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The livestock sector relies heavily on fodder crops, with alfalfa (Medicago sativa L.) being a 

prominent, high-nutritional-value legume in Southeast Asia. However, heavy weed infestation 

remains a major obstacle to quality production. This two-year study (2023–2024), evaluated the 

forage yield potential and nutritional quality of two alfalfa varieties (V1=Supersonic and V2=SGD-

2002) under five weed control systems, including Weedy check (H0), Weed free (H1), 

Pendimethalin (H2), Flumetsulam (H3) and combination of both pre- and post-emergence 

application Pendimethalin + Flumetsulam (H4). Analysis of variance (ANOVA) across both seasons 

confirmed the highly significant effect of the herbicide factor on all yield and quality parameters, 

establishing weed control as the primary driver of productivity. The (H1) treatment consistently 

defined the biological maximum, achieving the highest fresh fodder yield (36.67 t ha-1) and superior 

quality (lowest Acid Detergent Fiber (ADF) and Neutral Detergent Fiber (NDF)). While, the (H0) 

resulted in severe yield loss, with minimum fresh fodder yield (12.15 t ha-1). Among the chemical 

applications, the (H4) was the most effective for production and suppression. This treatment 

consistently achieved the maximum fresh fodder yield (29.42 t ha-1) and the best weed control 

efficiency (up to 69%). However, the single application of (H2) performed best for nutritional 

quality, yielding maximum crude protein (20.33%) and lowest ADF among chemical controls. In 

conclusion, the (H4) combined herbicide strategy performed best overall, significantly suppressing 

weeds and maximizing crop productivity across both years, making it the most suitable chemical 

recommendation for high-yield alfalfa production. 
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Introduction 

A premium perennial legume feed, alfalfa (Medicago 

sativa L.) is essential to both ecological systems and animal 

husbandry worldwide (Peng et al., 2025). However, its 

growth, persistence, and productivity are significantly 

constrained by various abiotic stress factors, including 

salinity, drought, low temperature, and heavy metal 

toxicity (Dhakal et al., 2020; Hayat et al., 2025; Peng et al., 

2025). Pakistan has 225 million animals, making it the 

third-largest country in the world in terms of population 

(FAO, 2023). Sustainable practices are vital due to 

environmental challenges. Fodders and forages are crucial 

for animal nutrition, health, and soil health including 

carbon sequestration. The utilization of cost-effective 

forage resources improves farm profitability while 

promoting environmental sustainability (Hayat et al., 

2024). Alfalfa, a member of the Leguminous family, is a 

perennial crop that can thrive for several years under 

optimum climatic circumstances. Remarkably, it can 

survive for up to a decade in arid settings (Fernandez et al., 

2019). Its high biomass yields potential and adaptability to 

diverse environmental conditions make it one of the most 

valuable forage crops globally (Wan et al., 2022). This 

leguminous plant is mostly gathered for hay and silage, 

although it is also used fresh or dried for grazing and 

nutritional purposes (Hidosa and Kibret, 2021). Alfalfa has 

a considerable amount of protein (15-22% crude protein), 

http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
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carbs and crude fiber, as well as a variety of vital vitamins 

(A, B, C, E, and K) and minerals such as calcium, 

phosphorus, copper, and potassium. These nutritional 

attributes significantly contribute to the productivity and 

sustainability of the livestock and dairy sectors (Viti et al., 

2021). The main issues that need to be resolved 

immediately are optimizing alfalfa, a high-quality forage 

material with enormous global volume, modulation and 

processing technology, investigating the key technologies 

of improving quality and reducing loss, lowering cost and 

increasing efficiency, and expanding its application path in 

livestock feeding (Wang et al., 2025). 

Alfalfa production is primarily influenced by biotic and 

abiotic factors, as well as other environmental stresses (El-

Ramady et al., 2020; Hayat et al., 2025; Zhang and Wang, 

2025). These adverse climatic circumstances have a 

considerable impact on alfalfa growth, development, 

survival, and yield, with severe impacts at the biochemical, 

morphological, physiological, and molecular levels 

(Bhattarai et al., 2020). Weeds present a considerable 

obstacle to alfalfa production (Meighani et al., 2011; 

Franco, 2025). They compete aggressively with alfalfa for 

essential resources such as light, nutrients, water, and 

space, thereby reducing crop productivity and stand 

establishment (El-Ramady et al., 2020). Weeds can 

significantly reduce alfalfa yield and alter stand density; in 

addition to direct resource competition, weed infestation 

deteriorates forage quality and quantity, leading to 

economic losses estimated between 33% and 60% (Chad et 

al., 2004; Raoofi and Alebrahim, 2017). Similar findings 

about the loss in alfalfa density owing to weed presence 

have been reported elsewhere Wilson and Burgener, 

(2009) and Bradley et al. (2010) discovered that weed 

interference can reduce alfalfa density by 20-30%. Hopper 

et al. (2004) identified poorer-quality weeds as the primary 

cause of reduced alfalfa quality. While initially comparable 

in quality to alfalfa, weeds rapidly lose nutritious value as 

they age (Milić et al., 2016). Furthermore, weeds 

negatively influence forage composition, prolong drying 

time, reduce palatability, and intensify competitive 

pressure on alfalfa stands, ultimately limiting biomass 

accumulation and yield potential (Arshad et al., 2025; 

Marten et al., 1987; Kirilov et al., 2016).  

In order to better comprehend the key impact of weed 

control on maximizing alfalfa production and nutritional 

quality, this study evaluated the efficacy of both pre- and 

post-emergence weed management strategies on fodder 

yield and quality. The aim of this research was to create 

effective weed management strategies that increased crop 

yield while preserving high-quality feed output by 

examining two different cultivars of alfalfa. 

 

Materials and Methods 

 

Experiment Site 

The experiment was performed at Agronomic Research 

Farm, University of Agriculture, Faisalabad (Latitude N° 

31° 26’, Longitude E° 73° 04’ and Altitude 184 m) during 

Rabi season, October 2023 and 2024, for devising the 

effective weed control strategies in Alfalfa. Two cuts were 

taken each year with a gap of 90 days. The experiment was 

conducted in a randomized complete block design 

(RCBD), under split plot arrangement varieties (V1= 

Supersonic V2= SGD-2002) in main plots, while weed 

controls with doses (H0= Weedy-check, H1= Weed-free, 

H2= Pendimethalin 1137.5 g a.i ha-1 (Pre-emergence), H3= 

Flumetsulam 20 g a.i ha-1 (Post-emergence) and H4= 

Pendimethalin 1137.5 g a.i ha-1  +  Flumetsulam 20 g a.i ha-

1 (Pre+ Post-emergence)), in sub plot) with three 

replications in a soil series classified according to USDA 

taxonomy as Lyallpur (fine-loamy, mixed, hyperthermic, 

Typic Calciargids/Typic Haplocambids), under a dry semi-

arid climatic zone, shown. Each experimental plot was 1.5 

m × 5 m, and the row-to-row distance was 15 cm. The 

recommended dose of N: P: K (58:88:30) was given by 

using urea, DAP and SOP. Two Alfalfa varieties 

(Supersonic, SGD-2002) were planted through drill 

method at a recommended seed rate 15-20 kg ha-1. Further 

information about experiment site and soil is added in 

Table 1. 

 

Soil Analysis  

Soil auger was used to take soil sample from 15 cm and 

30 cm depth from experimental site. Values are given in 

Table 1. 

 

Weather Data 

The meteorological data for the crop growing period 

(2023 and 2024) was collected from Agro- meteorology 

Cell, Department of Agronomy, University of Agriculture, 

Faisalabad. The average weather data of temperature (°C), 

rainfall (mm), sunshine hours (h) and relative humidity 

(%), was taken during the research period between 

November and March, 2023 and 2024 is given in Figure 1. 

 

Table 1. Soil attributes of experimental site 

Years 
Depths Status 

2023 2024 2023 2024 2023 2024 

Parameters 0-15 (cm) 0-15 (cm) 15-30 (cm) 15-30 (cm)   

pH 7.9 8.01 8 8.10 Alkaline Alkaline 

EC (dSm-1) 1.09 1.25 1.1 1.20 Saline Saline 

Saturation (%) 36 36 34 34  Stable 

P2O5 (ppm) 22.9 20.3 17.5 18.5 High High 

K2O 186 178 174 170 Medium Medium 

Organic Matter 1.75 1.55 1.61 1.45 Medium Medium 

Sand (%) 19 20 19 20   

Silt (%) 17 16 17 16   

Clay (%) 63 65 63 65   
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Figure 1. Weather prevailed during crop season (2023-2024). 

 

Proximate Analysis 

Samples were analyzed using the methods of the 

Association of Official Analytical Chemists (AOAC, 

2006). 

 

Determination Of Crude Protein (%) 

Digestion mixture (K2SO4: CuSO4: FeSO4= 85: 10: 5) 

5 grams and 30 ml of concentrated sulphuric acid was 

added to 1 gram of ground sample of forage in a 500 ml 

Kjeldahal digestion flask. Flask was placed in the digestion 

chamber and heat was provided until colorless contents 

appeared. Digested contents were transferred to 250 ml 

volumetric flask and the volume made up to 250 ml by 

adding distilled water. Then 10 ml from this solution was 

taken in to micro Kjeldahal distillation flask and 10 ml of 

40% NaOH solution was added and distilled. Nitrogen in 

the sample escaped in the form of NH3 and was trapped in 

a beaker containing 4% boric acid solution along with 

methyl red as an indicator. After reaching the end point 

(golden color), the beaker was removed. Finally boric acid 

solution containing trapped NH3 was titrated against 0.1 N 

H2SO4 solution till pink color appeared. Nitrogen 

percentage was calculated by using following formula.  

 

Nitrogen (%) = 
0.1 𝑚𝑙 𝑁 𝐻2𝑆𝑂4 × 0.0014 × 250

𝑊𝑆× 𝑊𝐷𝐿𝑆
 

 

WS : Wt.of sample 

WDLS : volume of diluted sample 

 

The following formula was used to find out CP. 

 

Crude protein (%) = 𝑁𝑖𝑡𝑟𝑜𝑔𝑒𝑛 × 6.25   

*(6.25 is a formula factor) 

 

Crude Fiber (%) 

The crude fiber was determined by taking 2 grams of 

oven dried sample and removing the fatty material by 

Soxhlet apparatus. Then the fat free sample was digested 

in 1.25% H2SO4 solution (200 ml) in a beaker and heated 

on a normal temperature for 30 minutes. The contents were 

then filtered through a thick lined cloth and residue were 

washed with distilled water (2-3 washing) and digested 

again with 1.25% NaOH solution (200 ml) for 30 minutes. 

It was again filtered and washed with distilled water (2-3 

washing). The residues were put in a weighed china-dish 

and dried in a windy oven for 24 hours at 105 °C till the 

constant weight was attained. After recording the dry 

weight, the samples were placed in a muffle furnace at 

600°C till grey or white ash was obtained. The weight of 

the ash was recorded. Crude fiber percentage was 

calculated with the formula as: 

 

CF (%) =
𝑊𝐷𝑅 − 𝑤𝑡.  𝑜𝑓 𝑎𝑠ℎ

𝑊𝑆
 ×100 

 

WS : Wt.of sample 

WDR : Wt.  of dreied residues 

 

Neutral Detergent Fiber (%) 

Neutral detergent fiber in feed includes cellulose, 

hemicellulose and Lignin as major components. However, 

there are some components which are removed by neutral 

detergent and are not part of NDF these include silica and 

some tannins.  

 

Preparation of NDF Solution  

100 ml of NDF reagent solution was added to a conical 

flask containing one gram of the sample. Fix the air 

condenser and heated the flak for 60 min. then cool it and 

remove the condenser. Filtered the contents and washed the 

residue with distilled water for 4-5 times then wash twice 

the residue with Acetone. Transfer the residue into dried 

crucible and put it into hot air oven at 105°C for 24 hours 

so after 24 hours take out the crucible and put it into the 

desiccator and allow it to cool. Recorded the weight of the 

crucible along with the dried residue. 
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Neutral detergent fiber was calculated according to: 

 

NDF(%)= 
𝑊𝐶 + 𝐷𝑟𝑖𝑒𝑑 𝑁𝐷𝐹 𝑟𝑒𝑠𝑖𝑑𝑢𝑒𝑠− 𝑊𝑇𝐶

𝑊𝑆
× 100 

 

WC : Wt. of crucible 

WS : Wt. of sample 

WTC: Wt.  of crucible 

 

Preparation of ADF solution 

Took the residue of NDF and transferred it into 500 ml 

conical flask then added 100 ml of ADF solution into 

conical flask. Fix the air condenser and heated the flak for 

60 min. Then cooled it and removed the condenser and 

filtered the contents. Washed the residues with distilled 

water for 4-5 times and then washed twice the residue with 

Acetone. Transferred the residue into dried crucible and 

put it into hot air oven at 105°C for 24 hours. After the 24 

hours took out the crucible and put it into the desiccator 

and allowed it to cool. Recorded the weight of the crucible 

along with the dried residue.  

Acidic detergent fiber was calculated according to 

(AOAC, 2006). 

 

ADF (%) = 
𝑊𝐴𝑇𝐶− 𝑊𝑡.𝑜𝑓 𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒   

𝑊𝑡.𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒
× 100 

 

WACT: Wt.of ash with crucible after treatment 

 

Weed Parameters 

The herbicide treatments consisted of both pre-

emergence and post-emergence applications. 

Pendimethalin was applied as a pre-emergence herbicide at 

a rate of 1137.5 g a.i. ha⁻¹, immediately after sowing of 

alfalfa but before crop and weed emergence. Flumetsulam 

was applied as a post-emergence herbicide at 20 g a.i. ha⁻¹ 

when the crop reached the early vegetative stage and weeds 

had emerged uniformly in the experimental plots. In the 

combined treatment, Pendimethalin (1137.5 g a.i. ha⁻¹) was 

applied as pre-emergence after sowing, followed by 

Flumetsulam (20 g a.i. ha⁻¹) as post-emergence at the early 

growth stage of the crop. 

The weed parameters in one square meter were 

recorded at 35 and 65 days of three randomly selected 

plants in each plot from each cut. Herbicides were applied 

using a knapsack sprayer fitted with a flat-fan nozzle to 

ensure uniform coverage of the experimental plots. The 

spray solution was prepared with clean water and applied 

at a spray volume of approximately 250–300 L ha⁻¹ under 

calm weather conditions to minimize spray drift and ensure 

proper deposition on the soil and weed foliage. All 

herbicide applications were carried out uniformly across 

the designated plots according to the treatment structure. 

Weed management indices were computed according to 

the procedures and formulas used by Mishra et al., (2016). 

 

Weed Infestation (%): 

 

WI (%) = 
𝑇𝑁𝑊𝐴

𝑇𝑁𝑊𝑆𝐴
 ×  100 

 

TNWA: Total number of weeds in an unit area 

TNWSA: Total number of weed and crop plants in the 

same area 

Weed Index (%): 

 

WI (%) = 
𝑌𝑊𝐹𝑃−𝑦𝑖𝑒𝑙𝑑 𝑓𝑟𝑜𝑚 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑝𝑙𝑜𝑡

𝑌𝑖𝑒𝑙𝑑 𝑓𝑟𝑜𝑚 𝑤𝑒𝑒𝑑 𝑓𝑟𝑒𝑒 𝑝𝑙𝑜𝑡
 ×  100 

 

YWFP: Yield from weed free plot 

 

Weed Control Efficiency (%): 

WCE was calculated based on weed dry biomass rather 

than weed density. Weed samples were collected using a 1 

m² quadrat, and the harvested weeds were oven-dried at 

70°C until constant weight to determine dry biomass. 

 

WCE (%) = 
𝑊𝑃𝐶𝑃−𝑊𝑃𝑇𝑃

𝑊𝑃𝐶𝑃
 ×  100 

 

WPCP: Weed population in control plot 

WPTP: Weed population in treated plot 

 

Weed Persistence Index (WPI): 

 

WPI = 
𝑊𝑊𝑇𝑃

𝑊𝑊𝐶𝑃
 ×

𝑊𝐶𝐶𝑃

𝑊𝐶𝑇𝑃
 

 

WWTP: Weed weight in treated in plot 

WWCP: Weed weight in control plot 

WCCP: Weed count in control plot 

WCTP: Weed count in treated plot 

 

Weed Intensity (WI) (%): 

 

WI = 
𝑊𝑒𝑒𝑑 𝑝𝑜𝑝𝑝𝑢𝑙𝑎𝑡𝑖𝑜

𝑊𝑒𝑒𝑑 +𝐶𝑟𝑜𝑝 𝑝𝑜𝑝𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛
× 100 

 

Statistical Analysis 

The obtained data were analyzed statistically using 

Fisher’s analysis of variance and treatment means were 

compared by using Tukey's HSD at a 5% significance level 

by using Statistix 8.1 (Analytical Software, USA; Steel et 

al., 1997). 

 

Results 

 

Growth Parameter Analysis 

Fresh forage yield (t ha-1) 

Analysis of Variance (ANOVA) demonstrated that the 

herbicide factor had a highly significant effect (p≤0.01) on 

alfalfa green fodder yield in both 2023 (f=509.05**) and 

2024 (f=423.91**), confirming that weed control was the 

primary yield determinant. Conversely, the effects of 

cultivars and the herbicide x cultivar interaction were non-

significant (NS) in both years. The ranking of weed control 

methods was perfectly consistent across both years. The 

maximum yield was achieved in the H1 (weed free) 

treatment (36.09 t ha-1), establishing the biological 

potential in Figure 2. This was followed by the H4 (Pen. + 

Flum.) combination (29.01 t ha-1) and then H3 (Flum.) 

(26.11 t ha-1). The minimum yield occurred in the H0 

(weedy check) treatment (11.98 t ha-1), confirming severe 

yield losses from weed competition. Among cultivars, 

SGD-2002 yielded the highest (27.26 t ha-1) compared to 

Supersonic (24.34 t ha-1), but this difference was not 

statistically significant, elaborated in Table 2. The results 

strongly validate that the H4 (Pen. + Flum.) combination is 

the most suitable chemical control method, consistently 
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yielding significantly higher green fodder than other 

herbicides. Empirical evidence supports early weed 

control, showing yield improvements of 36% to 39% 

compared to untreated plots. Although 2024 showed a 

slight overall yield decline, the relative superiority of the 

H4 strategy remained unchanged, showed in Figure 2. 

Dry forage yield (t ha-1) 

Analysis of Variance (ANOVA) confirmed that the 

herbicide application had a highly significant effect on 

alfalfa dry forage yield in both 2023 (=508.31**) and 2024 

(f=250.00**), establishing it as the direct determinant of 

dry matter production. The statistical influence of cultivars 

and the herbicide x cultivar interaction was non-significant 

(NS) in both years, indicating similar varietal response to 

weed control. The ranking and statistical grouping of weed 

control methods remained perfectly consistent over both 

years, although yields were generally higher in 2024, 

elaborated in Figure 2. The maximum dry fodder yield was 

consistently found in the H1 (weed free) treatment (9.32 t 

ha-1), followed closely by the H4 (Pendimethalin + 

Flumetsulam) combination (7.25 t ha-1). The minimum 

yield occurred in the H0 (weedy check) treatment (3.06 t 

ha-1), underscoring significant yield penalties without 

management, in Figure 2. Cultivar SGD-2002 produced the 

maximum dry forage yield (6.45 t ha-1) compared to 

Supersonic (6.25 t ha-1), but this difference was not 

statistically significant, in Table 2. The effectiveness of 

different post-emergence herbicide treatments on alfalfa 

dry matter yield and weed control when seeded in the 

spring. In conclusion, the H4 (Pendimethalin + 

Flumetsulam) combination is confirmed as the most 

suitable chemical strategy for significantly increasing dry 

forage yield in alfalfa, in Figure 3. 

 

Nutritional Analysis 

Crude Protein (%)  

Analysis of Variance (ANOVA) established that the 

herbicide factor had a highly significant effect on alfalfa 

crude protein (CP) content in both 2023 (f=4.65**) and 

2024 (f=4.17**). This confirmed that controlling weed 

competition was crucial for maximizing protein synthesis 

in the crop. The ranking of treatments for CP content was 

perfectly consistent across both years, although overall 

percentages were slightly lower in 2024. The maximum 

average CP content was observed in the H1 (weed-free) 

treatment at 21.73%, establishing the biological maximum, 

in Figure 2. The treatments maintained a clear decreasing 

order of effectiveness: H2 (Pendimethalin), 20.27% H4 

(Pendimethalin + Flumetsulam) and19.53% H3 

(Flumetsulam). These chemical treatments (H2, H4, H3) 

statistically formed an intermediate group between the 

highest and lowest concentrations, in Figure 4. The 

minimum average CP content was consistently observed in 

the H0 (weedy check) treatment at 17.54%, demonstrating 

that intense weed competition severely dilutes protein 

quality. In terms of varieties, Supersonic produced 

marginally higher average CP (19.79%) than SGD-2002, 

but this difference was non-significant (NS) in both years, 

in Table 2. In conclusion, H2 (Pendimethalin) was the most 

effective chemical strategy for maintaining crude protein 

concentration, highlighting the paramount importance of 

herbicide management for protein quality in alfalfa. 

Analysis of Variance (ANOVA) indicated that the 

herbicide factor had a significant effect on alfalfa crude 

fiber (CF) content in both 2023 (f=3.33) and 2024 (f=2.80). 

This confirmed that weed competition significantly 

impacts nutritional quality by altering the structural 

components of the alfalfa plant. The effects of cultivars and 

the herbicide and cultivar interaction were non-significant 

(NS), suggesting the two varieties respond similarly to the 

treatments. The ranking of treatments based on CF content 

was perfectly consistent over both years. The maximum 

average crude fiber content (a negative quality indicator) 

was consistently observed in the H0 (weedy check) 

treatment at 31.24%, in Table 2. 

 

 
Figure 2. Unveiling Hidden Patterns: PCA Biplot and Correlation Circle Reveal Variable Relationships 
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Figure 3. Heatmap illustrating the effects of treatments (H0–H4) on fresh and dry yield, crude protein, crude fiber, 

NDF, and ADF across two varieties (V1 and V2), highlighting treatment-driven variations in yield performance and 

forage quality traits. 

 

 
Figure 4. Heat maps of impact of herbicides on the varieties and the nutritional component of alfalfa. 3.2.1. Crude Fiber (%) 

 

The treatments showed a consistent decreasing order of 

fiber content from H0, H4 (Pendimethalin + Flumetsulam) 

29.10%, H2 (Pendimethalin), H3 (Flumetsulam) in Figure 

2. Crucially, H2, H3, and H4 were all statistically grouped 

together in an intermediate group (AB), indicating no 

significant difference among the chemical treatments, in 

Figure 3. The minimum average crude fiber content (best 

quality) was consistently observed in the H1 (Weed-free) 

treatment at 28.54%. Variety Supersonic showed 

marginally higher average CF (29.42%) than SGD-2002, 

but this difference was non-significant (NS). The slight 

general increase in CF in 2024 suggests potential 

environmental stress. The effective herbicide application 

(H2, H3, or H4) significantly reduced crude fiber content 

and improved quality compared to the unmanaged weedy 

check (H0). 

Neutral Detergent Fiber (%) 

The Analysis of Variance (ANOVA) for Neutral 

Detergent Fiber (NDF) content revealed a key finding: the 

variety factor had a highly significant effect in both 2023 

(f=730.75**) and 2024 (f=2083.3**), confirming that NDF 

content is primarily impacted by the cultivar chosen. 

Conversely, the herbicide treatment factor was non-

significant (NS) in both years (f=1.35NS) in 2023, 
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f=0.42NS in 2024). This suggested that while weed 

competition visually affects NDF, the statistical difference 

between the types of herbicides used was insufficient to be 

significant. The variety x herbicide interaction was also 

non-significant (NS). Despite the non-significant f-ratio for 

herbicides, the mean NDF percentages showed that the H0 

(weedy check) consistently resulted in the highest average 

NDF (44.86%), confirming that weed competition is the 

main driver of poor forage quality (high NDF, low 

digestibility), in Figure 2. The lowest average NDF (best 

quality) was in the H1 (weed-free) treatment (35.38%). 

Among chemical treatments, H2 (Pendimethalin) yielded 

the best quality (lowest NDF). Regarding cultivars, 

Supersonic consistently produced a marginally higher 

average NDF (40.87%), in Table 2. Consequently, SGD-

2002 demonstrated statistically significant better quality 

(lower NDF) in both years in Table 2 and Figure 3. In 

conclusion, NDF content (forage quality) was primarily 

and significantly controlled by the choice of cultivar, with 

SGD-2002 being superior. While herbicide type was non-

significant, effective weed control, particularly using H2 

(Pendimethalin), was necessary to mitigate the quality loss 

caused by the weedy check (H0), in Figure 2. The slight 

reduction in NDF across all treatments in 2024 suggested a 

marginal improvement in overall forage quality compared 

to the first year. 

Acid Detergent Fiber (%) 

The analysis of variance (ANOVA) revealed a complex 

and consistent pattern of statistical significance across both 

years. The application of herbicide had a highly significant 

effect on the ADF content in both 2023 (f=163.67**) and 

2024 (f=121.43**). This underscored that the effective 

weed management was the most important factor in 

improving forage quality by reducing indigestible cell wall 

components. The Interaction between variety and herbicide 

was also significant in both 2023 (f=9.03*) and 2024 

(f=7.14*). This was a critical finding, indicating that the 

best herbicide choice for lowering ADF depends on the 

specific alfalfa variety used.  

 

Table 2. Influence of weed control method on the nutritional components of alfalfa 

Weed Control Methods 

Cultivars  H0 Weedy check H1Weed Free H2 Pen 

Years 2023 2024 Avg 2023 2024 Avg 2023 2024 Avg 

Green 

Fodder 

Yield (t ha-1) 

V1 Supersonic 11.54 11.17 11.35 35.86 34.7 35.28 20.94 20.28 20.61 

V2 SGD-2002 12.76 12.45 12.61 37.47 36.32 36.9 19.86 19.38 19.62 

Means 12.15E 11.81E 11.98E 36.67A 35.51A 36.09A 20.40D 19.83D 20.19D 

Dry Fodder 

Yield (t ha-1) 

V1 Supersonic 2.89 2.95 2.92 8.97 9.24 9.10 5.23 5.34 5.28 

V2 SGD-2002 3.19 3.25 3.22 9.37 9.74 9.55 4.97 5.07 5.02 

Means 3.03E 3.10E 3.06E 9.16A 9.49A 9.32A 5.10D 5.21D 5.11D 

Crude 

Protein (%) 

V1 Supersonic 16.90 16.73 16.82 22.33 22.11 22.22 21.06 20.85 21.45 

V2 SGD-2002 18.36 18.18 18.27 21.40 21.19 21.30 19.60 19.40 19.50 

Means 17.63B 17.45B 17.54B 21.81A 21.65A 21.73A 20.33AB 20.12AB 20.27AB 

Crude 

Fiber (%) 

V1 Supersonic 31.53 32 31.76 28.53 28.96 28.75 28.33 28.5 28.41 

V2 SGD-2002 30.5 30.95 30.73 28.13 28.55 28.34 29 29.17 29.08 

Means 31.01A 31.48A 31.24A 28.33B 28.76B 28.54B 28.67AB 28.84AB 28.75AB 

NDF (%) 
V1 Supersonic 45.13 44.70 44.91 35.76 35.40 35.58 40.03 39.63 39.83 

V2 SGD-2002 45.03 44.58 44.80 35.36 35 35.18 39.46 39.06 39.53 

Means 45.08A 44.64A 44.86A 35.56E 35.20E 35.38E 39.75D 39.35D 39.55D 

ADF (%) 
V1 Supersonic 35.9 36.62 36.26 28.83 29.41 28.98 31.56 32.19 31.87 

V2 SGD-2002 35.5 36.21 35.85 28.53 29.1 28.81 30 30.6 30.3 

Means 35.70A 36.42A 36.06A 28.68E 29.26E 28.97E 30.78D 31.40D 31.09D 

Weed Control Methods 

Cultivars  H3 Flum. H4 Pen + Flum Means 

Years 2023 2024 Avg 2023 2024 Avg 2023 2024 Avg 

Green 

Fodder 

Yield (t ha-1) 

V1Supersonic 26.25 25.4 25.83 29.12 28.2 28.66 24.74 23.95 24.34 

V2SGD-2002 27.47 26.82 27.15 29.73 29.02 29.38 29.73 24.8 27.26 

Means 26.86C 26.11C 26.48C 29.42B 28.61B 29.01B    

Dry Fodder 

Yield (t ha-1) 

V1Supersonic 6.56 6.70 6.66 7.28 7.43 7.35 6.18 6.33 6.25 

V2SGD-2002 6.87 7.01 6.94 7.43 7.58 7.51 6.36 6.53 6.45 

Means 6.71C 6.86C 6.78 7.35B 7.51B 7.25B    

Crude 

Protein (%) 

V1Supersonic 19.56 19.36 19.46 19.67 19.47 19.57 19.88 19.7 19.79 

V2SGD-2002 19.50 19.30 19.40 19.60 19.40 19.50 19.69 19.49 19.59 

Means 19.53 19.33AB 19.43 19.63 19.43AB 19.53AB    

Crude 

Fiber (%) 

V1Supersonic 28.4 28.56 28.48 29.33 29.4 29.36 29.36 29.48 29.42 

V2SGD-2002 28.9 29.07 28.98 30.26 30.33 30.29 29.22 29.61 29.41 

Means 28.65AB 28.82AB 28.73AB 28.33AB 29.87AB 29.1AB    

NDF (%) 
V1Supersonic 41.43 41.02 41.22 43.03 42.60 42.81 41.08 40.67 40.87 

V2SGD-2002 41.36 40.95 41.15 42.67 42.24 42.45 40.78 40.37 40.57 

Means 41.40C 40.99C 41.19C 42.85B 42.42B 42.63    

ADF (%) 
V1Supersonic 33.06 33.72 33.39 33.26 33.93 33.59 32.52 33.17 32.84 

V2SGD-2002 31.93 32.57 32.25 35.06 35.76 35.41 32.2 32.85 32.52 

Means 32.50C 33.14C 32.82C 34.16B 34.84B 34.32    

*= p≤0.05, NS= non-significant (SOV (source of variance), DF (degree of freedom), SS (sum of square), MSS (means sum of square)). ** (Highly 
significant), * (Significant) and NS (Non-significant). And Remaining details are given (in the Table S1, S2, S3, S4, S5 and S6) in the Figure S1. 
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Figure 5. Graphical elaboration of impact of different herbicide doses on the two different cultivars of alfalfa on the 

weeds in during the 2023 and 2024. 

 

 
Figure 6. Graphical elaboration of impact of different herbicide doses on the two different cultivars of alfalfa on the 

weeds in during the 2023 and 2024.  

 

The effect of variety alone was non-significant (NS) in 

both years, meaning neither variety inherently produced 

better ADF quality when averaged across all treatments. 

The ranking of treatments based on ADF content remained 

perfectly consistent across both years, with a general, 

undesirable increase in ADF across all treatments in 2024 

compared to 2023. The highest average ADF content was 

consistently observed in the H0 (weedy check) treatment, 

in both years was 36.06%. The lowest average ADF 

content was consistently observed in the H1 (weed-free) 

treatment, was 28.97% in both years, in Table 2 The 

chemical treatments maintained the ranking, H2 

(Pendimethalin) was the most effective chemical treatment 

at reducing average ADF value at 31.09% in both 
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consecutive years, followed by H3 (Flumetsulam), and H4 

(Pendimethalin + Flumetsulam) which had the highest 

average ADF among the chemical treatments, in Figure 2. 

The results from both 2023 and 2024 were highly stable 

and reinforce the finding that herbicide treatment 

significantly reduced ADF content, thereby enhancing 

forage quality by lowering the indigestible fraction. The 

consistent significant interaction between variety and 

herbicide in both years was a crucial takeaway, indicating 

that while H2 (Pendimethalin) provided the best overall 

chemical quality lowest ADF, in Figure 3. The general 

increase in ADF in 2024 suggested a slight decline in 

forage quality in the second year, possibly due to higher 

environmental stress, which promoted greater allocation of 

resources to rigid cell wall development. 

Weed Parameters 

The experimental field was naturally infested with a 

mixed population of annual grasses, broadleaf weeds, and 

sedges. The major weed species observed during the 

experiment included Chenopodium album L. 

(lambsquarters), Amaranthus retroflexus L. (redroot 

pigweed), Convolvulus arvensis L. (field bindweed), 

Phalaris minor Retz. (little seed canary grass), Cynodon 

dactylon (L.) Pers. (Bermuda grass), and Cyperus rotundus 

L. (purple nutsedge). Among these species, Chenopodium 

album and Amaranthus retroflexus were the dominant 

broadleaf weeds, while Phalaris minor and Cynodon 

dactylon were the predominant grassy weeds in the 

experimental plots. Based on field observations before 

herbicide application, the approximate weed composition 

consisted of broadleaf weeds (≈55–60%), grassy weeds 

(≈30–35%), and sedges (≈5–10%) of the total weed 

population. The dominance of broadleaf weeds in the 

experimental area was particularly important for 

evaluating the effectiveness of Flumetsulam, which is 

known to control broadleaf weeds, whereas Pendimethalin 

primarily controls annual grasses and some broadleaf 

species. The identification of weed species and their 

relative abundance was essential for interpreting herbicide 

performance and understanding the differential response of 

weed flora to pre- and post-emergence herbicide 

applications. 

Weed infestation at 35 Days (%) 

Throughout 2023 and 2024, the efficacy of weed 

control methods stayed very constant. The most successful 

method for reducing weed occurrence was the combination 

of Pendimethalin (pre-emergence) and Flumetsulam (post-

emergence), or H4. The H4 method decreased infestation 

to the lowest levels (about 3–4%) in 2023, and this 

outcome persisted in 2024, demonstrating the significant 

effectiveness of the dual treatment. Pendimethalin alone 

(H2), on the other hand, caused the largest infestation 

among treated plots (around 8% in 2023), demonstrating 

the need for the post-emergence follow-up. The H0 (weedy 

check) treatment had the highest weed infestation, 

indicating intense competition, in Figure 4. Both 

Supersonic and SGD-2002 cultivars showed a similar 

decrease in weed infestation, indicating that herbicide 

effectiveness is mostly variety-independent. The combined 

H4 treatment proved highly effective against a diverse 

spectrum of weeds, including Anagallis arvensis, Avena 

fatua, and Chenopodium album. The results decisively 

show that the integrated H4 (Pendimethalin + 

Flumetsulam) strategy is the superior method for 

profoundly suppressing weed emergence and minimizing 

early-stage weed infestation, which ultimately leads to the 

significantly increased yield and quality observed. 

Weed infestation at 65 Days (%) 

The investigation conducted at 65 Days After Sowing 

(DAS) verified that although the efficiency of herbicides 

started to decline, the order of treatments did not change. 

The optimal residual control was provided by the 

combination of Pendimethalin (pre) and Flumetsulam 

(post), or H4. The low weed infestation rates from H4 at 35 

DAS only slightly increased to 4.8% (Supersonic) and 

3.8% (SGD-2002) at 65 DAS in 2023. This slight 

alteration, which persisted in 2024, demonstrated the dual 

strategy's significant residual effectiveness in preventing 

secondary weed flushes. On the other hand, using a single 

herbicide increased vulnerability. Infestation of 

pendimethalin alone (H2) increased dramatically, reaching 

12.7% in Supersonic and 11.5% in SGD-2002 in 2023, in 

Figure 4. The greatest infection of the H0 (weedy check) 

persisted, seriously impairing the potential final output. 

The finest quality indicators and the maximum yield of 

green fodder are strongly correlated with H4's consistently 

low infestation rates at 65 DAS. The results clearly show 

that the dual H4 technique must be used to provide long-

term, sustained weed suppression well into the crop's 

establishment period. 

Weed Index (%) 

Herbicide treatments maintained the same ranking for 

efficacy in reducing the Weed Index (% of yield loss) in 

both years, indicating exceptional stability in the results. 

The most successful chemical technique was the 

combination of Pendimethalin (pre) and Flumetsulam 

(post), or H4, which produced the lowest weed index in 

both years (about 20.5% to 22.2% loss in 2023). This 

demonstrated that the H4 effectively reduced the 

detrimental effects of weed competition on the ultimate 

yield of alfalfa, in Figure 4. On the other hand, it was 

evident that single-application control was insufficient. 

Among treated plots, pendimethalin alone (H2) produced 

the highest weed index (about 44.8% to 46.2% decline in 

2023). This high index, which persisted in 2024, 

demonstrates that H2 did not offer enough protection 

throughout the crucial growth era. The considerable 

economic harm caused by unmanaged weeds was 

highlighted by the H0 (weedy check) treatment, which 

regularly recorded the highest yield loss (weed index 

around 100%). The effectiveness in reducing yield loss was 

mostly dependent on the herbicide strategy, even though 

SGD-2002 displayed a somewhat lower index. To sum up, 

the combined pre- and post-emergence H4 approach is 

better for significantly reducing the weed index and 

increasing the profitable alfalfa yield. 

Weed control efficiency at 35 Days (%) 

The importance of early-season weed management in 

alfalfa was highlighted by the study of Weed Control 

Efficiency (WCE) at 35 days after sowing (DAS), which 

showed highly significant variations among herbicide 

treatments in both 2023 and 2024. The best WCE was 

continually attained by the combination treatment of 

Pendimethalin (pre-emergence) and Flumetsulam (post-

emergence), which recorded 62% in Supersonic and 65% 

in SGD-2002 in 2023. Similar efficiencies were 
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maintained in 2024, in Figure 4. These findings 

demonstrate how well the integrated strategy suppresses 

the initial flush of a variety of weed species. Pendimethalin 

alone, on the other hand, produced the lowest WCE, 

indicating a sharp drop in control efficacy by 35 DAS. The 

dual herbicide strategy's dependability is demonstrated by 

the results' consistency throughout the two seasons. In 

general, the best way to maximize early weed control, 

minimize crop-weed competition, and promote improved 

alfalfa establishment and productivity was to combine pre- 

and post-emergence herbicides. 

Weed control efficiency at 65 Days (%) 

Weed Control Efficiency (WCE) at 65 days after 

sowing (DAS) varied significantly between 2023 and 

2024, indicating that the timing and method of herbicide 

administration were critical for long-term weed control 

well into the growth cycle. The combination strategy (H4) 

continuously displayed the highest WCE, demonstrating 

the dual-action approach's superiority in both years. The 

highest WCEs in 2023 were 63% (Supersonic) and 69% 

(SGD-2002) for the combination of Pendimethalin (pre-

emergence) and Flumetsulam (post-emergence). These 

high efficiency rates were replicated in 2024, confirming 

the combination strategy's long-term efficacy in preventing 

fresh weed flushes after 35 DAS. Pendimethalin alone (H2) 

produced the lowest WCE, with just 26% (Supersonic) and 

32% (SGD-2002) in 2023. The pre-emergence herbicide’s 

residual impact is almost completely depleted by 65 DAS, 

allowing for substantial weed regrowth. The same low 

efficiency was noted in 2024. The WCE results in 2023 and 

2024 were quite consistent, indicating that the herbicide 

factor had a major effect on alfalfa's mid-growth phase, in 

Figure 5. The results clearly demonstrated the efficacy of 

combining Pendimethalin and Flumetsulam (H4) to 

achieve maximal weed control efficiency at 65 DAS. 

Weed persistence index at 35 Days 

The significance of efficient early-stage weed 

management was highlighted by the comparison of the 

Weed Persistence Index (WPI) at 35 days after sowing 

(DAS) during the 2023 and 2024 growing seasons, which 

showed extremely significant variations across herbicide 

treatments. Pendimethalin (pre-emergence) and 

Flumetsulam (post-emergence) applied together 

consistently produced the lowest WPI, indicating improved 

suppression of both initial and subsequent weed flushes. 

This comprehensive approach decreased WPI to 41.7% in 

Supersonic and 40.4% in SGD-2002 in 2023; similar 

decreases persisted in 2024, in Figure 5. Conversely, the 

highest WPI values were obtained when pendimethalin 

was applied alone, indicating inadequate early-season and 

residual control. These results are consistent with earlier 

research highlighting the efficiency and specificity of 

combination pesticide treatments. Overall, the findings 

support the necessity of combining pre- and post-

emergence herbicides to minimize weed persistence during 

the crucial early growth period, as well as to lower 

subsequent competition and yield losses in alfalfa. 

Weed persistence index at 65 Days 

In both 2023 and 2024, the examination of weed 

persistence at 65 days after sowing (DAS) showed highly 

significant variations across herbicide treatments, 

highlighting the significance of ongoing weed control 

following crop establishment. The Weed Persistence Index 

(WPI) treatment ranks did not change over time, 

demonstrating the dependability and consistency of the 

management techniques. The WPI was consistently lowest 

when Pendimethalin and Flumetsulam (H4) were applied 

together. In Supersonic and SGD-2002, persistence was 

reduced to 8.4% and 5.2%, respectively, in 2023, with only 

slight increases noted in 2024. Pendimethalin alone, on the 

other hand, produced the highest weed persistence, 

suggesting inadequate residual management, in Figure 5. 

All things considered, the dual herbicide approach was the 

most successful in reducing weed persistence up to 65 DAS 

over both seasons and suppressing late-emerging weeds. 

Weed intensity at 35 Days (%) 

The efficiency of weed management techniques during 

the early establishment phase of alfalfa in both 2023 and 

2024 was demonstrated by the comparison of weed 

intensity at 35 days after sowing (DAS), which showed 

notable differences across herbicide treatments. The lowest 

weed intensity was continuously obtained by applying 

Pendimethalin (pre-emergence) and Flumetsulam (post-

emergence) together. In 2023, infestation was reduced to 

4.4% in Supersonic and 3.0% in SGD-2002; comparable 

reductions were noted in 2024. On the other hand, among 

treated plots, Pendimethalin alone produced the highest 

weed intensity, suggesting inadequate early-season 

management. These results are consistent with earlier 

research that focused on integrated weed control, in Figure 

5. Overall, the combined herbicide strategy greatly 

decreased weed competitiveness and increased alfalfa 

yield over both growing seasons by sustaining low weed 

intensity at this crucial early period.  

Weed intensity at 65 Days (%) 

In both 2023 and 2024, the evaluation of weed intensity 

at 65 days after sowing (DAS) showed notable treatment 

impacts, demonstrating the continued effectiveness of 

herbicide tactics after the crop establishment stage. 

Pendimethalin (pre-emergence) and Flumetsulam (post-

emergence) used together consistently produced the lowest 

weed intensity, indicating better and longer-lasting weed 

population reduction. In 2023, weed intensity decreased to 

4.8% in Supersonic and 3.8% in SGD-2002; similar 

decreases were noted in 2024, demonstrating the integrated 

approach's continued efficacy, in Figure 5. Conversely, 

among treated plots, Pendimethalin administered alone 

produced the highest weed intensity, indicating inadequate 

residual control at later development stages. These results 

support previous studies that highlight comprehensive 

weed management for long-term control. All things 

considered, the Pendimethalin + Flumetsulam approach 

worked best to reduce weed competition up to 65 DAS, 

enabling increased alfalfa output throughout the growing 

season. 

 

Discussion 

 

The results of the present two-year field study clearly 

demonstrate that effective herbicide-based weed 

management plays a critical role in improving both forage 

productivity and nutritional quality of alfalfa. Weed 

interference remains one of the most significant constraints 

limiting forage yield and quality in perennial legume 

systems, particularly during the early establishment phase. 

In the current study, plots with effective weed control 
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consistently produced higher fresh and dry forage yields 

compared with the untreated control, highlighting the 

detrimental effects of uncontrolled weed competition. 

Similar findings have been reported by Summers (2020), 

who emphasized that weed pressure during early crop 

development significantly restricts alfalfa growth, stand 

establishment, and forage productivity. Weed competition 

often reduces crop performance by competing for essential 

resources such as light, nutrients, moisture, and physical 

space. When weeds are not controlled during the early 

growth stages, they can rapidly dominate the crop canopy, 

thereby suppress photosynthetic efficiency and reduce 

biomass accumulation. The results of this study showed 

that the influence of weed management practices on crop 

yield was considerably greater than varietal differences 

between the tested alfalfa cultivars. This observation 

supports the conclusions of previous studies, which 

reported that effective weed control often contributes more 

to yield improvement than genetic yield potential when 

severe weed pressure exists (Behera et al., 2024; MacLaren 

et al., 2020). Therefore, weed management should be 

considered a fundamental component of sustainable forage 

production systems. Early-season weed competition is 

particularly harmful for forage legumes because seedlings 

are relatively slow-growing and vulnerable to resource 

competition. Research conducted by Bradley (2010) 

demonstrated that weeds emerging simultaneously with 

alfalfa significantly reduce plant vigor, stand density, and 

nutrient uptake, ultimately leading to lower forage yields. 

Similar observations have also been reported in studies 

examining weed competition in perennial forage crops, 

where early weed interference reduced biomass production 

and delayed crop canopy development (Dillehay et al., 

2011; Noroozi et al., 2023). In the present study, this 

phenomenon was evident in the weedy check treatment, 

which consistently recorded the lowest forage yields and 

poorest quality parameters during both experimental years. 

The weed-free treatment achieved the highest fresh and dry 

forage yields, demonstrating the maximum biological yield 

potential of the crop under conditions where competition 

was completely eliminated. Comparable results have been 

reported by Gondal et al. (2021) and Shekhawat et al. 

(2020), who found that maintaining weed-free conditions 

throughout the early growth stages significantly enhanced 

alfalfa biomass accumulation. However, maintaining 

completely weed-free conditions through manual or 

mechanical weeding is often impractical under field 

conditions due to high labor requirements and economic 

costs. Consequently, the use of herbicides provides a 

practical and efficient alternative for managing weeds in 

large-scale forage production systems. Among the herbicide 

treatments evaluated in the current study, the combined 

application of pendimethalin as a pre-emergence herbicide 

followed by Flumetsulam as a post-emergence treatment 

proved to be the most effective chemical strategy. This 

treatment produced forage yields comparable to the weed-

free plots and significantly higher than those obtained from 

single herbicide applications. The improved performance of 

the herbicide combination can largely be attributed to the 

complementary modes of action and broader weed control 

spectrum provided by the two herbicides. Pendimethalin 

primarily inhibits cell division and root elongation in 

germinating weed seedlings, making it highly effective 

against annual grasses and certain small-seeded broadleaf 

weeds, whereas Flumetsulam is an acetolactate synthase 

(ALS) inhibitor that is particularly effective against a wide 

range of broadleaf weed species. When used together, these 

herbicides target multiple physiological pathways in weeds 

and provide more comprehensive weed suppression than 

either herbicide applied alone. The superior performance of 

combined herbicide programs has also been widely reported 

in previous studies. Integrated pre- and post-emergence 

herbicide applications have been shown to provide extended 

weed control and reduce the likelihood of weed escapes 

during later crop growth stages (Kousta et al., 2024; 

Govindasamy et al., 2025). Such strategies are increasingly 

recommended in modern weed management programs 

because they improve overall weed suppression and delay 

the development of herbicide resistance. Similar findings 

have also been documented in integrated weed management 

studies emphasizing diversified herbicide modes of action to 

enhance crop productivity and sustainability (Bajwa, 2014; 

Li et al., 2025). The enhanced forage accumulation observed 

under the Pendimethalin + Flumetsulam treatment was 

strongly associated with a reduction in weed density, weed 

severity, and weed persistence throughout the growing 

period. The consistently high weed control efficiency 

recorded under this treatment indicates that the combination 

effectively suppressed both early and later emerging weed 

species. Reduced weed competition allowed alfalfa plants to 

utilize available resources more efficiently, resulting in 

improved plant growth and biomass production. Similar 

findings were reported by Jalilian et al. (2025), who 

observed that integrated herbicide approaches improved 

yield stability and reduced weed pressure under variable 

environmental conditions. In addition to yield 

improvements, weed management practices also had a 

significant influence on forage nutritional quality. The 

results indicated that crude protein content was higher in 

weed-free and herbicide-treated plots compared with the 

weedy control. This improvement in protein concentration 

can be attributed to reduced competition for nitrogen and 

other nutrients, which promotes leaf development and 

enhances protein synthesis in legume crops. Similar 

observations have been reported by Zarzecka et al. (2020) 

and Viti et al. (2021), who found that effective weed 

management improves nitrogen availability and ultimately 

increases crude protein content in forage crops. Conversely, 

the untreated control plots exhibited the highest values of 

crude fiber, neutral detergent fiber (NDF), and acid 

detergent fiber (ADF), indicating poorer forage quality. 

Increased fiber accumulation under weed stress is 

commonly associated with greater lignification and 

deposition of structural carbohydrates as plants respond 

physiologically to competitive stress. Such changes reduce 

forage digestibility and overall feed value. Previous studies 

have also reported increased fiber fractions in crops 

subjected to severe weed competition (Chen et al., 2017; 

Shrotri et al., 2017). Interestingly, pendimethalin applied 

alone resulted in slightly higher crude protein content and 

lower ADF values compared with the combined herbicide 

treatment. This suggests that while integrated herbicide 

management maximizes forage yield, individual herbicide 

treatments may sometimes favor certain quality attributes. 

Such trade-offs between yield and forage quality have been 

previously documented in forage production systems. 
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Studies conducted by Zeller et al. (2014) and Lee et al. 

(2022) highlighted that management practices aimed at 

maximizing biomass production may occasionally alter 

nutritional composition. Therefore, weed management 

strategies should be selected based on specific production 

goals, whether maximizing yield, optimizing forage quality, 

or balancing both objectives. Overall, the findings of this 

study highlight the importance of integrating herbicides with 

different modes of action to achieve effective and 

sustainable weed management in forage production systems. 

Such strategies not only reduce yield losses caused by weed 

competition but also help maintain forage quality and 

improve resource use efficiency. These results are consistent 

with modern concepts of integrated weed management, 

which emphasize diversified control approaches to sustain 

agricultural productivity and minimize the risk of herbicide 

resistance development (Bajwa, 2014; Li et al., 2025). 

 

Conclusion 

 

This two-year field study (2023–2024) conclusively 

demonstrated that weed interference is the principal 

constraint limiting alfalfa productivity and forage quality 

under semi-arid conditions. The highly significant 

herbicide effect (p≤0.01) across all major yield parameters 

confirmed that effective weed control is the primary driver 

of biomass accumulation. The H1 treatment established the 

biological yield ceiling, producing 36.09 t ha⁻¹ fresh fodder 

and 9.32 t ha⁻¹ dry matter, whereas the H0 reduced fresh 

yield to 11.98 t ha⁻¹, reflecting severe productivity losses. 

Among chemical strategies, the combined pre- and post-

emergence application of H4 consistently delivered 

superior performance, achieving 29.01 t ha⁻¹ fresh yield 

and up to 69% weed control efficiency at 65 DAS. 

Nutritional quality was likewise improved under effective 

weed management, with maximum crude protein 21.73% 

and minimum ADF 28.97% recorded under weed-free 

conditions. Although varietal differences were generally 

non-significant for yield, cultivar × herbicide interaction 

significantly influenced ADF content. Overall, the 

integrated H4 strategy emerged as the most agronomically 

and economically viable recommendation for sustainable, 

high-yield, and quality alfalfa production. 
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