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Abstract

This study evaluated the long-term effects of soil tillage systems on weed dynamics and
maize (Zea mays L.) yield in the Transylvanian Plain, Romania, over an eight-year pe-
riod (2018–2025). A long-term field experiment was established under a split-plot design
with four tillage systems: conventional tillage (CS), minimum tillage with chisel (MTC),
minimum tillage with disk (MTD) and no-tillage (NT). Results indicated that reduced soil
disturbance significantly increased total weed density, with a clear shift in community struc-
ture toward perennial species under conservation tillage systems. Weed infestation ranged
from 8 to 9 plants m−2 in CS to 18–25 plants m−2 in NT. Maize yield showed a progressive
decline with decreasing tillage intensity, from 7283 kg ha−1 in CS to 4725 kg ha−1 in NT.
ANOVA results confirmed highly significant effects of tillage system (F = 2451.15; p < 0.001)
and year (F = 79.62; p < 0.001), as well as a significant tillage × year interaction (F = 2.15;
p < 0.05), indicating temporal variability in treatment responses under changing climatic
conditions. Under the specific pedoclimatic conditions of the Transylvanian Plain, reduced
tillage systems showed lower maize productivity compared with conventional tillage,
indicating that the balance between soil conservation and yield performance depends on
local environmental and management conditions.

Keywords: conservation agriculture; weed flora composition; soil management practices;
crop productivity; maize-based cropping systems

1. Introduction
Maize (Zea mays L.) is one of the most important cereal crops worldwide, serving as

a key source of food, feed and industrial raw materials, including bioenergy production.
Its global importance is closely linked to its high yield potential and wide adaptability to
diverse agroecological conditions [1,2]. However, maize productivity is strongly influenced
by environmental conditions and crop management practices. Among biotic constraints,
weed competition during early growth stages represents one of the most critical limiting
factors, as young maize plants are highly sensitive to competition for light, water and nutri-
ents [3,4]. The concept of the critical period for weed control highlights that early-season
weed interference can lead to irreversible yield losses if weeds are not effectively managed.
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Weeds constitute a major biological constraint in maize production due to their high
competitiveness and adaptability. Depending on infestation level and environmental
conditions, yield losses may vary considerably [5]. In addition to direct competition, weeds
can also negatively affect crop performance indirectly by modifying canopy microclimate
and increasing production costs associated with additional control measures [6].

Weed competition affects maize differently depending on the crop developmental
stage. During the early vegetative growth period, maize plants are particularly sensitive
because their root system and canopy are still developing, allowing weeds to compete
effectively for water, nutrients, light, and space. This interval corresponds to the critical pe-
riod of weed interference, during which uncontrolled weed growth may cause irreversible
reductions in biomass accumulation and grain yield, even when weeds are removed later
in the season. Under drought conditions, competition for soil moisture becomes even
more severe, as weeds further reduce the amount of water available for crop growth and
negatively affect resource-use efficiency [7–9].

Soil tillage systems play a key role in regulating weed emergence patterns and com-
munity structure [10]. Conventional tillage generally reduces weed pressure by burying
seeds and disrupting germination processes. In contrast, reduced tillage and no-tillage
systems tend to alter weed community composition, often favoring perennial species due to
reduced soil disturbance and increased seed retention in the upper soil layer [11–14]. In the
context of conservation agriculture, understanding long-term interactions between tillage
systems, weed dynamics and crop productivity is essential. These interactions are strongly
influenced by local pedoclimatic conditions and management practices, which may progres-
sively reshape weed community trajectories over time [15]. However, long-term studies
from Central and Eastern Europe that simultaneously assess weed functional group dynam-
ics and maize yield stability remain limited. Tillage practices influence weed community
development by modifying soil disturbance intensity, seed distribution, residue cover, and
soil microclimatic conditions. However, the long-term consequences of these changes for
weed functional groups and maize productivity remain insufficiently documented under
specific pedoclimatic conditions.

Therefore, the objective of this study was to evaluate the long-term effects of con-
trasting soil tillage systems on weed community dynamics and maize productivity during
an eight-year field experiment (2018–2025) conducted under the pedoclimatic conditions
of the Transylvanian Plain, Romania. The novelty of this research lies in the integrated
assessment of weed density, functional group shifts, and maize yield response over an
ex-tended period, allowing the cumulative effects of conventional and conservation tillage
practices to be identified under variable climatic conditions. This long-term approach
provides new insights into the relationship between soil disturbance intensity, weed com-
munity trajectories, and crop productivity in a region where such multi-year evaluations
remain limited.

2. Materials and Methods
2.1. Experimental Site

The long-term field experiment was conducted at the Agricultural Research and
Development Station (ARDS) Turda, Romania, over an eight-year period (2018–2025). The
experimental site is located in the Transylvanian Plain, a region characterized by a temperate
continental climate with high interannual variability in temperature and precipitation.

The area is representative for central-northwestern Romania, where agricultural pro-
duction is strongly influenced by climatic variability and soil fertility constraints [16,17].
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2.2. Experimental Design

The experiment was established as a long-term factorial field trial using a split-plot
design (4 × 8 × 2), with two replications. The main factor (A) consisted of four tillage
systems, he main factor (A) consisted of four tillage systems, while years (2018–2025) were
considered repeated observations over time. Each experimental plot had a surface area of
144 m2 (12 m × 12 m), with 17 maize rows established at a row spacing of 0.70 m. The tillage
treatments were randomly distributed within each replication and maintained constant
throughout the experimental period to evaluate cumulative long-term effects on weed
dynamics and maize productivity. The experiment comprised eight experimental plots in
total (four tillage treatments × two replications), covering a total area of 1152 m2. The crop
rotation system consisted of maize–soybean–winter wheat, ensuring a rotational structure
while maintaining consistent tillage treatments. Sowing was performed annually during
the first decade of April. The exact sowing dates were as follows: 9 April 2018, 6 April 2019,
8 April 2020, 5 April 2021, 8 April 2022, 7 April 2023, 6 April 2024, and 4 April 2025.

The studied tillage systems were: conventional tillage (CS); minimum tillage with
chisel (MTC); minimum tillage with disk (MTD) and no-tillage (NT).

2.3. Crop Management Practices

Maize was sown using a precision seeder (Gaspardo MT-6, Maschio Gaspardo S.p.A.,
Campodarsego, Italy) [18] at a density of 65,000 plants ha−1. The hybrid used was ‘Turda
332’ (FAO 380), developed at the Agricultural Research and Development Station Turda,
adapted to the pedoclimatic conditions of the Transylvanian Plain [19,20]. Seed treatment
was applied before sowing using a fungicide formulation containing the active ingredients
fludioxonil (25 g L−1) and metalaxyl-M (9.7 g L−1), applied at a rate of 1.0 L t−1 seed.
The commercial product used was Maxim XL 035 FS (Syngenta Crop Protection, Basel,
Switzerland) [21] at a rate of 1.0 L t−1 seed, containing fludioxonil (25 g L−1) and metalaxyl-
M (9.7 g L−1).

Fertilization was applied at a moderate intensity level. At sowing, 300 kg ha−1 of NPK
fertilizer 16:16:16 (Elixir Zorka, Novi Sad, Serbia) [22] was applied, providing 48 kg ha−1

N, P, and K each. Additionally, 100 kg ha−1 of urea (46% N; Yara International, ASA, Oslo,
Norway) [23] was applied at the 6–7 leaf stage (V6–V7) to support vegetative growth. This
fertilization strategy is consistent with integrated nutrient management recommendations
for temperate maize production systems [24–26].

Weed management included a pre-emergence herbicide application based on isoxaflu-
tole (240 g L−1) combined with the safener cyprosulfamide (240 g L−1), and dimethenamid-
P (720 g L−1), applied at rates of 0.4 L ha−1 and 1.2 L ha−1, respectively. The commercial
formulations used were Merlin Flex (Bayer Crop Science, Leverkusen, Germany) [27]
and Spectrum 720 EC (BASF, Ludwigshafen am Rhein, Germany) [28]. using fluroxypyr
(333 g L−1) and nicosulfuron (40 g L−1) as active ingredients, applied at rates of 0.54 L ha−1

and 1.0 L ha−1, respectively. The corresponding commercial products were Starane Super
(Corteva Crop Solutions Rom SRL, Bucharest, Romania) and Nova Power 4 SC (Agricover
Distribution SA, Ilfov, Romania) [29,30].

2.4. Weed Assessment

Weed infestation was assessed at the 4–6 leaf stage of maize (V4–V6), corresponding
to the critical period for crop–weed competition. Weed density was determined using the
quadrat sampling method, a commonly applied approach for field weed assessment [6,13].
All weed species identified during field observations were recorded and subsequently
classified into four functional categories: annual dicotyledonous weeds (AD); annual mono-
cotyledonous weeds (AM); perennial dicotyledonous weeds (PD) and perennial mono-
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cotyledonous weeds (PM). Total weed density (plants m−2) was calculated by summing the
densities of all recorded weed species within each functional group. The classification into
functional groups was used to facilitate statistical analysis and interpretation of treatment
effects, while species-specific occurrence was considered when describing the weed flora of
the experimental field. The identified weed species corresponded to the common weed
spectrum associated with maize cultivation in the studied region. Dominant weed species
and their ecological characteristics are presented in Table 1. The weed assessment was
performed once, at the V4–V6 growth stage, because this period represents a critical phase
when early weed competition can substantially influence maize growth and potential
yield formation.

Table 1. Weed species identified in the experimental field and their classification according to
functional groups and ecological characteristics.

Weed
Group Representative Species Life Cycle and

Botanical Group
Typical Emergence

Period
Predominant Tillage

Systems

AD
Chenopodium album, Amaranthus
retroflexus, Xanthium strumarium,
Hibiscus trionum, Sinapis arvensis

Annual broadleaf
weeds Early growing season

Present in all tillage
systems, particularly
MTC, MTD and NT

PD
Cirsium arvense, Convolvulus

arvensis, Sonchus arvensis,
Rubus caesius

Perennial broadleaf
weeds regenerating

from vegetative organs

Throughout the growing
season

More frequent in MTD
and NT

AM Echinochloa crus-galli, Setaria glauca,
Digitaria sanguinalis Annual grass weeds After crop establishment Common in MTC,

MTD and NT

PM Elymus repens Rhizomatous
perennial grass

Patchy occurrence
throughout the season Mainly in MTD and NT

AD—Annual dicotyledons; (PD)—Perennial dicotyledons; (AM)—Annual monocotyledons; (PM)—Perennial
monocotyledons; Tillage system: MTC—minim chisel; MTD—minim disk; NT—no tillage.

2.5. Statistical Analysis

Maize yield and weed density data were analyzed using POLY-FACT software 2020
(Cluj-Napoca, Romania) [31]. Analysis of variance (ANOVA) was performed according to
Gomez and Gomez [32] for a factorial split-plot design. The tillage system was considered
the main fixed factor, while year (2018–2025) was included as a fixed factor to evaluate the
effect of specific climatic conditions and annual variability during the experimental period.
Although the experiment was conducted as a long-term field trial, maize was included in a
crop rotation system (maize–soybean–winter wheat); therefore, maize was not grown on the
same experimental plots in consecutive years, and the data were not analyzed as repeated
measurements. The interaction between tillage system and year was evaluated to determine
whether the response of maize yield and weed density varied among experimental years.
Mean comparisons were conducted using the Least Significant Difference (LSD) test at
p < 0.05, p < 0.01 and p < 0.001 significance levels. Weed–yield relationships were evaluated
using simple linear regression analysis following Khuri (2013) [33] with goodness of fit
expressed as the coefficient of determination (R2).

2.6. Soil and Climatic Conditions

The field experiment was conducted on a Phaeozem soil [34]. The soil exhibited
a neutral reaction, with a pH value of 7.2, determined potentiometrically in distilled
water. The soil had a clay texture, with a clay content of approximately 50%. The humus
content was 3.00%, determined using the Walkley–Black method, while the total nitrogen
concentration was 0.122%, measured by the Kjeldahl method. The soil showed medium
phosphorus availability (28 ppm) and a good potassium supply (132 ppm), with both
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elements determined using the Egner–Riehm–Domingo extraction method. Soil samples
for chemical analyses were collected from the 0–30 cm arable layer.

Over the 69-year reference period (1957–2025), the study area was characterized by a
multiannual mean air temperature of 9.4 ◦C and a mean annual precipitation of 534.5 mm,
corresponding to a temperate continental climate with moderate rainfall (Figure 1). Air
temperature and precipitation data were obtained from measurements recorded at the
Turda Weather Station, part of the Northern Transylvania Regional Meteorological Center
of the Romanian National Meteorological Administration (ANM), located in the immediate
vicinity of the experimental field [35]. The analysis of climate series highlights a clear
trend of long-term air temperature rise, while the rainfall regime is characterized by high
interannual variability and a much less pronounced trend. The relatively high value of
the coefficient of determination for temperature (R2 = 0.4396) indicates the existence of a
consistent warming climate signal, while the low value of the coefficient of determination
for precipitation (R2 = 0.0708) suggests that their annual variations are controlled predomi-
nantly by natural climatic fluctuations and regional atmospheric circulation, rather than a
long-term linear trend.

 

Figure 1. Long-term evolution of air temperature and precipitation in Turda during the period
1957–2026. The figure illustrates annual variability and long-term trends in mean air temperature
(◦C) and precipitation (mm). The red line represents the linear trend of air temperature (R2 = 0.4396),
while the blue line represents the trend of precipitation (R2 = 0.0708). The multiannual mean values
over the studied period were 9.4 ◦C for air temperature and 534.4 mm for precipitation.

These results are consistent with the conclusions of the Sixth Assessment Report of
the Intergovernmental Panel on Climate Change (IPCC), which highlights the significant
increase in air temperature at the global and regional levels, concurrently with less uniform
and more difficult to detect changes in the rainfall regime. In Central and Eastern Europe,
including Romania, climate change is associated with an increase in the frequency and
intensity of high-temperature episodes, as well as increased precipitation variability [36].

In an agricultural context, this climatic evolution can lead to the intensification of ther-
mal and water stress on crops, affecting the physiological processes of plants, the efficiency
of water use and the stability of agricultural productions. Although the annual amount
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of precipitation does not show a significant change, their uneven temporal distribution
can favor the alternation of periods of water scarcity and excess, with direct effects on
crop development and on the efficiency of applied agricultural technologies [36,37]. In
the period 2018-2025, the climatic conditions in the Turda area reflected these general
trends, being characterized by relatively high temperatures and an uneven distribution
of precipitation. These climatic peculiarities influenced both the dynamics of weed com-
munities and the productive response of maize cultivation, the effects being dependent
on the tillage system and the availability of water resources in the different vegetation
phases. Since rainfall after pre-emergence herbicide application may influence herbicide
activation and efficacy, this factor was considered as an important environmental variable
when interpreting the obtained results; however, the present study focused on the overall
climatic conditions during the growing seasons rather than on short-term precipitation
events following herbicide application.

3. Results
3.1. Weed Community Composition Under Different Tillage Systems

The analysis of weed flora structure (Table 1) showed differences in species composi-
tion among tillage systems. Annual dicotyledonous species (AD) represented the dominant
weed group in the experimental field and were identified across all tillage systems. The
main species included Chenopodium album, Amaranthus retroflexus, Xanthium strumarium,
Hibiscus trionum, and Sinapis arvensis. Perennial dicotyledonous species (PD), including Cir-
sium arvense, Convolvulus arvensis, Sonchus arvensis, and Rubus caesius, were more frequently
recorded in MTD and NT systems. Annual monocotyledonous species (AM), represented
mainly by Echinochloa crus-galli, Setaria glauca, and Digitaria sanguinalis, occurred in all
tillage systems, with higher representation in conservation treatments. The perennial mono-
cotyledonous group (PM) was represented by Elymus repens, mainly occurring in MTD and
NT systems.

3.2. Temporal Dynamics of Weed Density

The weed density analysis (Table 2) showed clear differences among tillage systems
and temporal changes in the abundance of the main weed functional groups during the
period 2018–2025 experimental period. Annual dicotyledonous (AD) weeds were the
dominant functional group in all the systems analyzed, from 2018 to 2024, with the lowest
densities under conventional tillage (CS, 5–6 plants m−2) and progressively higher values
under conservation tillage, reaching 8–9 plants m−2 in the no-tillage (NT) system. In
2025, AD density declined across all tillage systems, ranging from 1 plants m−2 in CS to
4 plants m−2 in NT.

Perennial dicotyledonous (PD) weeds were consistently more abundant under con-
servation tillage than under conventional tillage. In CS, PD density remained low and
relatively stable (2 plants m−2 during 2018–2024), whereas NT maintained the highest
values (7–9 plants m−2) over the same period. Intermediate densities were recorded in
the MTC and MTD systems (3–5 plants m−2). In 2025, PD density decreased in all tillage
systems, with values ranging from 0 plants m−2 in CS to 4 plants m−2 in NT.

Annual monocotyledonous (AM) weeds occurred at low densities under CS (approxi-
mately 1 plant m−2) throughout 2018–2024, while conservation tillage systems supported
slightly higher populations, reaching 4 plants m−2 in NT in 2024. In contrast, AM density
increased markedly in 2025, attaining 5, 6, 7 and 8 plants m−2 in CS, MTC, MTD and NT,
respectively.

https://doi.org/10.3390/crops6040074

https://doi.org/10.3390/crops6040074


Crops 2026, 6, 74 7 of 16

Table 2. Annual density of weed functional groups (plants m−2) under different tillage systems in
maize, 2018–2025.

Year/System/
Weed Group

CS MTC MTD NT

AD/PD/AM/PM AD/PD/AM/PM AD/PD/AM/PM AD/PD/AM/PM

2018 6/2/1/0 8/3/1/1 9/4/2/1 9/7/2/2

2019 6/2/1/0 7/3/1/1 9/4/2/1 9/7/2/3

2020 6/2/1/0 7/3/1/1 9/4/2/1 9/7/2/3

2021 5/2/1/0 7/4/2/2 8/5/3/2 8/8/3/3

2022 5/2/1/0 7/4/2/2 8/5/3/2 8/8/3/3

2023 5/2/1/0 6/4/2/2 8/5/3/2 8/8/3/4

2024 5/2/1/0 6/4/2/2 7/5/3/2 8/9/4/4

2025 1/0/5/2 2/2/6/4 3/2/7/5 4/4/8/ 9
AD—Annual dicotyledons; (PD)—Perennial dicotyledons; (AM)—Annual monocotyledons; (PM)—Perennial
monocotyledons; Tillage system: CS—conventional; MTC—minim chisel; MTD—minim disk; NT—no tillage.

Perennial Monocotyledonous (PM) Weeds Were Absent

CS from 2018 to 2024 but were present under all conservation tillage systems, with the
highest density recorded in NT (4 plants m−2 in 2023–2024). In 2025, PM density increased
in all tillage systems, reaching 2 plants m−2 in CS, 4 plants m−2 in MTC, 5 plants m−2 in
MTD and 9 plants m−2 in NT.

Overall, conservation tillage systems, particularly NT, supported higher weed den-
sities than conventional tillage throughout the experiment. Perennial weeds, especially
Cirsium arvense, Convolvulus arvensis, and Elymus repens, were consistently more abundant
under reduced soil disturbance than under conventional tillage. The marked changes
observed in the distribution of weed functional groups in 2025 indicate a shift in weed
community composition relative to the previous years.

3.3. Effects of Tillage System and Year on Weed Density

Analysis of variance (Table 3) revealed significant effects of the tillage system (A) and
on weed density (F = 239.68 and F = 233.24, p < 0.001). In contrast, the annual variation
(B) had no statistically significant effect (F = 2.61, p > 0.05), indicating relative stability of
response over time.

Table 3. Analysis of variance (ANOVA) for the effects of tillage system, year, and weed group on
weed density in maize (2018–2025).

Source of Variation F-Value Significance

A (tillage system) 239.68 ***

B (years) 2.61 ns

C (weed groups) 233.24 ***

A × B 2.19 ns

A × C 14.99 ***

B × C 1.59 ns

A × B × C 0.52 ns
A—tillage system; B—year; C—weed group; ns—not significant; *** p < 0.001.

The A × C interaction was significant (F = 14.99, p < 0.001), suggesting that the effect
of the tillage system depends on the type of weeds analyzed, while the other interactions
were not significant. The high significance of factor A confirms the dominant role of the
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tillage system in determining the structure of the weed community, while the significant
effect of factor C reflects ecological differences between weed functional groups. The lack
of significance of factor B indicates that annual variations had little impact on weed density,
suggesting relative stability of response over time.

The significant interaction A × C highlights that the weed response to the tillage
system is dependent on the functional type, which confirms the ecological differences
between annual and perennial species in relation to soil disturbance.

3.4. Effects of Tillage System on Maize Yield

Table 4 (Analysis of variance) revealed a highly significant effect of the tillage system
on maize yield (F = 2451.15; p < 0.001). Also, the agricultural year, which reflects the
variability of the climatic conditions of the study period, had a highly significant effect on
yield (F = 79.62; p < 0.001). The interaction between the tillage system and the agricultural
year (A × B) was statistically significant (F = 2.15; p < 0.05), indicating that the response of
yield to the different tillage systems varied according to the specific climatic conditions of
each year.

Table 4. Analysis of variance (ANOVA) of maize yield according to the tillage system and climatic
conditions of the period 2018–2025.

Source of Variation df MP F Calculated Significance

Tillage system (A) 3 33.579.960 2451.15 ***
Year (B) 7 567.837 79.62 ***
A × B 21 15.319 2.15 *
Error 56 7.132

df—degrees of freedom; MP—Mean Squares; * significant at p < 0.05; *** highly significant at p < 0.001.

The results presented in Table 5 show significant differences in maize yield among
tillage systems during the 2018–2025 experimental period. The conventional tillage system
(CS) recorded the highest average yield (7283 kg ha−1), considered as the control treatment
(100%). Compared with CS, maize yield decreased by 298 kg ha−1 in MTC, 1568 kg ha−1 in
MTD, and 2558 kg ha−1 in NT, corresponding to 95.9%, 78.5%, and 64.9% of the control
yield, respectively. According to Duncan’s multiple range test, all tillage systems differed
significantly from each other. The LSD value (5%) was 83 kg ha−1, indicating that yield
differences exceeding this value were statistically significant.

Table 5. Influence of tillage system on average maize yield during 2018–2025.

Tillage System Yield
(kg ha−1)

%
of Control

Difference
(kg ha−1)

Duncan’s
Range Test

CS 7283 100 0 a

MTC 6985 95.9 −298 b

MTD 5715 78.5 −1568 c

NT 4725 64.9 −2558 d

LSD 5%
(p ≤ 0.05) 83 — —

Tillage systems: CS—conventional tillage; MTC—minimum tillage (chisel); MTD—minimum tillage (disc);
NT—no-tillage. Means followed by different letters are significantly different ac-cording to Duncan’s Multiple
Range Test (p < 0.05); LSD (5%) = least significant difference at p < 0.05. Values represent mean yields over the
experimental period (2018–2025).
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3.5. Analysis of Yield Variability Across Years

Table 6 highlights that the tillage system had a highly significant effect on maize yield
(F = 2451.15; p < 0.001), indicating major differences between the systems analyzed). Also,
the agricultural year, which reflects the variability of climatic conditions throughout the
study period, had a highly significant effect on yield (F = 79.62; p < 0.001), confirming the
strong influence of climatic factors on yield. The interaction between the tillage system
and the agricultural year (A × B) was statistically significant (F = 2.15; p < 0.05), indi-
cating that the response of yield to the different tillage systems was not constant over
time, but varied according to the specific climatic conditions of each year. This result
suggests a differentiated response of tillage systems to climatic variations, especially in
conservative systems.

Table 6. Analysis of variance (ANOVA) for maize yield under different tillage systems and years
(2018–2025).

Source of Variation df SS MS F-Value

Tillage system (A) 3 100,739,900.00 33,579,960.00 2451.15 ***
Year (B) 7 3,974,860.00 567,837.20 79.62 ***
A × B 21 321,704.60 15,319.27 2.15 *

Replication (R) 2 35,912.77 17,956.38 —
A × R 6 82,198.05 13,699.68 —
B × R 14 98,212.05 7015.15 —

A × B × R (Error) 42 301,179.30 7170.94 —

Total 95 105,553,900.00 — —
df—degrees of freedom; SS—sum of squares; MS—mean square. Asterisks indicate significance levels: * p < 0.05,
*** p < 0.001. Analysis based on a factorial ANOVA for a long-term field experiment (2018–2025).

Overall, the high F ratio values for factor A demonstrate that the tillage system rep-
resents the main determinant of yield variation in this experiment, followed by annual
environmental conditions, while the A × B interaction, although significant, indicates mod-
erate variability in response over time. The statistical significance of the A × B interaction
observed in this study is also supported by the literature, where Rusinamhodzi et al. [38]
demonstrated that the effects of conservative tillage systems are not constant over time,
but depend on climatic conditions, especially rainfall regime and water availability in soil.
This aspect explains the variation in the response of yield according to the agricultural year
observed in the current experiment.

3.6. Long-Term Yield Trends Under Different Tillage Systems

Figure 2 shows a decreasing tendency of maize yield across all tillage treatments
during the experimental period (2018–2025), although the magnitude of the decline differed
among systems. The conventional tillage system (CS) presented the smallest reduction
rate over time (y = −27.107x + 62122; R2 = 0.4034), indicating a lower sensitivity of yield
variation to the temporal trend compared with the reduced tillage treatments. Under the
specific pedoclimatic conditions of the Transylvanian Plain, CS maintained higher yield
values throughout the study period, whereas the decline was more pronounced in MTD
and NT systems. Similar differences in yield response among tillage systems have been
reported by Pittelkow et al. [39], who emphasized that the performance of conservation
agriculture practices is strongly influenced by environmental conditions and site-specific
management factors.

https://doi.org/10.3390/crops6040074

https://doi.org/10.3390/crops6040074


Crops 2026, 6, 74 10 of 16

 

CSy = −27.107x + 62122R² = 0.4034
MTCy = −51.524x + 111353R² = 0.8095
MTDy = −66.452x + 140057R² = 0.7452
NTy = −122.19x + 251775R² = 0.8704
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Figure 2. Evolution of maize yield (kg ha−1) under different tillage systems (CS—conventional tillage,
MTC—minimum tillage with chisel, MTD—minimum tillage with disc, NT—no-tillage) during the
period 2018–2025. Linear trends show yield dynamics over time for each system.

The MTC system showed a sharper decrease in yield (y = 51.524x + 111,353;
R2 = 0.8095), indicating a greater sensitivity to climatic conditions and a clearly downward
trend over time. High R2 values suggest that the reduction in output is well explained by
temporal evolution.

In the case of MTD, the decline in yield was even more pronounced (y = −66.452x + 140,057;
R2 = 0.7452), which confirms that reducing the intensity of tillage can lead to lower yield,
especially under conditions of limiting resources of water and nutrients. The results are
consistent with literature showing that reducing tillage can have negative effects on yield
in the absence of compensating factors such as water stress [38].

The NT system recorded the sharpest decrease in yield over time (y = −122.19x + 251,775;
R2 = 0.8704), highlighting a high sensitivity to climatic variations and a consistent reduction
in long-term productive performance under the experimental conditions analyzed. This
result is consistent with meta-analyses showing that no-tillage systems can reduce maize
yield under non-water-limiting conditions, especially during the initial phases of transi-
tion [15], while positive effects can occur under conditions of water scarcity and moisture
accumulation in the soil [38].

Overall, an inverse relationship between the degree of intensification of the reduction
in tillage and the stability of yield over time is highlighted, with CS showing higher yield
stability, while conservative systems, especially NT, recorded more pronounced declines
in yield during the analyzed period. Similar trends have also been reported in previous
studies by West & Post [40] and Pittelkow et al. [15], which highlighted comparable effects
of tillage systems on maize yield, particularly in terms of differences between conventional
and conservative systems.

4. Discussion
The results of the present study demonstrate that the tillage intensity played a key

role in shaping both weed community dynamics and maize productivity under the pedo-
climatic conditions of the Transylvanian Plain. Reducing soil disturbance led to higher
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weed densities and noticeable changes in weed community composition, mainly through
the increased abundance of perennial functional groups in minimum tillage (MTD) and
no-tillage (NT) systems. The greatest weed infestations were consistently recorded under
NT, whereas conventional tillage maintained comparatively lower and more stable weed
populations throughout the experimental period. Comparable responses have been re-
ported by Nichols et al. [41], who showed that long-term conservation tillage promotes
the persistence of perennial weed species. Likewise, Adeux et al. [42] demonstrated that
reduced tillage alters weed community composition by increasing the dominance of species
adapted to conditions of limited soil disturbance. The lower weed densities recorded under
conventional tillage can be attributed to the repeated mechanical disruption of the soil,
which affects weed emergence, seed redistribution, and the survival of vegetative propag-
ules. Previous studies have identified tillage as one of the principal factors regulating
weed recruitment and community composition) [12,13]. In the present study, the greater
abundance of perennial weed groups in the MTD and NT treatments suggests that reduced
soil disturbance created more favorable conditions for species capable of surviving and
regenerating under relatively stable soil environments [43,44].

The observed distribution of weed functional groups among tillage systems further
confirms the importance of soil disturbance intensity in determining weed community
composition. The increased occurrence of perennial species in the MTD and NT treatments
is likely associated with reduced mechanical damage to underground vegetative organs,
allowing these species to survive and spread more effectively. At the same time, the
persistence of annual grass weeds under conservation tillage may be related to reduced
soil inversion, which favors the retention of seeds near the soil surface and enhances
their opportunities for germination. These observations are consistent with previous findings
indicating that conservation tillage systems promote gradual shifts in weed communities toward
a greater representation of perennial species under reduced soil disturbance [6,12,13,39].

The weed flora identified during the study included several species commonly as-
sociated with maize production systems, including Echinochloa crus-galli, Setaria viridis,
Chenopodium album, Amaranthus retroflexus, Sorghum halepense, and Cirsium arvense. The
abundance and competitive importance of these species are known to vary according to cli-
matic conditions, soil properties, and crop management practices [41,42,45]. The persistence
of perennial species observed in the conservation tillage treatments further emphasizes the
importance of long-term monitoring, as changes in weed community composition often
become evident only after several years of continuous management.

The greater abundance of perennial weeds observed in conservation tillage treatments
can largely be explained by their biological characteristics, particularly their ability to
regenerate through underground vegetative organs such as rhizomes and stolons. In the
experimental field, species including Cirsium arvense and Elymus repens made an important
contribution to the higher proportions of perennial dicotyledonous and monocotyledonous
weeds recorded in the MTD and NT systems. Their capacity for vegetative propagation
enables these species to persist and gradually expand when soil disturbance is minimized.
Comparable changes in weed community composition under conservation agriculture have
been reported for species characterized by efficient vegetative reproduction and long-term
persistence [43,44,46,47].

Despite the increasing importance of perennial weeds under reduced tillage, annual
species remained significant components of the weed flora across all tillage treatments.
Species such as Chenopodium album, Amaranthus retroflexus, and Xanthium strumarium are
commonly associated with maize production systems, while Echinochloa crus-galli continues
to be one of the dominant annual grass weeds in maize fields. Their occurrence in every
tillage system demonstrates their broad ecological adaptability to cultivated environments,
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although their relative abundance was influenced by the intensity of soil disturbance and
the associated crop management practices.

The differences identified among tillage systems illustrate the trade-off between the
agronomic and environmental benefits of reduced soil disturbance and the increased
challenges related to weed management. Conventional tillage may contribute to greater
suppression of certain weed species by repeatedly disrupting weed establishment and
vegetative regeneration, although this approach requires more intensive soil operations.
In contrast, conservation tillage systems reduce mechanical soil disturbance and provide
important benefits for soil protection, but they may also favor the persistence of weed
species adapted to relatively undisturbed environments. Consequently, successful imple-
mentation of conservation tillage depends on the adoption of integrated weed management
strategies, particularly those targeting perennial species that are less effectively controlled
under minimum tillage and no-tillage conditions [46,47].

Beyond their effects on weed communities, tillage systems also influence the oper-
ational efficiency of crop production. Reduced tillage and no-tillage practices generally
require fewer field operations than conventional tillage, contributing to lower fuel con-
sumption and reduced labor requirements. Nevertheless, these operational advantages
should be considered together with the increased need for weed monitoring and control,
especially where perennial weed species become more competitive. Therefore, the overall
performance of conservation tillage systems depends on achieving a balance between
reduced production inputs, effective weed management, and the maintenance of stable
crop productivity under local environmental conditions [38,44].

The analysis of variance identified tillage system as the principal factor influencing
weed density (F = 239.68; p < 0.001), whereas the effect of year was not statistically signifi-
cant (F = 2.61; p > 0.05). These results indicate that, under the conditions of this long-term
experiment, tillage practices exerted a stronger influence on weed community development
than annual climatic variability. Furthermore, the significant interaction between tillage
system and weed functional groups (A × C; F = 14.99; p < 0.001) indicates that annual and
perennial weeds responded differently to changes in soil disturbance intensity. Compara-
ble patterns have also been described in previous studies evaluating weed responses to
contrasting tillage systems [12,13,48].

The long-term nature of the present experiment provides valuable insight into the
cumulative effects of tillage management on weed community dynamics. Short-term inves-
tigations may underestimate these responses because perennial weed species often require
several growing seasons to establish and progressively increase their abundance. In the
present study, the greater representation of perennial functional groups under MTD and NT
suggests that reduced soil disturbance promoted gradual changes in weed community com-
position rather than only temporary fluctuations in weed density. Similar long-term trends
have been reported by Dorado and López-Fando [49] and Nichols et al. [41], who observed
that conservation tillage favors weed species adapted to low-disturbance environments.
However, the magnitude of these responses remains dependent on several interacting
factors, including crop rotation, climatic conditions, and weed management practices.
Consequently, long-term field experiments are essential for understanding the cumulative
ecological effects of conservation tillage and for developing management strategies adapted
to specific agroecological conditions [13,50].

Regarding maize yield, the reduction in tillage intensity was associated with a
decline in productivity. The conventional system recorded the highest average yield
(7283 kg ha−1), whereas the no-tillage system recorded the lowest value (4725 kg ha−1)
during the 2018–2025 experimental period. The lower productivity observed in MTD
and NT occurred together with higher weed densities, particularly for perennial func-
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tional groups, suggesting that increased weed pressure could have contributed to stronger
competition with maize during crop development. However, differences among tillage
systems may also reflect the combined influence of soil conditions, crop establishment, and
resource availability.

The reduction in maize yield under reduced tillage and no-tillage observed in the
present study agrees with previous reports indicating that yield responses to conserva-
tion agriculture are strongly dependent on climatic conditions, soil characteristics, and
management history. Pittelkow et al. [39] reported that no-tillage systems may result in
yield penalties, particularly in environments without severe water limitations. Conversely,
under drought-prone conditions, conservation systems may improve soil water availabil-
ity and contribute to yield stabilization through increased residue retention and reduced
evaporation losses [38,39,51]. Under the conditions of the Transylvanian Plain, the lower
yield observed in NT may reflect the combined influence of weed pressure, soil-related
constraints, and the specific adaptation requirements of conservation tillage system.

The response of maize to reduced tillage intensity is likely determined by several
interacting processes within the soil–plant system. Lower soil disturbance may modify
seedbed conditions and influence early root development and crop establishment. In addi-
tion, surface residues maintained in conservation systems may contribute to soil protection
and water conservation; however, under the climatic conditions of the Transylvanian Plain,
they may also affect spring soil warming and early maize development. Potential changes
in soil structure and nutrient dynamics under long-term reduced disturbance may further
contribute to differences in crop performance. Previous research has demonstrated that
maize yield responses to conservation tillage are strongly influenced by climatic conditions
and soil properties [15,20]. In addition, weed management practices represent a critical
factor determining crop performance under reduced tillage systems [39]. The duration of
adaptation to conservation practices may also affect yield responses, particularly during
the transition period from conventional to conservation-based management [38,51].

Therefore, the yield differences observed in this long-term study should be interpreted
as a site-specific response resulting from the interaction between tillage intensity, weed com-
munity development, and environmental conditions during the study period. Although
conservation tillage systems may provide important benefits related to soil protection and
operational efficiency, their effects on crop productivity can vary considerably depending
on local conditions and management strategies. Under the agroecological conditions of
the Transylvanian Plain, increased weed pressure and associated management constraints
contributed to lower maize productivity in reduced tillage and no-tillage systems during
the experimental period.

The eight-year evaluation provided important insights into the long-term response
of maize yield to conservation tillage under the specific agroecological conditions of the
Transylvanian Plain. Although no-tillage systems may provide benefits related to soil
protection and water conservation, these advantages may not immediately compensate for
limitations associated with increased weed pressure, slower soil warming, and crop estab-
lishment challenges in temperate environments. The lower maize productivity observed
under NT in the present study suggests that conservation practices should be evaluated
in relation to local environmental conditions, crop management strategies, and integrated
weed control approaches rather than being considered universally beneficial. Therefore, the
effectiveness of conservation tillage depends on achieving an appropriate balance between
environmental benefits and the ability to maintain stable crop productivity under specific
agroecological conditions.
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5. Conclusions
Tillage management exerted a significant influence on weed community development

and maize yield throughout the 2018–2025 experimental period. The progressive reduction
in tillage intensity resulted in greater weed abundance, particularly among perennial
species, with the highest weed densities observed in the no-tillage (NT) treatment. In
contrast, conventional tillage maintained comparatively lower and more consistent weed
populations. The changes observed in weed community composition under reduced tillage
were mainly associated with the increased persistence of species capable of vegetative
regeneration, which were favored by lower soil disturbance.

Maize productivity declined as tillage intensity decreased, with the conventional
system producing the highest yields and the NT treatment showing the lowest performance.
This yield reduction was related mainly to increased weed competition in conservation
systems, although differences in soil conditions and crop establishment may also have
contributed to the observed response. These results should be considered in relation to the
specific environmental conditions of the Transylvanian Plain and the management practices
applied throughout the study.

The findings demonstrate that reduced tillage systems can alter weed community
composition and require specifically adapted weed management strategies to sustain maize
production. Under the conditions of this long-term study, the environmental advantages
associated with reduced soil disturbance need to be integrated with effective weed control
measures, particularly for perennial weed species that may increase in importance under
minimum tillage and no-tillage systems.

The eight-year assessment represents an important contribution to understanding
the cumulative effects of tillage practices on weed dynamics and maize productivity.
Unlike short-term evaluations, long-term experiments allow a more reliable assessment
of management effects by reducing the influence of temporary annual fluctuations. The
results obtained under the conditions of the Transylvanian Plain indicate that tillage impacts
on weed communities and maize yield are strongly dependent on local agroecological
factors and management approaches. Therefore, conservation tillage strategies should be
evaluated according to specific agroecosystem conditions rather than being assumed to
produce similar outcomes across different regions.
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