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hashim.zainulabdeen@sze.hu or zain84.almusawi@gmail.com (Z.K.A.-M.); ruzsics.emoke@sze.hu (E.R.)

2 Department of Plant Sciences, Albert Kázmér Faculty of Agricultural and Food Sciences, Széchenyi István
University, 9200 Mosonmagyaróvár, Hungary

3 Department of Water Management and Natural Ecosystems, Albert Kázmér Faculty of Agricultural and Food
Sciences in Mosonmagyaróvár, Széchenyi István University, 9200 Mosonmagyaróvár, Hungary;
vona.viktoria.margit@sze.hu (V.V.); pinke.gyula@sze.hu (G.P.)

4 HUN-REN-SZE PhatoPlant-Lab, Albert Kázmér Faculty of Agricultural and Food Sciences, Széchenyi István
University, 9200 Mosonmagyaróvár, Hungary

* Correspondence: kulmany.istvan@sze.hu

Abstract

Agriculture must balance productivity with greenhouse gas emissions, biodiversity, and
resource concerns. This study examined how tillage (conventional, CT; minimum, MT),
nitrogen fertilisation (0–221 kg N ha−1), and herbicide rates (0–100%) interactively af-
fected soil CO2 emissions, vegetation vigour, and weed diversity in maize production
during 2022. A factorial experiment was conducted on a 1 ha with 40 plots monitored
soil temperature, moisture, penetration resistance, normalised difference vegetation index
(NDVI), weed diversity (Simpson’s Index), and CO2 emissions (closed-chamber method).
Minimum tillage increased soil water retention (9.3 ± 6.5% vs. 5.4 ± 4.3%), soil tem-
perature (28.0 ± 1.5), and compaction (0.6 ± 0.3 vs. 0.1 ± 0.0 MPa), while enhancing
weed diversity (0.53–0.80 vs. 0.38–0.67). MT produced higher CO2 emissions than CT,
especially at 147 kg N ha−1 (49.9 ± 15.7 vs. 29.1 ± 11.6 µmol m−2 s−1), peaking under
MT-147 kg N ha−1-H75 (79.4 ± 1.2 µmol m−2 s−1). NDVI responses varied between tillage
systems; under CT, vegetation vigour peaked at 75% herbicide application, while under MT
vegetation was more responsive to nitrogen and more sensitive to herbicide, highlighting
nitrogen × herbicide interaction trade-offs. Overall, MT enhanced water conservation
and weed diversity but increased short-term CO2 emissions. This study reports first-year,
site-specific results from an ongoing multi-year field experiment; therefore, the findings
were interpreted as short-term, season-specific responses. This highlights the need for
site-specific, climate-smart management that integrates emissions, soil health, biodiversity,
and productivity.

Keywords: herbicide application; nitrogen fertiliser; soil CO2 emissions; tillage systems;
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1. Introduction
The world is increasingly confronted with food insecurity, water scarcity, land degrada-

tion, energy shortages, and climate change, all exacerbated by rising greenhouse gas (GHG)
emissions [1–3]. GHGs—primarily carbon dioxide (CO2), methane (CH4), and nitrous oxide
(N2O)—trap solar radiation and intensify global warming [4,5]. Anthropogenic activities
contribute over 55% of global GHG emissions [6,7], with agriculture alone accounting
for approximately 20–23% [8,9], including more than 22% from direct agricultural opera-
tions [10]. Among these gases, CO2 accounts for the largest proportion. Atmospheric CO2

levels have steadily increased since the pre-industrial era, primarily caused by fossil fuel
combustion and land-use change [11–15]. Agricultural activities contribute substantially
to CO2 emissions by influencing the soil carbon dynamics [16]. Soils emit CO2 through
microbial respiration, organic matter decomposition, and root activity processes intensified
by tillage, nitrogen fertilisation, and herbicide use [17–19], and are further affected by the
changes in organic matter content, soil temperature, moisture, type, the level of residue
burning, and microbial metabolism [16,20]. Consequently, soil CO2 emissions are a key
indicator of the influence of agricultural management on agroecosystem carbon dynamics.

Although the individual impacts of tillage, nitrogen, and herbicides are well docu-
mented [21,22], their combined and interactive effects are unclear. This gap is particularly
relevant in maize cultivation, where all three inputs are extensively used, limiting progress
toward climate-smart agriculture [23–25]. Understanding how these practices interact is
essential for developing sustainable systems that reduce GHG emissions while maintaining
agroecosystem functionality and productivity. This aligns with the broader European
sustainability objectives outlined in the European Green Deal’s “Farm to Fork” strategy,
which highlights the importance of precision agriculture, digitalisation, and biodiversity
restoration to balance productivity with environmental protection [26].

Tillage operations significantly alter soil structure and organic matter decomposition,
directly affecting CO2 emissions. Conventional tillage (CT), which involves intensive soil
disturbance, promotes the rapid oxidation of soil organic matter, leading to short-term
CO2 peaks [27]. In contrast, no-till and minimum tillage (MT) reduce physical disruption,
maintain soil carbon stocks, and moderate emissions over time [9]. Cillis et al. [28] reported
that these practices could reduce soil organic carbon losses by up to 63%. Despite these
potential benefits, conservation tillage systems also modify soil physical and biological
conditions in ways that may alter short-term CO2 emissions, and their interaction with
nitrogen and herbicide management requires further investigation.

To address this knowledge gap, this study had the following specific objectives:

• Quantify the effects of CT and MT systems on soil CO2 emissions and selected soil
physical properties.

• Assess the response of vegetation vigour (NDVI) to different soil management prac-
tices, including CT and MT.

• Evaluate the effects of herbicide dose on vegetation vigour under CT and MT systems
at different nitrogen fertilisation rates.

• Examine the combined effects of nitrogen fertilisation and herbicide dose on vegetation
vigour within each tillage system.

• Analyse weed diversity patterns using Simpson’s Index and explore their relationships
with vegetation vigour and soil CO2 emissions under different agricultural practices.

• Assess soil CO2 emissions under different tillage systems at the same nitrogen fertili-
sation levels and herbicide doses.

• Examine the interactive effects of nitrogen fertilisation and herbicide application on
soil CO2 emissions within CT and MT systems.
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Several studies have shown that reduced tillage improves carbon sequestration com-
pared with CT [29–32]. A 35% reduction in CO2 emissions under no-till in wheat was
reported by Nawaz et al. [16], linked to improved soil properties. Passianoto et al. [33]
observed higher short-term CO2 emissions from CT than those from no-till in tropical
soils, and Dachraoui and Sombrero [34] noted that tillage intensity influences maize carbon
footprints in semi-arid areas. Holland [35] highlighted the potential of conservation tillage
to reduce emissions in Europe. However, these findings are not universal across all regions
and management contexts.

The reported effects of reduced or no-tillage (NT)on soil CO2 emissions remain incon-
sistent. Some studies have reported equal or higher CO2 emissions under no-till systems,
depending on the climate, crop type, and soil properties [9,36–40]. Smith et al. [20] empha-
sised that the effectiveness of conservation tillage depends on long-term soil responses and
environmental conditions, underscoring the need for evaluation across diverse agroecologi-
cal contexts.

Although, nitrogen fertilisation essential for productivity, it accelerates soil respiration
and CO2 emissions. Nitrogen inputs stimulate microbial activity, with effects varying
by the rate, fertiliser formulation, and timing [41–45]. The impacts also depend on soil
characteristics, climatic conditions, and management [46]. Therefore, nitrogen management
therefore plays a central role in regulating soil biological processes and overall soil health,
highlighting the importance of practices that sustain biological functions while minimising
environmental harm [47,48]. As nitrogen availability influences both plant growth and
microbial metabolism, its interaction with tillage systems is particularly important for
understanding soil CO2 emission dynamics.

Herbicide application, which is central to modern weed control, can affect microbial
and soil respiration. Kinney et al. [49] reported ambiguous effects on soil CO2. Zabaloy
and Gómez [50] found that low doses of glyphosate and 2,4-D temporarily suppressed
emissions, whereas higher doses increased emissions by disrupting the microbial com-
munities. Sándor et al. [51] observed that different herbicides formulations affect CO2

differently. As herbicide use directly alters vegetation structure, biomass inputs, and
residue composition, it may indirectly affect soil respiration through changes in plant–soil
interactions. This study focused on three maize herbicides—Calaris Pro, Eucarol Plus, and
Milagro 240—which are effective post-emergence for controlling both broadleaf and grass
weeds [52–54].

Despite the widespread and simultaneous application of tillage, nitrogen fertilisation,
and herbicide use in agricultural systems, their combined effects on CO2 emissions remain
under-researched. Most existing studies have examined these inputs individually or in
pairs, but their joint impact on soil CO2 emissions remain largely unknown [55].

To address this knowledge gap, this study investigated the interactive effects of CT and
MT, nitrogen fertilisation rate, and herbicide doses on soil CO2 emissions, vegetation vigour
(including both crops and weeds), and weed diversity in a maize-based agroecosystem at
an experimental farm in northwestern Hungary. By addressing this gap under realistic field
conditions, this research aims to contribute to sustainable agriculture by strengthening the
scientific basis for integrated, site-specific management strategies that balance soil health,
and vegetation dynamics and reduce GHG emissions while maintaining productivity.

2. Materials and Methods
2.1. Site Description and Experimental Design

The research was conducted at the Széchenyi István University experimental
farm, called Smart Farm, in Mosonmagyaróvár, northwestern Hungary (47◦53′30.7′′ N,
17◦16′16.9′′ E), at an elevation of 119 m above mean sea level. The region has a temperate,
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continental climate with cold winters, no dry season, and warm to hot summers [56]. The
monthly average temperatures range from −4 ◦C to 22 ◦C, and the annual rainfall averages
594 ± 51 mm [56–58] (Figure 1).

 

Figure 1. Overview of the experimental site. (A) Geographical map of the study area and experimental
design; (B) Climate data; (C) Conventional tillage (CT); (D) Minimum tillage (MT); (E) Weed data
collection; and (F) CO2 emission sensor and closed-chamber system.

During the 2022 growing season, the mean temperature was 16.5 ◦C and total rainfall
was 376.4 mm. Monthly temperatures from April to October averaged 5.7 ◦C, 9.9 ◦C,
17.9 ◦C, 22.0 ◦C, 22.3 ◦C, 22.5 ◦C, and 15.4 ◦C, with maximum values of 14.8 ◦C, 15.3 ◦C,
23.3 ◦C, 28.7 ◦C, 29.0 ◦C, 28.1 ◦C, and 21.1 ◦C, respectively. This pattern reflects a steady
rise from early spring, peaking in late summer, and declining in the autumn. Monthly
precipitation averaged 12.1 mm, 17.5 mm, 60.0 mm, 115.1 mm, 63.4 mm, 57.2 mm, and
51.1 mm, respectively (Figure 1B).

The soil is a Danube alluvial soil with clay loam texture, pH 7.9 ± 0.0 (CV = 0.23%)
(both tillage practices), low organic matter (3%), and total nitrogen of 1.9 g kg−1 ± 0.1
(CV = 4.6%) under CT and 1.9 g kg−1 ± 0.1 (CV = 7.6%) under MT (Table 1). The experimen-

https://doi.org/10.3390/soilsystems10020026

https://doi.org/10.3390/soilsystems10020026


Soil Syst. 2026, 10, 26 5 of 32

tal field was characterised by a uniform soil type and texture, and baseline soil properties
showed low coefficients of variation across the experimental area.

Table 1. Units and ranges of continuous variables and values of categorical variables within the
experiment, separated by tillage system.

Variable (Unit) Conventional Tillage (CT) Minimum Tillage (MT)

ENVIRONMENTAL

Mean growing season temperature (◦C) 16.5

Mean annual precipitation (mm) 376.4

Sandy (%) 24

Silt (%) 48

Clay (%) 28

Soil texture Clay loam

Soil classification Danube alluvial soil

Soil pH (H2O) 7.9 7.9

Organic matter (%) 3.0 3.0

Total nitrogen (g kg−1) 1.9 1.9

Phosphorus (M3) (mg kg−1) 33.4 36.9

Potassium (exchangeable) (mmol kg−1) 5.4 6.0

Calcium (exchangeable) (mmol kg−1) 183.7 185.6

Magnesium (exchangeable) (mmol kg−1) 24.8 26.8

Potentially Mineralizable Nitrogen(mgN/kg) 69.6 72.3

Cation exchange capacity (mmol kg−1) 174.9 179.9

Total aluminium (g/kg) 38.5 38.1

Total iron (g/kg) 21.2 20.6

Soil penetration resistance (MPa, 0–10 cm) 0.2 ± 0.1 (CV = 43.4%) 0.6 ± 0.3 (CV = 53.96%)

NON-CHEMICAL MANAGEMENT

Tillage type Moldboard ploughing (MTZ 820 + KÜHNE
plough)

Disc tillage (MTZ 820 + RXT3 disc harrow)

Soil cultivation (5 April 2022) & Seedbed
preparation (7 April 2022)

New Holland TM165 (New Holland Agriculture, Basildon, UK)
+ Agrikon 6.6 m combinator (AGRIKON KAM Kft., Kiskunmajsa, Hungary)

Sowing date (19 April 2022) New Holland 110-90 + Kuhn MAXIMA

Seeding rate (seeds ha−1) 72,000

Intra-row spacing (cm) 25

Inter-row spacing (cm) 75

Nitrogen rates (kg N ha−1) 0, 74, 147, and 221

Fertiliser type Genezis Karbamid (46% N)

Irrigation None

Harvest date (12 October) New Holland CR890

CHEMICAL WEED CONTROL

Herbicide programme Calaris Pro (2.3 L/ha−1), Eucarol Plus (0.5 L/ha−1), Milagro 240 (0.02 L/ha−1)

Herbicide dose levels 0%, 25%, 50%, 75%, 100% of full rate (H0–H100)

Application method using a calibrated field boom sprayer (Zakład Mechaniki Maszyn i Urządzeń Rolniczych
Sławomir Biardzki, Zbuczyn, Poland), 200 L ha−1

Application timing 11 May 2022; maize at 6-leaf stage

Weed growth stage at application Broadleaf weeds: 2–4 leaves; grass weeds: 3–5 leaves

Note: The soil organic matter values presented in Table 1 represent baseline measurements at the time of soil
sampling and do not reflect long-term changes in soil organic carbon associated with tillage practices.

https://doi.org/10.3390/soilsystems10020026

https://doi.org/10.3390/soilsystems10020026


Soil Syst. 2026, 10, 26 6 of 32

In 2021, winter wheat (Triticum aestivum L.) was grown, harvested, and the field was
managed with stubble discing on 28 July 2021 to incorporate residues at a shallow depth of
5 cm. Winter wheat was sown in autumn 2020 and harvested in summer 2021. The residue
cover was not quantitatively assessed and is referenced in this study only as a qualitative
characteristic of the preceding crop and tillage system.

The 2022 maize experiment assessed the effects of herbicide dose, nitrogen rate, and
tillage systems (CT and MT) on soil CO2 emissions.

The total area was 1.5 ha, with a central 1.0 ha experimental area divided into 40 plots
of 250 m2 each (20 plots to CT and 20 to MT) (Figure 1). The remaining 0.5 ha served
as a buffer zone to reduce the influence of external environmental and agrotechnological
factors. Within each 250 m2 plot, sampling locations and measurement points were selected
randomly to minimise local spatial bias. Although each treatment combination (tillage
× nitrogen × herbicide) was represented by a single large plot, nitrogen and herbicide
treatments within each tillage system were arranged in a predefined factorial grid. The
relatively large plot size (250 m2) and intensive within-plot random sampling were used
to mitigate the effects of spatial soil heterogeneity. All measurements were replicated at
least three times, with three random soil samples (0–20 cm) collected per plot for analysis.
Replication was achieved through multiple randomly located measurements within each
plot (e.g., three soil samples per plot), which were averaged to obtain a single plot-level
value prior to statistical analysis.

The experiment followed a factorial design: two tillage × four nitrogen × five herbi-
cide levels (0%, 25%, 50%, 75%, and 100% of the recommended dose, coded as H0, H25,
H50, H75, and H100) = 40 plots (Figure 1A). Plots were assigned to CT or MT according
to a predefined field layout, and within each tillage system, the nitrogen and herbicide
treatments were arranged in a predefined factorial grid. Replication was achieved through
multiple randomly located measurements within each plot, and the individual plot (250 m2)
was considered the experimental unit for all statistical analyses. Although the experiment
was established as a full factorial design (2 tillage × 4 nitrogen × 5 herbicide), statistical
analyses were conducted in a stratified manner to address specific management-related
research questions, as described in Section 3.3.

Tillage involved moldboard ploughing (MTZ 820 + KÜHNE plough) for CT, conducted
at an operating depth of 30 cm, and disc tillage (MTZ 820 + RXT3 disc harrow) for MT,
conducted at a shallower depth of 8 cm. Soil was cultivated on April 5 using a New Holland
TM165 tractor (New Holland Agriculture, Basildon, UK) with an Agrikon 6.6 m combinator
(AGRIKON KAM Kft., Kiskunmajsa, Hungary), followed by seedbed preparation on April
7 using the same equipment (Table 1).

Nitrogen fertiliser (Genezis Karbamid, 46% N: Péti Nitrokomplex Kft., Pétfürdő,
Hungary) was applied at 0, 74, 147, and 221 kg N ha−1), broadcast onto the soil surface and
mechanically incorporated to a depth of approximately 3–5 cm to enhance availability and
minimise volatilisation losses. The 74 and 147 kg N ha−1 rates represent the practical range
of recommended nitrogen doses for maize in Hungary; therefore, our research focused on
these levels to reflect the typical field conditions.

Herbicides (Calaris Pro (Syngenta AG, Basel, Switzerland; local representative: Syn-
genta Kft., Budapest, Hungary), Eucarol Plus (Syngenta S.p.A., Albizzate, Italy; local
representative: Syngenta Kft., Budapest, Hungary), Milagro 240 (Syngenta, Budapest, Hun-
gary)) were applied in the afternoon at the 3–5 leaf stage of weeds at 0%, 25%, 50%, 75%,
and 100% of the recommended dose (H0–H100) when the air temperature reached 20 ◦C.
The full dose treatment (H100) corresponded to a fixed commercial herbicide package
applied to 2000 m2, consisting of 2.3 L ha−1 Calaris Pro (active ingredients: mesotrione and
terbuthylazine), 0.2 L ha−1 Milagro 240 (active ingredient: nicosulfuron), and 0.5 L ha−1
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Eucarol Plus (adjuvant); reduced herbicide treatments were obtained by proportionally
decreasing the application rates of all components while maintaining the same mixture
composition and ratios across treatments.

Calaris Pro (2,3 L/h−1), Eucarol Plus (0.0.5 L/ha−1), and Milagro 240 (0.2 L/ha−1)
were mixed and applied at 200 L ha−1 using a calibrated field boom sprayer (Biardzki 300,
8 m boom width; Zakład Mechaniki Maszyn i Urządzeń Rolniczych Sławomir Biardzki,
Zbuczyn, Poland) equipped with nozzles (11002, yellow, size 02). The sprayer was set to
3 bar pressure, the boom height to 50 cm, and the travel speed to 4.7 km h−1. Calibration
included checking the sprayer functionality, verifying nozzle flow rates (0.79 L min−1 at
3 bar), and adjusting the driving speed to deliver the target spray volume of 200 L ha−1

to ensure uniform distribution across the plots. Applications targeted broadleaf weeds
(2–4 leaf stage) and grass weeds (3–5 leaf stage) (Table 1).

Maize (SY Minerva, Syngenta) was sown on April 19 at 72,000 seeds ha−1, 50 mm
deep, with 25 cm row spacing within rows and 75 cm between rows. No irrigation was
applied during the experiment (Table 1).

2.2. Measurements of CO2 Emissions, Soil Temperature, Moisture, and Penetration Resistance

Soil CO2 emissions were quantified using the closed chamber method. A Global
Positioning System (GPS) marked a 0.1 m radius circle at each measurement point. CO2

emissions were monitored once on 30 May 2022, 19 days after the herbicide application
on 11 May. Weather conditions prior to the soil CO2 measurements were documented to
provide context for the sampling period. No rainfall occurred during the four days before
sampling (0.0 mm), and cumulative precipitation during the eight days before measurement
was minimal 0.77 mm (SD = 1.83). Temperature during the four days prior to sampling
averaged 17.28 ◦C (SD = 3.30 ◦C), and during the eight days prior to sampling averaged
17.93 ◦C (SD = 2.22 ◦C). Polyvinyl chambers (20 cm high and 14 cm in diameter) were placed
between crop rows in areas free of wheel traffic, buried 5 cm deep, and sealed hermetically
to prevent gas exchange during the measurements. This depth was sufficient to ensure an
airtight seal while minimising soil disturbance and lateral-gas diffusion. The chambers were
installed 25 min before measurement to allow equilibration, thereby enabling stabilisation
of the chamber headspace and soil–atmosphere gas exchange conditions and reducing
potential pressure-related artefacts. For each measurement point, CO2 concentration was
recorded six consecutive times.

Soil CO2 emissions (µmol m−2 s−1) were calculated from the temporal changes in CO2

concentration using an equation derived from the ideal gas law. Flux calculations explicitly
accounted for the chamber volume and surface area, air temperature, and atmospheric
pressure. CO2 concentration was recorded during each chamber deployment using an
NDIR CO2 sensor (SKU:SEN0220; Gravity: UART Infrared CO2 sensor), while air temper-
ature (◦C) and air pressure (Pa) were measured during each chamber deployment using
integrated sensors (AM2302/DHT22 air temperature sensor and SEN0251 air pressure
sensor); all sensors were sourced from DFRobot (Shanghai, China), and these values were
directly incorporated into the flux calculation.

Soil CO2 emissions were measured at a single, standardised time point to enable
controlled comparison among tillage, nitrogen, and herbicide treatments under identical
environmental conditions; therefore, the reported values represent instantaneous fluxes
rather than cumulative, seasonal, or annual emissions.

A portable infrared gas analysis system, developed and calibrated by Kulmány [59] at
Széchenyi István University (Győr, Hungary), was used to monitor the CO2 concentrations.
Measurements were conducted between 10:00 a.m. and 3:00 p.m. to minimise the diurnal
temperature effects on CO2 fluxes. At the same locations and time as the CO2 emission
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measurements, soil temperature was measured using digital DS18B20 soil temperature
sensors (DFRobot, Shanghai, China) inserted into the topsoil at a depth of 5 cm (probe
length 5 cm, diameter 6 mm). Four sensors were used for soil temperature measurements
and accuracy verification, providing an accuracy of ±0.5 ◦C. Soil moisture was measured
using analogue capacitive soil moisture sensors (SKU: SEN0193, DFROBOT, Shanghai,
China) with a sensor length of approximately 10 cm, integrated into the CO2 measurement
system [59,60]. On the same day, three random soil samples (0–20 cm) were collected per
plot and analysed in the laboratory of Széchenyi István University (9200 Mosonmagyaróvár,
Hungary) using an AgroCares scanner (AgroCares B.V., Wageningen, The Netherlands) and
near-infrared spectroscopy (NIRS), which provides baseline measurements of soil organic
matter and other key soil properties, including soil organic matter (%), total nitrogen
(g kg−1), phosphorus (M3), exchangeable potassium, calcium and magnesium, potentially
mineralizable nitrogen, cation exchange capacity, total aluminium, total iron, and clay
content [61,62].

Soil penetration resistance was measured concurrently using a 06.15SA Penetrologger
(Royal Eijkelkamp, Giesbeek, The Netherlands) at a maximum speed of 2 cm s−1 with a
2 cm2 cone. Each point was measured three times for accuracy. The distances between the
measurement locations (50–75 cm) and the measurement radius (maximum 2.5 m from
the sampling point) were determined according to Campbell and O’Sullivan [63] and the
Dutch standard NEN 5140, 1996 [64].

2.3. Aboveground Measurements

Weed biomass and species diversity were assessed to evaluate the effects of nitrogen,
tillage, and herbicide doses on weed communities. The sampling of weed biomass con-
ducted on 1 June 2022, one day after the measurements of soil CO2 emissions, Normalised
Different Vegetation Index (NDVI), and soil physical properties (30 May 2022). For each
treatment plot (250 m2), four random samples of weed vegetation were collected, at least
1 m from field edges, by cutting plants at the soil surface using four randomly placed
quadrats per treatment plot, with a 0.5 × 0.5 m quadrat for consistency. The species were
separated, weeds were counted to determine abundance, and fresh biomass was recorded.
The samples were oven-dried at 75 ◦C for 72 h and reweighed to the nearest milligram [65].

NDVI values were obtained from Sentinel-2 satellite imagery (Bands 4 and 8) to
assess vegetation health (weed and crop) under different treatments and explore potential
relationships between the observed biomass and soil CO2 emissions [66,67]. NDVI values
were interpreted as indicator of overall vegetation vigour within each plot, reflecting the
combined greenness of crop and weed vegetation, rather than crop performance alone.

Weed species diversity was calculated using Simpson’s diversity index expressed as
1 − D Value, where values closer to 1 indicate higher species diversity, accounting for both
species richness and relative abundance (Table 2).

1 − D = 1 − ∑[N(N − 1)ni(ni − 1)] (1)

where
D = Simpson’s dominance index
n = number of individuals of the i-th species
N = total number of individuals of all species
∑ = summation over all species
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Table 2. Interpretation of Simpson’s diversity index values [68,69].

1 − D Value Interpretation

0.00 No diversity (monoculture)

0.01–0.10 Very low diversity

0.11–0.30 Low to moderate diversity

0.31–0.50 Moderate diversity

0.51–0.70 High diversity

0.71–0.90 Very high diversity

0.91–1.00 Maximum diversity

2.4. Statistical Analysis

Although the experiment followed a full factorial design, statistical analyses were
conducted in a stratified manner to address specific management questions, including
between-tillage comparisons and nitrogen × herbicide interactions within each tillage
system. The individual plot (250 m2) was considered the experimental unit for all analyses,
and multiple measurements collected within plots were averaged prior to analysis and were
not treated as independent replicates. Statistical analyses were conducted according to the
experimental design and the data type. The results subsections are organised thematically
(soil physical properties, NDVI, weed diversity, and soil CO2 emissions); therefore, the
subsection numbering reflects variable-specific groupings rather than a strictly sequential
order. Microsoft Excel 2024 with the Data Analysis ToolPak was used for data organisation
and initial comparisons, including t-tests. Excel-based t-tests were used exclusively for
simple two-group comparisons and were not applied to factorial treatment effects, which
were analysed using ANOVA in GenStat. GenStat Twelfth Edition (Procedure Library
Release PL20.1, VSN International Ltd., Hemel Hempstead, UK) was used for the analyses
of variance (ANOVA) and post hoc comparisons.

For each measured variable—including soil temperature, soil moisture, soil com-
paction, soil CO2 emissions, and NDVI—the means and standard deviations (SDs) were
calculated. Levene’s test was assess the homogeneity of variances. Based on these results,
equal-variance or unequal-variance t-tests were conducted in Excel. These tests were
applied to the following:

• Section 3.1: Comparison of soil physical properties (temperature, moisture, and com-
paction) between CT and MT.

• Section 3.1.1: Comparison of NDVI under different soil management practices.
• Sections 3.3.1 and 3.3.2: Comparison of soil CO2 emissions under CT and MT at the

same nitrogen level and herbicide dose, and under the same nitrogen level.

For experiments involving multiple herbicide doses under 74 and 147 kg N ha−1, as
well as for weed diversity and biomass, one-way ANOVA was performed using GenStat.
This applied to:

• Sections 3.1.2 and 3.1.3: Effects of herbicide rate on NDVI under CT and MT.
• Section 3.2: Simpson’s diversity index analysis of weed diversity.
• Sections 3.3.3 and 3.3.4: Effects of herbicide rates on soil CO2 emissions under CT

and MT.

To evaluate the combined effects of nitrogen level and herbicide dose on NDVI and
soil CO2 emissions within each tillage system, a two-way ANOVA was conducted using
GenStat. This applied to:

• Sections 3.1.4 and 3.1.5: NDVI assessments under CT and MT.
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• Sections 3.3.5 and 3.3.6: Soil CO2 emissions under CT and MT.

where significant differences were found (p < 0.05). Fisher’s Protected Least Significant
Difference (LSD0.05) test was used for the pairwise comparisons. A significance threshold
of p < 0.05 was applied for all tests [70–72].

3. Results
3.1. Soil Physical Properties Response to Different Tillage Systems in Agricultural Practices

Soil temperature, moisture, and penetration resistance were evaluated under CT and
MT. The average soil temperature differed significantly (p < 0.05), with CT recording
27.1 ± 2.5 ◦C and MT recording 28.0 ± 1.5 ◦C (Figure 2). Statistical analysis confirmed that
MT significantly increased the soil temperature compared to CT.

 

Figure 2. Effects of CT and MT on soil temperature. Each box represents the mean, and the error
bars indicate standard deviation (SD). Different letters indicate significant differences between tillage
systems (p < 0.05).

Soil water content (Figure 3) was also significantly influenced by tillage (p < 0.05), with
MT retaining higher moisture (9.3 ± 6.5%) than CT (5.4 ± 4.3%).

 

Figure 3. Effects of CT and MT on soil moisture content. Each box represents the mean, and the error
bars indicate SD. Different letters denote significant differences between the tillage systems (p < 0.05).

Penetration resistance at 0–10 cm depths showed significant differences (p < 0.05), with
MT exceeding CT (0.6 ± 0.3 vs. 0.1± 0.0 MPa; Figure 4). The values under MT were more
than double of those under CT, indicating increased soil compaction. These results confirm
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that tillage systems significantly affect soil penetration resistance, with MT promoting
higher resistance than CT.

 

Figure 4. Effects of CT and MT on soil penetration resistance (PR). Each box represents the mean, and
the error bars indicate SD. Different letters signify significant differences between the tillage systems
(p < 0.05).

3.1.1. NDVI Under Different Soil Management Practices

At both nitrogen levels (74 and 147 kg N ha−1), no significant differences (p > 0.05)
were observed in NDVI between CT and MT. CT values were slightly higher but not
statistically significant. At 74 kg N ha−1, NDVI was 0.41 ± 0.03 under CT and 0.39 ± 0.05
under MT (Figure 5A). At 147 kg N ha−1, NDVI was 0.42 ± 0.03 for CT and 0.40 ± 0.04 for
MT (Figure 5B), confirming that tillage systems did not significantly affect NDVI at either
nitrogen level. As NDVI captures the spectral signal of all green vegetation, the observed
NDVI patterns reflect the combined responses of both crop and weed components to the
applied management practices.

  

Figure 5. Effects of CT and MT on NDVI under nitrogen fertilisation rates of N160 (74 kg N ha−1)
(A) and N320 (147 kg N ha−1) (B). Each box represents the mean NDVI, and the error bars indicate
SD. Different letters indicate significant differences between tillage systems within the same nitrogen
level (p < 0.05).

3.1.2. Effect of Herbicide Dose on NDVI Under Conventional Tillage with Different
Nitrogen Input

Under CT with 74 kg N ha−1, the herbicide dose significantly affected NDVI (p < 0.05),
whereas at 147 kg N ha−1, the effect was marginal and non-significant (Figure 6).
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Figure 6. Effects of herbicide application rates (H0, H25, H50, H75, H100) on NDVI under CT with
nitrogen inputs of N160 and N320 (74 and 147 kg N ha−1). Each bar represents the mean NDVI, and
the error bars indicate SD. Different letters above the bars (74 kg N ha−1 group) denote significant
differences among treatments based on one-way ANOVA and LSD0.05 test. No significant differences
were observed at 147 kg N ha−1.

At 74 kg N ha−1, NDVI was highest at CT-H75-74 kg N ha−1 (0.46 ± 0.02), followed
by CT-H100-74 kg N ha−1 (0.44 ± 0.02), CT-H50-74 kg N ha−1 (0.42 ± 0.02), CT-H0-
74 kg N ha−1 (0.39 ± 0.02), and CT-H25-74 kg N ha−1 (0.38 ± 0.02). One-way ANOVA
and LSD0.05 (0.03) confirmed the significant differences. Pairwise comparisons showed
that NDVI at CT-H75-74 kg N ha−1 was significantly higher than those at CT-H25-74 kg
N ha−1, CT-H0-74 kg N ha−1, and CT-H50-74 kg N ha−1. Similarly, NDVI under CT-
H100-74 kg N ha−1 was significantly higher than those under CT-H25-74 kg N ha−1 and
CT-H0-74 kg N ha−1, with no difference between those of CT-H100-74 kg N ha−1 and
CT-H75-74 kg N ha−1, or between those of CT-H50-74 kg N ha−1 and CT-H0-74 kg N ha−1.

At 147 kg N ha−1, the herbicide effects were not statistically significant (p ≥ 0.05).
NDVI values ranged modestly, with CT-H75-147 kg N ha−1 recording the highest
(0.45 ± 0.02), followed by CT-H100-147 kg N ha−1 (0.44 ± 0.02), CT-H50-147 kg N ha−1

(0.43 ± 0.02), CT-H0-147 kg N ha−1 (0.42 ± 0.02), and CT-H25-147 kg N ha−1 the lowest
(0.40 ± 0.02).

3.1.3. Effect of Herbicide Dose on NDVI Under Minimum Tillage with Different
Nitrogen Input

Herbicide dose had a highly significant effect on NDVI under MT at both 74 and
147 kg N ha−1 (p < 0.001; Figure 7). The responses varied slightly among the nitrogen levels.
In both cases, lower herbicide doses produced higher NDVI values, whereas higher doses
reduced them.

At 74 kg N ha−1, the highest NDVI occurred at MT-H0-74 kg N ha−1 and MT-H25-74
kg N ha−1 (0.44 ± 0.01), while the lowest occurred at MT-H100-74 kg N ha−1 (0.34 ± 0.01).
The intermediate values were observed under MT-H50-74 kg N ha−1 (0.38 ± 0.01) and
MT-H75-74 kg N ha−1 (0.35 ± 0.01). LSD0.05 (0.022) confirmed that H0 and H25 were
significantly higher than H50, H75, and H100, with no differences between those of H0 and
H25 or between H75 and H100.

At 147 kg N ha−1, NDVI was the highest at MT-H0-147 kg N ha−1 (0.46 ± 0.01) and MT-
H25-147 kg N ha−1 (0.44 ± 0.01), with lower values at MT-H50-147 kg N ha−1 (0.40 ± 0.01),
MT-H75-147 kg N ha−1 (0.38 ± 0.01), and MT-H100-147 kg N ha−1 (0.37 ± 0.01). LSD0.05

(0.02) confirmed that H0 and H25 were significantly higher than those at H50, H75, and
H100, with no difference between H0 and H25 or between those of H75 and H100.
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Figure 7. Effect of herbicide application rates (H0–H100) on NDVI under MT with nitrogen inputs
of N160 and N320 (74 and 147 kg N ha−1). Each bar represents the mean NDVI, and the error bars
indicate the SD. Different letters denote significant differences among treatments based on one-way
ANOVA and LSD0.05 test (p < 0.05).

3.1.4. Effect of Nitrogen and Herbicide Dose on NDVI Under Conventional Tillage

The results show that under CT, NDVI was significantly influenced by herbicide dose
(p < 0.05) but not by the nitrogen level. The mean NDVI at 147 kg N ha−1 (0.43 ± 0.02)
was slightly higher than that at 74 kg N ha−1 (0.42 ± 0.03), and the nitrogen × herbicide
interaction was not significant (Table 3).

Table 3. ANOVA results for the effects of nitrogen levels.

Source of Variation d.f. s.s. m.s. F F pr.

Nitrogen (N) 1 0.00078 0.00078 2.45 0.135

Herbicide (H) 4 0.01844 0.00461 14.51 <0.001

N × H 4 0.00085 0.00021 0.67 0.621

Residual 18 0.00572 0.00032

Total 29 0.02883
Nitrogen (N), herbicide dose (H), and their interaction (N × H) on NDVI under CT. Degrees of freedom (d.f.), sum
of squares (s.s.), mean square (m.s.), F-value, and significance (p-value) are shown. Significant values (p < 0.05)
are in bold.

Despite the non-significant interaction, variations were observed. At 74 kg N ha−1,
NDVI ranged from 0.38 (H25) to 0.46 (H75), whereas at 147 kg N ha−1, values ranged from
0.40 (H25) to 0.45 (H75). The highest NDVI occurred at 74 kg N ha−1-H75 (0.46 ± 0.01) and
the lowest at 74 kg N ha−1-H25 (0.38 ± 0.08).

3.1.5. Effect of Nitrogen and Herbicide Dose on NDVI Under Minimum Tillage

Under MT, NDVI was significantly influenced by both the herbicide dose and nitrogen
fertilisation. NDVI was higher at 147 kg N ha−1 (0.41 ± 0.04) than at 74 kg N ha−1

(0.39 ± 0.05), as confirmed by the LSD0.05 (0.010), with no significant nitrogen × herbicide
interaction (Table 4).

Although the interaction was not significant, variations were observed among the
treatment combinations. At 74 kg N ha−1, NDVI ranged from 0.34 (H100) to 0.44 (H0
and H25). At 147 kg N ha−1, NDVI ranged from 0.37 (H100) to 0.46 (H0). The highest
NDVI occurred at 147 kg N ha−1-H0 (0.46 ± 0.02) and the lowest at 74 kg N ha−1-H100
(0.34 ± 0.00).
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Table 4. ANOVA results for the effects of nitrogen level and herbicide dose on NDVI under minimum
tillage (MT).

Source of Variation d.f. s.s. m.s. F F pr.

Nitrogen (N) 1 0.00227 0.00227 14.69 0.001
Herbicide (H) 4 0.04415 0.01104 71.54 <0.001

N × H 4 0.00086 0.00021 1.39 0.277
Residual 18 0.00278 0.00015

Total 29 0.05039
Nitrogen (N), herbicide dose (H), and their interaction (N × H) on NDVI under MT. d.f., s.s., m.s., F-value, and
p-value are presented. Significant values (p < 0.05) are in bold.

3.2. Simpson’s Index Analysis of Weed Diversity Under Different Agricultural Practices

Weed species diversity was influenced by nitrogen dose, herbicide level, and tillage
system, with results presented separately for CT and MT.

• Conventional tillage

Under CT, both weed diversity and biomass were generally lower. The Simpson Index
ranged from 0.38 to 0.67, with corresponding dry biomass ranging from 0.02 to 4.25 g
(Figure 8). At 74 kg N ha−1, the highest diversity (0.67) occurred at H100 and the lowest
(0.45) at H25. Dry biomass declined sharply with increasing herbicide dose, from 3.81 g at
H0 to 0.03–0.12 g at higher doses. At 147 kg N ha−1, weed diversity peaked at H75 (0.67)
and was lowest at H100 (0.38), whereas biomass ranged from 4.25 g (H0) to 0.02 g (H100).

 

Figure 8. Effect of nitrogen level N160 and N320 (74 and 147 kg N ha−1, respectively) and herbicide
dose (0–100%) under CT on weed dry biomass (bars, left axis) and weed diversity (Simpson index,
line, right axis).

• Minimum tillage

In contrast, MT supported a higher weed diversity across most treatments (Figure 9).
Simpson Index values ranged from 0.53 to 0.80, and dry biomass from 0.07 to 8.27 g. At
74 kg N ha−1, diversity peaked at H25 (0.80) and was the lowest at H75 (0.60); even at H100,
diversity remained relatively high (0.63). Biomass decreased with herbicide application,
from 5.02 g (H0) to 0.07 g (H50). At 147 kg N ha−1, diversity remained high, peaking at
H25 (0.78) and decreasing to 0.53 at H100, whereas biomass declined from 8.27 g (H0) to
0.14 g (H100).
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Figure 9. Effect of nitrogen level N160 and N320 (74 and 147 kg N ha−1, respectively) and herbicide
dose (0–100%) under MT on weed dry biomass (bars, left axis) and weed diversity (Simpson index,
line, right axis).

Relationships Among Weed Diversity, NDVI, and Soil CO2 Emissions

The observed weed diversity patterns were closely associated with vegetation vigour
and the general level of soil CO2 emissions. In MT, treatments with low herbicide doses
(H0–H25) recorded both high weed diversity, with Simpson’s Index values up to 0.80, as
well as relatively high NDVI values ranging between 0.44 and 0.46 at 74 and 147 kg N ha−1,
respectively (Figures 7 and 9). In the same management system, soil CO2 emissions were
generally higher across nitrogen levels than under CT (Figures 10 and 11), with the highest
emissions observed in the MT–147 kg N ha−1–H75 treatment (79.4 µmol m−2 s−1; as shown
in Section 3.3.4. In contrast, lower weed diversity and biomass were found in CT plots,
whereas NDVI values were highest at the 75% herbicide dose (H75); overall, CO2 emissions
remained lower in CT compared with MT. These combined results indicate simultaneous
variation in weed diversity, NDVI, and soil CO2 emissions under tillage, nitrogen, and
herbicide treatments.

 
Figure 10. Soil CO2 emissions under CT and MT at the same nitrogen fertilisation level and herbicide
dose. Each column represents the mean, and the error bars indicate SD. Different letters indicate
significant differences between tillage systems under identical nitrogen and herbicide treatments
(p < 0.05).
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Figure 11. Effect of CT and MT on soil CO2 emissions at nitrogen levels of N160 (74 kg N ha−1)
(A) and N320 (147 kg N ha−1) (B). Each box represents the mean, and the error bars indicate SD.
Different letters denote significant differences between tillage systems within each nitrogen level
(p < 0.05).

3.3. Soil CO2 Emissions
3.3.1. Soil CO2 Emissions Under Different Tillage Systems, Same Nitrogen Level, and
Herbicide Dose

The study examined soil CO2 emissions under CT and MT while maintaining the same
nitrogen fertilisation and herbicide dose for each comparison. Soil CO2 emissions differed
significantly (p < 0.05) between CT and MT across most of the treatments (Figure 10).

Figure 10 shows that at 74 kg N ha−1, MT emissions were consistently higher than
CT, especially at H0 (46.3 ± 0.3 vs. 19.9 ± 0.0 µmol m−2 s−1) and H75 (47.3 ± 0.8 vs.
35.5 ± 0.0 µmol m−2 s−1), although CT slightly exceeded MT at H25, H50, and H100. At
147 kg N ha−1, MT also showed higher emissions at lower herbicide doses—H0 (42.9 ± 0.2
vs. 20.3 ± 0.1 µmol m−2 s−1), H25 (48.5 ± 0.4 vs. 20.2 ± 0.0 µmol m−2 s−1), and H75
(79.4 ± 1.2 vs. 38.9 ± 0.0 µmol m−2 s−1). At H100, MT remained higher (34.9 ± 0.2 vs.
19.4 ± 0.1 µmol m−2 s−1), with CT exceeding MT only at H50 for both nitrogen levels.

Overall, MT generally enhanced CO2 emissions, particularly under higher nitrogen
and lower herbicide doses, with exceptions at H50 (both N levels) and H100 (74 kg N ha−1).

3.3.2. Soil CO2 Emissions Under Different Tillage Systems and Same Nitrogen Levels

Figure 11 shows significantly higher CO2 emissions (p < 0.05) under MT than under
CT at both nitrogen levels. At 74 kg N ha−1, MT averaged 43.3 ± 5.5 µmol m−2 s−1 vs.
37.7 ± 11.3 µmol m−2 s−1 under CT (Figure 11A), with MT consistently exhibiting higher
emissions. At 147 kg N ha−1, emissions were 49.9 ± 15.7 µmol m−2 s−1 under MT and
29.1 ± 11.6 µmol m−2 s−1 under CT (Figure 11B).

3.3.3. Effect of Herbicide Dose on Soil CO2 Emissions Under Conventional Tillage Across
Two Nitrogen Input Levels

A significant effect (p < 0.05) of herbicide dose on CO2 emissions was observed under
CT at both 74 and 147 kg N ha−1 (Figure 12).

At 74 kg N ha−1, emissions were the highest at H100 (49.7 ± 0.03 µmol m−2 s−1) and
H50 (49.4 ± 0.3 µmol m−2 s−1), intermediate at H75 (35.5 ± 0.0 µmol m−2 s−1) and H25
(34.1 ± 0.1 µmol m−2 s−1), and the lowest at H0 (19.9 ± 0.0 µmol m−2 s−1). LSD0.05 (0.30)
confirmed the emissions of H100 and H50 > H75, H25 > H0, with no difference between
those of H100 and H50 or between H75 and H25.

At 147 kg N ha−1, the highest emissions occurred at H50 (46.6 ± 0.2 µmol m−2 s−1), fol-
lowed by H75 (38.9 ± 0.1µmol m−2 s−1), and lower emissions at H0 (20.3 ± 0.1µmol m−2 s−1),
H25 (20.2 ± 0.0 µmol m−2 s−1), and H100 (19.4 ± 0.1 µmol m−2 s−1). LSD0.05 (0.18) confirmed
emissions of H50 > all others, H75 > H0 and H25, with no significant differences among those
of H0, H25, and H100.
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Figure 12. Effect of herbicide application rates (H0–H100) on soil CO2 emissions (µmol m−2 s−1)
under CT with nitrogen inputs of N160 and N320 (74 and 147 kg N ha−1). Each bar represents
the mean, and the error bars indicate SD. Different letters indicate significant differences among
treatments within each nitrogen level based on one-way ANOVA and LSD0.05 test (LSD = 0.30 for
74 kg N ha−1; LSD = 0.18 for 147 kg N ha−1; p < 0.05).

3.3.4. Effect of Herbicide Application Rate on Soil CO2 Emissions Under Minimum Tillage
with Two Nitrogen Input Levels

The herbicide dose had a highly significant effect (p < 0.05) on CO2 emissions under
MT at both nitrogen levels (Figure 13).

 

Figure 13. Effect of herbicide application rates (H0–H100) on soil CO2 emissions (µmol m−2 s−1)
under MT with nitrogen inputs of N160 and N320(74 and 147 kg N ha−1). Each bar represents
the mean, and the error bars indicate SD. Different letters indicate significant differences among
treatments within each nitrogen level based on one-way ANOVA and LSD0.05 test (LSD = 0.84 for
74 kg N ha−1; LSD = 0.83 for 147 kg N ha−1; p < 0.05).

At 74 kg N ha−1, emissions were the highest at H75 (47.3 ± 0.8 µmol m−2 s−1),
followed by H0 (46.3 ± 0.3 µmol m−2 s−1), H50 (45.2 ± 0.8 µmol m−2 s−1), and H100
(45.2 ± 0.5 µmol m−2 s−1). The lowest emissions were at H25 (32.5 ± 0.4 µmol m−2 s−1).
LSD0.05 (0.84) confirmed the emissions of H75 > H0, H50, and H100, while those of H25 < all
others; those of H50 and H100 did not differ.

At 147 kg N ha−1, emissions peaked at H75 (79.4 ± 1.2 µmol m−2 s−1), followed by H25
(48.5 ± 0.4 µmol m−2 s−1), H50 (43.5 ± 0.3 µmol m−2 s−1), and H0 (42.9 ± 0.2 µmol m−2 s−1).
The lowest emission occurred at H100 (35.0 ± 0.2 µmol m−2 s−1). LSD0.05 (0.83) confirmed
the emissions of H75 > all treatments; H25 > H0, H50, and H100; H50 > H100, while those of
H0 and H50 did not differ significantly.
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3.3.5. Effect of Nitrogen and Herbicide Dose on Soil CO2 Emissions Under
Conventional Tillage

Two-way ANOVA indicated highly significant effects (p < 0.001) of nitrogen level,
herbicide dose, and their interaction on CO2 emissions under CT (Table 5). Emissions
were higher at 74 kg N ha−1 (37.77 ± 11.32 µmol m−2 s−1) than at 147 kg N ha−1

(29.1 ± 11.6 µmol m−2 s−1), as confirmed by LSD0.05 = 0.12.

Table 5. ANOVA results for the effects of nitrogen fertilisation level and herbicide dose on soil CO2

emissions under conventional tillage (CT).

Source of Variation d.f. s.s. m.s. F F pr.

Nitrogen (N) 1 932.86082 932.86082 30,160.71 <0.001

Herbicide (H) 4 4451.00225 1112.75056 35,976.80 <0.001

N × H 4 1884.00305 471.00076 15,228.12 <0.001

Residual 36 1.11347 0.03093

Total 49 7269.29392
Nitrogen (N), herbicide dose (H), and their interaction (N × H) on soil CO2 emissions under CT. d.f., s.s., m.s.,
variance ratio (F), and significance (F pr.) are presented. Significant values (p < 0.05) are in bold.

The nitrogen × herbicide interaction was also highly significant. The highest emission
occurred at 74 kg N ha−1-H100 (49.7 ± 0.3 µmol m−2 s−1) and the lowest at 147 kg N ha−1-
H100 (19.4 ± 0.1 µmol m−2 s−1). Emissions were:

• 74 kg N ha−1: H100 (49.7 ± 0.3 µmol m−2 s−1), H50 (49.4 ± 0.2 µmol m−2 s−1), H75
(35.5 ± 0.0 µmol m−2 s−1), H25 (34.1 ± 0.1 µmol m−2 s−1), H0 (19.9 ± 0.0).

• 147 kg N ha−1: H100 (19.4 ± 0.1 µmol m−2 s−1), H50 (46.6 ± 0.2 µmol m−2 s−1), H75
(38.9± 0.0µmol m−2 s−1), H25 (20.2± 0.0µmol m−2 s−1), H0 (20.3 ± 13.7 µmol m−2 s−1).

LSD0.05 (0.22) confirmed significant differences among the treatments. Figure 14 shows
statistical groupings.

 

Figure 14. Influence of nitrogen application rates N160, N320 (74, 147 kg N ha−1) and herbicide
doses (0–100%) on CO2 emissions under CT. Each bar represents the mean, and the error bars
indicate SD. Different letters indicate significant differences among nitrogen × herbicide combinations
(LSD0.05 = 0.22).

3.3.6. Effect of Nitrogen and Herbicide Dose on Soil CO2 Emissions Under
Minimum Tillage

Two-way ANOVA revealed significant effects of nitrogen, herbicide dose, and
their interaction on MT (Table 6). Nitrogen increased emissions, with 147 kg N ha−1

https://doi.org/10.3390/soilsystems10020026

https://doi.org/10.3390/soilsystems10020026


Soil Syst. 2026, 10, 26 19 of 32

(49.9 ± 15.7 µmol m−2 s−1) exceeding 74 kg N ha−1 (43.3 ± 5.5 µmol m−2 s−1), as con-
firmed by LSD0.05 = 0.48.

Table 6. ANOVA results for the effects of nitrogen level and herbicide dose on soil CO2 emissions
under minimum tillage (MT).

Source of Variation d.f. s.s. m.s. F F pr.

Nitrogen (N) 1 538.3119 538.3119 1723.31 <0.001

Herbicide (H) 4 3692.7637 923.1909 2955.42 <0.001

N × H 4 2967.3448 741.8362 2374.85 <0.001

Residual 36 11.2454 0.3124

Total 49 7214.6913
Nitrogen (N), herbicide dose (H), and their interaction (N × H) on soil CO2 emissions under MT. d.f., s.s., m.s.,
F-value, and p-value are provided. Significant values (p < 0.05) are in bold.

A significant nitrogen × herbicide interaction (p < 0.001) was observed. The highest
emissions occurred at 147 kg N ha−1-H75 (79.4 ± 1.2 µmol m−2 s−1), and the lowest at
147 kg N ha−1-H100 (35.0 ± 0.2 µmol m−2 s−1).

• 74 kg N ha−1: H100 (45.2 ± 0.5 µmol m−2 s−1), H75 (47.3 ± 0.8 µmol m−2 s−1), H50
(45.2± 0.8µmol m−2 s−1), H25 (32.5± 0.4µmol m−2 s−1), and H0 (46.3 ± 0.3 µmol m−2 s−1).

• 147 kg N ha−1: H100 (35.0 ± 0.2 µmol m−2 s−1), H75 (79.4 ± 1.2 µmol m−2 s−1), H50
(43.5± 0.3µmol m−2 s−1), H25 (48.5± 0.4µmol m−2 s−1), and H0 (42.9 ± 0.2 µmol m−2 s−1).

LSD0.05 (0.72) confirmed the significant differences. Figure 15 indicates no signif-
icant differences between H50-74 kg N ha−1 and H100-74 kg N ha−1 or between H0-
147 kg N ha−1 and H50-147 kg N ha−1.

 
Figure 15. Influence of nitrogen application rates N160, N320 (74, 147 kg N ha−1), and herbicide
doses (0–100%) on CO2 emissions under MT. Each bar represents the mean, and the error bars
indicate SD. Different letters indicate significant differences among nitrogen × herbicide combinations
(LSD0.05 = 0.72).

4. Discussion
4.1. Effect of Tillage on Soil Physical Properties

This study revealed distinct differences in soil physical properties between conven-
tional tillage (CT) and minimum tillage (MT), providing an environmental context for
interpreting the soil and plant responses. MT significantly increased the soil temperature
(28.0 ± 1.5 ◦C) compared to CT (27.1 ± 2.5 ◦C; p < 0.05). This aligns with Yang, Drury,
and Reeb [73], who reported warmer overwinter soils under no-till because of insulation
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from surface residues. In contrast, studies from temperate regions often found cooler seed
zone temperatures under conservation tillage because residues reduce solar heat absorp-
tion [74,75]. The warmer soil in this northwestern Hungarian system likely reflects the
interactions between residue-mediated water retention and the 2022 climatic conditions.
Elevated soil temperature, combined with high moisture, suggest favourable conditions for
microbial activity and decomposition, potentially leading to greater soil CO2 release.

Soil moisture was also significantly higher under MT (9.3 ± 6.5%) than under CT
(5.4 ± 4.3%; p < 0.05), consistent with evidence that conservation tillage improves water use
efficiency by reducing evaporation and enhancing infiltration [76–80]. Further noted that
residue cover increases resilience in water-limited environments, improving maize yields.
In this study, higher water availability under MT likely enhanced crop growth potential, but
in combination with elevated temperatures, may also have intensified microbial respiration.

Conversely, MT resulted in more than twice the soil penetration resistance (0.6 ± 0.3 MPa)
compared with CT (0.1 ± 0.0 MPa), consistent with studies showing that reduced tillage in-
creases surface compaction [81–83]. Greater bulk density in MT arises from the absence
of mechanical loosening, natural consolidation, and traffic-induced compaction [84,85]. Al-
though compaction can limit root growth and nutrient uptake, improved soil moisture may
partly offset these effects [86]. However, long-term studies have indicated that elevated bulk
density and reduced pore connectivity can restrict root development and water uptake [87].

Overall, these findings underscore the trade-offs associated with conservation tillage.
CT maintains looser, more porous soil, whereas MT enhances moisture retention and
modifies thermal conditions but increases compaction. These contrasting environments
shape plant–soil–atmosphere interactions and contextualise the combined effects of tillage,
nitrogen, and herbicides observed in this study. The warmer, moister conditions under
MT, observed during the measurement period and reflecting short-term conditions from a
single growing season, may promote microbial activity and nutrient cycling but also elevate
CO2 emissions [55]. Although soil organic carbon is widely recognised as a key parameter
influenced by tillage, baseline soil organic matter was measured using (AgroCares scanner),
whereas soil organic carbon was not directly quantified in this study and is discussed
here only to provide conceptual context for interpreting soil CO2 emissions. Evaluating
SOC dynamics was beyond the scope of the present study, which focused on short-term
soil CO2 emissions, vegetation responses, and weed diversity during the first year of the
experiment. These outcomes reinforce conservation agriculture principles emphasising
the balance among water conservation, carbon management, and soil structure [88], while
recognising challenges such as nitrogen immobilisation and weed pressure during early
adoption [24].

4.2. Vegetation Response to Tillage and Management Practices

In this Hungarian maize system, NDVI did not differ significantly between CT and
MT at either nitrogen level (74 kg N ha−1 or 147 kg N ha−1), despite the higher soil
moisture under MT (9.3 ± 6.5%) than CT (5.4 ± 4.3%). This contrasts with reports of a
higher NDVI under conservation tillage [79,89] but aligns with studies highlighting NDVI’s
context-specific responses [90,91].

The slight, non-significant NDVI advantage under CT at both nitrogen levels (0.41 vs.
0.39 at 74 kg N ha−1; 0.42 vs. 0.40 at 147 kg N ha−1) may be related to lower soil penetration
resistance (0.1 ± 0.0 MPa) compared with MT (0.6 ± 0.3 MPa), supporting early root growth
and nutrient acquisition. Environmental variability, including micro-topography and soil
heterogeneity, may overshadow tillage effects [92,93]. NDVI’s limitations such as saturation
at high biomass levels and sensitivity to soil background should also be considered [90,94];
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therefore, NDVI values in this study were interpreted as relative indicators of vegetation
vigour among treatments rather than as direct measures of biomass.

NDVI responses to herbicide rates varied with the tillage type. Under CT, significant
effects occurred only at 74 kg N ha−1, where the 75% herbicide dose yielded the highest
NDVI (0.46 ± 0.02), suggesting optimal weed suppression with minimal crop stress—
consistent with integrated weed management [95]. In MT, NDVI varied across both nitrogen
levels, peaking under (H0) and low (H25) herbicide rates but declining to 0.34 ± 0.01
under H100 at 74 kg N ha−1. This pattern indicates greater crop sensitivity to herbicide
stress in compacted MT soils, although reduced weed pressure under improved water
regimes is an alternative explanation. These trends align with observations of altered
weed dynamics, as reduced tillage reshapes soil conditions and alters seed placement.
Armengot et al. [96] and Pardo et al. [97] found that less soil disturbance favours small-
seeded, perennial, and herbicide-tolerant weeds compared with conventional ploughing,
while Pätzold et al. [98] linked soil compaction and lower porosity under minimum tillage
to shifts in weed emergence patterns. These changes can influence crop sensitivity to
herbicides, which, as Ziska [99] noted, also depends on environmental factors such as
temperature, moisture, and soil conditions.

No significant nitrogen–herbicide interaction was detected for either tillage system,
indicating mainly additive effects. However, system responsiveness differed: under CT,
NDVI primarily depended on the herbicide rate, while under MT, both nitrogen and herbi-
cide significantly influenced NDVI. Higher nitrogen (147 kg N ha−1) under MT produced
significantly greater NDVI (0.41 ± 0.04) than did 74 kg N ha−1 (0.39 ± 0.05), confirming
that nitrogen availability is critical for crop vigour under conservation tillage [100–102].
Enhanced moisture retention under MT [93] likely improves nitrogen uptake efficiency.

Overall, NDVI responses indicate that tillage alters crop sensitivity to nitrogen and
herbicide inputs. Under CT, moderate soil moisture and lower compaction make canopy
growth mainly weed-limited, with optimal herbicide use at ~75% of the recommended rate.
Under MT, higher moisture but greater compaction heightens herbicide sensitivity while
enhancing nitrogen responsiveness, suggesting that lower herbicide and adequate nitrogen
inputs are preferable. These findings support adaptive conservation agricultural practices
to balance weed pressure, nitrogen immobilisation, and environmental variability [24].
Moreover, NDVI-based vegetation vigour reflects root activity and rhizosphere dynamics,
influencing the CO2 emissions discussed in the subsequent sections.

4.3. Weed Community Structure and Diversity Responses

Weed diversity was consistently higher under minimum tillage (MT) than conven-
tional tillage (CT), with Simpson’s Index values ranging from 0.53 to 0.80 (moderate to
high diversity) in MT and 0.38 to 0.67 (low to moderate diversity) in CT. This pattern aligns
with long-term studies showing that reduced soil disturbance promotes species richness
and diversity by preserving seed banks, minimising soil inversion, and maintaining het-
erogeneous germination niches [95,103–109]. These studies collectively demonstrate that
conservation or reduced tillage enhances weed heterogeneity [105,108], enriches soil or-
ganic carbon and stability—thereby indirectly supporting more diverse communities [106]
while frequent tillage and herbicide use simplify weed communities and reduce ecological
resilience [95,107]. Similarly, Pinke et al. [110] showed that tine harrow management re-
duced weed biomass, while organic fields maintained higher weed diversity, highlighting
the value of non-chemical control for sustainable weed management. In Mediterranean
systems, minimal tillage has also been shown to sustain high species richness despite stable
total diversity over time [109].
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Higher soil moisture under MT (9.37 ± 6.55%) than under CT (5.49 ± 4.32%) likely
provided more favourable conditions for germination across a broader range of species.
Previous studies have also reported increased weed pressure especially from perennials
and deep-rooted weeds—during the early stages of conservation agriculture adoption [24],
which explains the higher biomass and diversity observed under MT. In the current study,
higher moisture availability under MT coincided with increased NDVI values (0.44–0.46
at 74 and 147 kg N ha−1) in plots with high weed diversity (Simpson’s index up to 0.80),
suggesting that mixed vegetation canopies contributed to greater overall green cover.

Herbicide application significantly reduced weed biomass under both tillage systems,
although the effects on diversity varied. Under CT, diversity fluctuated with herbicide dose
and nitrogen level, peaking at H100 under 74 kg N ha−1 and at H75 under 147 kg N ha−1,
suggesting species-specific herbicide tolerance, with the suppression of dominant weeds
allowing less common, tolerant species to increase in abundance. Cathcart et al. [111]
similarly found that plants grown under low nitrogen conditions exhibited greater herbicide
resistance, requiring higher doses for control and shifting community composition toward
tolerant species.

At low herbicide doses (H25), diversity was highest across nitrogen levels, supporting
the concept that moderate inputs prevent dominance by aggressive species while main-
taining coexistence [97,105,112,113]. Buhler et al. [112] and Locke et al. [105] reported
that reduced tillage promotes diversity by allowing the persistence of both annual and
perennial species, whereas Derksen et al. [113] showed that intensive herbicide use under
CT homogenises weed communities. Similarly, Pardo et al. [97] found that minimal tillage
in Mediterranean systems facilitates a more stratified seedbank and uneven germination,
leading to a more diverse and resilient weed flora. This was also reflected in the NDVI
and CO2 emission results, in which MT treatments with low to moderate herbicide doses
(H0–H75) produced higher NDVI and greater CO2 emissions than those in CT, indicating
concurrent variation in vegetation vigour, weed diversity, and soil respiration.

Biomass reduction was more pronounced under MT, decreasing from 5.02 g to 0.07 g
at 74 kg N ha−1 and from 8.27 g to 0.14 g at 147 kg N ha−1. Despite this, diversity remained
moderate to high at low to intermediate herbicide doses, suggesting that selective sup-
pression under MT can simultaneously reduce biomass and sustain diversity. However,
long-term reliance on herbicides risks accelerating the evolution of resistance [95]. Black-
shaw et al. [95] demonstrated that integrating reduced herbicide rates with complementary
strategies—such as competitive cultivars, higher planting densities, and rotations—can
maintain effective weed control while limiting resistance. The increase in CO2 emissions ob-
served with MT, particularly at 147 kg N ha−1–H75 (79.42 µmol m−2 s−1), further supports
that higher biological activity and residue retention are characteristic features of reduced
tillage systems [5,103].

Weed biomass and diversity also responded to the nitrogen availability. The highest
biomass occurred in untreated plots (H0), whereas diversity peaks varied with nitrogen
levels, reflecting changes in crop–weed competition dynamics. Anderson et al. [114]
reported that no-till nitrogen fertilisation enhanced crop competitiveness and suppressed
weed localisation, whereas Swanton et al. [115] concluded that tillage exerted a stronger
influence than nitrogen rate. Shchukin et al. [116] further observed that additional herbicide
doses may be required to manage increased weed pressure under minimal tillage. In the
current study, nitrogen at level (147 kg N ha−1) enhanced both weed biomass and CO2

emissions under MT, supporting the close link between nutrient availability, plant growth,
and soil respiration intensity [117,118]. Kuzyakov [117] showed that increased nutrient
availability enhances microbial and root activity through priming processes that enhance
CO2 emissions from soil organic matter. Simultaneously, Raich and Tufekcioglu [118]
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concluded that plant productivity and soil respiration are tightly coupled across ecosystems
through shared controls on carbon and nutrient cycling.

Weed biomass was particularly high under MT in untreated plots (8.27 g vs. 4.25 g
in CT at 147 kg N ha−1-H0), indicating that the absence of mechanical disturbance and
favourable soil conditions promoted weed proliferation. Nevertheless, maintaining higher
diversity under MT, even with moderate herbicide inputs, may slow the development of
herbicide resistance by reducing the dominance of individual species.

These findings highlight a key trade-off: although high herbicide doses effectively
reduce weed biomass, they can also create less resilient weed communities. In contrast,
MT systems support greater diversity—especially at moderate herbicide rates—which may
enhance ecosystem functions such as arthropod habitat provision, improved soil health
through varied root systems, and reduced resistance risks [107]. However, the higher overall
biomass under MT requires integrated management to balance biodiversity conservation
with yield protection. These integrated responses across weed diversity, NDVI, and CO2

emissions indicate that MT enhances biological complexity and carbon turnover potential,
consistent with broader evidence that reduced or minimum tillage practices increase soil
microbial activity, aggregation, and organic carbon sequestration [119,120]. This highlights
the need to combine tillage, nitrogen, and herbicide strategies to sustain productivity while
reducing soil carbon loss [119,120].

Herbicides may also influence nitrogen cycling by altering nitrogen-fixing and nitri-
fying microbial communities [121], further complicating the nitrogen–herbicide–tillage
interactions. These dynamics underscore the need for management approaches that sustain
both crop productivity and ecosystem function [55,111].

Weed community composition directly affects soil carbon dynamics. Increased di-
versity and biomass under MT lead to greater root inputs and residues, which stimulate
microbial activity and soil respiration. The warmer and moister microclimate in MT am-
plifies these effects, partially explaining the higher CO2 emissions measured in the MT
plots. Overall, these results emphasise the interconnected nature of tillage, nitrogen, and
herbicide management in shaping both agronomic and ecological outcomes.

4.4. Soil CO2 Emissions in Response to Management Practices

Across both nitrogen levels, CO2 emissions were consistently higher under minimum
tillage (MT) than conventional tillage (CT), with differences being more pronounced at
higher nitrogen inputs. At 74 kg N ha−1, MT recorded 43.3 ± 5.5 µmol m−2 s−1 com-
pared with 37.7 ± 11.3 µmol m−2 s−1 under CT, while at 147 kg N ha−1, MT reached
49.9 ± 15.7 µmol m−2 s−1 compared with 29.1 ± 11.6 µmol m−2 s−1 under CT.

Although these results contrast with much of the conservation tillage literature, which
reports lower CO2 emissions under reduced tillage [32–35], they align with Hungarian and
international studies showing equal or higher emissions under reduced or no-till systems
in certain contexts [36–40,122,123]. For example, Kulmány et al. [124] found that no-tillage
systems emitted 23–26% more CO2 than CT during the peak growing seasons of 2020–2021.
Higher emissions were attributed to increased soil moisture and penetration resistance,
both of which enhance microbial respiration and CO2 release. Similarly, Zsembeli et al. [125]
reported higher emissions under reduced tillage in seven of ten years on long-term meadow
chernozem soils, with differences disappearing during periods of drought. Consistent with
these patterns, Juhász et al. [126] showed, through long-term bare-soil monitoring, that
exponential, temperature-driven models best described CO2 emissions, with soil moisture
exerting little influence, supporting our observation that temperature is the primary driver
of CO2 emissions under Hungarian climatic conditions.
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The probable mechanism is that MT created warmer (28.0 ◦C vs. 27.1 ◦C) and moister
(9.3 ± 6.5% vs. 5.4 ± 4.3%) soils than CT, conditions that enhance microbial activity and
organic matter decomposition [127]. In this temperate continental setting, these effects may
outweigh the reduced disturbance benefits which are usually associated with conservation
tillage. Consistent with this interpretation, recent long-term field studies have shown that
soil CO2 emissions under different tillage practices are strongly modulated by weather
conditions, particularly temperature and precipitation, highlighting the context-dependent
nature of tillage effects rather than uniform emission responses [128].

Nitrogen effects differed between tillage systems. Under CT, high nitrogen (147 kg N ha−1)
unexpectedly reduced CO2 emissions compared with 74 kg N ha−1, whereas under MT,
147 kg N ha−1 significantly increased emissions, consistent with nitrogen-stimulated microbial
respiration [41–46,129]. The MT response likely reflects the synergistic effects of increased nitro-
gen availability, high soil moisture, and elevated temperature, all of which enhance microbial
activity [130,131]. In CT, lower compaction (0.1 ± 0.0 MPa vs. 0.6 ± 0.3 MPa in MT) may have
improved plant nitrogen uptake, reducing substrate availability for microbial decomposition
and limiting emissions, thereby reducing carbon inputs from roots and microbial respiration,
consistent with the mechanisms proposed by Gagnon et al. [132], who observed lower soil CO2

emissions with nitrogen fertilisation due to reduced root activity and microbial decomposition.
Herbicide effects on CO2 emissions varied with tillage and nitrogen input.

• Under CT, peak emissions occurred at intermediate to high herbicide doses (H50–
H100), particularly at 74 kg N ha−1, where H100 recorded 49.7± 0.3 µmol m−2 s−1.

• Under MT, the highest emissions were consistently observed at H75: 47.3 ± 0.8 µmol
m−2 s−1 at 74 kg N ha−1 and 79.4 ± 1.2 µmol m−2 s−1 at 147 kg N ha−1, which were
the highest emissions recorded in this study.

These patterns suggest nonlinear microbial responses to herbicides, in which moderate
to high doses may accelerate respiration through the decomposition of dead weed biomass
or stress-induced changes in microbial communities [50,55]. Such complexity aligns with
earlier reports of pesticide effects on soil respiration [49,133].

Significant nitrogen–herbicide interactions highlight the complexity of integrated input
management. Under CT, maximum emissions occurred at 74 kg N ha−1–H100, whereas
under MT, extreme emissions at 147 kg N ha−1–H75 likely reflected optimal conditions for
microbial decomposition: high soil moisture, elevated nitrogen, moderate herbicide stress,
abundant residues, and high weed biomass. These outcomes support earlier findings that
combined chemical inputs alter nitrogen cycling and greenhouse gas emissions through
microbial processes such as ammonification and nitrification [133,134].

Although MT promotes water conservation and weed diversity, its higher short-term
CO2 emissions—especially under high nitrogen and moderate herbicide inputs—cast doubt
on its net climate benefits under these conditions. As noted by Hendrix et al. [36] and
Oorts et al. [38], CO2 emissions are influenced by interactions among climate, soil, and
management inputs rather than tillage alone.

The wide variability in emissions (19.49–79.42 µmol m−2 s−1 across treatments) under-
scores the importance of site-specific, integrated management. Lower herbicide doses (e.g.,
H25 under MT–74 kg N ha−1) may reduce both inputs and emissions while maintaining
effective weed control [95]. Therefore, adaptive nutrient–herbicide strategies are essential
for conservation agriculture [24]. Regional variability in climate and soil further reinforces
the need for locally tailored management [134–136]. These results show that short-term
CO2 responses to conservation tillage are dynamic and context-dependent. A long-term
systems perspective is required to offset short-term greenhouse gas emissions with the
broader goals of soil health, productivity, and sustainability.
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Overall, this study highlights the interconnectedness of soil conditions, vegetation
vigour, weed diversity, and CO2 emissions. In MT, warmer, moister, and more compact
soils fostered microbial activity, influenced crop responses, and affected weed competition.
Higher nitrogen responsiveness under MT improved canopy vigour (NDVI) and supported
greater weed diversity by reducing disturbances and increasing residue cover. The combi-
nation of stronger crop and weed growth increased organic inputs and microbial substrates,
amplifying soil CO2 emissions relative to CT. Conversely, CT soils—with lower moisture
and bulk density—restricted microbial activity, suppressed weed diversity, and produced
lower CO2 emissions at the expense of reduced ecological complexity. This soil–crop–
weed–carbon linkage underscores the need to view agronomic practices as interdependent
components of an integrated agroecosystem rather than as isolated management factors.

4.5. Study Limitations and Future Research Directions

This study provides valuable insights into the short-term (1-year) effects of integrated
management on soil CO2 release in Hungarian maize systems. However, this study has
some limitations which should be acknowledged. First, measurements were confined to
a single growing season (2022); multi-year studies are required to capture interannual
variability under varying climatic conditions. Because soil CO2 emissions were analysed
using a single, standardised measurement time point within the growing season, the results
should be interpreted as short-term, site- and time-specific treatment comparisons rather
than indicators of seasonal emission dynamics or cumulative carbon budgets. Repeated
measurements across seasons and years would be required to fully characterise temporal
variability, which will be addressed in future phases of this ongoing experiment. Second,
only CO2 fluxes were measured; comprehensive assessments should also include N2O
and CH4 to better quantify the total greenhouse gas balances better. Finally, long-term
monitoring of soil carbon sequestration is essential for evaluating the net climate impact of
conservation tillage systems.

To address these limitations, future studies should extend the monitoring duration
across multiple years and sites, include additional greenhouse gases (N2O and CH4), and
integrate soil carbon sequestration measurements to provide a complete assessment of the
climate impacts of conservation tillage.

5. Conclusions
This study provides a comprehensive assessment of how tillage, nitrogen fertilisation,

and herbicide application interact to influence soil physical properties, vegetation vigour,
weed biodiversity, and soil CO2 emissions in a Hungarian maize production system. The
results demonstrate that these management factors function interdependently within the
soil–plant–microbe continuum, producing significant agronomic and ecological outcomes.

Minimum tillage (MT) improved soil moisture retention and supported a greater weed
species diversity than conventional tillage (CT). However, it also increased soil penetration
resistance and consistently produced higher short-term CO2 emissions, particularly when
high nitrogen rates were combined with moderate herbicide applications. NDVI analyses
indicated that vegetation vigour was driven by nitrogen availability under MT, whereas
herbicide management played a greater role under CT.

Weed community responses revealed a trade-off between biodiversity conservation
and weed-biomass control. MT maintained higher weed diversity even with moderate
herbicide use, potentially delaying herbicide resistance but necessitating integrated manage-
ment to minimise crop competition. Similarly, soil CO2 emission patterns suggested that the
water-conservation and biodiversity benefits of MT could be counterbalanced by elevated
greenhouse gas emissions under intensive chemical inputs. Strong nitrogen–herbicide inter-
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actions and the fourfold variation in emissions across treatments emphasise the importance
of precision and site-specific management over generalised recommendations.

From an economic perspective, these results indicate that increased nitrogen and
herbicide inputs do not consistently result in proportional gains in vegetation vigour,
particularly under MT. This highlights the importance of optimising input use rather
than maximising application rates, with potential implications for reducing fertiliser and
herbicide costs while maintaining agronomic performance.

For Hungarian maize systems and similar temperate continental climates, the findings
indicate that conservation tillage should be implemented within a broader climate-smart
framework that integrates optimised nitrogen use, judicious herbicide application, and
adaptive weed management. Precision management, which optimises nitrogen rates and
decreases unimportant herbicide inputs, offers a practical pathway to improve environmen-
tal outcomes and enhance economic efficiency. Although MT promotes water retention and
weed diversification, its high short-term CO2 emissions under certain input combinations
cast doubt on its overall climate benefits. Therefore, precision management—optimising
nitrogen and reducing herbicide inputs—offers a promising pathway to balance emission
reduction with agronomic gains.
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Abbreviations
The following abbreviations are used in this manuscript:

CT Conventional Tillage
MT Minimum Tillage
NT No-Tillage
NDVI Normalised Difference Vegetation Index
CO2 Carbon Dioxide
N2O Nitrous Oxide
CH4 Methane
N160 Nitrogen fertiliser applied at 74 kg N ha−1

N320 Nitrogen fertiliser applied at 147 kg N ha−1

H0 0% Herbicide Dose (No Herbicide)
H25 25% Herbicide Dose
H50 50% Herbicide Dose
H75 75% Herbicide Dose
H100 100% Herbicide Dose (Full Recommended Rate)
LSD0.05 Least Significant Difference at p < 0.05
ANOVA Analysis of Variance
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SD Standard Deviation
MPa Megapascal
µmol m−2 s−1 Micromoles per square metre per second (unit of CO2 flux)
GHG Greenhouse Gas
GIS Geographic Information System
CV Coefficient of Variation
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