. [26]
found that the concentration of NO3~ under NT was lower at 5-10 cm and at depths
> 10 cm compared to CT. Their findings were different to our findings, where 0-10 cm
under NT recorded the highest concentration of NO3 ™ compared to 0-10 cm under CT.
These findings suggest a low C:N ratio under CT, which rapidly releases more NO3;~ for
immediate use by the maize crop, leaving less NO; ™ in the upper soil layer. On the other
hand, leaving residues/mulching under NT may have increased the C:N ratio, resulting in
the immobilization of N (NO;3 ~); hence, more NO3 ™~ was available in the upper soil layer
but not accessible to the maize crop.

On the other hand, NT had the highest NO3 ™ concentration compared to RT and CT,
regardless of the N fertiliser application rate. No-till recorded the highest concentration
of NOs~ (8.518 mg/kg) at 200 kg/ha N. Conversely, Ref. [22] found that the addition of
farmyard manure and mineral fertiliser in direct seeding with mulch favoured the reduction
of nitrate compared to conventional tillage, while [27] reported that the combination of both
conventional tillage and high N fertiliser rates resulted in extreme losses of NO3~ through
leaching compared to NT. The lower NO3;~ concentration under the CT in the present study
suggests that nitrate reduction is attributed to the disturbances caused by tillage on soil
aggregates and their microbial community. Most notable is that RT had the lowest NO3; ™~
concentration compared to the other tillage practices at all the N fertiliser levels. Under the
CT, the concentration of NO3;~ decreased with an increase in the N fertiliser levels, while,
under the NT and RT, the NO3; ™ increased with an increase in the N fertiliser levels.

Nitrate (NO3 ™) was found to be the dominant form of soil-available nitrogen in this
study. Nitrate was dominant over NH* under different tillage treatments, sampling depths,
N fertiliser application rates, and sampling periods. This indicates that more inorganic N
in the form of NO3 ™ in the topsoil was available to the maize, and, also, N losses as NO3 ™~
were highly possible. These findings were in contrast to [25] findings, which reported that
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NH4* was dominant and accessible to rainfed rice, and that the chances of NO3 ™~ losses
were very slim.

4.2. Soil Available NH,*

The concentration of NHy* was significantly (p < 0.05) higher under the NT
(0.762 mg/kg) compared to the RT (0.758 mg/kg), and the CT had a relatively low NH4*
(0.648 mg/kg). Similar findings were reported by [22], who found the highest NH;" con-
tent under direct seeding with mulch compared to CT. Ref. [28] also found a greater NH4*
content under a no-tillage system than under a conventional tillage system. The lower
concentration of NHy* in CT suggests the mineralization of N to inorganic NH;* and a
relatively high uptake by the maize crop, such that less is left in the soil. No-till favours the
immobilization of soil N (from inorganic to organic N); less N (NH;*) becomes available to
crop plants, thus more NHy* is found in the soil [5,14]. The greater concentration of NH4*
under NT has also been attributed to high levels of SOC found under the NT, since the two
are complementary.

The ammonium also followed a similar trend to the NO3 ~; the concentration of NH*
was higher at the 0-10 cm depth (0.851 mg/kg) and at 20-30 cm (0.832 mg/kg). This
observation also explains more SOC in the upper soil layer (0-10 cm). The study was in
agreement with the findings of [25], where NH4 " mostly accumulated in the top 10 cm layer
of the soil. Ref. [24] also found that the concentration of NH4" decreased with an increase
in depth, while, in the present study, the concentration of NH,* was higher at the 20-30 cm
depth (0.832 mg/kg) and low at the 10-20 cm depth (0.485 mg/kg). This observation may
be attributed to Ferralsols’ characteristics, especially the excellent porosity and infiltration,
which may have leached more NH;* to deep soil layers. Conversely to the findings of
the present study, [28] found more NH4" in deep soil layers (30-60 cm and 60-90 cm)
compared to the shallow soil layer (0-30 cm), and the conclusion was that the formation of
cracks in Vertisols displaces soil organic matter to deeper depths, promoting mineralization
in the deepest layers. Furthermore, the results showed a significant difference (p < 0.05)
but an inconsistent trend in the concentration of NHy* at different N fertiliser application
rates. More NH;" was found with 0 kg/ha N (0.954 mg/kg), followed by 200 kg/ha
N (0.652 mg/kg); 100 kg/ha N resulted in the lowest amount of NHs* (0.561 mg/kg).
Conversely, Ref. [25] reported that the concentration of NHs* decreased with an increase
in N fertiliser levels. Our observations with regards to more NH4* with 0 kg/ha N in
the present study are that the ratio of carbon to nitrogen (C:N) becomes relatively high in
maize crop residues where there was no N fertiliser input, therefore resulting in microbial
immobilization. On the other hand, adding N fertiliser may have reduced the C:N ratio,
such that more NH;* was mineralized for immediate crop use.

The concentration of NH4* found in March 2020 was significantly higher than that
found in August 2019 and April 2019, respectively. Conversely, Ref. [26] reported that
the concentration of NH4* decreased in the growing period of corn in no-till and tillage
treatments. More NH4" during the 2020 growing period (March 2020) suggests that the
application of N fertiliser and mulching maintained more inorganic NH;* in the topsoil
available to the maize crop.

The interaction between tillage treatments and sampling depths was significant
(p < 0.05) for soil-available NH;*. The results showed that at the 10-20 cm soil depth,
the concentration of NH," was low for all the tillage treatments (NT (0.386 mg/kg), RT
(0.488 mg/kg), and CT (0.580 mg/kg)). These findings are similar to those of [26], who
found that the content of NH,* in the middle layer was lower under NT compared to that
under CT treatment. The 20-30 cm depth recorded more NH,* for RT (1.237 mg/kg) and
CT (0.692 mg/kg) than for NT (0.566 mg/kg). The NT had the highest NH;* concentration
(1.333 mg/kg) amongst them all at 0-10 cm. Ref. [26] also reported that more NH4* was
found in the upper soil layers (0-5 cm) in the no-till compared to tillage treatments, which is
similar to our findings. This may be attributed to the placement of the maize crop residues
and N fertiliser on the soil surface under the NT.
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The results showed a significant interaction (p < 0.05) between tillage treatments and
N fertiliser application rates for soil-available NH4*. The highest concentration of NH4*
was found under NT with 0 kg/ha N (1.478 mg/kg). The concentration of NH;* was
relatively lower with 200 kg/ha N in NT (0.545 mg/kg) and CT (0.598 mg/kg) but higher
in RT (0.813 mg/kg). The ammonium found under the RT (0.669 mg/kg) and the CT
(0.717 mg/kg) with 0 kg/ha N was more than that with 200 kg/ha N. The decomposition
of maize crop residues, together with soil organic matter and soil organic carbon, is slow
under the NT; not adding N fertiliser slows the decomposition process even further, and
nitrogen (NH4") is immobilized due to the high C:N ratio. Hence, there was more NH4*
under the NT with 0 kg/ha N than under the CT with 0 kg/ha. The low NH4" in both
the NT and CT with 200 kg/ha is attributed to the low C:N ratio as a result of the high N
fertiliser application rate. More NH;* found in the RT at 200 kg/ha N may be attributed
to the equilibrium state between the mineralization and immobilization of the NH4". The
addition of N fertiliser under the RT may have counteracted the high C:N ratio from the
effect of residues, leaving mineralization and immobilization at an equilibrium state.

5. Conclusions

In the current study, the no-till had a higher concentration of NO3~ and NH4* com-
pared to conventional tillage. In contrast, the rotational tillage had the lowest concentration
of nitrate compared to the conventional tillage. The concentration of these nutrients var-
ied with depth in different tillage treatments, suggesting different nitrogen management
practices to balance the availability of nitrogen may be required over the growing season.
For example, in the no-till, the concentration of NO3~ and NH* was high at the top
0-10 cm and 20-30 cm depths compared to the 10-20 cm depth. However, in the rotational
tillage treatment, these nutrients were relatively uniform, while, in the conventional tillage
treatment, these nutrients decreased with depth. The effect of the N fertiliser application
rates in the different tillage treatments varied. The NT recorded more NH4*, with 0 kg/ha
N compared to the CT and RT, while more NO3~ was found with 200 kg/ha N. The ro-
tational tillage recorded more NH4" with 200 kg/ha N. These observations suggest that
tillage treatments and N fertiliser application rates need to be chosen so that they are
complementary/compatible for a good yield and quality of food crops while improving
soil fertility.
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