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Abstract

:

Despite efforts to eliminate weeds, they continue to thrive. Weed persistence is reliant upon the soil seedbank. Knowledge of the soil seedbank is continually expanding, but with the rising threat of herbicide-resistant weeds in agriculture, weed scientists have, in the past, focused their management tactics to more short-term solutions that tackle the aboveground problems, rather than long-term solutions. This article summarized the soil seedbank dynamics of weed seeds and derives management options, from a North American weed scientists’ perspective, that (i) favor the depletion of the seedbank, (ii) favor the germination of the seedbank, and (iii) reduce the possibilities of seed produced by the seedlings that germinated to return the soil. These options can potentially deter herbicide resistance and are successful in the short term for reducing field weed infestations, but are likely to take many years to affect recruitment to the weed seedbank, including recruitment of weed species with a high risk for resistance. The natural longevity of the seedbank suggests that alternative or additional weed management tactics are required to reduce the store of weed seeds in the active seedbank.
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1. Introduction


Despite efforts to eliminate weeds, typically, they continue to thrive and weed persistence is reliant upon the soil seedbank [1]. Soil seedbanks serve as pools of genetic material that enable a range of responses to environmental conditions and buffer populations against temporary adverse environmental conditions [2]. Many weed communities are regulated by the soil seedbank [1]. Therefore, an understanding of soil seedbank dynamics is critical to the development of more efficient weed management systems [1,3]. Forcella et al. [4] postulated that, in order to reduce the chemical herbicide load to the environment, without affecting crop yield, an intimate understanding of weed ecology is necessary, including seedbank density, seed dormancy, seedling emergence, and environmental variables that regulate these factors is necessary.



The literature characterizing the soil seedbank is extensive and is continually expanding. Studies range from the spatial distribution of seeds, through simulated germination, to evolutionary consequences. While studies focus on enhancing the soil seedbank in natural systems, the weed soil seedbank, from an agronomist or weed scientist’s perspective, generally focuses on the reduction of weed seeds from best management practices (BMPs) being implemented on the aboveground population [5].



The response of the weed soil seedbank to BMPs, such as weed free fields at planting, scout fields regularly, use multiple effective modes of action for weed control, use cultural and mechanical management practices when appropriate, manage weed seed at harvest, and prevent a buildup of weeds on field margins. Additionally, the economics associated with weed control is generally poorly understood by growers and academics alike. In spite of the widespread adoption of genetically modified (GM) herbicide resistant crops and the evolution of herbicide resistant (HR) weed biotypes, GM cropping systems have had only minimal effects on weed species communities [6,7,8,9,10]. Even though little is known about how the weed soil seedbank responds to BMPs, only limited shifts in weed composition have been reported [11,12]. There has been a call to action by researchers to evaluate the weed soil seedbank, but current research has indirectly focused on this issue by evaluating seed production via weed seed shatter and retention [13,14,15,16,17,18,19]. Herbicide-resistance simulation models have clearly demonstrated that the risk of resistance is proportional to the size of the soil seedbank [20,21].




2. Herbicide Resistant Weeds


Currently worldwide, there are 499 unique cases of resistance, 164 of which are found in the United States [22]. The rise in HR weeds and transgenic crop use has led to an oversimplification of weed management tactics. Growers can now apply a single active ingredient (ai) at higher rates and at multiple times in a growing season without concern to the crop [23]. Thus, the number of effective herbicide site of actions (SOAs) has declined, therefore the ecological implications, such as population shifts and the continuing evolution of HR weeds, has increased.



Even with the evolution of herbicide resistance, herbicides will continue to play an important role in weed management tactics in agriculture. Generally, weed management has not changed in more than a century [5,24,25]. However, the intensity of herbicide use has increased over the past 25 years, with a greater rate in non-genetically modified crops than in genetically modified (GM) crops; although the toxicity of herbicides used has not increased [26]. The use rate of herbicides is projected to increase further with new GM crops, along with the selection pressure for new cases of HR weeds [27,28]. For example, the introduction of new (GM) crop technologies (plant growth regulator (PGR) and HPPD-inhibitor tolerance would increase selection pressures of weed resistance to HPPD-inhibiting and PGR-inhibiting herbicides, which has been linked to metabolic resistance [29,30,31]. This type of resistance can potentially confer cross-resistance to other SOA groups. Recent work on metabolic resistance may change the field of crop protection, since herbicide SOA tank mixes and rotations, the foundational practices for diversifying weed management tactics, are much less effective in cases of metabolic resistance [32]. Thus, theoretically, alternation between HPPD-inhibiting and PGR-inhibiting herbicides may be selecting for the same detoxifying cytochrome p450 monooxygenase in weed populations; therefore, Integrated Weed Management (IWM) has become more important than ever [33].




3. Seedbank Dynamics


There are two general types of a seedbank: Transient and persistent [34]. A transient seedbank is defined as one in which seeds do not live until the second germination season following maturation, whereas seeds in a persistent seedbank live until the second or subsequent germination season [35]. Weed scientists, as a whole, are more interested in the persistent than transient seedbank. Weed species that form persistent seedbanks are a concern for future weed management. The persistence of viable seeds in the soil seedbank depends on a wide range of interacting factors, such as production practices and environmental conditions [21,36]. Factors include germination cues, seed dormancy, seed size, physiological age, predation, microbial decay, environmental conditions, burial depth, burial duration, and tillage [37,38,39,40,41,42]. Reducing the number of germinable seeds will decrease the number of individuals that will be subjected to weed management operations, which would influence HR development, and the number of escapes that could replenish the soil seedbank [42].



Longevity of seeds in the soil is the most determinant factor for the success of future generations. The persistence and viability of some weed species after long burial periods is well documented [43,44]. For example, morninngglories (Ipomoea spp.), can persist in the soil seedbank for at least 39 years [45]. In the absence of seed return, some weed species like common cocklebur (Xanthium strumarium L.), Sisybrium orientale L., prickly sida (Sida spinosa L.), spurges (Euphorbia spp.), waterhemp (Amaranthus tuberculatus), and redroot pigweed (Amaranthus retroflexus L.) will approach exhaustion by 3 to 4 years [46,47,48]. However, the majority of weed species lose seed viability after relatively short periods of burial. This is true particularly for small-sized seeds such as Palmer amaranth (Amaranthus palmeri) or waterhemp [43,49,50,51,52]. The literature, however, seems to vary considerably on this, ranging from 1 to 40 years [36,45,51,53,54,55,56,57]. Studies have indicated that the seedbank can be reduced by at least 90% within four years if little to no seed is returned to the soil [58,59]. Furthermore, Burnside et al. [60], reported that when weed seed return was prevented, soil weed seedbank declined by 95% over a 5-year study period (20 seed to 1 seed 454 g−1 soil). However, one year without weed control following 5 years without any weed seeds returning to the soil seedbank was sufficient to replenish the weed seedbank population at two of five locations. This illustrates that, in order to maintain low soil seedbank levels, an effective weed management program must be utilized. In order to accomplish this level of decline appropriate weed management tactics must be employed for the target weed species that minimize seed return.



Consequently, weed seedbanks can replenish quickly. Furthermore, Williams and Harvey [61] conducted a field experiment with wild-proso millet (Panicum miliaceum L.) between 1988 and 1993 to determine the seed number that could be returned to the soil without further increasing the seedbank population. Simulated seed rain treatments included 0, 3, 6, 12, 24, and 48% of the initial seedbank (15,300 seed m−2) returned each fall. By 1993 >90% of the original wild-proso millet seedbank population had been depleted for all treatments. It was estimated that 68% of the seedbank and 77% of the seed rain was lost each year. These studies and others indicate the same outcome of increased seedbanks when weed populations are not controlled. While growers already use some level of BMPs, minimizing weed escapes from setting seed should be a priority.




4. Management Implications


For a weed management program to be successful, a weed species biology and ecology must be understood [4,62]. Ideally, weed management decisions should focus on managing weed populations over time instead of minimizing the yield effect of weeds in a single growing season [63]. The seedbank can be managed by (1) increasing seed mortality, (2) manipulating seed germination or emergence, (3) removing aboveground weeds, or (4) reducing seed production. Objectives for long-term seedbank management include maintaining the seedbank at some level that requires similar annual weed management inputs or initiating practices that promote a decline in soil seedbank density [64]. A decline in soil seedbank density would require a weed seed production below the seedbank replacement value. Additional research in this area would be valuable for sustainable weed management practices and could help save producers money as well as reduce the pesticide load in the environment. Herbicide resistant weeds, however, hinder this process because allowing any seed return could lead to control failures and increased selection pressure on effective postemergence herbicides. Managing weed populations by focusing on reducing the soil seedbank number will likely add additional input costs for producers. Future research must show that the investment of managing the soil seedbank will eventually provide an economic return, such as a reduction in future weed control costs, due to a reduced soil seedbank, or crop yield increases. Jones and Medd [63] compared a population management strategy to a static economic threshold management strategy using a model with a 20-year time horizon. They reported that the economic benefits from a population management strategy was greater and the final seedbank numbers lower than that of the economic threshold strategy. Weed management strategies incorporating BMPs to reduce the risk of herbicide-resistant weeds should be multifaceted and include cultural, mechanical, and chemical control options that will prevent an influx of seeds into the soil seedbank.



4.1. Mechanical Weed Management


Soil cultivation alters the soil physical properties, often exposing seeds to conditions favorable for germination and therefore seedbank reduction, as long as the weeds are controlled [65,66]. Tillage system and type of tillage can influence the specific composition and/or density of the soil seedbank [65,67,68,69,70,71,72]. Species diversity is also greater for no-till, minimum till, low input, and organic production systems compared to conventional tillage [72,73]. Many studies report, higher seedbank/weed populations associated with no-till and generally decline as tillage intensity increases [67,68,72,73]. However, other studies report that weed seedbank densities in no-till systems are significantly less compared to conventional till [66,70]. Similarly, Popay et al. [74] reported that, over a seven-year period, 24,000 fewer weeds emerged in no-till plots compared to deep cultivated plots.



The largest quantities of seed are typically found in the top 10 cm of the soil profile [67,69,70]. Typically, the extent and depth of seed distribution in the soil profile is directly related to the amount of soil disturbance [71], which can be influenced by the type of cultivation implement and tillage system [67,69,70,71]. However, this is not always the case [75]. Furthermore, small seeds are more likely to become buried than large weed seeds. Whether buried seeds contribute to soil seedbank persistence and weed population regeneration depends on the depth from which the seeds can germinate [42]. The importance of soil tillage has been mentioned as a primary tool for the depletion of seedbank persistence. Various studies [71,73] reported that conservation or no-till systems, where seed density is the greatest in the top 5 cm of soil, resulted in reductions of weed populations and seedbank depletion. However, accumulation of seeds on soil surface in reduced-tillage cropping systems could increase seed mortality due to increased seed predation [76]. Intensive soil cultivation, such as moldboard plowing, that turns the soil up to 20 cm, has a more uniform distribution of seed in the soil profile. Lack of soil disturbance via tillage could also encourage higher predator populations, as it enhances the number, diversity, and/or activity of seed-consumption [77,78].



An alternative mechanical weed management tactic that influences the soil seedbank is harvest weed seed control (HWSC) that targets escaped weed seeds at grain harvest. There are six main types of HWSC: 1. Chaff carts, 2. Bale-direct systems, 3. Mill systems (e.x. Integrated Harrington Seed Destructor (iHSD)), 4. Narrow windrow burning, 5. Chaff lining, and 6. Chaff tramlining [14]. The efficacy of HWSC on dominant weed species has been tested in some form across the US, Europe, and Australia with success. In the US, the potential for processing soybean (Glycine max Merr.) chaff sufficiently with the iHSD to target the seeds of the major weed species of soybean production systems has been established. This testing examined 12 weed species, broadleaves and grasses with seed sizes ranging from 0.5 to 7.6 mm [79]. The impact mill demonstrated high weed seed destruction efficacy (>99%) for 11 of the 12 weed species. Furthermore, a 3-year large scale field trial examined the impact of combinations of herbicide programs and HWSC tactics on Palmer amaranth density in soybean. Overall, an effective herbicide program coupled with HWSC reduced the number of Palmer amaranth plants over time. Narrow-windrow burning appears to be more effective than the chaff cart treatment and similar to standard tillage practices [80]. These studies demonstrated that the most effective way to control dominant weed species is through the use of multiple, effective management practices, which include a robust herbicide program with multiple sites of action and non-herbicidal management practices. The limitation with the current methods of HSWC is that they are used only in grain crops. This limitation can be partly overcome by crop rotations where non-grain crops are in production. This illustrates further that integrated weed control methods must be employed for successful long-term weed management.




4.2. Cultural Weed Management


An ecologically based weed management program promotes cultural practices that enhance the natural loss of weed seeds in the soil, decreases weed establishment, and reduces seed production by individual plants. Categories of cultural practices include crop rotation design, crop sequencing, no-till, crop residue management, and competitive crop canopies [81].



4.2.1. Crop Rotation.


Crop rotation has long been recognized as one of the most fundament and effective weed management tools [82,83,84]. Crop rotations of winter and summer annual crops can benefit weed management [85]. Planting and harvest date differences among crops in a rotation provide opportunities to prevent weed establishment or seed production. Growing crops with different life cycles in a rotation favors the natural loss of weed seeds across time by preventing seed return [81]. In addition, growing crops with diverse characteristics disrupts weed life cycles and prevents any single weed from becoming adapted to a cropping system. Simple rotations of crops with different characteristics, however, may not be sufficient to provide weed control benefits [83]. For instance, weed density has been shown to increase in rotations consisting of one cool-season crop followed by one warm-season crop [83,86]. In addition, the sequence of a given set of crops in rotation can play an important role in managing weed populations [87].



Strategic crop rotations can be a cultural weed management tactic that reduces the requirement for direct control methods such as cultivation and herbicides [82]. Anderson [85] showed that rotations can be designed to balance the frequency of seed production with seedbank decline of annual weeds. Crop rotation designs that included a two-year interval, where seed production of the target weed is prevented, greatly reduced weed populations. The most beneficial rotation sequences for weed management included four different crops in sequences of two cool-season crops followed by two warm season crops [86]. Therefore, eliminating seed production of cool-season weeds during the two-year warm-season crop cycle, populations of the cool-season weed will be reduced significantly by year three when a cool-season crop is grown [81]. The basis for this rotation sequence to work is related to the rapid loss of viable seed in the seedbank during the first two years after seed rain [82,85]. If the same crop was grown in consecutive years, however, the benefit of the rotation design on weed density was reduced considerably. Anderson [85] concluded that crop rotation designs that utilize balanced life-cycle intervals reduce weed density, allows producers to use alternative weed management strategies, improve herbicide efficacy, and minimize herbicide resistance. Within a life-cycle category, such as warm-season crops, diversifying crops with different planting dates (e.x. corn (Zea mays L.) to sunflower (Helianthus annus L.)) enhances the benefit of rotations comprised of two-year intervals of cool- and warm-season crops [81,83]. Diverse three to four-year crop rotations where reduced inputs were applied have been shown to provide similar weed suppression compared to conventionally managed two-year rotations because of increased stress and mortality factors [88,89]. There is evidence in the literature to support the benefit of having cereal crops in a rotation plan [81,90,91,92]. Doucet et al. [90] reported that within herbicide treated plots weed densities were higher following corn and lower when a cereal crop was included in the rotation. Likewise, Schreiber [92] showed that in non-treated areas in no-till plots a soybean to wheat (Triticum aestivum L.) to corn rotation was able to eliminate giant foxtail (Seteria faberi Herrm.) from the area. Crop stacking is another rotation approach that can reduce weed seedbank densities [82]. Their study showed that crop stacking in rotations was able to reduce the total number of weed seeds. They concluded that stacked rotations result in stronger weed competition because each switch to a different crop type can change which weed performs better. Higher stacking numbers allow the effects of a certain crop to have time to accumulate and keep overall weed populations lower.



While cultivation and crop rotation have an impact on the species composition and density of the seedbank, it is difficult to generalize how species will respond because most studies have many factors (tillage, level of herbicide use, crop rotation, location, etc.) that are interacting to influence seedbank dynamics. For instance, Légère and Samson [93] reported that species dominance in various cropping systems was mostly explained by interactions among weed management intensity, tillage, and crop rotation. Some studies suggest that crop rotation may be more important than tillage in determining seedbank density and/or composition [65,67,94,95]. Still yet, Derksen et al. [95] concluded that location and year were more important than tillage in determining weed community shifts.




4.2.2. Crop Sequences.


Crop sequences determine the time and type of tillage operations and herbicide use [65]. Crop management systems (rotation and tillage) have been shown to be the most important variable influencing weed density [96,97]. Several studies indicate that weed seed survival across time is reduced by no-till systems and rotations that include cool-season crops [98,99]. Herbicides used in a cropping sequence can shift the weed seedbank in favor of species less susceptible to the applied herbicides [67]. These factors contribute to how a crop rotation sequence will influence species composition and seedbank dynamics. The complexity of the interaction between location, crop rotation, herbicide use patterns and selection, tillage methods, weather patterns, and weed species dynamics, indicates crop management practices need to be developed for major weed species in a given geographic area. Review of the literature indicates that no single agronomic input (crop rotation, herbicide program, tillage system, etc.) can provide long-term weed control. All available tools must be organized into a sound systems approach in order to achieve long-term weed management.




4.2.3. Intercropping.


Research has shown that the use of cover crops, a stale seedbed, soil amendments, and the return of residues to the soil may compensate for any negative effect of tillage [100,101], and rotational tillage systems with cover crops or manure may reach higher levels of organic matter than no-till systems [102]. However, there seems to be a movement away from tillage and towards the use of high biomass cover crop residue to control weeds in organic systems. Weed suppression in no-till systems using cover crop biomass only became possible with the introduction of the roller-crimper [103]. The use of cereal rye (Secale cereale L.) forms the basis for this strategy in soybean, specifically, with mechanical termination and the use of a roller-crimper. Greater than 8000 kg ha−1 has been determined to be the threshold for annual weed suppression, with challenges posed by early-emerging annual weeds, high seedbank densities of weeds (over 10,000 seeds m−2), and perennial species [103]. While adoption of cover crops is increasing, there is still grower resistance to implementation. In a survey of US grower’s perceptions on herbicide resistance management, growers have suggested that cover crops can present challenges, and there are few available profitable crops to rotate with cash crops [104], even though diversity in crop rotations is recognized as an effective herbicide resistance management tactic [5]. Another seed suppression method is the use of stale seedbeds, which creates an additional lapse between seedbed preparation and seeding germination [105]. The first weed flush can therefore be easily controlled.




4.2.4. Additional Factors.


Additional cultural weed management tactics, such as planting date and irrigation can increase the number of germinable weed seed present in the soil seedbank. Temperatures typically increase, for spring sown crops, throughout the growing season, thus as planting date increases so does temperature. Germination of weed seed and time of emergence are greatly affected by temperature [106]. The effects of temperature on seed germination of nine Amaranthus species were examined under varying temperature regimens [106]. All species reached 50% germination within 3 to 8 days at 20 °C, germination increased for Palmer amaranth only at higher temperatures. Furthermore, fluctuations in seasonal temperature can affect primary or secondary dormancy of seeds that might influence their germination rate, ultimately reducing the soil seedbank [107]. An irrigation event following a tillage application/treatment can influence germination of weed seeds. This coupled with a timely herbicide application can effectively control weed species and deplete the seedbank [108,109].





4.3. Chemical Weed Management


Soil weed seed densities can also influence the effectiveness of preemergence and postemergence weed control tactics [110,111,112]. It has been shown that the interaction between initial weed seedling density, postemergence herbicide, and mechanical weed control provides a positive linear relationship between initial seedling density and density of surviving seedlings [113]. Furthermore, the development of effective management strategies that reduce weed fecundity, will be aided by species-level information that identify tactics most appropriate for a given weed spectrum. Research has demonstrated that herbicides applied at early flower or pod set can reduce potential seedbank replenishment [114,115,116,117,118,119]. Additionally, seed weight reduction, seed viability, and seedling recruitment can affect the presence of plant species in the following season [118]. As seedbanks are composed of a few dominant weed species [67], weed management strategies should be customized to those particular species. This illustrates the importance of managing weed seed return for effective weed management.



Additionally, some weeds are capable of setting viable seeds within 30 days after emergence during late summer and early fall [120,121]. Post-harvest weed control is especially important when combatting HR weeds. Problem fields should be identified and receive top priority for preventing seed return to the soil seedbank. Fields should then be regularly scouted for emerged weeds and additional control tactics applied prior to seed set. This will require close inspection of weed species to determine when they are flowering. Once weed species are observed in a flowering state, a weed control operation should be implemented. Depending on weather conditions following harvest, weed control tactics may need to be implemented approximately every 3 to 4 weeks until a killing frost has occurred. Plant back restrictions for specific crops should be checked on the herbicide label as well. If HR weeds are an issue, a BMP tactic such as mowing, tillage, cover crops, crop rotation, or herbicide application should be employed





5. Economic Constraints


The economic implications from the loss of effective herbicide modes of action are staggering. Corn, soybean, cotton (Gossypium hirsutum L.), and rice (Oryza sativa L.) contribute roughly $130 billion in total revenues [122]. It has been estimated that it costs an additional $40, $52, and $74 per hectare for corn, soybean, and cotton, respectively, to control HR weeds [123]. Growers and crop consultants are primarily concerned with controlling HR weeds and the associated cost [120,121]. Other important factors included return profit, time constraints, and application timing. In addition, by the time resistance is recognized, weeds have grown out of the stage of effective control with other post-emergence herbicides [124]. Furthermore, grower budgets are typically tight in the fall and spending additional money on weed control when no crops are in the field is difficult, but by identifying fields in need of post-harvest weed management and by implementing field preparation in a timely, well-spaced manner can go a long way in reducing future weed numbers in fields. However, the cost to bring a new herbicide to market is estimated to be $286 million [104]. Thus, most agro-chemical companies research dollars are not invested to develop new herbicide modes of action but rather are using old herbicides in new ways by engineering HR traits in GM crops. Furthermore, socio-economic conditions determine the feasibility of control measures.




6. Conclusions


Recommendations that promote BMPs to delay herbicide resistance are successful in the short term for reducing field weed infestations while maintaining robust crop yield potential, but are likely to take many years to affect recruitment from the weed seedbank, especially with continual inputs into the seedbank, including recruitment of weed species with a high risk for resistance. The natural longevity of the seedbank suggests that alternative or additional weed management tactics are required to reduce the store of weed seeds in the active seedbank. Management strategies need to be developed that are targeted towards reducing the number of weed species on a species-by-species basis, considering the geography and cropping system.







Author Contributions


L.M.L. conceptualized the idea and all authors prepared, reviewed, and edited the manuscript.




Funding


This research received no external funding




Acknowledgments


The authors would like to thank the LSU AgCenter for their continual support.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Buhler, D.D.; Hartzler, R.G.; Forcella, F. Implications of weed seedbank dynamics to weed management. Weed Sci. 1997, 45, 329–336. [Google Scholar] [CrossRef]

	



Teo-Sherrell, C.P.A.; Mortensen, D.A.; Keaton, M.E. Fates of weed seeds in soil: A seeded core method of study. J. Appl. Ecol. 1996, 33, 1107–1113. [Google Scholar] [CrossRef]

	



Kellman, M. Microdistribution of viable weed seed in two tropical soils. J. Biogeogr. 1978, 5, 291–300. [Google Scholar] [CrossRef]

	



Forcella, F.; Eradat-Oskoui, K.; Wagner, W. Application of weed seedbank ecology to low-input crop management. Ecol. Appl. 1993, 3, 74–83. [Google Scholar] [CrossRef] [PubMed]

	



Norsworthy, J.K.; Ward, S.M.; Shaw, D.R.; Llewellyn, R.S.; Nichols, R.L.; Webster, T.M.; Bradley, K.W.; Frisvold, G.; Powles, S.B.; Burgos, N.R.; et al. Reducing the risks of herbicide resistance: Best management practices and recommendations. Weed Sci. 2012, 60, 31–62. [Google Scholar] [CrossRef]

	



Owen, M.D.K.; Young, B.G.; Shaw, D.R.; Wilson, R.G.; Jordan, D.L.; Dixon, P.M.; Weller, S.C. Benchmark study on glyphosate-resistant crop systems in the United States. Part 2: Perspectives. Pest. Manag. Sci. 2011, 67, 747–757. [Google Scholar] [CrossRef]

	



Owen, M.D.K. Weed resistance development and management in herbicide-tolerant crops: Experiences from the USA. J. Consum. Prot. Food Saf. 2011, 6, 585–589. [Google Scholar] [CrossRef]

	



Owen, M.D.K. Weed species shifts in glyphosate-resistant crops. Pest. Manag. Sci. 2008, 64, 377–387. [Google Scholar] [CrossRef]

	



Gibson, D.J.; Gage, K.L.; Matthews, J.L.; Young, B.G.; Owen, M.D.K.; Wilson, R.G.; Weller, S.C.; Shaw, D.R.; Jordan, D.L. The effect of weed management systems on weed species communities over 5 years in glyphosate-resistant cropping systems. Appl. Veg. Sci. 2013, 16, 676–687. [Google Scholar] [CrossRef]

	



Young, B.G.; Gibson, D.J.; Gage, K.L.; Matthews, J.L.; Jordan, D.L.; Owen, M.D.K.; Shaw, D.R.; Weller, S.C.; Wilson, R.G. Agricultural weeds in glyphosate-resistant cropping systems in the United States. Weed Sci. 2013, 61, 85–97. [Google Scholar] [CrossRef]

	



Sosnoskie, L.M.; Herms, C.P.; Cardina, J.; Webster, T.M. Seedbank and emerged weed communities following adoption of glyphosate-resistant crops in a long-term tillage and rotation study. Weed Sci. 2009, 57, 261–270. [Google Scholar] [CrossRef]

	



Schwartz, L.M.; Gibson, D.J.; Gage, K.L.; Matthews, J.L.; Jordan, D.L.; Owen, M.D.K.; Shaw, D.R.; Weller, S.C.; Wilson, R.G.; Young, B.G. Seedbank and field emergence of weeds in glyphosate-resistant cropping systems in the United States. Weed Sci. 2015, 63, 425–439. [Google Scholar] [CrossRef]

	



Norsworthy, J.K.; Korres, N.E.; Bagavathiannan, M.V. Weed Seedbank management: Revisiting how herbicides are evaluated. Weed Sci. 2018, 66, 415–417. [Google Scholar] [CrossRef]

	



Walsh, M.J.; Broster, J.C.; Schwartz-Lazaro, L.M.; Norsworthy, J.K.; Davis, A.S.; Tidemann, B.D.; Beckie, H.J.; Lyon, D.J.; Soni, N.; Neve, P.; et al. Opportunities and challenges for harvest weed seed control in global cropping systems. Pest. Manag. Sci. 2018, 74, 2235–2245. [Google Scholar] [CrossRef] [PubMed]

	



Schwartz-Lazaro, L.M.; Green, J.K.; Norsworthy, J.K. Seed retention of Palmer amaranth (Amaranthus palmeri) and barnyardgrass (Echinochloa crus-galli) in soybean. Weed Technol. 2017, 31, 617–622. [Google Scholar] [CrossRef]

	



Goplen, J.J.; Sheaffer, C.C.; Becker, R.L.; Coulter, J.A.; Breitenbach, F.R.; Behnken, L.M.; Johnson, G.A.; Gunsolus, J.L. Giant ragweed (Ambrosia trifida) seed production and retention in soybean and field margins. Weed Technol. 2016, 30, 246–253. [Google Scholar] [CrossRef]

	



Burton, N.R.; Beckie, H.J.; Willenborg, C.J.; Shirtliffe, S.J.; Schoenau, J.J.; Johnson, E.N. Evaluating seed shatter of economically important weed species. Weed Sci. 2016, 64, 673–682. [Google Scholar] [CrossRef]

	



Walsh, M.J.; Powles, S.B. High seed retention at maturity of annual weeds infesting crop fields highlights the potential for harvest weed seed control. Weed Technol. 2014, 28, 486–493. [Google Scholar] [CrossRef]

	



Walsh, M.; Newman, P.; Powles, S. Targeting weed seeds in-crop: A new weed control paradigm for global agriculture. Weed Technol. 2013, 27, 431–436. [Google Scholar] [CrossRef]

	



Bagavathiannan, M.V.; Norsworthy, J.K.; Smith, K.L.; Neve, P. Modeling the evolution of glyphosate resistance in barnyardgrass (Echinochloa crus-galli) in cotton-based production systems of the midsouthern United States. Weed Technol. 2013, 27, 475–487. [Google Scholar] [CrossRef]

	



Neve, P.; Norsworthy, J.K.; Smith, K.L.; Zelaya, I. Modelling evolution and management of glyphosate resistance in Amaranthus palmeri. Weed Res. 2011, 51, 99–112. [Google Scholar] [CrossRef]

	



Heap, I. The International Survey of Herbicide Resistant Weeds. Available online: www.weedscience.com (accessed on 2 April 2019).

	



Owen, M.D.K.; Zelaya, I.A. Herbicide-resistant crops and weed resistance to herbicides. Pest. Manag. Sci. 2005, 61, 301–311. [Google Scholar] [CrossRef] [PubMed]

	



Owen, M.D.K. Diverse approaches to herbicide-resistant weed management. Weed Sci. 2016, 64, 570–584. [Google Scholar] [CrossRef]

	



Bajwa, A.A.; Mahajan, G.; Chauhan, B.S. Nonconventional weed management strategies for modern agriculture. Weed Sci. 2017, 63, 723–747. [Google Scholar] [CrossRef]

	



Kniss, A.R. Long-term trends in the intensity and relative toxicity of herbicide use. Nat. Commun. 2017, 8, 14865. [Google Scholar] [CrossRef]

	



Mortenson, D.A.; Egan, J.F.; Maxwell, B.D.; Ryan, M.R.; Smith, R.G. Navigating a Critical Juncture for Sustainable Weed Management. BioScience 2012, 62, 75–84. [Google Scholar] [CrossRef]

	



Bagavathiannan, M.V.; Davis, A.S. An ecological perspective on managing weeds during the great selection for herbicide resistance. Pest. Manag. Sci. 2018, 74, 2277–2286. [Google Scholar] [CrossRef]

	



Nakka, S.; Godar, A.S.; Wani, P.S.; Thompson, C.R.; Peterson, D.E.; Roelofs, J.; Jugulam, M. Physiological and molecular characterization of hydroxyphenylpyruvate dioxygenase (HPPD)-inhibitor resistance in Palmer amaranth (Amaranthus palmeri S. Wats.). Front. Plant Sci. 2017, 8, 555. [Google Scholar] [CrossRef]

	



Figueiredo, M.R.A.; Leibhart, L.J.; Reicher, Z.J.; Tranel, P.J.; Nissen, S.J.; Westra, P.; Bernards, M.L.; Kruger, G.R.; Gaines, T.A.; Jugulam, M. Metabolism of 2,4-dichlorophenoxyacetic acid contributes to resistance in a common waterhemp (Amaranthus tuberculatus) population. Pest. Manag. Sci. 2018, 74, 2356–2362. [Google Scholar] [CrossRef]

	



Yu, Q.; Powles, S. Metabolism-based herbicide resistance and cross-resistance in crop weeds: A threat to herbicide sustainability and global crop production. Plant. Physiol. 2014, 166, 1106–1118. [Google Scholar] [CrossRef]

	



Tranel, P.J.; University of Illinois, Urbana, IL, USA. Personal communication, 2019.

	



Gaines, T.A. Metabolic resistance to herbicides: What we know and why it matters. AGRO webinar, 10 April 2019. Available online: https://www.agrodiv.org/videogallery/metabolic-resistance-to-herbicides- what-we-know-and-why-it-matters (accessed on 2 May 2019).

	



Thompson, K.; Grime, J.P. Seasonal variation in the seed banks of herbaceous species in ten contrasting habitats. J. Ecol. 1979, 67, 893–921. [Google Scholar] [CrossRef]

	



Walck, J.L.; Baskins, J.M.; Baskins, C.C. An ecologically and evolutionarily meaningful definition of a persistent seed bank in Solidago. Am. J. Bot. 1996, 83, 78–79. [Google Scholar]

	



Korres, N.E.; Norsworthy, J.K.; Young, B.G.; Reynolds, D.B.; Johnson, W.G.; Conley, S.P.; Smeda, R.J.; Mueller, T.C.; Spaunhorst, D.J.; Gage, K.L.; et al. Seedbank persistence of Palmer amaranth (Amaranthus palmeri) and waterhemp (Amaranthus tuberculatus) across diverse geographical regions in the United States. Weed Sci. 2018, 66, 446–456. [Google Scholar] [CrossRef]

	



Liebman, M.; Mohler, C.L.; Staver, C.P. Ecological Management of Agricultural Weeds; Cambridge University Press: New York, NY, USA, 2001; p. 525. [Google Scholar]

	



Davis, A.S.; Renner, K.A.; Gross, K.L. Weed seedbank and community shifts in a long-term cropping systems experiment. Weed Sci. 2005, 53, 296–306. [Google Scholar] [CrossRef]

	



Honda, Y. Ecological correlations between the persistence of the soil seed bank and several plant traits, including seed dormancy. Plant Ecol. 2008, 196, 301–309. [Google Scholar] [CrossRef]

	



Hulme, P.E. Post-dispersal seed predation and seed bank persistence. Seed Sci. Res. 1998, 8, 513–519. [Google Scholar] [CrossRef]

	



Thompson, K.; Green, A.; Jewels, A.M. Seeds in soil and worm casts from a neutral grassland. Funct. Ecol. 1994, 8, 29–35. [Google Scholar] [CrossRef]

	



Baker, H.G. Some aspects of the natural history of seed banks. In Ecology of Soil Seed Banks; Leck, M.A., Parker, T.V., Simpson, R.L., Eds.; Academic: New York, NY, USA, 1989; pp. 9–21. [Google Scholar]

	



Conn, J.S.; Beattie, K.L.; Blanchard, A. Seed viability and dormancy of 17 weed species after 19.7 years of burial in Alaska. Weed Sci. 2006, 54, 464–470. [Google Scholar] [CrossRef]

	



Telewski, F.W.; Zeevaart, J.A.D. The 120-yr period from Dr. Beal’s seed viability experiment. Am. J. Bot. 2002, 89, 1285–1288. [Google Scholar] [CrossRef]

	



Toole, E.H.; Brown, E. Final results of the Duvel buried seed experiment. J. Agric. Res. 1946, 72, 201–210. [Google Scholar]

	



Bararpour, M.T.; Oliver, L.R. Effect of tillage and interference on common cocklebur (Xanthium strumarium) and sicklepod (Senna obtusifolia) population, seed production, and seedbank. Weed Sci. 1998, 46, 424–431. [Google Scholar] [CrossRef]

	



Boutsalis, P.; Powles, S.B. Seedbank characteristics of herbicide-resistant and susceptible Sisymbrium orientale. Weed Res. 1998, 38, 389–395. [Google Scholar] [CrossRef]

	



Egley, G.H.; Williams, R.D. Decline of weed seeds and seedling emergence over five years as affected by soil disturbances. Weed Sci. 1990, 38, 504–510. [Google Scholar] [CrossRef]

	



Burnside, O.C.; Wilson, R.G.; Weisberg, S.; Hubbard, K.G. Seed longevity of 41 weed species buried 17 years in eastern and western Nebraska. Weed Sci. 1996, 44, 74–86. [Google Scholar] [CrossRef]

	



Egley, G.H.; Chandler, J.M. Longevity of weed seeds after 50 years in the Stoneville 50-year buried-seed study. Weed Sci. 1983, 31, 264–270. [Google Scholar] [CrossRef]

	



Jha, P.; Norsworthy, J.K.; Garcia, J. Depletion of an artificial seed bank of Palmer amaranth (Amaranthus palmeri) over four years of burial. Am. J. Plant Sci. 2014, 5, 1599–1606. [Google Scholar] [CrossRef]

	



Sosnoskie, L.M.; Webster, T.M.; Culpepper, A.S. Glyphosate resistance does not affect Palmer amaranth (Amaranthus palmeri) seedbank longevity. Weed Sci. 2013, 61, 283–288. [Google Scholar] [CrossRef]

	



Steckel, L.E.; Sprague, C.L.; Stoller, E.W.; Wax, L.M.; Simmons, F.W. Tillage, cropping system, and soil depth effects on common waterhemp (Amaranthus rudis) seed-bank persistence. Weed Sci. 2007, 55, 235–239. [Google Scholar] [CrossRef]

	



Burnside, O.C.; Fenster, C.R.; Evetts, L.L.; Mumm, R.F. Germination of exhumed weed seed in Nebraska. Weed Sci. 1981, 29, 577–586. [Google Scholar] [CrossRef]

	



Kivilaan, A.; Bandurski, R.S. The one hundred year period for Dr Beal’s seed viability experiment. Am. J. Bot. 1981, 68, 1290–1292. [Google Scholar] [CrossRef]

	



Quick, C.R. How long can a seed remain alive. In Seeds: The Yearbook of Agriculture 1961; U.S. Department of Agriculture: Washington, DC, USA, 1961; pp. 94–99. [Google Scholar]

	



Vencill, W.K.; Nichols, R.L.; Webster, T.M.; Soteres, J.K.; Mallory-Smith, C.; Burgos, N.R.; Johnson, W.G.; McClelland, M.R. Herbicide resistance: Toward an understanding of resistance development and the impact of herbicide-resistant crops. Weed Sci. 2012, 60, 2–30. [Google Scholar] [CrossRef]

	



Roberts, H.A. The changing population of viable weed seeds in an arable soil. Weed Res. 1968, 8, 253–256. [Google Scholar] [CrossRef]

	



Schweizer, E.E.; Zimdahl, R.L. Weed seed decline in irrigated soil after six years of continuous corn (Zea mays) and herbicides. Weed Sci. 1984, 32, 76–83. [Google Scholar] [CrossRef]

	



Burnside, O.C.; Moomaw, R.S.; Roeth, F.W.; Wicks, G.A.; Wilson, R.G. Weed seed demise in soil in weed-free corn (Zea mays) production across Nebraska. Weed Sci. 1986, 34, 248–251. [Google Scholar] [CrossRef]

	



Williams, B.J.; Harvey, R.G. Influence of simulated seed rain on the seed bank of wild-proso millet. Weed Sci. 2002, 50, 340–343. [Google Scholar] [CrossRef]

	



Swanton, C.J.; Booth, B.D. Management of weed seedbanks in the context of populations and communities. Weed Technol. 2004, 18, 1496–1502. [Google Scholar] [CrossRef]

	



Jones, R.E.; Medd, R.W. Economic thresholds and the case for longer term approaches to population management of weeds. Weed Technol. 2000, 14, 337–350. [Google Scholar] [CrossRef]

	



Norris, R.F. Weed fecundity: Current status and future needs. Crop Prot. 2007, 26, 182–188. [Google Scholar] [CrossRef]

	



Ball, D.A. Weed seedbank response to tillage, herbicides, and crop rotation sequence. Weed Sci. 1992, 40, 654–659. [Google Scholar] [CrossRef]

	



Ball, D.A.; Miller, S.D. Weed seed population response to tillage and herbicide use in three irrigated cropping sequences. Weed Sci. 1990, 38, 511–517. [Google Scholar] [CrossRef]

	



Cardina, J.; Herms, C.P.; Doohan, D.J. Crop rotation and tillage system effects on weed seedbanks. Weed Sci. 2002, 50, 448–460. [Google Scholar] [CrossRef]

	



Sosnoskie, L.M.; Herms, C.P.; Cardina, J. Weed seedbank community composition in a 35-yr-old tillage and rotation experiment. Weed Sci. 2006, 54, 263–273. [Google Scholar] [CrossRef]

	



Clements, D.R.; Benott, D.L.; Murphy, S.D.; Swanton, C.J. Tillage effects on weed seed return and seedbank composition. Weed Sci. 1996, 44, 314–322. [Google Scholar] [CrossRef]

	



Swanton, C.J.; Shrestha, A.; Knezevic, S.Z.; Roy, R.C.; Ball-Coelho, B.R. Influence of tillage type on vertical weed seedbank distribution in a sand soil. Can. J. Plant Sci. 2000, 80, 455–457. [Google Scholar] [CrossRef]

	



Dyer, W.E. Exploiting weed seed dormancy and germination requirements through agronomic practices. Weed Sci. 1995, 43, 498–503. [Google Scholar] [CrossRef]

	



Cardina, J.; Regnier, E.; Harrison, K. Long-term tillage effects on seed banks in three Ohio soils. Weed Sci. 1991, 39, 186–194. [Google Scholar] [CrossRef]

	



Feldman, S.R.; Alzugaray, C.; Torres, P.S.; Lewis, P. The effect of different tillage systems on the composition of the seedbank. Weed Res. 1997, 37, 71–76. [Google Scholar] [CrossRef]

	



Popay, A.I.; Cox, T.I.; Ingle, A.; Kerr, R. Effects of soil disturbances on weed seedling emergence and its long-term decline. Weed Res. 1994, 34, 403–412. [Google Scholar] [CrossRef]

	



Zanin, G.; Otto, S.; Riello, L.; Borin, M. Ecological interpretation of weed flora dynamics under different tillage systems. Agric. Ecosyst. Envrion. 1997, 66, 177–188. [Google Scholar] [CrossRef]

	



Hossain, M.; Begum, M. Soil weed seed bank: Importance and management for sustainable crop production. J. Bangladesh Agric. Univ. 2016, 13, 221–228. [Google Scholar] [CrossRef]

	



Blubaugh, C.K.; Kaplan, I. Tillage compromises weed seed predator activity across developmental stages. Biol. Cont. 2015, 81, 76–82. [Google Scholar] [CrossRef]

	



Landis, D.A.; Menalled, F.D.; Costamagna, A.C.; Wilkinson, T.K. Manipulating plant resources to enhance beneficial arthropods in agricultural landscapes. Weed Sci. 2005, 53, 902–908. [Google Scholar] [CrossRef]

	



Schwartz-Lazaro, L.M.; Norsworthy, J.K.; Walsh, M.J.; Bagavathiannan, M.V. Efficacy of the integrated Harrington Seed Destructor on weeds of soybean and rice production systems in the Southern United States. Crop Sci. 2017, 57, 2812–2818. [Google Scholar] [CrossRef]

	



Norsworthy, J.K.; Korres, N.E.; Walsh, M.J.; Powles, S.B. Integrating herbicide programs with harvest weed seed control and other fall management practices for the control of glyphosate-resistant Palmer amaranth (Amaranthus palmeri). Weed Sci. 2016, 64, 540–550. [Google Scholar] [CrossRef]

	



Anderson, R.L. A multi-tactic approach to manage weed population dynamics in crop rotations. Agron. J. 2005, 97, 1579–1583. [Google Scholar] [CrossRef]

	



Garrison, A.J.; Miller, A.D.; Ryan, M.R.; Roxburgh, S.H.; Shea, K. Stacked crop rotations exploit weed-weed competition for sustainable weed management. Weed Sci. 2014, 62, 166–176. [Google Scholar] [CrossRef]

	



Leibman, M.; Davis, A.S. Managing weed in organic farming systems: An ecological approach. In Organic Farming: The Ecological System; Francis, C., Ed.; American Society of Agronomy: Madison, WI, USA, 2009; pp. 173–196. [Google Scholar]

	



Leighty, C.E. Crop rotation. In Year-book of Agriculture: Soils and Men; U.S. Government Printing Office: Washington, DC, USA, 1938; pp. 406–430. [Google Scholar]

	



Anderson, R.L. Sequencing crops to minimize selection pressure for weeds in the Central Great Plains. Weed Technol. 2004, 18, 157–164. [Google Scholar] [CrossRef]

	



Anderson, R.L. An ecological approach to strengthen weed management in the semiarid Great Plains. Adv. Agron. 2003, 80, 33–62. [Google Scholar]

	



Mertens, S.K.; van den Bosch, F.; Heesterbeek, J.A.P. Weed populations and crop rotations: Exploring dynamics of a structured system. Ecol. Appl. 2002, 12, 1125–1141. [Google Scholar] [CrossRef]

	



Davis, A.S.; Hill, J.D.; Chase, C.A.; Johanns, A.M.; Lieban, M. Increasing cropping system diversity balances productivity, profitability and environmental health. PLoS ONE 2012, 7, e47149. [Google Scholar] [CrossRef]

	



Westerman, P.R.; Liebman, M.; Menalled, F.D.; Heggenstaller, A.H.; Hartzler, R.G.; Dixon, P.M. Are many little hammers effective? Velvetleaf population dynamics in two- and four-year crop rotation systems. Weed Sci. 2005, 53, 382–392. [Google Scholar] [CrossRef]

	



Doucet, C.; Weaver, S.E.; Hamill, A.S.; Zhang, J. Separating the effects of crop rotation from weed management on weed density and diversity. Weed Sci. 1999, 47, 729–735. [Google Scholar] [CrossRef]

	



Anderson, R.L. A 2-year small grain interval reduces need for herbicides in no-till soybean. Weed Technol. 2009, 23, 398–403. [Google Scholar] [CrossRef]

	



Schreiber, M.M. Influence of tillage, crop rotation, and weed management on giant foxtail (Seteria faberi) population dynamics and corn yield. Weed Sci. 1992, 40, 645–653. [Google Scholar] [CrossRef]

	



Légère, A.; Samson, N. Relative influence of crop rotation, tillage, and weed management on weed associations in spring barley cropping systems. Weed Sci. 1999, 47, 112–122. [Google Scholar] [CrossRef]

	



Leuschen, W.E.; Anderson, R.N. Longevity of velvetleaf (Abutilon theophrasti) seeds in soil under agricultural practices. Weed Sci. 1980, 28, 341–346. [Google Scholar] [CrossRef]

	



Derksen, D.A.; Lafond, G.P.; Thomas, A.G.; Loeppky, H.A. Impact of agronomic practices on weed communities: Tillage systems. Weed Sci. 1993, 41, 409–417. [Google Scholar] [CrossRef]

	



Mendalled, F.D.; Gross, K.L.; Hammond, M. Weed aboveground and seedbank community responses to agricultural management systems. Ecol. Appl. 2001, 11, 1586–1601. [Google Scholar] [CrossRef]

	



Murphy, S.D.; Clements, D.R.; Belaoussoff, S.; Kevan, P.G.; Swanton, C.J. Promotion of weed species diversity and reduction of weed seedbanks with conservation tillage and crop rotation. Weed Sci. 2006, 54, 69–77. [Google Scholar] [CrossRef]

	



Anderson, R.L. A changing perspective with weed management in semi-arid cropping systems. Ann. Arid Zone 2007, 46, 1–15. [Google Scholar]

	



Anderson, R.L. Crop sequence and no-till reduce seedling emergence of common sunflower (Helianthus annus) in following years. Weed Technol. 2007, 21, 355–358. [Google Scholar] [CrossRef]

	



Teasdale, J.R.; Coffman, C.B.; Mangum, R.W. Potential long-term benefits of no-tillage and organic cropping systems for grain production and soil improvement. Agron. J. 2007, 99, 1297–1305. [Google Scholar] [CrossRef]

	



Bastianns, L.; Paolini, R.; Baumann, D.T. Focus on ecological weed management: What is hindering adoption? Weed Res. 2008, 48, 481–491. [Google Scholar] [CrossRef]

	



Venterea, R.T.; Baker, J.M.; Dolan, M.S.; Spokas, K.A. Carbon and nitrogen storage are greater under biennial tillage in a Minnesota corn-soybean rotation. SSSA J. 2006, 70, 1752–1762. [Google Scholar] [CrossRef]

	



Mirsky, S.B.; Ryan, M.R.; Teasdale, J.R.; Curran, W.S.; Reberg-Horton, C.S.; Spargo, J.T.; Wells, M.S.; Keene, C.L.; Moyer, J.W. Overcoming weed management challenges in cover crop-based organic rotational no-till soybean production in the Eastern United States. Weed Technol. 2013, 27, 193–203. [Google Scholar] [CrossRef]

	



Schroeder, J.; Barrett, M.; Shaw, D.R.; Asmus, A.B.; Coble, H.; Ervin, D.; Jussaume, R.A.; Owen, M.D.K.; Burke, I.; Creech, C.F.; et al. Managing Wicked Herbicide-Resistance: Lessons from the Field. Weed Technol. 2018, 32, 475–488. [Google Scholar] [CrossRef]

	



Bond, W.; Grundy, A.S. Non-chemical weed management in organic farming systems. Weed Res. 2001, 41, 383–405. [Google Scholar] [CrossRef]

	



Steckel, L.E.; Sprague, C.L.; Stoller, E.W.; Wax, L.M. Temperature effects on germination of nine Amaranthus species. Weed Sci. 2004, 52, 217–221. [Google Scholar] [CrossRef]

	



Forcella, F.; Wilson, R.G.; Kremer, R.J.; Cardina, J.; Anderson, R.L. Weed seed bank emergence across the corn belt. Weed Sci. 1997, 45, 67–76. [Google Scholar] [CrossRef]

	



Chauhan, B.S.; Johnson, D.E. The role of seed ecology in improving weed management strategies in the tropics. Adv. Agron. 2010, 105, 221–262. [Google Scholar]

	



Zimdahl, R.L. Fundamentals of Weed Science, 4th ed.; Academic Press: San Diego, CA, USA, 2013. [Google Scholar]

	



Winkle, M.E.; Leavitt, J.R.C.; Burnside, O.C. Effects of weed density on herbicide absorption and bioactivity. Weed Sci. 1981, 29, 405–409. [Google Scholar]

	



Taylor, K.L.; Hartzler, R.G. Effect of seed bank augmentation on herbicide efficacy. Weed Technol. 2000, 14, 261–267. [Google Scholar] [CrossRef]

	



Sparks, O.C.; Barrentine, J.L.; Burgos, N.R.; McClelland, M.R. Effect of Palmer amaranth (Amaranthus palmeri) seedbank density on the performance of pendimehalin and fluometuron. In Summaries of Arkansas Cotton Research, AAES Research Series 521; Bourland, F.M., Ed.; University of Arkansas: Fayetteville, AR, USA, 2003; pp. 167–172. [Google Scholar]

	



Dieleman, J.A.; Mortensen, D.A.; Martin, A.R. Influence of velvetleaf (Abutilon theophrasti) and common sunflower (Helianthus annuus) density variation on weed management outcomes. Weed Sci. 1999, 47, 81–89. [Google Scholar] [CrossRef]

	



Bennett, A.C.; Shaw, D.R. Effect of preharvest desiccants on weed seed production and viability. Weed Technol. 2000, 14, 530–538. [Google Scholar] [CrossRef]

	



Brewer, C.E.; Oliver, L.R. Reducing weed seed rain with late-season glyphosate applications. Weed Technol. 2007, 21, 753–758. [Google Scholar]

	



Clay, P.A.; Griffin, J.L. Weed seed production and seedling emergence responses to late-season glyphosate applications. Weed Sci. 2000, 48, 481–486. [Google Scholar] [CrossRef]

	



Hartzler, R.G.; Battles, B.A. Reduced fitness of velvetleaf (Abutilon theophrasti) surviving glyphosate. Weed Technol. 2001, 15, 492–496. [Google Scholar] [CrossRef]

	



Jha, P.; Norsworthy, J.K. Influence of late-season herbicide applications on control, fecundity, and progeny fitness of glyphosate-resistant palmer amaranth (Amaranthus palmeri) biotypes from Arkansas. Weed Technol. 2012, 26, 807–812. [Google Scholar] [CrossRef]

	



Walker, E.R.; Oliver, L.R. Weed seed production as influenced by glyphosate applications at flowering across a weed complex. Weed Technol. 2008, 22, 318–325. [Google Scholar] [CrossRef]

	



Riar, D.S.; Norsworthy, J.K.; Steckel, L.E.; Stephenson, D.O.I.V.; Eubank, T.W.; Scott, R.C. Assessment of weed management practices and problem weeds in the Midsouth United States—Soybean: A consultant’s perspective. Weed Technol. 2013, 27, 612–622. [Google Scholar] [CrossRef]

	



Schwartz-Lazao, L.M.; Norsworthy, J.K.; Steckel, L.E.; Stephenson, D.O.; Bish, M.D.; Bradley, K.W.; Bond, J.A. A Midsouthern Consultant’s Survey on Weed Management Practices in Soybean. Weed Technol. 2018, 32, 116–125. [Google Scholar] [CrossRef]

	



USDA-NASS. USDA National Agricultural Statistics Service. 2018. Available online: https://www.nass.usda.gov/index.php (accessed on 15 April 2019). [Google Scholar]

	



Carpenter, J.E.; Gianessi, L.P. Economic impacts of glyphosate-resistant weeds. In Glyphosate Resistance in Crops and Weeds: History, Development, and Management; Nandula, V., Ed.; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2010; pp. 297–312. [Google Scholar]

	



Weirich, J.W.; Shaw, D.R.; Owen, M.D.; Dixon, P.M.; Weller, S.C.; Young, B.G.; Wilson, R.G.; Jordan, D.L. Benchmark study on glyphosate-resistant cropping systems in the United States. Part 5: Effects of glyphosate-based weed management programs on farm-level profitability. Pest. Manag. Sci. 2011, 67, 781–784. [Google Scholar] [CrossRef] [PubMed]







© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  agronomy-09-00369


  
    		
      agronomy-09-00369
    


  




  





media/file0.png





