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Abstract

:

Camelina [(Camelina sativa (L.) Crantz], an oilseed species of Brassicaceae, does not have approved herbicides for weed control, which limits its expansion as a commercial crop. To evaluate agronomic traits and ecosystem services of non-transgenic cultivars of sulfonylurea-resistant camelina and canola (Brassica napus L.), a field study was conducted near Fargo, North Dakota. Two replicated locations (NDSU and NW22) were set up in a randomized complete block design including four blocks of camelina, canola, and fallow per location. Camelina and canola were seeded (18 May) at 4.9 and 2.9 kg ha−1, respectively, using 19-cm row spacing. Data was collected mid- and late-season (29 June and 22 July 2020 respectively) for crop and weed stem count (no. m−2), biomass dry matter (kg m−2), and nutrient (N, P, K, S) content (kg ha−1), as-well-as final season (7 August) seed yield (kg ha−1) for camelina and canola treated with and without sulfonylurea. Using Prefer 90 (NIS) at 0.25% v/v, camelina was treated with thifensulfuron at 6.3 g a.i. ha−1, and canola was treated with thifensulfuron at 10.5 g a.i. ha−1 and tribenuron at 5.3 g a.i. ha−1. Sulfonylurea-resistant camelina and canola reduced late-season dry weight biomass of weeds by >75% and ≥60%, respectively, compared with fallow plots. Application of sulfonylurea herbicides to camelina or canola prior to mid-season analyses was not a significant factor (p ≤ 0.05) for reducing weed pressure and generally had little impact on altering crop biomass, seed yield, and nutrient retention. However, in some cases, herbicide treatment had an additive effect of reducing weed pressure over that of camelina or canola alone. Depending on the rotational cropping system, sulfonylurea-resistant camelina and canola should provide additional options for integrated weed management approaches and reducing nutrient leaching in the upper Midwest and northern Great Plains of the USA.
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1. Introduction


Meeting the global demand for food, feed, fiber, and energy resources by an increasing population continues to drive agricultural intensification efforts [1,2]. However, efforts to increase U.S. agricultural production by 40% while cutting the environmental footprint in half by 2050 [3] or attaining a 50% reduction in herbicide use by 2030 as part of the European Union’s Green Deal [4], presents challenges to future agricultural intensification approaches. Although past agricultural intensification practices have helped to meet the increasing demand for agricultural resources and products, some have also negatively impacted soil quality. For example, in the Midwest Corn Belt ~35% of cultivated areas have lost topsoil, resulting in crop yield losses up to 6% and $2.8 billion annually [5]. To meet government directives aimed at reducing our impact on agroecosystems, innovative and sustainable approaches to agricultural intensification are needed that focus on increasing both yield and beneficial ecosystem services. These targeted ecosystem services should include reducing weed pressure and soil nutrient losses, while increasing carbon sequestration and habitat and nutrient sources for pollinators [2,6].



One practice gaining popularity for enhancing sustainable agricultural intensification without increasing our agricultural footprint is multi-cropping [7]. Multi-cropping (double- and relay-cropping, or inter-seeding) practices allow opportunities for incorporation of cover crops that provide beneficial ecosystem services and/or the potential to harvest two cash crops in a single growing season [8]. Several oilseed species of the Brassicaceae family such as camelina and canola are being evaluated for developing multi-cropping systems [9,10,11]. Camelina and canola include both spring- and winter-biotypes [12,13,14] and this diversity in growth habits provides excellent options for maintaining landscape cover across temperature gradients. It also provides potential economic incentives when incorporated into multi-cropping systems for harvest as cash crops [15].



In the upper Midwest and northern Great Plains, oilseed cover/cash crops in the Brassicaceae family not only provide opportunities for increased biomass production, but also provide beneficial ecosystem services including reduced agricultural runoff and weed pressure, and increased nutrient retention, carbon sequestration, and pollinator habitat [16,17,18,19,20,21,22,23,24,25,26]. The ability of these cover/cash crops to scavenge soil nutrients also helps to reduce nutrient leaching into aquatic ecosystems and the associated environmental consequences [25,26]. In a study conducted in North Dakota, the canopy cover and biomass of field pennycress (Thlaspi arvense L.), another oilseed species of Brassicaceae, was tightly correlated with suppression of weeds and retained significant levels of nutrients (N, P, K, S)—similar to that retained by alfalfa [19]. Indeed, the recent domestication and commercialization of field pennycress for multi-cropping in corn (Zea mays L.) and soybean (Glycine max (L.) Merr.) rotations (CoverCress Inc., St. Louis, MO, USA) provides economic incentives for incorporating this cash cover crop into cropping systems of the upper Midwestern USA. Thus, it should not be surprising that there is an increased trend in cover crop adoption on harvested acres, with decreased United States Department of Agriculture (USDA) funding requested for conservation tillage programs and a shift to increased funding of cover crop programs [27].



Regardless of the increased trend in adoption of and government funding for cover crops, there is still room for improvement, particularly in the central and western USA [28]. For instance, land managers and taxpayers expend hundreds of millions of dollars annually on chemical, mechanical, and cultural measures to control weeds [29,30,31]. Incorporation of cover crops into integrated weed management programs helps to reduce the spread of weeds, evolution of herbicide resistance, and the negative impacts of herbicides on agro-ecosystems, while meeting the goal of reducing herbicide applications. The value-added ecosystem benefits associated with incorporation into rotational cropping systems [32,33,34] resulted in U.S. cover crop acreage increasing by an average of 50% between 2012–2017, representing 6.23 million ha in 2017 [15]. In North Dakota alone, cover crop acreage increased by 89% (from 86,526 to 163,601 ha) during this same 5-year period. However, current integrated weed management approaches still recognize the benefits of incorporating herbicide resistant crops and chemical control measures into rotational cropping systems [35]. Thus, naturally occurring, and non-genetically modified organism (GMO) resistance of cover crops to herbicides could be beneficial.



In this study, spring-biotypes of sulfonylurea-resistant camelina and canola were used to evaluate their agronomic traits and weed suppressing activity under field conditions. Sulfonylurea herbicides inhibit acetolactate synthase (ALS), which is a plastid-localized enzyme required for the synthesis of branched-chain amino acids such as valine, leucine, and isoleucine [36,37]. This class of herbicide works on a broad range of grasses and broadleaf weeds by impeding production of proteins needing these branched-chain amino acids, which effectively inhibits cell division and new plant growth. Plant resistance to this class of herbicide generally occurs through an alteration at the herbicide binding site of ALS or by metabolic conversion to a non-phytotoxic form [38]. Additionally, because the activities of sulfonylurea herbicides are effective at exceptionally low application rates and some are known to have relatively short post-application half-lives relative to other classes of herbicides [38], their environmental impact is also reduced [39]. Outcomes from this study may support the use of sulfonylurea-resistant crops for increasing diversity and agroecosystem benefits among rotational cropping systems of the upper Midwest and northern Great Plains.




2. Materials and Methods


2.1. Plant Material, Field Plots, and Harvest


A non-transgenic cultivar of sulfonylurea-resistant camelina (experimental breeding line 17CS1115, Smart Earth Seeds Inc., Vancouver, BC, Canada) and a non-transgenic cultivar of sulfonylurea-resistant canola (68K, Falco Seed, Winnipeg, MB, Canada) were planted at the North Dakota State University (NDSU) campus experiment station (longitude −96.8139260130, latitude 46.9046113940) and at the NW22 field site (longitude −96.8603538380, latitude 46.9306082370). Field plots were set up in a randomized complete block design including four blocks of camelina, canola, and fallow per location. Seeding of camelina and canola occurred 18 May 2020 using a Great Plains 3P600 drill (Great Plains Ag, Salina, KS, USA) with 19-cm row spacing. For camelina, seeding rate was 4.92 kg ha−1 of pure live seed (PLS). For canola, the seeding rate was 2.91 kg ha−1 of PLS.



All plots were treated with a pre-planted incorporated herbicide and half of all camelina, and canola plots were treated with post-emergence herbicide. The herbicide trifluralin (2,6-dinitro-N,N-dipropyl-4-(trifluoromethyl)aniline) Treflan® HFP (Gowan Company, Yuma, AR, USA) was applied at 383.3 mL ha−1 on 15 May 2020 and incorporated the same day. Post-emergence herbicide application occurred 12 June 2020. Using a non-ionic surfactant at 0.25% v/v (Prefer 90), camelina was treated (prior to bolting) with or without thifensulfuron (N-((4-methoxy-6-methyl-1,3,5-triazin-2-yl)carbamoyl)sulfamoyl)thiophene-2-carboxylic acid) at 6.3 g a.i. ha−1, and canola (3-4 leaf stage) was treated with or without thifensulfuron at 10.5 g a.i. ha−1 and tribenuron (2-[[(4-methoxy-6-methyl-1,3,5-triazin-2-yl)-methylcarbamoyl] sulfamoyl] benzoic acid) at 5.3 g a.i. ha−1. Canola planted at both locations was also treated with the insecticide lambda-cyhalothrin (Warrior II) at 0.14 L ha−1 (34.9 g a.i. ha−1) with 0.25% v/v Prefer 90 on 29 May 2020.



Data collection for crop and weed stem count (no. m−2), biomass dry weight (kg m−2), and nutrient concentration [nitrogen (N), phosphorus (P), potassium (K), sulfur (S) kg ha−1] occurred mid-season (29 and 30 June 2020) at NW22 and NDSU, respectively, and at both locations late-season data collection occurred 22 July 2020. At both locations, final seed harvest (kg ha−1) occurred 7 August 2020 from camelina, and 13 August 2020 from canola. Data for daily temperature and precipitation during the 2020 growing season (Figure S1) at both field sites was obtained from North Dakota Agricultural Weather Network station located in Fargo, ND (https://ndawn.ndsu.nodak.edu/station-info.html?station=23, accessed on 18 October 2022). The weather station is located approximately 0.8 km South of the NDSU and 5.2 km South-East of the NW22 study sites.




2.2. Statistical Analysis


The Mixed Procedure of SAS was used to analyze data collected from mid-season (after post-emergence herbicide application) and late-season (at full maturity), which included five treatments (trt), four replicates (rep), two sampling times and two locations. Data collected for evaluation included plant stem counts (crop and weeds), dry weight biomass (crop and weeds), nutrient analysis of crop (N, P, K, S), and seed yield of crop. For the ANOVA, location, crop, time, and herbicide were fixed and independent variables and stem count, biomass, nutrient content, and seed yield were dependent variables (Table 1). When ANOVA showed significant differences (p ≤ 0.05), an F-protected LSD at α = 0.05 was used to differentiate treatment means. Locations were analyzed separately.




2.3. Soil and Nutrient Analysis


Soil samples (0–15 and 15–60 cm) were collected on 1 June 2020 (early season; Table 2) and 27 July 2020 (late season; Table 3) and analyzed for soil nutrient content by the NDSU soil testing lab. Tissue samples collected from camelina and canola, mid- and late-season, were placed in paper bags and dried at 90 °C for two weeks and then ground to a powder using a Wiley Mill Model 3 equipped with a 2-mm screen. A subsample of the ground tissue samples was analyzed by AGVISE Laboratories (Northwood, ND, USA) for nutrient content.





3. Results and Discussion


3.1. Factors Impacting Weed Pressure


In this study, the variance of weed stem counts and biomass dry weights of fallow (control plots) at each location were not homogenous; thus, locations were analyzed separately (Table 1). The difference in weed species at each location (Table 4) may have been a contributing factor influencing homogeneity. Additionally, because the experimental design did not include herbicide treatment, nutrient retention, and seed yield of fallow, ANOVA was conducted with and without fallow. With fallow included in the analysis, crop was a significant variable for weed and crop stem counts and biomass dry weights at NDSU (p ≤ 0.05), but it was not a significant variable for weed stem counts at NW22 (Table 1). Without fallow included in the analysis, crop was not a significant variable for weed biomass dry weights at either location or for weed stem counts at NW22 (Table 1). Herbicide was not a significant variable for crop or weed stem counts or biomass dry weights at either location with fallow included in the analysis but was significant for weed stem counts (p ≤ 0.05) and biomass dry weights (p ≤ 0.05) at NDSU without fallow included. Time of the evaluation (mid- and late-season) was a significant factor (p ≤ 0.05), as expected, for weed and crop biomass dry weights at both locations with fallow included in the analysis but was not significant for weed biomass dry weights at NW22 without fallow included. Crop by herbicide (C × H) interaction was significant (p ≤ 0.05) for weed stem counts at both locations without fallow, but not with fallow included in the analysis. Crop by time (C × T) interaction was significant (p ≤ 0.05) for both weed and crop stem count and biomass at NDSU but was only significant for crop biomass at NW22 (Table 1; Tables S1 and S2). Herbicide by time (H × T) and crop by herbicide by time (C × H × T) interactions were not significant (p ≤ 0.05) at either location, with or without fallow included (Table 1).




3.2. Stem Count and biomass


3.2.1. Fallow


Mean weed stem counts in fallow plots decreased between mid- and late-season, respectively, at NDSU (177.7 ± 80.4 and 117.7 ± 38.4 no. m−2) and at NW22 (105.5 ± 54.8 and 39.5 ± 8.4 no. m−2) but the decrease was only significant at NW22 (Figure 1A,B). In contrast to the decreased trend in weed stem counts over time, mean weed biomass dry weights increased significantly from mid- to late-season at both NDSU (0.13 ± 0.02 and 0.46 ± 0.13 kg m−2) and NW22 (0.32 ± 0.1 and 0.94 ± 0.35 kg m−2) (Figure 1C,D). Overall, the results indicate that, over time, a similar inverse relationship exists between decreasing weed stem counts and increasing weed biomass in fallow plots at each location. Regardless of this similar trend, the biomass per plant between mid- and late-season at NDSU (0.73 and 3.03 g plant−1, respectively) was less than at NW22 (3.91 and 23.79 g plant−1, respectively). The biomass per plant results observed among fallow plots likely indicates a greater number of smaller weeds at the NDSU location and/or a difference in soil weed seed bank dynamics at each location, as indicated by Table 4.




3.2.2. Crop (Camelina and Canola)


Mean crop stem counts of camelina mid- and late-season (C × T interaction), respectively, at NDSU (215.5 ± 26.8 and 189 ± 15.3) and at NW22 (313.5 ± 24.5 and 301.5 ± 38.3) were not significantly different (Figure 2A,B), with or without herbicide treatment (Table 1 and Table S2). Camelina mean biomass dry weights mid- and late-season, respectively, was 0.22 ± 0.02 and 0.44 ± 0.07 kg m−2 at NDSU, and 0.37 ± 0.03 and 0.75 ± 0.02 kg m−2 at NW22 (Figure 2C,D). Although mid- and late-season mean biomass dry weights of camelina at each location were significantly different (Table S2), herbicide treatment was not a significant factor (Table 1).



Mean stem counts of canola mid- and late-season (C × T), respectively, at NDSU (54.0 ± 5.5 and 44.5 ± 2.8 stems) and at NW22 (62.5 ± 5.8 and 88.5 ± 10.8 stems) were not significantly different (Figure 2A,B), with or without herbicide application (Table 1 and Table S2). Mean canola biomass dry weights were significantly different between mid- and late-season (C × T) at both locations (Table S2); at NDSU it was 0.26 ± 0.08 and 0.73 ± 0.13 kg m−2 and at NW22 was 0.35 ± 0.05 and 1.24 ± 0.07 kg m−2 (Figure 2C,D). Similar to the minimal impact of herbicide treatment on camelina mean biomass dry weights, herbicide treatment was also not a significant factor for canola mean biomass dry weights (Table 1). Although canola stem counts were significantly less compared with camelina stem counts at each location (Figure 2A,B), late-season crop biomass dry weights of canola were significantly greater compared with late-season camelina at each location (Figure 2C,D, Table S2).



The results presented here suggest that herbicide treatment of sulfonylurea-resistant camelina and canola plots several weeks prior to mid-season had little impact on mid- or late-season growth and development of these crops, regardless of location. The difference in stem counts observed for camelina compared with canola (Figure 2A,B) is likely a reflection of the greater seeding rate and planting density for camelina, which follow recommendations of Berti et al. [17]. However, the significantly greater biomass dry weights observed for canola late-season compared with camelina (Table S2) likely reflects the known differences in morphology (biomass plant−1) during growth and development of these two divergent Brassicaceae species. Based on the experimental design used in this study, both cultivars of non-transgenic sulfonylurea-resistant camelina and canola demonstrated good resistance to our applied rates of sulfonylurea herbicide.





3.3. Effect of Sulfonylurea-Resistant Camelina and Canola on Weed Pressure


3.3.1. Camelina


Except for late-season weed stem counts at NW22 (Figure 1B), sulfonylurea-resistant camelina alone (without herbicide treatment) significantly reduced mid- and late-season weed stem counts (Figure 1A) and weed biomass dry weights (Figure 1C,D) at NDSU and NW22 compared with fallow. Based on the mean weed stem counts in sulfonylurea-resistant camelina mid- and late-season, respectively, weed pressure was reduced by 69.2 and 52% at NDSU and 66.4 and 46.2% at NW22 compared with fallow mid- and late-season at each location (Figure 3A). Based on the mean weed biomass dry weights from sulfonylurea-resistant camelina plots mid- and late-season, respectively, weed pressure was reduced by 38.5 and 78.3% at NDSU and 75 and 89.3% at NW22 compared with fallow mid- and late-season at each location (Figure 3C). Herbicide treatment had an additive effect on lowering weed stem counts mid- and late-season in camelina plots at NDSU (Figure 1A and Figure 3A) but did not further reduce weed stem counts at NW22 (Figure 1B and Figure 3A). In fact, mean weed stem counts and weed biomass dry weights mid- and late-season at NW22 appear to have increased weed pressure with herbicide treatment (Figure 1B,D and Figure 3A,C).




3.3.2. Canola


Compared with fallow, sulfonylurea-resistant canola significantly reduced mid- and late-season mean weed stem counts at NDSU (Figure 1A) but not at NW22 (Figure 1B) with or without herbicide treatment. At NDSU, mid- and late-season, respectively, mean weed stems counts were reduced in sulfonylurea-resistant canola by 94.5 and 85% (Figure 3B) compared with fallow mid- and late-season. At NW22, sulfonylurea-resistant canola had little impact on reducing weed stem counts with or without herbicide treatment (Figure 1B and Figure 3B). However, based on the mean weed biomass dry weights in sulfonylurea-resistant canola plots, weed pressure was reduced by 84.8% at NDSU late-season and by 68.8 and 59.6% at NW22 mid- and late-season (Figure 1C,D and Figure 3D) compared with fallow at each location. Herbicide treatment appeared to have an additive effect on lowering mean weed stem counts mid-season in canola plots at NW22 (Figure 1B and Figure 3B), and lowering mid-season weed biomass dry weights at NDSU and late-season weed biomass dry weights at NW22 (Figure 1C and Figure 3D).



Overall, sulfonylurea-resistant camelina and canola were very efficient at reducing weed stem counts (Figure 3A,B), except for canola at NW22 (Figure 3B), and weed biomass dry weights at both locations without herbicide treatment (Figure 3C,D). Herbicide treatment did enhance weed stem reduction in sulfonylurea-resistant camelina at NDSU (Figure 1A and Figure 3A) and weed biomass dry weight reduction in sulfonylurea-resistant canola mid- and late-season, respectively at NDSU and NW22 (Figure 1C,D and Figure 3D). Indeed, without fallow included in the ANOVA, herbicide was a significant factor for mean weed stem counts and biomass dry weights at NDSU, and for C × H interaction at both locations (Table 1). However, the effect of herbicide treatment on weed stem counts and biomass dry weight, particularly in camelina, at each location (Figure 1A,B) were not consistent. Whereas herbicide treatment reduced mean weed stem counts in camelina at NDSU, herbicide treatment increased mean stem counts in camelina at NW22 both mid- and late-season. Although sulfonylurea-resistant camelina and canola had different effects on weed stem counts at each location (Figure 3A,B), they had a similar trend for reducing weed biomass at each location, except for weed biomass dry weights mid-season in canola plots at NDSU, with or without herbicide treatment (Figure 1C,D and Figure 3C,D).



Environment and soil properties, such as pH, electrical conductivity (EC), and soil microbes, have the potential to impact sulfonylurea-herbicides half-life [39,40,41]. Faster degradation generally occurs in acidic soils; however, at NDSU average soil pH early- and late-season, respectively, was 7.3 and 6.8 (Table 2), whereas at NW22 average soil pH was 7.7 and 7.5 (Table 3). Thus, factoring in these relatively neutral soil pH averages does not appear to explain the differences observed for the effect of herbicide treatment on weed stem counts at each location. The reported average field half-life for thifensulfuron is 12 d (less for aerobic vs. longer for non-anerobic conditions), and transformation by soil microbes or non-microbial hydrolysis can reduce half-life to less than one week [38]. The study by Zhao et al. [40] demonstrated that Ochrobactrum sp. accelerated the degradation of thifensulfuron-methyl and tribenuron-methyl; for example, strain ZWS16 reduced 99.5% of thifensulfuron-methyl (50 mg) over 10 days in liquid medium and removed 58% of the herbicide from sterilized soil over 35 days. However, because we did not access the level of microbial activity or the half-life of herbicide at each field site, it would not be appropriate to speculate further. Finally, soil EC values ranging from 0.43 to 0.91 early-season (Table 2) and 0.53 ± 0.03 to 0.65 ± 0.06 late-season at NDSU and NW22, respectively, likely had little impact on herbicide efficacy or agronomic traits across locations. In this study, both sulfonylurea-resistant crops appeared to be good options for reducing weed biomass and, in some cases, the low application rate of sulfonylurea herbicide several weeks prior to mid-season data collection tended to produce an additive effect of reducing weed pressure.



Hybrid and open-pollinated canola have been reported to be effective at reducing late-season weed biomass [17]. However, this same study suggested that canola, early in maturity, is less effective at reducing weed density. In our study, sulfonylurea-resistant camelina was more effective at reducing mid- and late-season weed density, with and without herbicide treatment, compared with sulfonylurea-resistant canola. However, both sulfonylurea-resistant camelina and canola were effective at reducing mid- and late-season weed biomass dry weight, which is consistent with results reported by Beckie et al. [17]. The weed suppressing trait for sulfonylurea-resistant camelina observed in this study is also consistent with that previously reported by Saucke and Ackermann [23], where camelina suppressed weed coverage in a camelina-pea (Pisum sativum L.) mixed crop by 52–63% compared with mono-cropped pea alone.



Although sulfonylurea-resistant camelina appears to be an effective option for reducing weed pressure, weed control in camelina production can be a challenge [18,42]. Thus, best management practices for improving camelina’s competition with weeds includes early planting and good stand establishments. A major factor that makes weed control challenging is the limited number of effective grass and broadleaf herbicides for controlling weeds in camelina production [43]. In the USA and Canada, respectively, sethoxydim and quizalofop are grass herbicides registered for camelina production [18,44]. The broadleaf and small grass seedling herbicide trifluralin has also been used to control early-season weed pressure in camelina [43,45], and recently, camelina mutants resistant to acetolactate synthase inhibitor herbicides have also been developed [46,47,48]. Thus, the identification and development of new cultivars of camelina with natural resistance to sulfonylureas herbicides, which are effective a low application rates, should enhance management of weeds in camelina production. Furthermore, using sulfonylurea herbicides with a shorter half-life, such as thifensulfuron and tribenuron, should help to reduce environmental impacts associated with agricultural intensification practices.





3.4. Seed Yield


Crop was not a significant variable for end of season mean seed yield between sulfonylurea-resistant camelina and canola at NDSU, but crop was a significant variable for seed yield at NW22 (Table 1). At NDSU, crop seed yield of both sulfonylurea-resistant camelina and canola was noticeably less than observed at NW22 (Figure 4A) and herbicide and C × H were not significant variables for seed yield at either location (Table 1 and Table S3). Overall, final mean seed yield for camelina with or without herbicide treatment, respectively, at NDSU was 1246 and 1172 kg ha−1 and at NW22 was 2214 and 2414 kg ha−1, whereas final seed yield for canola at NDSU was 1299 and 1011 kg ha−1 and at NW22 was 1814 and 1891 kg ha−1. The reason for the overall increased seed yield at NW22 for both sulfonylurea-resistant camelina and canola is not known; however, we speculate that the significant increase in late-season mean stem counts and biomass of camelina and canola observed at NW22 (Figure 2) likely contributed to the greater seed yield.



A study conducted by Gesch et al. [49] reported seed yield averaged across three growing seasons of 1101 and 1686 kg ha−1, respectively, for a spring biotype of camelina (CO46) in Minnesota and North Dakota. In the same study, seed yields for four varieties of spring canola (Invigor L130, DK3042RR, Empire, and Gem) ranged from 1417–2395 kg ha−1 in Minnesota and 781–1750 kg ha−1 in North Dakota. Overall, canola yield in the U.S. was reported to average 2086 and 1996 kg ha−1, respectively, in 2018 and 2019 [50]. A review by Berti et al. [18] indicated that seed yield of camelina varies by cultivar, environment, and soil type with the greatest seed yield generally observed in Mediterranean climates. Globally, depending on genotype and environment, spring camelina seed yield has been reported to range from 400–3300 kg ha−1 [18,51]. Thus, in this study, seed yield from sulfonylurea-resistant camelina and canola harvested at NDSU and NW22 is well within the ranges previously reported for camelina and canola, with or without herbicide treatment.



The increased mean seed yield observed for both sulfonylurea-resistant camelina and canola at NW22 (Figure 4A) may also be attributed to available soil nitrogen at each location. Jankowski et al. [51] concluded that nitrogen rates up to 120 kg ha−1 increased seed yield of spring camelina by ~61% in Poland. Many other studies have also reported a strong response to nitrogen (up to 185 kg ha−1) by camelina [52,53,54,55]. The increased soil NO3-N at NW22 (Table 2) could also be a likely explanation for the increased canola seed yield at NW22. A report by Karamonas et al. [56] indicated that nitrogen application (side-banded urea) rates of 120–180 kg N ha−1 resulted in maximum canola seed yield at various locations in Canada where soil NO3-N only ranged from 6–34 kg ha−1 between 0–30-cm depth. Thus, the significant difference observed between average soil nitrogen (NO3-N) content, particularly early-season (Table 2) at NDSU (16–26 kg ha−1) and NW22 (148–193 kg ha−1) likely was a contributing factor to the greater seed yield observed for both sulfonylurea-resistant camelina and canola at NW22. However, because mean seed yield per plant at each location was similar for both sulfonylurea-resistant camelina and canola (Figure 4B), the increased seed yield at NW22 is more likely associated with the impact of soil nitrogen on increasing crop stem counts and biomass at NW22 (Figure 2).




3.5. Nutrient Retention


Both sulfonylurea-resistant camelina and canola retained significant levels of nutrient (N, P, K, and S) with or without herbicide treatment. Except for mean phosphorus content at NW22, mid- and late-season N, P, K, and S content was generally greater for canola compared with camelina at both NDSU and NW22 (Figure 5), which may be associated with the greater late-season biomass observed for canola compared with camelina at both locations (Figure 2C,D).




3.6. Nitrogen-


At NDSU, crop (p ≤ 0.0069), time (p ≤ 0.0012) and C × T (p ≤ 0.038) were significant for N content, but not at NW22 (Table 1 and Table S4). Late-season mean N content in camelina ranged from 69–162 kg ha−1 at NDSU and NW22, respectively, whereas late-season mean N content for canola ranged from 123–228 kg ha−1 at NDSU and NW22, respectively (Figure 5A,B). Mean content of N mid- and late-season, respectively, was generally greater for both camelina and canola at NW22 than at NDSU (Figure 5A,B). At both locations, late-season N content of canola was significantly greater than mid-season N content, except for mid-season N content of canola treated with herbicide at NW22 (Figure 5A,B); however, herbicide was not a significant variable (Table 1).



Camelina is considered a great scavenger of soil NO3-N and provides environmental benefit by reducing potential leaching [25,26,57,58,59]. Likewise, in this study, sulfonylurea-resistant canola was equally effective at scavenging and retaining soil nitrogen (Figure S2). Indeed, plants in the Brassicaceae family have generally been classified as good to very good soil nitrogen scavengers [25,26,60]. Thus, the reduction in soil NO3-N levels observed late-season from camelina and canola field plots (Table 3) compared with early-season soil NO3-N levels (Table 2) could, in part, be attributed to NO3-N uptake by these two sulfonylurea-resistant species. Based on this data, these two non-transgenic species of sulfonylurea-resistant Brassicas could be good options for reducing nitrogen leaching in rotational cropping systems.




3.7. Phosphorus-


Crop (p ≤ 0.0002) was significant for phosphorus at NDSU and time (p ≤ 0.0252 and 0.0189, respectively) was significant for P at both locations (Table 1). Mean content of P in camelina ranged from 8.2–11.9 kg ha−1 at NDSU and 15–19.8 kg ha−1 at NW22, whereas the mean content of P in canola ranged from 13.3–18.7 kg ha−1 at NDSU and 10.4–21.5 kg ha−1 at NW22 (Figure 5B). At NW22, late-season mean P content of camelina, and canola was generally greater than at mid-season without herbicide (Figure 5C,D, Table S4), but herbicide was not a significant variable at either location (Table 1). A comparison of early- and late-season, respectively, soil P content at each location indicates that sulfonylurea-resistant camelina and canola did not appreciably change average soil P levels (Table 2 and Table 3).




3.8. Potassium-


Crop (p ≤ 0.0001), time (p ≤ 0.01) and C × T (p ≤ 0.03) were significant for K content at NDSU and crop (p ≤ 0.0008) was significant for K content at NW22 (Table 1). Content of K was greater for both crops at NW22 than observed at NDSU (Figure 5E,F). The mean content of K for camelina ranged from 46.3–59.7 kg ha−1 at NDSU and 114–140 kg ha−1 at NW22, whereas mean K content of for canola ranged from 84.7–128.6 kg ha−1 at NDSU and 158.9–208.3 kg ha−1 at NW22 (Figure 5E,F). Based on kg ha−1, canola retained significantly more K than camelina at NDSU both mid- and late-season, but the C × T mean was the only significant variable for K content of camelina and canola at NW22 (Table S4). As observed for soil P content early- and late-season, respectively, soil K content was not appreciably changed by sulfonylurea-resistant camelina or canola (Table 2 and Table 3).




3.9. Sulfur-


At both NDSU and NW22, respectively, crop (p ≤ 0.0010 and 0.001), time (p ≤ 0.0004 and 0.0012) and C × T (p ≤ 0.0021 and 0.0001) were significant for S content (Table 1). However, mean S content was greater for both crops at NW22 compared with NDSU (Figure 5G,H). The mean content of S from camelina ranged from 9.6–12.9 kg ha−1 at NDSU and 23.1–26.4 kg ha−1 at NW22, whereas the mean content of S for canola ranged from 20.8–29.1 kg ha−1 at NDSU and 20.9–47.3 kg ha−1 at NW22 (Figure 5G,H). Late-season mean S content and C × T mean S content was also greater in canola at both locations (Table S4). Early-season soil S content at NW22 was generally greater than at NDSU (Table 2). Because N:S ratio has been reported to be an important factor for seed yield in canola [56], the increased levels of both N and S at NW22 could be a factor associated with the greater seed yield at NW22 (Figure 4A). However, the increased levels of average soil S (SO4-S) late-season (Table 3), particularly at NW22 at 15–60 cm depth, compared with early-season (Table 2) at both locations could be due to organic matter mineralization during the season [61]. Additionally, most studies have not shown a seed yield response of camelina to sulfur fertilization [52,53].



Overall, the reason for the observed increase in nutrient content in camelina and canola at NW22 compared with NDSU both mid- and late-season is not clear, but early-season soil nutrient content at NW22, particularly for NO3-N and SO4-S (Table 2), may have been a contributing factor. The greater biomass dry weights observed at NW22 (Figure 2C,D) and the greater biomass plant−1 previously discussed also appear to be a related factor. This hypothesis also fits well with the increased nutrient content observed late-season in canola compared with camelina at both locations. Because crop retention of NO3-N did not differ appreciably between locations on a per plant bases (Figure S2), increased crop nutrient retention appears to be more closely associated with increased soil nutrient levels effecting crop stem counts and/or biomass at NW22. This hypothesis also fits well with the observed increased seed yield at NW22 (Figure 4A), as previously discussed.





4. Conclusions


In this study, sulfonylurea-resistant camelina and canola reduced late-season weed biomass by >75% and ≥60%, respectively, compared with fallow plots. Application of sulfonylurea herbicides to crops was not a significant factor for reducing weed pressure and generally had little impact on altering crop biomass, final seed yield, or nutrient retention. However, in some cases, herbicide treatment had an additive effect of reducing weed pressure over that of sulfonylurea-resistant camelina or canola alone. Thus, depending on the rotational cropping system and weed seed bank dynamics, sulfonylurea-resistant camelina and canola should provide additional options for integrated weed management approaches in the upper Midwest and northern Great Plains of the USA. Further research on the frequency and rate of sulfonylurea application could help to optimize best management practices for using these herbicide-resistant oilseed species in cropping systems.



Both sulfonylurea-resistant camelina and canola provided good soil nitrogen scavenging and could have great potential for reducing nutrient leaching in rotational cropping systems. The greater seed yield and nutrient retention observed for both species grown at NW22 appeared to be linked to greater early-season soil nutrient content impacting crop stem counts and biomass. Based on the ecosystem benefits observed in this study and the minimal impact of sulfonylurea herbicides on final season seed yield, these non-transgenic Brassica species appear to be excellent options for incorporating into rotational cropping systems. Additionally, the development of herbicide-resistant winter biotypes of camelina and canola might also be a benefit to rotational multi-cropping systems and provide superior ecosystem services and grain yields generally associated with winter cover/cash crops. In summary, these sulfonylurea-resistant varieties of camelina and canola should provide good non-GMO options for enhancing agricultural intensification practices in the Midwest and northern Great Plains of the U.S.A, while also meeting government mandates to reduce our environmental footprint.
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Figure 1. Mean weed stem counts (A,B) and biomass dry weights (C,D) mid- and late-season from field plots of fallow and sulfonylurea-resistant camelina and canola at NDSU (A,C) and NW22 (B,D) treated with (yes) or without (no) sulfonylurea. Fallow plots were not treated with sulfonylurea herbicide. Error bars represent the standard error of the mean. 
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Figure 2. Mean crop stem counts (A,B) and biomass dry weights (C,D) mid- and late-season from field plot of sulfonylurea-resistant camelina and canola at NDSU (A,C) and NW22 (B,D) treated with (yes) or without (no) sulfonylurea. Error bars represent the standard error of the mean. 
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Figure 3. Summary comparison of mid- and late-season reduction (%) based on mean weed stem counts (A,B) and biomass dry weights (C,D) in field plots of sulfonylurea-resistant camelina (A,C) and canola (B,D) treated without (no) or with (yes) herbicide with that of mid- and late-season mean weed stem counts and biomass dry weights of fallow plots at NDSU and NW22. Fallow plots were not treated with herbicide. 
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Figure 4. Mean seed yield kg ha−1 (A) and grams/plant (B) collected from sulfonylurea-resistant camelina and canola at NDSU and NW22 field plots treated with (yes) or without (no) sulfonylurea herbicide. Seed was collected at final-season crop maturity. Error bars represent the standard error of the mean. 
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Figure 5. Mean nutrient content of sulfonylurea-resistant camelina and canola mid- and late-season at NDSU and NW22 treated with (yes) or without (no) sulfonylurea; nitrogen (A,B), phosphorus (C,D), potassium (E,F), sulfur (G,H). Error bars represent the standard error of the mean. 
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Table 1. ANOVA table showing level of significance (p-values) on stem counts, dry weights (DW), nutrient content (N, P, K, S) and final season crop seed yield (yield) at NDSU and NW22. Stem count and DW were analyzed with and without fallow included.
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Location

	

	
With Fallow

	
Without Fallow




	
Stem Count

no. m−2

	
Biomass DW kg m−2

	
Stem Count

no. m−2

	
Biomass DW kg m−2

	
kg ha−1




	
Weed

	
Crop

	
Weed

	
Crop

	
Weed

	
Crop

	
Weed

	
Crop

	
N

	
P

	
K

	
S

	
Yield






	
NDSU

	
Rep

	
0.01

	
NS

	
0.0004

	
<0.0001

	
0.012

	
NS

	
NS

	
<0.0 001

	
0.0003

	
<0. 0001

	
<0. 0001

	
0.0016

	
NS




	
Crop (C)

	
<0.0001

	
<0.0001

	
<0.0001

	
<0.0001

	
<0.0001

	
<0.0001

	
NS

	
<0.0001

	
0.0069

	
0.0002

	
<0.0001

	
0.001

	
NS




	
Herb (H)

	
NS

	
NS

	
NS

	
NS

	
0.0093

	
NS

	
0.02

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS




	
Time (T)

	
NS

	
NS

	
0.0008

	
<0.0001

	
NS

	
NS

	
0.033

	
<0.0001

	
0.0012

	
0.0252

	
0.01

	
0.0004

	
.




	
CxH

	
NS

	
NS

	
NS

	
NS

	
0.0093

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS




	
CxT

	
NS

	
NS

	
0.02

	
0.0007

	
NS

	
NS

	
0.01

	
0.0007

	
0.038

	
NS

	
0.03

	
0.0021

	
.




	
HxT

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
.




	
CxHxT

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
.




	
NW22

	
Rep

	
0.0096

	
NS

	
NS

	
NS

	
0.0071

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
0.008

	
NS




	
Crop (C)

	
NS

	
<0.0001

	
0.0027

	
0.0002

	
NS

	
<0.0001

	
NS

	
0.0002

	
NS

	
NS

	
0.0008

	
0.001

	
0.03




	
Herb (H)

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS




	
Time (T)

	
NS

	
NS

	
0.017

	
<0.0001

	
NS

	
NS

	
NS

	
<0.0001

	
NS

	
0.0189

	
NS

	
0.0012

	
.




	
CxH

	
NS

	
NS

	
NS

	
NS

	
0.02

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS




	
CxT

	
NS

	
NS

	
NS

	
0.0018

	
NS

	
NS

	
NS

	
0.0018

	
NS

	
NS

	
NS

	
<0.0001

	
.




	
HxT

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
.




	
CxHxT

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
.
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Table 2. Baseline early season (1 June 2020) soil tests at 0–15 cm and 15–60 cm for nitrogen (NO3-N), phosphorus (P), potassium (K), sulfur (SO4-S), pH and electrical conductivity (EC) included six randomly pooled soil samples taken at each location (NDSU and NW22).
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Location

	
Soil Depth (cm)

	
NO3-N

	
P

	
K

	
SO4-S

	
pH

	
EC




	

	

	
kg ha−1

	
mg kg−1

	
kg ha−1

	

	
Ds m−1






	
NDSU

	
0–15

	
16.8

	
36

	
398

	
4.5

	
7.0

	
0.49




	
15–60

	
26.9

	
12

	
215

	
16.8

	
7.6

	
0.59




	
NW22

	
0–15

	
193.9

	
35

	
550

	
11.3

	
7.4

	
0.91




	
15–60

	
148.0

	
8

	
277

	
87.4

	
8.1

	
0.73
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Table 3. Analysis of late season (27 July 2020) soil tests at 0–15 cm and 15–60 cm for nitrogen (NO3-N), phosphorus (P), potassium (K), sulfur (SO4-S), and pH at two locations (NDSU and NW22). Samples were pooled from all four replicates of sulfonylurea-resistant camelina or canola treated with (Yes) or without (No) herbicide (Herb) at each location.
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Soil Depth (cm)




	

	

	
0–15

	
15–60

	
0–15

	
15–60

	
0–15

	
15–60

	
0–15

	
15–60

	
0–15

	
15–60




	
Crop

	
Herb

	
NO3-N

	
P

	
K

	
SO4-S

	
pH






	

	

	
kg ha−1

	
mg kg−1

	
kg ha−1

	

	




	

	

	
NDSU




	
Camelina

	
No

	
15.7

	
13.5

	
32

	
9

	
414

	
267

	
3.8

	
18.8

	
6.2

	
7.3




	
Yes

	
13.5

	
16.8

	
32

	
9

	
462

	
249

	
6.3

	
15.1

	
6.2

	
7.1




	
Canola

	
No

	
14.6

	
16.8

	
27

	
11

	
417

	
201

	
101

	
26.4

	
7.1

	
7.2




	
Yes

	
16.8

	
26.9

	
35

	
12

	
458

	
211

	
26.4

	
15.1

	
6.1

	
7.0




	

	

	
NW22




	
Camelina

	
No

	
20.2

	
13.5

	
20

	
6

	
442

	
320

	
6.3

	
320.4

	
7.5

	
7.8




	
Yes

	
56.0

	
57.3

	
27

	
9

	
429

	
308

	
10.1

	
584

	
7.4

	
7.9




	
Canola

	
No

	
19.1

	
10.1

	
27

	
9

	
680

	
323

	
17.6

	
128.1

	
7.2

	
7.6




	
Yes

	
24.7

	
30.3

	
28

	
11

	
441

	
310

	
18.8

	
229.9

	
7.2

	
7.6
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Table 4. List of weed species that were predominant, moderate, or occasionally observed in fallow plots by location (NDSU and NW22).
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	Weed Species
	NDSU
	NW22





	Barnyardgrass (Echinochloa crus-galli(L.) P. Beauv.)
	-
	occasional



	Common Lambsquarters (Chenopodium album L.)
	-
	predominant



	Common Purslane (Portulaca oleracea)
	occasional
	occasional



	Pennsylvania Smartweed (Persicaria pensylvanicum L.)
	-
	moderate



	Redroot Pigweed (Amaranthus retroflexus L.)
	moderate
	moderate



	Venice Mallow (Hibiscus trionum L.)
	predominant
	moderate



	Waterhemp (Amaranthus tuberculatus (Moq.) Saur)
	occasional
	predominant



	Yellow Foxtail [Setaria pumila (Poir.) Roem. & Schult.]
	occasional
	occasional
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