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Hazelnut (Corylus avellana L.) plays a crucial role in the agricultural landscape of Oregon's Willamette Valley, where weed and sucker management are labor-intensive and time-consuming endeavors. Current control strategies are either costly but effective, ineffective, or environmentally unfriendly. Tiafenacil, a relatively new herbicide, could be an effective solution. Field studies were conducted in commercial hazelnut orchards across the Willamette Valley to evaluate the efficacy of tiafenacil for weed and hazelnut sucker control. The results confirmed that tiafenacil applied three times per season up to 200 g ai ha-1 did not injure tree trunk or canopy and had no adverse effects on growth parameters, chlorophyll fluorescence, or yield. Tiafenacil at 50 g ai ha-1 outperformed carfentrazone 35 g ai ha-1 in controlling prostrate knotweed (Polygonum aviculare L.), wild carrot (Daucus carota L.), and Canada thistle (Cirsium arvense L. Scop). However, tiafenacil up to 50 g ai ha-1 was less effective than glufosinate 1,050 g ai ha-1 for weed control. Tiafenacil at 50 g ai ha-1 effectively managed suckers comparable to manual removal and with superior efficacy to carfentrazone. Tiafenacil at 50 g ai ha-1 combined with glufosinate or 2,4-D 1,060 g ai ha-1 improved sucker and weed control compared with tiafenacil alone at the same rate, suggesting that its efficacy is enhanced in mixtures. Importantly, tiafenacil exhibited excellent compatibility with 2,4-D and glufosinate, making it a practical option for improving weed and sucker control strategies. For growers, incorporating tiafenacil into their management programs—either as a standalone treatment or in combination with glufosinate or 2,4-D—offers an effective alternative to manual sucker removal while maintaining strong weed control. These findings support tiafenacil as a valuable addition to hazelnut management programs, especially when used in combination with other herbicides for enhanced sucker and weed control without compromising tree health. While no antagonistic effects were observed when tiafenacil was mixed with glufosinate or 2,4-D, further research is necessary to explore potential interactions with other herbicides. Additionally, the economic viability of herbicide combinations should be evaluated before broad adoption.
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1 Introduction

Oregon leads hazelnut (Corylus avellana L.) production in the United States of America (USA), with over 99% of the nation's orchards located in the Willamette Valley, situated in the western region of the state (Colburn et al., 2015). The cultivation of hazelnuts in Oregon's Willamette Valley is a century-long tradition that strongly emphasizes environmental stewardship and the well-being of the local community and producers (Oregon Hazelnut Industry, 2024). An essential feature of this stewardship is developing new weed management tools with reduced risks to humans and the environment. Paraquat, an important herbicide used for weed and sucker control in hazelnut production systems, has severe adverse impacts on human health (Peachey, 2022; Stuart et al., 2023). According to the most recently available hazelnut-specific pesticide usage data, 3,772 kg of paraquat was applied to hazelnuts in 1999 (at a rate of 648 g ai ha-1, with 2.3 applications per season) (USDA-NASS, 2023). Since then, the hazelnut industry has grown significantly in Oregon, expanding to 34,000 ha by 2020, marking a remarkable 5.9-fold increase (FAOSTAT, 2023). Likely, paraquat use demand for hazelnuts has increased accordingly over the years. Oregon hazelnut growers are committed to and interested in adopting more sustainable production practices (Oregon Hazelnut Industry, 2024), and finding alternatives to paraquat is a priority.

Tiafenacil is a nonselective contact herbicide that controls a wide range of grass and broadleaf weeds (Soltani et al., 2021). Tiafenacil inhibits protoporphyrinogen oxidase (PPO), an essential enzyme that catalyzes the conversion of protoporphyrinogen into protoporphyrin and leads to the production of Mg-proto and Fe-proto, the key precursors to chlorophyll and heme production, respectively (Cha et al., 2022; Park et al., 2018; Takano et al., 2020; Traxler et al., 2023). When PPO is inhibited, protogen leaks out of the chloroplast and accumulates into the cytoplasm, where protogen is rapidly oxidized to proto (Takano et al., 2020; Traxler et al., 2023). Herbicides targeting PPO are fast-acting because the unregulated accumulation of the photodynamic proto in the cytosol leads to the generation of reactive oxygen species (ROS) in the presence of light, causing lipid peroxidation and, ultimately, plant death (Cha et al., 2022; Takano et al., 2020; Traxler et al., 2023). Unlike paraquat and other PPO-inhibiting herbicides, tiafenacil has minimal soil activity, lower toxicity to non-target organisms, and a generally more favorable human health and environmental safety profile (Cha et al., 2022; Hu et al., 2020). Additionaly, currently availabe PPO-inhibiting herbicides have limitations in hazelnut production. For instance, carfentrazone and saflufenacil provide similar sucker control efficacy to glufosinate but are less effective than 2,4-D (de Souza and Moretti, 2020), and they do not control grass weeds.

Currently, herbicides remain the preferred control method among Oregon hazelnut farmers because of the absence of practical alternatives and also because herbicides are the most economically viable option for sucker and weed control. Suckers emerge from adventitious buds on the roots and tree base, requiring repeated control throughout the growing season (Pacchiarelli et al., 2022). In Oregon, growers typically apply herbicides four to eight times annually to suppress sucker growth (de Souza and Moretti, 2020; Hill et al., 2021). Compared to other tree nuts, fruit trees, and vines, hazelnuts produce a significantly higher volume of suckers, making chemical control an essential part of orchard management.

Weeds are undesirable in hazelnut orchards because they compete with trees for water, nutrients, and space, decreasing yield potential and harvest efficiency. According to a study by Kaya-Altop et al. (2016), hazelnut yield decreased by nearly 30% due to weed competition. Additionally, weed competition during critical growth stages increases the mortality of young trees (Mia et al., 2020). Common weeds in hazelnut orchards include Italian ryegrass (Lolium perenne ssp. multiflorum), annual bluegrass (Poa annua), field bindweed (Convolvulus arvensis), Canada thistle (Cirsium arvense), wild carrot (Daucus carota), prostrate knotweed (Polygonum aviculare), and yellow nutsedge (Cyperus esculentus). Many of these species also create management challenges in other perennial cropping systems, such as California orchards, where Italian ryegrass and annual bluegrass are especially difficult to control due to herbicide resistance. Hazelnut growers face the added challenge of balancing effective weed and sucker control while minimizing herbicide impact on tree health and nut yield. The increasing prevalence of herbicide-resistant weeds further complicates weed management in hazelnuts. Italian ryegrass and annual bluegrass have evolved resistance to multiple herbicide modes of action (Heap, 2024; Moretti, 2021). Although resistance to PPO-inhibiting herbicides has been reported in 15 species worldwide, no resistance to PPO-inhibiting herbicides in any weed across the western USA has been reported (Heap, 2024). The only known case of PPO-inhibitor (oxufluorfen) resistance in tree nut orchards was reported in Lolium rigidum in Spanish olive groves. This makes PPO-inhibiting herbicides, such as tiafenacil, an appealing weed control option for the hazelnut industry. Tiafenacil has demonstrated effective broadleaf and grass weed control in vineyards, where similar management challenges exist (Laguerre et al., 2024). Prior to this research, no information was available on tree nut tolerance to tiafenacil, its use in sucker management, or its broader weed control efficacy. The objectives of this research were (1) to evalute the effectiveness of tiafenacil for weed control; (2) to test its potential as an alternative or supplement for hazelnut sucker control compared to current benchmarks; and (3) to document hazelnut tolerance to repeated basal-directed applications of tiafenacil. This research helped support the registration fo tiafenacil for hazelnut.




2 Materials and methods

Field studies were conducted to evaluate hazelnut tolerance to and weed and hazelnut sucker control by tiafenacil in commercial hazelnut orchards (Table 1). All studies were arranged as randomized complete block designs with four replicates. Herbicide treatments were applied using a CO2 pressurized backpack sprayer equipped with a spray boom containing three AI-11002 nozzles (TeeJet Technologies, Glendale Heights, IL) spaced at 50 cm and calibrated to deliver 187 L ha-1 at 275 kPa at 4.8 km h-1. Treatments were applied as a single pass on each side of the trees, covering a 1.5-m swath. This configuration ensured uniform coverage of weeds and suckers (Miranda and Moretti, 2025; de Souza and Moretti, 2020). Two rows were left as borders around each study area to avoid border effects.


Table 1 | List of herbicides, rates, and adjuvants applied in studies evaluating weed control, short-term hazelnut sucker control, hazelnut tolerance and long-term sucker control.





2.1 Weed control

Two field studies were conducted, one in 2022 near Monroe (44.29, -123.23) and one in 2023 near Corvallis (44.56, -123.22), OR (Table 1). The Monroe study was conducted in a commercial one-year-old rainfed hazelnut orchard planted with the cv. ‘PollyO’ at 6.1 by 6.1 m planting configuration. The soil type was a Chehalis silty clay loam (fine-silty, mixed, superactive, mesic Cumulic Ultic Haploxerolls) (USDA-NRCS, 2023). The Corvallis study was conducted in a fallow rainfed area on a Willamette silt loam soil (fine-silty, mixed, superactive, mesic Pachic Ultic Argixerolls) (USDA-NRCS, 2023). The Monroe site was infested with prostrate knotweed, whereas prostrate knotweed, wild carrot, and Canada thistle infested the Corvallis site. Weed growth stages were recorded using the BBCH scale. At the initiation of the 2022 study, prostrate knotweed was 20 to 25 cm tall (BBCH-60), while in the 2023 study, prostrate knotweed was 10 to 18 cm tall (BBCH 39), Canada thistle was 25 to35 cm tall (BBCH-19), and wild carrot was 8 to15 cm tall (BBCH-19). Plant growth stages were recorded following the BBCH scale for standardization (Hess et al., 1997). Areas with consistent weed density were selected, and each field was scouted beforehand to ensure high weed density within the experimental area.

Nine treatments were tested, including tiafenacil at 25, 50, and 75 g a.i. ha-1, carfentrazone at 35 g a.i. ha-1, glufosinate at 1,150 g a.i. ha-1, and 2,4-D at 1,060 g a.i. ha-1, and the combination of tiafenacil at 50 g a.i. ha-1 with glufosinate or 2,4-D (Table 1). A nontreated control was included for comparison with herbicide treatments. Plot size was 3 m by 12.2 m.

Assessments included visual estimates of weed control by weed species, aboveground green area coverage, and aboveground biomass, with species-specific separation. Weed control was rated on a scale from 0 to 100%, where 0% represents no control and 100% represents complete control. For aboveground green area coverage, two random photos were taken in each plot from a height of 1.5 meters using an iPhone 14 (Apple Inc., Cupertino, CA). These photos were processed using Canopeo software (Patrignani and Ochsner, 2015) to estimate green area coverage based on green pixels. In Canopeo, the settings included a foliage type of ‘cover crops,’ with a red-to-green ratio of 0.95, a blue-to-green ratio of 0.60, and a minimum excess green of 20. Higher weed aboveground green area coverage indicated greater weed density and healthier weeds. Weed control and weed aboveground green area coverage measurements were taken 14, 28, and 35 days after treatment (DAT). At 35 DAT, aboveground biomass was harvested from two randomly placed 0.25-m2 quadrats per plot. Weeds were separated by species, dried, and then weighed.




2.2 Short-term hazelnut sucker control

Two field studies were conducted in 2022 and 2023 in commercial hazelnut orchards near Keizer (45.06, -123.08) and Corvallis (44.63, -123.19), OR (Table 1). Both studies involved one-year-old drip-irrigated hazelnut orchards planted with cv. ‘PollyO’ at 3 m by 6.1 m planting configuration. The Keizer site had Amity silt loam soil (fine-silty, mixed, superactive, mesic Aquultic Haploxerolls) (USDA-NRCS, 2023), while the Corvallis site had Willamette silt loam soil (fine-silty, mixed, superactive, mesic Pachic Ultic Argixerolls) (USDA-NRCS, 2023). The study consisted of two herbicide applications, 28 d apart, directed to the base of the trees and targeting hazelnut suckers. Treatments were similar to those of the weed control study with the addition of a manual removal of suckers as a reference, resulting in ten treatments. Each plot included three to four trees that were treated as sub-replicates. At the start of the study, suckers were 25 to 40 cm long in Keizer and 15 to 25 cm long in Corvallis. Sucker control was visually assessed on a scale from 0% (no control) to 100% (complete control) at 14, 28, 42, and 56 days after the initial treatment (DAIT), based on the percentage reduction in sucker growth compared to the nontreated control. Sucker length was estimated by randomly selecting three suckers per tree and measuring their length from base to tip. Sucker fresh biomass and cross-sectional area at the base of the sucker were assessed at 56 DAIT. The cross-sectional area was determined by measuring the base diameter of five suckers per tree (15 to 20 per plot) with a digital caliper (Fisherbrand™ Traceable™ Digital Calipers; Thermo-Fischer Scientific, Waltham, WA) and applying the formula:

 

Where A is the cross-sectional area, r is the radius, and π is a constant (3.14159). All hazelnut suckers from each tree in each plot were hand-clipped at the soil surface, counted, and fresh weight was recorded. Reduction in sucker length, cross-sectional area, and fresh biomass was calculated using Equation 2 below:

 

where NT represents the mean sucker length, cross-sectional area, or fresh weight in the nontreated control, and Trt represents the corresponding mean values in the treated plants.




2.3 Hazelnut tolerance and long-term sucker control

Two multi-year field studies were initiated in the spring of 2022. The first study was near Amity (45.14, -123.27), OR (Table 1). The site was planted with cv. ‘McDonald’ and ‘Wepster’ in January 2019 with a 3 m by 3 m spacing and irrigated via surface drip, following the grower’s irrigation schedule. The soil was an Amity silt loam soil (fine-silty, mixed, superactive, mesic Aquultic Haploxerolls) (USDA-NRCS, 2023). The second study was located near Hubbard (45.20, -122.85), OR, in a rainfed field planted in November 2020 with ‘PollyO’ cv. and a planting configuration of 3 m by 6.1 m. The soil was a Donald loam soil (fine, smectitic Abruptic Argicryolls) (USDA-NRCS, 2023). The study consisted of tiafenacil applied at three rates equivalent to the reference rate (50 g ai ha-1), two- and four-times the reference rate. A combination treatment of tiafenacil at 50 g ai ha-1 with glufosinate was included. Glufosinate and a nontreated control were included for comparison. Each treatment was applied four times to the same trees each year over two years. In the first year, applications began in April 2022, wiht the second and third application timings spaced 28-d apart. A fourth application was made in November 2022, during the dormant season, which is the time when growers typically apply postemergence herbicides in conjunction with preemergence herbicides to manage winter annual weeds. In the second year, applications resumed in May 2023, following the same 28-day interval for the second and third applications, and concluded with a fourth application in November 2023 during dormancy. The applications were directed to the base of the trees, targeting hazelnut suckers.



2.3.1 Hazelnut tolerance

Hazelnut growth in response to tiafenacil basal applications was based on the main trunk cross-sectional area (TCSA) recorded at 0.5 m above ground, which was calculated by transforming the caliper diameter using Equation 1; and the volume of the canopy, measured as width at the widest points both parallel and perpendicular to the plant row, as well as its depth (Hill et al., 2021; Pedroso and Moretti, 2022a, b). All trees in each plot were measured similarly before the initiation of the studies and at 300 and 650 DAIT. Relative changes in TCSA and canopy volume were calculated to assess growth over the course of the study at each location. Visual estimates of injury to the trunk and canopy were recorded every 28 DAIT until the dormant period. Photosynthetic performance and stress were evaluated by measuring the maximum quantum yield of PS-II (Fv/Fm) in the trunk at 100 and 450 DAIT using a portable chlorophyll fluorometer (OS1p, Opti-Sciences Inc., NH) at 0.5 m above ground during the early morning hours (between 6:00-9:00 am local time) after a 20-min dark adaptation (Johnstone et al., 2012). Additionally, the quantum yield efficiency of PS-II electron transport in the presence of light, [Y(II)] (Murchie and Lawson, 2013), was measured on two sun-exposed, newly expanded leaves per tree at 100 and 450 DAIT, using the same portable chlorophyll fluorometer used for the Fv/Fm assessments.




2.3.2 Hazelnut yield and nut quality

Since the trees in the Hubbard study were in their juvenile stage, only the trees in the Amity study were evaluated for hazelnut yield. Nuts that had fallen from all trees in a plot were collected using a push-behind harvester (Bag-a-Nut, Jacksonville, FL). These hazelnuts were subsequently oven-dried at 56°C until they reached a consistent moisture content of 6% before being weighed. Yield per tree is reported and was calculated by dividing the total yield per plot, at 6% moisture, by the total number of trees harvested in the plot. In addition, 200 nuts from each plot in each year of the study were assessed for kernel percentage and kernel quality. Kernel percentage was determined by weighing the kernels obtained from the 200 nuts and dividing that by the weight of the 200 nuts in each plot. Kernel quality was evaluated by sorting kernels into classifications, including blanks (shells without kernels), brown stain (shells and kernels turning into a soft, brown, watery mass), poorly filled nuts, twins, moldy (contaminated with fungus), and kernels with black tips (USDA, 2023, 2016). Kernels were considered marketable if they did not exhibit any of these defects.




2.3.3 Long-term hazelnut sucker control

To evaluate the efficacy of tiafenacil for sucker control, we visually estimated sucker control and measured sucker length at three specific time points: 28, 56, and 84 DAIT during each year of the studies at each site. Additionally, at the 84 DAIT date, we determined the fresh biomass of the hazelnut suckers. Hazelnut sucker length and sucker control were estimated as previously described in the short-term hazelnut sucker control study. The determination of hazelnut sucker fresh biomass followed the same procedures as outlined in the short-term hazelnut sucker control study. For brevity, only data collected at 84 DAIT is presented; additional data is available as supplementary information.





2.4 Statistical analyses

All data were analyzed using R software version 4.2.2 (R Core Team, 2022) and underwent analyses of variance with a significance level set at alpha=0.05. Fixed effects included evaluation timing, study site, treatments, and interactions, while experimental blocks were treated as random effects. Percentage-based data, which included weed control and aboveground green area coverage, weed biomass reduction, hazelnut sucker control, hazelnut sucker length and fresh biomass reduction, hazelnut tree canopy and trunk injury, the change over time in tree growth parameters (TCSA and tree canopy volume), frequency of marketable kernel, and kernel percentage were transformed using beta-transformation, scaling data from 0 to 1. These beta-transformed data were then analyzed using the 'glmmTMB' package (version 1.1.7) with a generalized linear mixed model employing a beta error distribution (Brooks et al., 2017). Weed biomass reduction, sucker control, sucker length, and fresh biomass reduction for the nontreated control were not included in the analysis, given that values were zero. For Fv/Fm values, Y(II), and hazelnut yield, a linear mixed-effect model was applied with the ‘lmer’ function in the ‘lme4’ package (v.1.1–32) (Bates et al., 2020). When significant treatment and/or interaction effects were detected, post hoc comparisons of means were conducted using Tukey's HSD method with the assistance of the 'emmeans' package (version 1.8.5) and the 'cld' function (Lenth, 2020).





3 Results

Each weed control study site was analyzed separately due to a significant (P<0.05) treatment-by-site interaction. Likewise, short-term hazelnut sucker control studies underwent separate analyses because of the significant (P<0.05) treatment-by-site interactions across most evaluation timings and to simplify interpretation. The hazelnut tolerance and long-term sucker control studies were also analyzed separately, as significant (P<0.05) treatment-by-site interactions were observed (considering also differences in cultivars and tree age). Additionally, evaluation timings within these studies were analyzed independently because the interaction between evaluation timing and treatment was statistically significant at the P<0.05 level.



3.1 Weed control

In the Monroe study, tiafenacil applied at 12.5, 25, and 50 g ha-1 controlled prostrate knotweed by 48% to 69% at 35 DAT (Table 2). While the 50 g ha-1 rate provided greater prostrate knotweed control, it did not reduce weed green area coverage or biomass more effectively than the 12.5 or 25 g ha-1 rates. Tiafenacil at 50 g ha-1 (69% control) outperformed carfentrazone at 35 g ha-1 (37% control), reducing weed green area coverage and biomass by up to 25% and 6% over carfentrazone, respectively. Tiafenacil at 50 g ha-1 provided similar prostrate knotweed control and biomass reduction as 2,4-D alone at 1,060 g ha-1. Glufosinate at 1,150 g ha-1 and the combination of glufosinate + tiafenacil at 50 g ha-1 were the most effective, providing the greatest control and the greatest reductions in green area coverage and biomass.


Table 2 | Prostrate knotweed control, aboveground green area coverage, and biomass reduction at 35 d after treatment at Monroe. 1, 2.



In the Corvallis study, glufosinate at 1,150 g ha-1 and the combination of glufosinate + tiafenacil at 50 g ha-1 provided the greatest control of prostrate knotweed, wild carrot, and Canada thistle (Table 3). Tiafenacil at 50 g ha-1 controlled prostrate knotweed (65%) and Canada thistle (46%) better than carfentrazone (15-26%). Prostrate knotweed biomass reductions ranged from 64 to 95% across treatments, with no significant difference among herbicides. Tiafenacil at 50 g ha-1 plus 2,4-D increased Canada thistle control by 27% compared to tiafenacil alone, but did not improve the performance of glufosinate or 2,4-D for the other weed species.


Table 3 | Weed control, weed aboveground green area coverage, and weed biomass reduction at 35 d after treatment at Corvallis.1, 2.






3.2 Short-term hazelnut sucker control

Glufosinate and glufosinate plus tiafenacil at 50 g ha-1 provided greatest and most consistent control of hazelnut suckers across all the evaluation timings in the Keizer study (Supplementary Figure S1). Tiafenacil at 25 and 50 g ha-1 provided similar hazelnut sucker control as glufosinate alone at 56 DAIT (Figure 1A). Manual sucker removal was ineffective over time because of ample regrowth (Supplementary Figure S2). All herbicide treatments resulted in control levels comparable to manual removal. No significant treatment effects were observed in reducing sucker length or fresh biomass (Figures 1C, E). However, glufosinate alone and in combination with tiafenacil at 50 g ha-1 effectively reduced sucker cross-sectional area, performing similarly to most treatments except for carfentrazone and tiafenacil at 25 g ha-1.




Figure 1 | Hazelnut sucker control (A, B), sucker length reduction (C, D), sucker biomass reduction (E, F), and cross-sectional area (G, H) reduction relative to the nontreated control (NTC) at 56 d after initial treatment in the short-term hazelnut sucker control studies conducted in Keizer (left column) and Corvallis (right column). Means sharing the same letter within plots are not statistically different at a significance level of P=0.05, as determined by Tukey's HSD test. Average sucker lengths in the NTC were 34.4 cm in Keizer and 38.9 cm in Corvallis. The average fresh biomass per sucker in the NTC was 68.4 g in Keizer and 47.8 g in Corvallis, while the average cross-sectional area averaged 0.35 cm2 in Keizer and 0.33 cm2 in Corvallis. All treatments included ammonium sulfate at 10 g L-1 and methylated seed oil at 8.9 g L-1, except for the manual removal and the NTC. ns, non-significant; NTC, nontreated control.



In the Corvallis study, tiafenacil at 50 g ha-1 plus glufosinate provided the greatest sucker control across all dates, consistently outperforming carfentrazone (Figure 1B; Supplementary Figure S1). Tiafenacil at this rate was as effective as glufosinate alone, 2,4-D, and manual sucker removal by 56 DAIT. Combining tiafenacil at 50 g ha-1 with 2,4-D enhanced control compared to 2,4-D alone at 42 DAIT only (Supplementary Figure S1). Visual estimates of control correlated with reductions in sucker length, biomass, and cross-sectional area, highlighting the effectiveness of these treatments (Figure 1). Tiafenacil at 12.5 g ha-1 rate also surpassed carfentrazone in reducing sucker length. Overall, herbicide treatments generally matched the performance of manual removal in reducing sucker length and biomass, except for carfentrazone.




3.3 Hazelnut tolerance and long-term sucker control



3.3.1 Hazelnut tolerance

None of the herbicide treatments caused injury to the trunk or canopy of the tree across all sites and years, even when tiafenacil was applied at 2–4 times the recommended rate (Supplementary Figure S3F). As a result, injury data were excluded due to a lack of variation. Tree growth, chlorophyll fluorescence, and hazelnut yield showed no significant differences among herbicide treatments, including high rates of tiafenacil (Table 4; Supplementary Figure S3).


Table 4 | Growth parameters measured from the initiation of the hazelnut tolerance and long-term sucker control studies through 650 days after treatment, along with yield and quality parameters, conducted at Amity and Hubbard, OR.



In the Amity study, hazelnut canopy volume increased by 256% to 318% (9.3-11.1 m3) from the initiation of the study to 650 DAIT (Table 4). In the Hubbard study, where trees were younger, canopy volume grew by 23,000% to 39,300% (3.9-4.4 m3) at 650 DAIT. TCSA growth in the Hubbard study showed that nontreated controls had 17% to 29% less growth (9.9 cm2) compared to herbicide-treated trees (14 cm2) by 650 DAIT (Table 4). Chlorophyll fluorescence (Fv/Fm and Y(II) ratios) showed no stress effects from herbicides (Supplementary Figure S3). Hazelnut yields in 2022 ranged from 0.49 to 0.68 kg tree-1, with over 92% of kernels being marketable. In 2023, yields increased to 2.27–3.04 kg tree-1, with over 96% marketable kernels (Table 4). These results demonstrate that tiafenacil, even at higher rates, did not negatively impact hazelnut tree health, growth, or productivity.




3.3.2 Long-term hazelnut sucker control

In the Amity study, herbicide treatments achieved less than 80% hazelnut sucker control at 28 DAIT, showing that a single application is insufficient due to rapid regrowth (Supplementary Table S1). Tiafenacil at 50 g ha-1 provided 70-84% sucker control, similar to the 100 g ai ha-1 rate, but the 200 g ai ha-1 rate improved control by 84 DAIT (Table 5). Tiafenacil at 50 g ha-1 reduced sucker length by 64-65% and biomass by 86-90%, comparable to glufosinate alone. The combination of tiafenacil at 50 g ha-1 with glufosinate resulted in the greatest biomass reduction in 2023 (93%) but showed no added benefit over tiafenacil alone in 2022.


Table 5 | Hazelnut sucker control, length and fresh biomass reduction at 84 d after initial treatment from the hazelnut tolerance and long-term sucker control studies conducted in Amity and Hubbard in 2022 and 2023.1, 2.



In the Hubbard study, herbicide treatments provided less than 66% sucker control at 28 DAIT, but control improved with additional applications (Supplementary Table S2). Tiafenacil at 50 g ha-1 (85-88%) was as effective as glufosinate alone in 2022 and 2023 (Table 5). By 84 DAIT in 2023, tiafenacil’s effectiveness was similar across all rates. Adding glufosinate to tiafenacil at 50 g ai ha-1 improved sucker control in 2022 (97%) but not in 2023 (92%) compared to tiafenacil alone. Tiafenacil at 50 g ha-1 reduced sucker length by 67-79%, and in 2023, combining it with glufosinate achieved the greatest reduction (72%). Biomass reduction was similar across all herbicide treatments in 2022, but in 2023, tiafenacil alone at 50 g ha-1 reduced biomass by 89%, increasing to 95% with glufosinate.






4 Discussion

Tiafenacil at 50 g ha-1 outperformed carfentrazone in controlling prostrate knotweed and Canada thistle, effectively reducing weed green area coverage and biomass. Its performance was comparable to that of 2,4-D but fell short of glufosinate, which provided the most effective weed control. Similar findings were reported by Soltani et al. (2021) and Westerveld et al. (2021), who noted tiafenacil’s limited effectiveness when used alone to control glyphosate-resistant horseweed (Conyza canadensis L.). The combination of tiafenacil at 50 g ha-1 with glufosinate or 2,4-D did not consistently enhace the control of prostrate knotweed, wild carrot, or Canada thistle compared to individual herbicides. However, Miranda and Moretti (2024) suggested that combinations of tiafenacil (at rates of 50 or 75 g ha-1) with glufosinate at 1,150 g ha-1 or clethodim 135 g ha-1 could improve the control of herbicide-resistant Italian ryegrass in hazelnut. Their study showed that mixtures of tiafenacil and glufosinate increased Italian ryegrass control by 24–43% and reduced inflorescence weight by 15–34%, indicating synergistic effects. It is worth noting that we observed prostrate knotweed and Canada thistle regrowth during the final evaluation period across all herbicide treatments, underscoring the need for multiple, integrated control strategies.

While tiafenacil at 50 g ha-1 did not match glufosinate in overall weed control, it performed comparably to glufosinate and better than carfentrazone for short-term hazelnut sucker control. Lower rates of tiafenacil (12.5 and 25 g ha-1) also outperformed carfentrazone, though the 12.5 g rate should be avoided for sucker control, as the exposure of nearby weeds to sublethal doses could promote herbicide resistance, as reported by Benedetti et al. (2020). This is particularly concerning in areas closest to the trees, where repeated exposure is most likely. Diversifying herbicide modes of action and incorporating rotation strategies are essential to mitigate resistance risks, particularly in these zones closest to the trees, where repeated exposure is most likely. Tiafenacil at 50 g ha-1, either alone or combined with glufosinate or 2,4-D performed similarly to manual removal. Similar findings have been observed in other crops, like peach, where herbicides proved as effective as manual removal (Muro and Luri, 1990). However, in hazelnuts, de Souza and Moretti (2020) found that while glufosinate, 2,4-D, and paraquat were effective for sucker control, manual removal was more consistent in reducing sucker length. Despite its effectiveness, manual removal is labor-intensive and costly, making multiple herbicide applications a more economical alternative.

Tiafenacil at 50, 100, and 200 g ha-1 caused no injury to hazelnut trees and had no adverse effects on growth, chlorophyll fluorescence, or yields, meeting the Oregon hazelnut industry’s crop safety standards. Trees in the nontreated control group showed the lowest TCSA growth over 650 days, indicating that suckers hinder tree growth and emphasizing the need for effective sucker management. Similar findings were reported by Miranda and Moretti (2025), where young hazelnut trees in the nontreated control exhibited lower TCSA and canopy volume growth compared to herbicide-treated trees.

Tiafenacil at 50 g ha-1, applied in three consecutive treatments, was as effective as glufosinate in controlling hazelnut suckers. While the addition of glufosinate to tiafenacil at 50 g ha-1 did not consistently enhance sucker control, the combination of both herbicides has the potential to reduce the evolution of herbicide-resistant weeds and expand the spectrum of weed control (Norsworthy et al., 2012; Soltani et al., 2021). Growers often prefer combining herbicides that offer broad-spectrum control in a single application to reduce labor and fuel costs. Additionally, tiafenacil provides an opportunity to rotate herbicide modes of action, ensuring compliance with maximum allowable per-season application rates and mitigating the risk of herbicide-resistant weed evolution. This makes tiafenacil a valuable addition to integrated weed and sucker management in hazelnut orchards.

Since tiafenacil is less effective than glufosinate, glufosinate will likely remain the preferred choice for growers. However, tiafenacil can be effectively used in herbicide rotations or mixtures to reduce the risk of resistance selection. Applying tiafenacil with other herbicides and targeting younger weeds might improve its efficacy (Miranda and Moretti, 2024). However, repeated use of tiafenacil can select for resistant individuals, so growers should avoid overrelying on any single herbicide. While tiafenacil may offer certain advantages over paraquat, further research is needed to fully understand its long-term effects on crop safety and the environment before recommending it as a replacement for paraquat.

In summary, the results showed that: (1) tiafenacil applied alone may not be as effective as current benchmarks for weed control, like glufosinate, but it outperformed carfentrazone and could serve as a potential substitute for paraquat. (2) tiafenacil at 50 g ha-1 effectively controlled hazelnut suckers, performing similarly to the current standards, glufosinate and 2,4-D. Moreover, tiafenacil at 50 g ha-1 outperformed carfentrazone performance for sucker control. (3) tiafenacil is a safe herbicide for hazelnuts, causing no tree injury or negative impacts on growth parameters, chlorophyll fluorescence, or yield. Additionally, tiafenacil demonstrated excellent compatibility with both 2,4-D and glufosinate, suggesting it can be mixed with a variety of herbicides to enhance both weed and sucker control. This expands the weed control spectrum while ensuring the safety of hazelnut trees and growers. Furthermore, tiafenacil allows growers to rotate herbicide modes of action, ensuring compliance with maximum per-season application rates and reducing the risk of herbicide-resistant weed evolution. Future research should focus on evaluating tiafenacil’s full spectrum of weed control, its performance in various environmental conditions, and its integration with non-chemical management methods. Additionally, exploring its application in other tree orchards could help expand its use across different tree crop systems.
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2_, not applicable. Not included in the analysis, as values were zeros and did not have variance.

3All treatments except the nontreated control included ammonium sulfate at 10 g L' and methylated seed oil at 8.9 g L.

“The reduction in weed biomass was assessed relative to the nontreated control.
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*All treatments included ammonium sulfate at 10 g L and methylated seed oil at 8.9 g L™, except for glufosinate alone.

“Tree canopy volume growth was measured as both absolute (m*) and relative (%) values compared to baseline measurements at the initiation of the study.
STCSA growth values represent both absolute (cm?®) and relative (%) measurements compared to the initial TCSA at the initiation of the study.
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Weed control

Tiafenacil Gamma™ 12.5, 25, and 50 AMS + MSO ISK® Biosciences, 7470 Auburn Road, Suite A Concord,
OH 44077

24-D Saber® 1,060 AMS + MSO Loveland Products, 3005 Rocky Mountain Ave Loveland,
CO 80538

Glufosinate Rely 280® 1,150 AMS + MSO BASF Corp, Research Triangle Park, NC 27709

Carfentrazone Aim® EC 35 AMS + MSO EMC Corp,, 2929 Walnut Street Philadelphia, PA 19104

Short-term hazelnut sucker control

Tiafenacil Gamma™ 12.5, 25, and 50 AMS + MSO ISK® Biosciences
24-D Saber® 1,060 AMS + NIS Loveland Products
Glufosinate Rely 280% 1,150 AMS + MSO BASF Corp.
Carfentrazone Aim® EC 35 AMS + MSO FMC Corp.

Hazelnut tolerance and long-term hazelnut sucker control

Tiafenacil Gamma™ 50, 100, and 200 AMS + MSO 1SK® Biosciences

Glufosinate Rely 280% 1,150 AMS + MSO BASF Corp.

! Ammonium sulfate (AMS) [Amsol™; WinField® United, Arden Hills, MN, United States] was included at 10 g L"'; methylated seed oil (MSO) [HASTEN-EA®; Wilbur-Ellis®, Aurora, CO,
United States] was included at 8.9 g L.
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!Means sharing the same letter within columns are not statistically different at a significance level of P=0.05, as determined by Tukey's HSD test.

?Data for the nontreated control were not included in the analysis, given that values were zeros and did not have variance.

*Treat, treatment; Gluf, glufosinate; Tia, tiafenacil.

“All treatments included ammonium sulfate at 10 g L' and methylated seed oil at 8.9 g L™, except for glufosinate alone.

®Reduction in hazelnut sucker length and fresh biomass was assessed relative to the nontreated control.

SAverage sucker length in the nontreated control was 81 cm and 44 cm in 2022 and 2023 in Amity, whereas in Hubbard, 46 cm in 2022 and 40 cm in 2023.
7 Average fresh biomass per sucker in the nontreated control was 22 g and 42 g in 2022 and 2023, whereas in Hubbard, 10 g in 2022 and 52 g in 2023.





