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1.	 Introduction 

Weeds are a major factor significantly reducing yield and quality in sugar beet 
(Beta vulgaris L.) production, as in many other crops. They cause production losses 
by competing with the crop for light, water, and nutrients (Chhokar et al., 2012; 
Merino et al., 2019). Yield losses under adverse conditions can exceed 40%, and in 
severe cases, complete crop loss has been reported (Jursík et al., 2008; Kulan, Kaya, 
2023). Due to its slow early development and limited crown formation, sugar beet is 
highly susceptible to weed competition, especially in the early stages (Jursík et al., 
2008). Sugar beet production is greatly affected by weeds (Kotlánová et al., 2024) and 
causes significant yield losses (Ortatas et al., 2024; Fishkis et al., 2024). In addition, 
weeds increase production costs (Soltani et al., 2018). Weeds not only reduce yields 
but also negatively affect the quality of the product. The presence of dense weeds and 
the intensity of competition between the crop and weeds can significantly reduce root 
and sugar yields (Salehi et al., 2007). As in other crop plants, weed control is necessary 
for the continuity of quality and yield in sugar beet. Therefore, weed control is very 
important for an economically healthy sugar beet production worldwide (Fishkis, 
Koch, 2023). Weed control in sugar beet is usually carried out with herbicides applied 
to the entire field during the early growth stage of sugar beet. However, the use of 
different weed control methods together with herbicides can provide significant 
increases in sugar beet yield (Bhadra et al., 2020). 

The study aimed to evaluate the effectiveness of pre- and post-emergence 
herbicide mixtures, applied alone or in combination with mechanical control, on 
weed suppression and yield in sugar beet. Although numerous studies have evaluated  
herbicide-based weed control in sugar beet, few have quantitatively compared 
integrated herbicide–mechanical programs under local production conditions in 
Eastern Anatolia. In addition, quantitative relationships between weed biomass 
reduction and yield response remain insufficiently documented. Therefore, this study 
was conducted to evaluate integrated weed management programs and to quantify 
their effects on weed suppression and sugar beet yield.

Abstract: Background: Weeds are among the most limiting factors in 
sugar beet (Beta vulgaris L.) production, as they compete for resources, 
reduce crop growth and yield and increase production costs. Therefore, 
effective and sustainable weed management strategies are essential to 
ensure stable and profitable sugar beet production.
Objective: This study aimed to evaluate the effectiveness of different 
herbicide active ingredients, their mixtures, and mechanical control 
practices on weed suppression, crop growth, and yield in sugar beet.
Methods: Field experiments were conducted during the 2023 and 
2024 growing seasons using a randomized complete block design.  
Pre-emergence applications included 1575 g a.i. ha–¹ metamitron +  
120 g a.i. ha–¹ quinmerac (MQ), while post-emergence treatments consisted 
of 1200 g a.i. ha–¹ metamitron + 165 g a.i. ha–¹ ethofumesate + 105 g a.i. ha–¹  
phenmedipham (MEP) and 37.5–50 g a.i. ha–¹ quizalofop-p-ethyl (Q). 
Herbicides were applied alone and in combination with mechanical hoeing. 

Weed dry weight, herbicide efficacy, yield components, and root yield were 
measured, and treatment effects were assessed at regular intervals.
Results: Single herbicide applications provided limited weed suppression, 
whereas combined treatments resulted in significantly higher and more 
persistent control. Weed suppression peaked at 40 days after application and 
remained high until 150 days. The MQ + weed-free treatment achieved 100% 
control, followed by MQ + MEP + Q with 94.38%. Yield increased by 136% and 
135% in MQ + weed-free and weed-free controls compared to weedy controls. 
A 1% increase in weed control corresponded to a 0.0035 t ha–¹ increase in 
yield. Weed density was identified as the most influential factor affecting yield.
Conclusions: Integrating herbicides with mechanical control provided 
superior and long-lasting weed management compared with single 
treatments and significantly enhanced sugar beet yield. Effective weed 
management should therefore prioritize maintaining low weed density to 
ensure sustainable production.
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2.	 Material and Methods

2.1  Experimental Site

Field trials were conducted during the 2023 and 2024 
growing seasons in Sadaklı village, Eleşkirt district, Ağrı 
province, Türkiye (39°47’19” N, 42°45’48” E; 1,736 m 
above sea level). The experimental area is located in a 
continental climate zone characterized by cold winters and 
mild summers. Data on monthly average, minimum and 
maximum temperatures and total precipitation during the 
experiment are presented in Table 1.

Prior to the establishment of the experiment, soil 
samples were collected from a soil depth of 0–30 cm in 
2023, and the determined soil properties were considered 
representative for both growing seasons (2023 and 2024). 
The soil texture was clay-loam, containing 71.5% clay, 
18.3% silt, and 10.2% sand. The soil pH was determined 
to be 7.63 (slightly alkaline), electrical conductivity 0.03% 
(non-saline), lime content 6.83% (moderately calcareous), 
and organic matter content 2.32%. Available phosphorus 
and potassium contents were determined to be 34.9 and 
195 kg ha–¹, respectively. All physicochemical properties of 
the soil are presented in Table 2.

The experimental site was previously used for cereal 
cultivation, where 2,4-D and tribenuron-methyl had 
been applied as part of the crop rotation. No herbicides 
with known long soil persistence were used in the season 
immediately preceding sugar beet cultivation. The 
dominant weed flora in the experimental site consists of 
Chenopodium album, Amaranthus retroflexus, Alopecurus 
myosuroides, and Sinapis arvensis species, which are 
commonly encountered in sugar beet production systems 
and pose significant competition.

2.2  Experimental design and Management

The sugar beet ‘hybrid KWS’ Terranova (KWS SAAT 
SE & Co. KGaA, Einbeck, Germany), which is also highly 

tolerant to powdery mildew, was used in the study. This 
study evaluated herbicide programs, including single active 
ingredients, herbicide mixtures, and their integration with 
mechanical weed control field conditions.

In this study, three herbicides with different mechanisms 
of action were evaluated. Metamitron + quinmerac was 
used as a pre-emergence application, while metamitron 
+ etofumesat + fenmedifam and quizalofop-p-ethyl were 
applied post-emergence. The herbicides were applied alone 
or in herbicide mixtures to determine their effects on 
weed suppression and sugar beet yield (Table 3). It should 
be noted that the herbicides used in this study reflect 
the regional licensing conditions in Türkiye. Therefore, 
generalizations and interpretations of the findings to other 
regions, including the European Union, should be made 
taking into account the relevant legislation and regulatory 
frameworks. Application rates reported as grams of active 
ingredient per hectare (g a.i. ha–¹) and commercial product 
rates (L ha–¹) (Table 3).

Table 1. Monthly Climatic Data for the 2023 and 2024 Study Periods and Long-Term Averages (1941–2022) in Ağrı Province

Climatic 
Factors Total Precipitation (mm) Average Temperature (°C) Average Relative Humidity (%)

Months 2023 year 2024 year LTA 2023 year 2024 year LTA 2023 year 2024 year LTA

April 131.7 128.1 70.5 8.6 6.1 6.0 67.3 67.5 68.0

May 57.1 70.1 69.8 11.2 10.8 12.0 70.0 69.4 65.0

June 34.4 38.6 43.7 17.3 16.6 16.5 62.1 63.2 56.0

July 30.9 25.4 21.6 22.6 22.1 21.1 45.2 48.6 54.0

August 3.7 8.8 12.6 23.9 22.3 21.3 33.3 42.1 50.0

September 14.4 18.7 18.4 22.7 20.4 16.4 34.3 50.2 49.0

October 55.9 53.4 53.0 14.1 12.3 9.3 56.5 55.3 63.0

LTA: Long Term Average (1941–2024).

Table 2. Soil physicochemical properties of the 
experimental area (0–30 cm depth, 2023)

Soil property Unit Value

Sampling depth cm 0–30

Soil texture class – Clay loam

Clay % 71.5

Silt % 18.3

Sand % 10.2

pH – 7.63

Electrical conductivity dS m–¹ 0.03

Lime (CaCO₃) % 6.83

Organic matter % 2.32

Available phosphorus (P₂O₅) kg da–¹ 3.49

Available potassium (K₂O) kg da–¹ 19.5
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control), and (10) weed-free control (maintained by 
manual hoeing without herbicide application). Two true 
control treatments were included: (i) a weedy control (no 
herbicide and no mechanical weed control) and (ii) a weed-
free control maintained by regular manual hoeing without 
herbicide application.

Pre-emergence herbicide applications were carried 
out two days after sowing, on 3 May 2023 and 5 May 
2024. Post-emergence herbicides were applied on 25 May 
2023 and 26 May 2024. Herbicides were applied using a 
backpack sprayer (Hyundai T768, South Korea) equipped 
with a flat-fan nozzle (110° spray angle) and calibrated to 
deliver 300 L ha–¹ spray volume at a constant pressure of 
3 bar. Applications were performed under calm weather 
conditions to ensure uniform coverage. In weed-free plots, 
weed control was achieved through manual hoeing, which 
was carried out starting with the onset of weed emergence 
and repeated as needed throughout the vegetation period 
to maintain weed-free conditions. 

Two herbicide programmes were evaluated within 
the same experimental design. In Scheme 1, only 
post-emergence herbicide treatments were applied. In 
Scheme 2, a pre-emergence application of metamitron 
and quinmerac was applied prior to the post-emergence 
treatments. The same RCBD layout and replication 
structure were used for both schemes, enabling 
comparison under identical field conditions.

Prior to sowing, the experimental area was prepared 
according to conventional tillage practices, including 
shallow tillage with a cultivator followed by leveling, to 
create a homogeneous seedbed. Sugar beet was sown on 
May 1, 2023, and May 3, 2024, with planting distances of 
45 cm between rows and 12 cm within rows in both growing 
seasons. At sowing, 300 kg ha–¹ of compound NPK fertilizer 
was applied as base fertilization. To meet the plant’s nutrient 
requirements, an additional top dressing of 200 kg ha–¹ 
was applied throughout the growing season. The plant’s 
water needs were met by a sprinkler irrigation system. Each 
irrigation applied approximately 56 mm of water, calculated 
14 sprinklers per decare with a discharge of 2 m³ h–¹ operated 
for 2 h. A total of five irrigation were applied per season, 
resulting in a seasonal amount of about 280 mm.

The experiment was arranged in a randomized complete 
block design (RCBD) with four replications. The experiment 
was repeated over two independent growing seasons to 
ensure temporal replication. A total of 10 treatments 
were evaluated (including weedy and weed-free controls), 
resulting in 40 plots per year. Each plot measured 12.5 
m² (2.5 m x 5 m). A buffer zone of 1 m was maintained 
between plots and between the blocks to prevent spray drift 
and treatment interference. New plots were established in 
each growing season to ensure independent replication 
across growing seasons (Figure 1). The 10 treatments were: 
(1) MEP, (2) Q, (3) MEP+Q, (4) MQ+MEP, (5) MQ+Q, (6) 
MQ+MEP+Q, (7) MQ + mechanical weed control, (8) MQ 
(PRE only, no post-emergence or mechanical control), 
(9) weedy control (no herbicide and no mechanical weed 

Table 3. Herbicides used in the study and their general characteristics

Code Trade Name / 
Manufacturer Active Ingredient(s) MoA Formulation Application Time Application 

Dose

MQ AMAROK 565 
(ADAMA)

Metamitron 1575 g a.i. ha–¹ + 
Quinmerac 120 g a.i. ha–¹ C1+O SC PreE +PostE 3 L ha–¹ (PreE) + 

1 L ha–¹ (PostE)

MEP KİBELE 490 
(HEKTAŞ)

Metamitron 1200 g a.i. ha–¹ 
+ Ethofumesate 165 g a.i. 
ha–¹ + Phenmedipham 105 

g a.i. ha–¹

C1 + N + C1 SC PostE 3 L ha-1

Q SORTI SUPER 
(DOĞAL KİMYA)

Quizalofop-p-ethyl 37.5–50 
g a.i. ha–¹ A EC PostE 0.75- 1.0 L ha-1

MoA: Mode of action according to HRAC classification. A: ACCase inhibitors; C1: Photosystem II inhibitors; O: Synthetic auxins; N: Lipid synthesis inhibitors 
(non-ACCase).

PreE: Pre-emergence; PostE: Post-emergence. SC: Suspension concentrate; EC: Emulsifiable concentrate. Application rates are expressed as grams of 
active ingredient per hectare (g a.i. ha–¹). 
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Treatment codes are as follows: 1 = MEP (metamitron + ethofumesate 
+ phenmedipham); 2 = Q (quizalofop-p-ethyl); 3 = MEP + Q; 4 = weedy 
control; 5 = weed-free control. Detailed herbicide information and 
application rates are provided in Table 3.

Figure 1. Experimental layout of the randomized complete block 
design (RCBD) used to evaluate herbicide program schemes
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at 70°C for 72 h until constant weight was achieved. The 
dry weights of weeds were recorded and expressed as g m-2.  
The percentage reduction in weed dry weight for each 
treatment was calculated based on weedy controls.

2.6  Sugar beet yield and yield components

Sugar beet was harvested on 1 November 2023 and 1 
November 2024. Prior to harvest, yield components were 
measured on 10 randomly selected plants from the central 
rows of each plot to avoid border effects. These included 
root length (cm) and root diameter (cm). At harvest time, 
all the plants in the net plot area were collected, and the 
fresh weight of the roots was recorded. The yield per plot 
was converted to t ha–¹ based on the harvested area.

2.7  Statistical analysis

All data were statistically analyzed to evaluate the effects 
of herbicide applications on weed density, weed dry weight, 
herbicide efficacy, and sugar beet yield. Since the experiment 
was conducted in the same experimental area during two 
consecutive growing seasons (2023 and 2024), data for 
each year were analyzed separately to eliminate temporal 
dependence between the years. Data were analyzed using 
analysis of variance (ANOVA) appropriate for a randomized 
complete block design (RCBD), with treatments considered 
as fixed effects and blocks as random effects. Analysis of 
variance (ANOVA) was performed to test for significant 
differences among treatments. Where statistically 
significant effects of the treatments were found, means 
were compared using Duncan’s multiple comparison test at 
a significance level of p < 0.05. All statistical analyses were 
performed using IBM SPSS Statistics software (Version 
20; IBM Corp., Armonk, NY, USA). To better interpret the 
effects of the treatments on plant performance, simple 

2.3  Data Collection: Weed Flora and Density

Weed species present in the experimental area were identified 
and quantified during both growing seasons. Prior to herbicide 
applications, weed surveys were conducted to determine the 
initial weed flora. Species that could not be identified in the 
field were sampled, transported to the herbology laboratory, 
and identified using standard taxonomic keys.

Weed density was determined using a 1 m² frame 
(quadrat) placed at two randomly selected points in each 
plot. All weed species within each quadrat were counted, 
and density was calculated as the number of plants per 
square meter (plant m–²). Average weed densities for each 
species were determined by taking the arithmetic mean 
of the quadrat counts (Odum, 1971). Weed density was 
calculated using the following formula:

Weed density (plants m-2) = total number of plants 
counted / sampled area (m²).

Based on the calculated densities, weed species were 
classified according to the density scale proposed by 
Üstüner and Güncan (2002) (Table 4).

2.4  Assessment of herbicides effects on weed populations

To evaluate herbicide efficacy on weed populations, 
four assessments were conducted during each growing 
season following herbicide application, in accordance with 
standard weed evaluation procedures (Republic of Türkiye 
Ministry of Agriculture Forestry, 2020). Assessment timing 
are presented in detail in Table 5.

In each assessments period, changes in weed 
populations were assessed visually and quantitatively by 
comparing herbicide-treated plots with untreated (weed-
containing) control plots. Herbicide effects were expressed 
as percentage weed suppression rates (%) calculated using 
the following Abbott (1925) formula:

2.5   Weed dry weight determination

At the end of the growing season, weeds in each plot 
were harvested at soil surface level. All above-ground 
weed biomass from each plot was collected separately and 
transported to the laboratory. Samples were dried in an oven 

Table 4. Density scale of weed species

Scale Density Level Density (plants m-2)

A High density ≥ 10

B Dense 1–10

C Middle density 0.1–1

D Low density 0.01–0.1

E Rare < 0.01

Table 5. Assessment periods and timing used in the study

Pre-emergence Assessment

Assessment Assessment Timing

1st Assessment After completion of crop emer-
gence in control plots

2nd Assessment When sugar beet plants reached 
an average of four leaves

3rd Assessment At row closure (canopy closure)

4th Assessment Before harvest

Post-emergence Assessment

Assessment Assessment Timing

1st Assessment 20 days after application (DAT)

2nd Assessment 40 days after application (DAT)

3rd Assessment At the stage when sugar beet 
rows cover the soil surface

4th Assessment Before harvest
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linear regression analyses were conducted to examine 
the relationship between weed dry weight and sugar beet 
yield, and the relationship between herbicide efficacy and 
yield. The strength of these relationships was defined using 
regression equations and coefficients of determination (R²).

In addition, a regression tree analysis (CART) was applied 
to determine the parameters affecting the yield. In this 
analysis, yield (t ha–¹) was used as the dependent variable, 
and weed dry weight, herbicide effect, root length and root 
diameter were used as independent variables. The analysis 
was used only to identify key yield-determining factors and 
to support the interpretation of treatment effects.

3.	 Results and Discussion

3.1  Weed Flora and Initial Density

A total of eight weed species belonging to six families 
were detected in the experimental area (Table 6). Broadleaf 
weeds were predominant, with one grass weed species 
detected. Chenopodium album and Amaranthus retroflexus 
showed the highest mean densities (22.25 and 14.87 
plants m-² respectively) and were classified as high-density 
species (Class A). In contrast, Bromus tectorum, Lactuca 
serriola and Convolvulus arvensis showed low densities 
(Class C). The dominance of C. album and A. retroflexus 
species is consistent with findings reported from sugar 
beet fields in Türkiye; these annual broadleaf weeds are 
common in these production systems and need to be 
controlled early to prevent yield losses (Buzluk, Acar, 
2002; Özkan, Kaya, 2008). The low density of C. arvensis 
indicates that perennial weeds were not dominant in the 
study area during the trial period. However, it is known 
that perennial species can become a problem under suitable 
ecological conditions and therefore need to be addressed 
within the scope of integrated pest management strategies  
(Akça, Işık, 2016).

3.2  Effect of Herbicides on Weed Population over time

Herbicide applications showed a statistically significant 
effect on weed suppression at all evaluation dates (20, 40, 75, 
and 150 DAT) (p < 0.01) (Table 7). In both years, the weed-free 
control and MQ + mechanical control applications achieved 
100% weed control at all evaluation dates and exhibited 
the most stable performance. The effects of the herbicide 
treatments on weed dry weight and overall control efficacy at 
the end of the growing season are presented in Table 8.

Among chemical-only control strategies, the MQ + 
MEP + Q herbicide mixture maintained its high efficacy 
throughout the season, reaching a control level of 94.38% 
at 150 DAT. This was followed by MQ + MEP (92.50%) and 
MEP + Q (89.38%) applications, respectively. In contrast, 
the Q-only application showed low efficacy, achieving only 
30% control at 150 DAT and proving insufficient under the 
weed spectrum covered in the study.

Overall, it was determined that in effective applications, 
weed suppression increased rapidly in the early stages and 
remained highly stable from 40 DAT onwards. This situation 
demonstrates that herbicide mixtures and integrated pest 
management approaches provide more sustained control 
compared to applications alone. The findings are consistent 
with previous studies reporting that the combined use of 
herbicides with complementary mechanisms of action 
and their integration with mechanical control enhances 
season-long weed control in sugar beet (Buzluk, Acar, 2002; 
Abdollahi, Ghadiri, 2004; Kulan, 2019).

Species-level assessments revealed that herbicide 
mixtures provided strong and sustained suppression of 
annual weeds (Figure 2), while the responses of additional 
weed species are presented in Figure 3; however, their 
effectiveness was more limited in controlling perennial weeds. 
The reduced effectiveness against perennial species supports 
the need for integrated pest management strategies in areas 
with difficult-to-control weeds, which is also consistent with 
previous studies (Balgheim et al., 2016; Kosir, 2020).

Table 6. Life cycles, densities and density levels of the weed species families detected

Family Scientific Name Common Name Life Cycle
Density (plants m-2)

2023 2024 Mean

Grass weeds

Poaceae Alopecurus myosuroides Huds. Foxtail A 1.00 D 1.50 D 1.25 D

Bromus tectorum L. Cheatgrass A 0.50 MD 0.50 MD 0.50 MD

Broadleaf

Amaranthaceae Chenopodium album L. Lamb’s quarters A 25.00 HD 20.00 HD 22.25 HD

Amaranthus retroflexus L. Redroot pigweed A 15.25 HD 14.50 HD 14.87 HD

Asteraceae Cirsium arvense (L.) Scop. Canada thistle P 1.00 D 1.25 D 1.12 D

Lactuca serriola L. Prickly lettuce P 0.75 MD 0.50 MD 0.62 MD

Brassicaceae Sinapis arvensis L. Wild mustard A 1.25 D 0.75 MD 1.00 D

Convolvulaceae Convolvulus arvensis L. Field bindweed P 0.50 MD 1.00 D 0.75 MD
A = Annual; P = Perennial. Density classes: HD = High density (≥10 plants m–²); D = Dense (1–10 plants m–²); MD = Moderate density (0.1–1.0 plants m–²).
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Table 7. Herbicide efficacy (%) on weed population

Treatment 20 DAT 40 DAT 75 DAT 150 DAT F P value

2023

MEP 51.25cB 80.00cA 85.00dA 85.00dA 34.220 0.000**

Q 20.00eB 30.00eA 30.00fA 30.00fA 6 0.010**

MEP+Q 36.25dB 82.50cA 87.50cdA 87.50cdA 207.087 0.000**

MQ+MEP 65.00bB 88.75bA 91.25bcA 91.25bcA 37.909 0.000**

MQ+Q 51.25cB 80.00cA 86.25dA 87.50cdA 52.762 0.000**

MQ+MEP+Q 75.00aB 91.25bA 95.00bA 95.00bA 63.545 0.000**

MQ(PRE only)+ Weedy control 51.25cA 45.00dB 45.00eB 40.00eBC 17.085 0.000**

MQ+ Weed-free control 55.00cB 100.00aA 100.00aA 100.00aA 162.000 0.000**

F 25.07 265.805 402 423.359

P value 0.000** 0.000** 0.000** 0.000**

2024 

MEP 41.25bcB 92.50abA 93.75abA 93.75abA 85.426 0.000**

Q 10.00dC 17.50dB 20.00dB 30.00dA 11.909 0.001**

MEP+Q 32.50cB 90.00bA 92.50abA 91.25cA 62.009 0.000**

MQ+MEP 35.00cB 88.75bA 91.25bA 93.75abA 75.395 0.000**

MQ+Q 51.25abB 87.50bA 90.00bA 91.25cA 34.634 0.000**

MQ+MEP+Q 60.00aB 92.50abA 93.75abA 93.75abA 21.796 0.000**

MQ(PRE only)+ Weedy control 58.75aA 45.00cB 37.50cB 35.00dB 8.495 0.003**

MQ+ Weed-free control 46.25a-cB 100.00aA 100.00aA 100.00aA 94.017 0.000**

F 13.511 94.566 160.522 122.060

P value 0.000** 0.000** 0.000** 0.000**

Mean

MEP 46.25bB 86.25cA 89.38cA 89.38cA 145.404 0.000**

Q 15.00dC 23.75eB 25.00eB 30.00dA 19.933 0.000**

MEP+Q 34.38cB 86.25cA 90.00cA 89.38cA 230.776 0.000**

MQ+MEP 50.00bB 88.75bcA 91.25bcA 92.50bcA 178.889 0.000**

MQ+Q 51.25bB 83.75cA 88.13cA 89.38cA 66.933 0.000**

MQ+MEP+Q 67.50aB 91.88bA 94.38bA 94.38bA 43.397 0.000**

MQ(PRE only)+ Weedy control 55.00bA 41.25dB 35.00dBC 31.25dC 19.905 0.000**

MQ+ Weed-free control 50.63bB 100.00aA 100.00aA 100.00aA 142.924 0.000**

F 28.871 243.775 478.864 639.921

P value 0.000** 0.000** 0.000** 0.000**

p < 0.01, Within each year, means followed by the same lowercase letter in a column are not significantly different among treatments. Means followed by 
the same uppercase letter in a row are not significantly different among evaluation times (DAT) within the same treatment, according to Duncan’s multiple 
range test. DAT= Day After Treatment, MQ; Metamitron + Quinmerac, MEP; Metamitron + Ethofumesate + Phenmedipham, Q; Quizalofop-p- ethyl.
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Table 8. Efficacy of herbicides on weed dry weight and control efficacy

Treatment/year 2023 2024 Mean

Weed dry weight 
(g m-2) ± SD Efficacy (%) Weed dry weight 

(g m-2) ± SD Efficacy (%) Weed dry weight 
(g m-2) ± SD Efficacy (%)

MEP 144.00±14.51 77.03 112.50±9.57 85.75 128.25±11.21 81.89

Q 586.25±22.87 6.50 487.50±29.86 38.23 536.88±20.95 24.18

MEP+Q 126.00±9.59 79.90 116.25±14.93 85.27 121.13±6.02 82.89

MQ+MEP 117.50±12.01 81.26 103.75±6.34 86.85 110.63±5.50 84.38

MQ+Q 123.50±11.96 80.30 103.50±16.78 86.89 113.50±14.34 83.97

MQ+MEP+Q 84.50±9.88 86.52 84.00±6.58 89.36 84.25±6.64 88.10

MQ+ Weedy 214.00±23.24 65.87 202.25±19.99 74.37 208.13±6.25 70.61

MQ+ Weed-free 0.00±0.00 100.00 0.00±0.00 100.00 0.00±0.00 100.00

Weedy control 627.00±54.12 0.00 789.25±131.84 0.00 708.13±66.88 0.00

Weed-free control 0.00±0.00 100.00 0.00±0.00 100.00 0.00±0.00 100.00

F 423.82 127.83 405.44

P value 0.00** 0.00** 0.00**
** p<0.01 SD; Standard Deviation MQ; Metamitron + Quinmerac, MEP; Metamitron + Ethofumesate + Phenmedipham, Q; Quizalofop-p- ethyl.

DAT; Day After Treatment. MQ; Metamitron + Quinmerac. MEP; Metamitron + Ethofumesate + Phenmedipham. Q; Quizalofop-p- ethyl.
Figure 2. Effects of applications on weed species Alopecurus myosuroides, Chenopodium album, Amaranthus retroflexus and 
Cirsium arvense
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3.3  Effects of applications on sugar beet yield and yield 
components

The effects of the treatments on sugar beet yield and 
yield components were found to be statistically significant 
in both growing seasons (p < 0.01) (Table 9). Considering 
the combined averages for 2023 and 2024, while the yield 
in the weedy control plots remained at 22.38 t ha–¹, all 
weed management treatments resulted in statistically 
higher yields compared to this value (p < 0.01). The highest 
yields were obtained in the MQ + mechanical control  
(52.72 t ha–¹) and weed-free control (52.67 t ha–¹) 
treatments, corresponding to yield increases of 136% and 
135%, respectively, compared to the weedy control.

These findings confirm that maintaining low weed pressure 
throughout the vegetation period is critical for maximizing 
sugar beet productivity. Previous studies have shown that 
significant losses in root yield occur under conditions of 
uncontrolled weed competition (Majidi et al., 2011) and that 
significant increases in yield are achieved with effective weed 

control practices (Kulan, 2019; Jursík et al., 2020). Overall, 
the results of this study demonstrate that strategies providing 
near-complete weed suppression through integrated 
mechanical control or effective herbicide mixtures minimize 
yield losses and significantly increase sugar beet production.

3.4  Relationship between weed pressure, herbicide efficacy 
and yield

Correlation and regression analyses revealed strong 
relationships between weed suppression and plant 
performance (Table 10). Yield showed a significant 
positive correlation with herbicide efficacy (r = 0.984) and 
a significant negative correlation with weed dry weight  
(r = −0.996). These results clearly confirm that sugar beet 
yield increases with increased weed suppression. Linear 
regression analyses also showed that improvements in weed 
control translated into measurable yield increases (Figure 4);  
a 1% increase in herbicide efficacy corresponded to an 
increase of approximately 0.0035 t ha–¹ in sugar beet yield.

DAT; Day After Treatment. MQ; Metamitron + Quinmerac. MEP; Metamitron + Ethofumesate + Phenmedipham. Q; Quizalofop-p- ethyl.

Figure 3. Effects of herbicide applications on weed species Lactuca serriola, Sinapis arvensis, Convolvulus arvensis and Bromus tectorum
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Table 9. Efficacy of herbicide applications on sugar beet yield and yield components

Treatment/
year 2023 2024 Mean

Root length 
(cm)±SD

Root 
diameter 
(cm) ±SD

Yield (t ha-1) 
±SD

Root length 
(cm) ±SD

Root 
diameter 
(cm) ±SD

Yield (ton.
ha-1) ±SD

Root length 
(cm) ±SD

Root 
diameter 
(cm) ±SD

Yield (t ha-1) 
±SD

MEP 17.40±0.80c 9.75±0.65c 46.50±1.08d 17.70±1.03c 10.00±0.81e 44.98±0.53cd 17.55±0.63c 9.88±0.55e 45.74±0.52d

Q 12.63±1.25d 6.58±0.43e 30.75±1.70f 12.20±1.77e 6.43±0.90f 27.87±2.09e 12.41±1.33de 6.50±0.32g 29.31±1.72f

MEP+Q 18.31±0.71bc 10.75±1.26bc 47.75±1.04cd 18.50±0.54bc 10.80±0.57c-e 46.10±0.86cd 18.40±0.43bc 10.78±0.78cd 46.92±0.11cd

MQ+MEP 19.48±0.71ab 10.88±1.25bc 48.62±1.10bc 18.95±1.42a-c 11.68±1.02b-d 46.97±1.00bc 19.21±1.00ab 11.28±0.52bc 47.80±1.01c

MQ+Q 17.83±1.61c 9.73±0.68c 46.62±1.49d 18.98±1.40a-c 10.50±0.58de 47.25±1.86bc 18.40±1.32bc 10.11±0.56de 46.93±1.45cd

MQ+MEP+Q 19.80±1.04ab 11.55±0.73b 50.25±1.19b 19.18±0.98a-c 12.65±0.61ab 49.00±1.29b 19.49±1.00ab 12.10±0.60ab 49.62±0.82b

MQ(PRE 
only)+ Weedy 
control

12.43±1.24d 8.00±0.91d 38.72±1.05e 14.48±1.03d 9.53±0.99e 43.90±0.84d 13.45±1.04d 8.76±0.65f 41.31±0.85e

MQ+ Weed-
free control 20.93±0.91a 12.25±0.65a 53.82±1.29a 19.78±0.79b 13.33±0.87a 51.62±1.37a 20.35±0.74a 12.79±0.54a 52.72±1.26a

Weedy 
control 12.41±0.83d 4.90±0.45f 25.62±1.25g 10.28±0.83f 5.25±0.96f 19.15±2.05f 11.34±0.79e 5.08±0.53h 22.38±1.29g

Weed-free 
control 20.30±0.73a 11.88±1.07b 52.97±1.03a 20.45±0.97a 11.98±1.41a-c 52.37±2.17a 20.38±0.85a 11.93±0.48b 52.67±0.76a

Mean 17.15±3.38 9.63±2.45 44.16±9.15 17.05±3.49 10.21±2.62 42.92±10.43 17.10±3.36 9.92±2.45 43.54±9.68

F 43.98 31.89 231.59 38.23 33.03 200.64 50.71 78.52 344.66

P value 0.00** 0.00** 0.00** 0.00** 0.00** 0.00** 0.00** 0.00** 0.00**

** p<0.01 SD; Standard Deviation MQ; Metamitron + Quinmerac. MEP; Metamitron + Ethofumesate + Phenmedipham. Q; Quizalofop-p- ethyl

Table 10. Correlation analysis of parameters

Year 2023 2024 Mean

E ** WDW** RL** RD** Y** E ** WDW** RL** RD** Y** E ** WDW** RL** RD** Y**

E (%) - - -

WDW -0.937 - -0.926 - -0.921 -

RL 0.945 -0.863 - 0.980 -0.863 - 0.980 -0.918 -

RD 0.975 -0.951 0.950 - 0.975 -0.951 0.950 - 0.938 -0.961 0.964 -

Y 0.984 -0.977 0.939 0.991 - 0.984 -0.977 0.954 0.991 - 0.941 -0.996 0.954 0.980 -

** P<0.01 E: Efficacy (%); WDW: Weed dry weight; RL: Root length; RD: Root diameter; Y: Yield

Figure 4. Linear regression relationships among weed dry weight, herbicide efficacy (%), and sugar beet yield (t ha–¹).
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Regression tree analysis (CART) also supported these 
findings, revealing that the most important variable 
determining yield was weed dry weight, followed by 
herbicide efficacy and root diameter, respectively (Figure 5).  
It was determined that yield remained at its highest level 
under conditions where the dry weight of the weeds was low 
(≤97.44 g m–²), while high weed biomass (>372.51 g m–²) 
was associated with significant yield losses. At the request 
of the reviewers, the performance measures (R², RMSE, 
and MAE) of the regression analyses and all regression 
parameters are presented in detail in Table 10.

4.	 Conclusions

This study demonstrated that weed management 
strategy is one of the key factors determining herbicide 
efficacy and sugar beet yield. While herbicide applications 
alone provided limited and short-term control, herbicide 
mixtures—especially when integrated with mechanical 

control—provided higher and more sustained weed 
suppression. Complete weed control was achieved in 
integrated applications, with the most effective chemical 
mixture achieving a control level of over 94%. Weed 
suppression increased significantly 40 days after application 
and remained highly stable until day 150; however, control 
of perennial species was limited with chemical control alone. 
Yield increased by over 135% in weed-free and integrated 
applications compared to the weed control. Regression 
analyses confirmed a strong positive relationship between 
weed control and yield; regression tree analysis revealed 
that weed density was the primary factor determining sugar 
beet productivity. Overall, the integration of herbicides with 
mechanical control offers a more effective and sustainable 
weed management approach in sugar beet cultivation. It 
is recommended that future studies focus on developing 
strategies for controlling perennial weeds and evaluating 
the long-term performance of herbicide mixtures under 
different environmental conditions.

squared error = 0.0
samples = 1
value = 47.8

squared error = 0.0
samples = 2

value = 46.93

Weed dry weight ≤ 372.51
squared error = 90.57

samples = 10
value = 43.54

Weed dry weight ≤ 97.44
squared error =12.37

samples = 8
value = 47.97

Weed dry weight ≤ 124.69
squared error =00.53

samples = 4
value = 46.85

Effect (%) ≤ 97.19 
squared error = 2.1 

samples = 3
value = 51.67

Root length ≤ 15.5
squared error = 5.34

samples = 5
value = 45.74

Root length ≤ 18.81
squared error = 0.17

samples = 3
value = 47.22

Root diameter≤ 12.36 
squared error = 0.0 

samples = 2
value = 52.7

Root diameter ≤5.79
squared error =11.99

samples = 2
value = 25.85

squared error = 0.0
samples = 1

value = 22.39

squared error = 0.0
samples = 1

value = 49.62

squared error = 0.0
samples = 1

value = 41.31

squared error = 0.0
samples = 1

value = 52.68

squared error = 0.0
samples = 1

value = 52.72

squared error = 0.0
samples = 1

value = 45.74

squared error = 0.0
samples = 1

value = 29.31

Figure 5. Regression Tree analysis (CART)
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