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Abstract:



Modern weed science is at a crossroads. Born out of advances in chemistry, it has focused on minimizing weed competition with genetically uniform crops and heavy reliance on herbicides. Paradoxically, the success obtained with such an approach and the reluctance to conduct integrated and multidisciplinary research has resulted in unintended, but predictable, consequences, including the selection of herbicide resistant biotypes. Advances in eco-evolutionary biology, a relatively recent discipline that seeks to understand how local population dynamics arise from phenotypic variation resulting from natural selection, habitat distribution, and propagule dispersal across the landscape are transforming our understanding of the processes that regulate agroecosystems. Within this framework, complementary tactics to develop alternative weed management programs include the following: (1) weed scientists must recognize that evolution occurs within crop fields at ecologically-relevant time scales and is rooted in the inherent variation that exists in all populations; (2) weed management should recognize that the probability of a resistant mutant is directly related to the population size; (3) farmers need to acknowledge that herbicide resistance transcends any one farm and should coordinate local practices with regional actions; (4) incentives should be developed and implemented to help the adoption of eco-evolutionary management programs; and (5) risk analysis can help incorporate an eco-evolutionary perspective into integrated weed management programs.






Keywords:


eco-evolutionary feedbacks; weed ecology and management; multiple herbicide resistance; modelling; risk assessment








1. Eco-Evolutionary Thinking and Weed Management


In 1973, Theodosius Dobzhansky, a prominent geneticist and one of the founders of the neo-Darwinian evolutionary synthesis, published an influential essay titled “Nothing in biology makes sense, except in the light of evolution” [1]. In it, he argues that as a cornerstone of every biological process, evolution should be a central tenet in all areas of life science research and education, including agriculture. Indeed, since the inception of agriculture, farmers have taken advantage of the principles of evolution to increase yields and diversify varieties of crops and livestock, and one of Darwin’s primary arguments for the importance of natural selection was its similarities with the artificial selection process occurring in agriculture [2,3]. More recently, several authors highlighted the importance of incorporating an eco-evolutionary framework in the management of agroecosystems to strengthen crop resilience to future climatic conditions and meet projected food and ecosystem services demands [4,5,6,7,8].



While ecologists have historically assumed that evolution occurs over temporal scales too long (i.e., centuries to millennia) to affect organisms over ecologically-relevant time scales (i.e., days to years) [9], evolutionary biologists often interpreted findings in terms of the mechanisms generating phenotypic diversity in organisms. Yet, work over the last three decades has shown that the rate of adaptation (i.e., the increase in fitness due to a better “match” between phenotypes and their environment) is much faster than anticipated [10,11,12,13]. Furthermore, theoretical and empirical work has demonstrated that evolution can not only regulate populations [14,15,16], but also ecological interactions such as host-pathogen [17,18], predator-prey [19,20,21], and competition [22]. Although feedback between ecological interactions and evolution were first discussed almost sixty years ago [16], new research has re-kindled interest in these feedbacks, also known as eco-evolutionary dynamics [23,24]. The field of eco-evolutionary biology seeks to understand how eco-evolutionary dynamics arise from phenotypic variation resulting from natural selection, habitat distribution (e.g., connectivity), and propagule dispersal across the landscape [25,26,27].



The analysis of eco-evolutionary dynamics is transforming our understanding of the processes that regulate agroecosystems [4]. An eco-evolutionary perspective to agriculture acknowledges the impact that anthropogenic factors, such as climate change, land-use change, global mixing of species, and agricultural disturbances have in influencing interactions between crops and associated biodiversity [28]. Among the benefits that an eco-evolutionary perspective can provide to agroecosystem design and management are insights necessary to (1) use rapid evolution to help adapt crops to their environment; (2) facilitate the establishment of communities of beneficial organisms that regulate pest populations; and (3) reduce selection for pest genotypes that are resistant to control practices.



In the context of weed management, an eco-evolutionary perspective can help us understand pressing management challenges such as the evolution and spread of herbicide resistant biotypes (i.e., the adaptive process by which a weed biotype acquires the ability to survive and reproduce after exposure to an herbicide that should have been lethal). By contrast to eco-evolutionary dynamics in nature, the farming practices that impose selection on weeds has a major role in determining the ecological interactions occurring within cropping systems. Most annual cropping systems can be characterized as highly simplified and disturbed habitats where artificially selected plants (i.e., crops) interact with a variety of other species (i.e., associated agro-diversity that includes plants, animals, microorganisms, etc.) occurring on the same or different trophic level [29]. Components of the associated agro-diversity inevitably evolve in response to the human-driven selective pressures imposed by agricultural management practices, resulting in the emergence of newly-adapted genotypes, including weeds that are herbicide resistant. Herbicide resistance can be seen as an eco-evolutionary process because: (1) increased weed density leads to the application of highly efficient herbicides which leads to strong selection; (2) selection for herbicide resistance then affects the genetic composition of the weed population leading to adaptation; (3) adaptation, again, leads to increases in weed density; and (4) the management of these newly-adapted genotypes results in different selective pressures (e.g., use of additional herbicides or mechanical cultivation) (Figure 1). However, management programs aimed at minimizing the selection for herbicide resistant weeds do not generally consider these feedback mechanisms.


Figure 1. The eco-evolutionary conceptual framework determining the selective pressures determining the characteristic of the weed community and the resulting eco-evolutionary feedback. The left panel of this figure is adapted from Booth and Swanton, and Petit et al.
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2. Weed Science and Management: What Went Wrong?


Modern weed science is a relatively new discipline that was born largely out of advances in chemistry that emerged following the Second World War and grew in close association with crop science, but lacks a theoretical underpinning rooted in evolutionary or ecological disciplines [5,30]. Since the early 1950s and following the discovery of 2,4-dichlorophenoxyacetic acid (2,4-D), synthetic herbicides have been at the foundation of both weed science research as well as the intensification and expansion of industrialized agriculture. Currently, an estimated 915,000 metric tons of herbicide active ingredients valued at US $15.5 billion are used each year to control weeds worldwide [31]. In the US, the country with the largest number of cases of reported herbicide resistant biotypes, 97% of corn (Zea mays L.), 98% of soybean (Glycine max L.), and 61% of wheat (Triticum aestivum L.) crops are regularly treated with herbicides [32]. In both corn and soybean, the most frequently used herbicides represent just four herbicide site of actions [5-enolpyruvylshikimate-3-phosphate (EPSP) synthase inhibitors, photosystem II inhibitors (PPO) inhibitors, and seedling growth shoot inhibitors), while only site of actions dominate wheat systems acetolactate synthase (ALS) inhibitors and acetyl CoA carboxylase ACCase inhibitors)] [32]. Similarly, in Western Canada, 86% of the area seeded in cereals and annual legumes, as well as 93% of the area seeded in oilseed crops, received at least one herbicide application in 2006 [33]. This approach to weed management has been characterized as a ‘‘ruthless fight to the last weed’’ [34] through the use of highly effective herbicides.



The unifying principles driving current the herbicide-based approach to weed management are: (1) the precautionary principle (use the most lethal treatment when in doubt about the threat); (2) rapid and effective response (management must be deadly); and (3) eradication expectation (the pest must be removed). These principles lead to the pursuit of “silver bullet” management tactics, an effective approach to secure yield and enhance farm-labor efficiency. Yet, the “silver bullet” paradigm has, over the long-term, consistently failed [35,36] due to unintended but predictable eco-evolutionary consequences. By controlling greater than 90% of the weed flora within a farm field, herbicide applications impose strong selection for resistant weed biotypes [37]. Currently, more than 470 biotypes from 250 weed species are resistant to 160 of 281 different herbicides belonging to 23 of the 26 herbicide site of action groups [38]. Many of these resistant biotypes also withstand exposure to herbicides from different herbicide families targeting the same site of action, a phenomenon known as cross resistance. Furthermore, the alarming increase in weed biotypes resistant to herbicides targeting different sites of action, referred to as multiple resistance, has created major weed management challenges [39,40]. Concomitant with the loss of efficacy of some herbicides due to resistance, the availability of herbicide chemistries has been declining over the last 25 years due to environmental and human health concerns [41], lack of market and perceived profitability with older post-patent herbicides, and the absence of discovery of novel herbicide chemical families [42]. This trend was further reinforced with the development and wide-scale adoption of transgenic herbicide tolerant crop varieties, an approach that has dramatically simplified the agricultural landscape and increased selection for herbicide resistant biotypes.



Shaner and Beckie [33] provided a reflective review of failures and mistakes of weed control approaches centered on chemical solutions. This retrospective analysis identified several problem areas including the general lack of diversity in weed management, an unwillingness by weed scientists to conduct integrated and multidisciplinary research, a reluctance by extension specialists to provide complex recommendations to growers and for growers to accept difficult-to-implement solutions, and the short-term priorities of herbicide marketing and sales organizations determining recommendations rather than considering longer-term strategies for herbicide stewardship. While we agree with [33] that these factors play heavily into explaining why we have reached the current situation, we also believe that a major fault lies in the fact that weed research and education—and indeed weed science as a discipline—have largely failed to fully embrace an eco-evolutionary framework as a central tenet.




3. How Did We Get Here? A Brief History of Pest Management


Although not fully embraced by weed scientists, an evolutionary framework has been a cornerstone of other pest management disciplines since early observations of arthropods developing resistance to insecticides led to the establishment of the concept of integrated control [43] and pest management [44]. Indeed, in 1959, evolution was invoked by listing “genetic plasticity” of arthropods as a main reason for integrated control [43]. Despite this early call, development of the integrated pest management (IPM) framework in the early 1960s and 1970s further solidified the link between insecticide resistance management and ecology, but failed to fully embrace and eco-evolutionary perspective. For example, [45] stressed the importance of considering the “total ecosystem”, even calling it a first principle of IPM, and [44] stated that pest management “was coined to emphasize the comprehensive nature of the approach, and to underline its preoccupation with ecological realities”. It was further stated that IPM “strives to reduce pest status to tolerable levels by using methods that are effective, economically sound, and ecologically compatible” [46], and it was further stated that pest management should address, “(1) economic sustainability through minimizing the economic impact of pests; (2) ecological sustainability through employing management tactics so as to minimize selection pressure, and; (3) environmental sustainability through minimizing the impact of management on the environment” [47]. Despite these calls, the use of ecology as a central underpinning for pest management has been overlooked, which has led the effort to create a new paradigm, ecologically-based pest management (EBPM) [48]. Unfortunately, evolution’s role has received relatively little attention and it was rarely discussed in developing applied pest management programs. For example, in his thorough review of the history of IPM, [48] uses the term “evolution” only twice, and both times this term is not employed in the context of biological evolution and pest management.



While most academic entomology and plant pathology departments or programs complement basic research grounded in ecological and evolutionary principles with the design of applied management practices, weed science has evolved closely associated with crop science but generally isolated from plant ecology and evolutionary biology departments [5]. This isolation has created a discipline focused on minimizing weed competitive interactions with genetically uniform crops instead of understanding how plant ecology and evolutionary principles can help guide weed management decisions. For example, a full 22 years after the link between evolution and integrated control was highlighted [43], the Weed Science Society of America held, to our knowledge, the first symposium on integrated management. The overarching goal of this symposium was to provide a basis for considering “weed control practice in the broader context of their interactions with other crop-production practices, management practices for other pests, ecosystems, social concerns, and the political setting” [49]. Sadly, while offering an advanced agenda and with approximately 30 unique cases of herbicide resistance already confirmed, ten occurring in the US [38], no presentation at the symposium addressed the issue of herbicide resistance.



Nearly a decade later, and in response to growing societal concerns over the impacts of herbicides on the environment, [50] articulated the concept of integrated weed management (IWM) through the use of multiple and complementary tactics specifically tailored to biological and ecological characteristics of agricultural weeds. Although there has been disagreement among weed scientists about the core concepts of IWM (reviewed in [51]), there is a formal recognition that it must consider the agroecological context within which weeds occur. This idea was further expanded by the “many little hammers” concept that weed populations can be managed through the integration of a concatenated set of control tactics and ecological interactions whose individual effects may be small and, therefore, weakly selective, but whose cumulative effects help reduce population growth and competition against crops [52]. More recently, academic reviews and empirical studies [51,53] have highlighted the importance of incorporating an IWM perspective in the design of best management practices to prevent weed spread and manage herbicide resistance. A common theme in these studies is the critical role that diversity, including diversification of management practices, plays in weed management. These studies, however, do not explicitly discuss the eco-evolutionary processes that could inform the development of more sustainable strategies to manage weeds.



Professional scientific societies have also failed to fully embrace an eco-evolutionary perspective. For example, the Weed Science Society of America (WSSA) and its sister regional organizations are non-profit societies promoting research, education, and awareness of weeds in managed and natural ecosystems [54]. The membership is primarily composed of academic and government researchers, as well as researchers employed by the pesticide manufacturing industry. Recently, the WSSA has been proactively addressing the issue of herbicide resistance through a number of new educational efforts on development and spread, identification and control, best management practices (BMPs), and the economic implications of resistant weeds [55]. Several WSSA symposia have also promoted a series of BMPs to foster the adoption of IWM practices [55]. However, despite the increased occurrence of herbicide resistance, most of the recommended BMPs have not changed substantively in several decades [56]. We believe much more effort must be directed to research and education around developing proactive weed management based on eco-evolutionary principles.




4. The Doomed Marriage between Integrated Weed Management and Herbicide Resistance


There are four major limitations of IWM being borne mainly out of societal and environmental concerns over herbicide use [50,57], rather than as an explicit strategy for minimizing herbicide resistance. First, because the foundational underpinnings of IWM are not explicitly grounded in eco-evolutionary theory, it is unlikely to be effective at preventing the evolution of herbicide-resistant weed populations. This is because herbicide resistance is not solely a function of the total quantity or environmental toxicity of the herbicides applied, but rather the biology, genetic diversity, and demography of individual weed populations and their temporal and spatial interactions with the cropping environment. An herbicide will rapidly select for a resistant weed population if the traits conferring resistance vary genetically, weed populations are large, and the herbicide has a high frequency of use. Hence, IWM must explicitly incorporate an eco-evolutionary perspective to develop a predictive assessment of how management practices could affect the evolution of herbicide resistance. In doing so, weed scientists should consider models that take into account the role of species reproduction systems, population size, propagule migration, and genetic variation to explain the rapid evolution that occurs after herbicide use [58]. Unfortunately, while mathematical models have become valuable tools to assess the response of weed populations to management practices [59,60] or the invasive potential of introduced species [61], by not explicitly incorporating intra-population genetic variability they have limited ability to predict the evolutionary response of weed populations to intense selection imposed by weed control.



Second, by focusing principally on local weed populations (i.e., only the weeds present in a given field at one point in time), most IWM programs fail to explicitly consider the regional movement of herbicide resistant genes. For example, glyphosate-resistant Conyza canadensis (horseweed) first appeared on the Delmarva Peninsula on the East Coast of the US in 2000 [62]. Over the next 15 years, resistant C. canadensis evolved and spread through large areas of the southern corn belt and the Mid-Atlantic region and has recently been detected as far west as Montana and California [38]. C. canadensis is wind dispersed, and its seeds can transport herbicide resistance genes tens or hundreds of kilometers in a single dispersal event [63]. The spread of glyphosate resistant C. canadensis biotypes was further facilitated by the high degree of landscape uniformity due to the widespread adoption of glyphosate-resistant crops managed without tillage and reduced tillage fields that were maintained fallow between crops with glyphosate.



Third, IWM is increasingly being promoted primarily as a reactive strategy for managing weed populations, rather than as a proactive multi-tactical strategy. For example, the industry sector has focused its attention on early detection, monitoring, and mitigation of herbicide resistance through the implementation of IWM [64]. However, although many product labels include a paragraph or two on resistance management, and perhaps a paragraph on IWM, the information tends to be general rather than specific and usually recommends adding additional herbicides with different sites of action. The rotation or mixture of herbicides with different sites of action can help delay selection for herbicide-resistant weed biotypes [65,66], but at the same time represents a strong selective force for non-target site resistance and, contrary to its goal, it may increase the occurrence of herbicide resistance via multiple independent mechanisms [57,67]. This is not unlike the situation arising from the widespread use of highly effective antibiotics in human health and agriculture, which has resulted in a global crisis of antimicrobial resistance, which is threatening the achievements of modern medicine [8].



Fourth, recently-proposed IWM technological advances have failed to explicitly consider the eco-evolutionary framework that drives the selection of herbicide resistance. For example, in response to the increasing prevalence of glyphosate-resistant weed biotypes, there has been increased interest in providing weed management solutions through the development of new transgenic crops stacked with herbicide resistant traits to auxinic herbicides, as well as to herbicides that inhibit acetolactate synthase (ALS), acetyl-CoA carboxylase (ACCase) and hydroxyphenylpyruvate dioxygenase (HPPD), stacked with glyphosate and/or glufosinate resistance [68]. This idea has been promoted as a sustainable approach to help manage selection for herbicide resistant weed biotypes, potentially reduce the use of herbicides, and decrease potential adverse effects on non-target organisms [69]. However, from an eco-evolutionary perspective, the approach of “stacking” or “pyramiding” herbicidal control tactics implies increasing the dimensionality of the selection pressure by layering one selective force on the top of another [26]. Eventually, “stacking” control tactics will select for multiple herbicide resistance [70,71] and the subsequent adoption of more environmentally damaging forms of weed management such as tillage, ultimately reducing some of the initial environmental benefits predicted by the introduction of multiple-herbicide resistant crops.




5. Eco-Evolutionary Thinking and Weed Management


Agricultural weeds can be conceived as a relatively recent ecological and evolutionary phenomenon, reflecting the response of native and introduced plant populations to the selective pressures imposed by agricultural practices. Paradoxically, while a goal of agriculture is to take advantage of the best crop genetics and available management options for the environmental conditions present in a specific field, the existing genetic variability occurring at the field level within weed populations and the selective pressure imposed by management practices results in the selection of specific locally-adapted weed species/biotypes. To minimize the impact of weeds on crop yield, agroecosystems are generally managed with a multitude of practices, such as tilling the soil to prepare the seedbed or planting no-till, repeated applications of synthetic fertilizers, use of herbicides, insecticides, and fungicides to ward off weeds, insect pests, and plant disease, and timely harvest to ensure maximum crop yield [72,73,74]. These anthropogenic disturbances represent major drivers that often occur on relatively short timescales and determine the setting where pest evolution occurs. For example, the selection and spread of herbicide resistant weed biotypes, as well as the novel selective pressures imposed by the alternative management tactics employed by farmers to control these resistant biotypes, represents one of the most striking real-time illustrations of rapid evolution [5,6,75].



Previous research has evaluated the role that biotic and abiotic constraints, as well as landscape factors, play in determining the assembly trajectories of weed populations and communities [76,77]. Yet, the importance of eco-evolutionary processes in determining weed community dynamics is usually not considered. Thus, an eco-evolutionary approach should be at the forefront of a weed research agenda designed to develop more sustainable management systems. How do we develop an effective eco-evolutionary weed management strategy? The following five complementary concepts could help us reach the goal of undermining the adaptation of herbicide resistant weeds to the novel environments created by highly selective herbicides (Table 1).



Table 1. Main concepts and proposed actions to design an eco-evolutionary weed management program aimed at reducing the selective pressures towards the selection of herbicide-resistant biotypes.







	
Concepts

	
Actions






	
Spatiotemporal framework: evolution occurs at small spatial (within crop fields) and time scales (within season)

	
Maintain susceptible weed genotypes across the landscape.

Augment the temporal and spatial variation of selection pressures by diversifying crop rotation and management tactics.

Minimize the phenotype-environment mismatch of the cropping systems by using locally adapted and competitive crop varieties.




	
Genetic variability: the probability of a resistant mutant occurring in a population is directly related to its size

	
Complement reactive weed management practices with predictive tools.

Incorporate intra- and inter-population genetic variability into demographic models.




	
Landscape and regional implications: the selection of herbicide resistant biotypes transcends any one farm

	
Since weed propagules can travel large distances either via nature (i.e., wind) or due to anthropogenic forces (contaminated grain and equipment), local networks of famers should coordinate actions to prevent the spread of herbicide resistant biotypes.

USDA-APHIS and State Department of Agriculture must collaborate to develop state and federal weed laws and procedures that better monitor interstate movement of noxious and obnoxious weed seeds and vegetative propagules.

Societal pressures together with local, state, or federal regulations should mandate the maximum use of specific herbicide active ingredients or a resistant crop trait within a region.

Take advantage of genetic tool and dispersal models to design agricultural landscapes that minimize the spread of undesired genotypes.




	
Societal pressures, incentives, and regulations: incentives in the form of positive or negative reinforcement can help the adoption of eco-evolutionary practices

	
Registration of new crop biotechnologies that involve herbicides should explicitly address the management of herbicide resistance.

Design programs to disincentive the overreliance on one specific technology package and encourage the adoption of ecologically based practices.

Utilize fees collected from these programs to develop and deliver an ecological-based weed management program aimed at reducing herbicide selective pressures.

Develop environmental payment structure/stewardship programs that connects IWM to broader environmental goals such as reducing the selective pressured towards undesired genotypes.

Consider the suite of ecosystem functions provided by cropping systems when developing incentive policies, educational activities, and in developing research funding priorities for federal and state competitive research programs.




	
Risk assessment: utilize the paradigm of risk analysis to formally incorporate an eco-evolutionary perspective into IWM strategies

	
Jointly consider the inherent ability of the herbicide to select for resistance and the amount of contact between the herbicide and the weed population to assess the risk of resistance.

Develop risk models that include weed phenotypic variation, density of weeds, total population of weeds, seedbank characteristics, treated area, frequency of application, landscape heterogeneity, and agronomic factors.










First, weed scientists must recognize that evolution occurs within crop fields at ecological time scales and is rooted in the inherent genotypic and phenotypic variation that exists in all weed populations. This variation is, in part, the product of regional and local migration processes as well as genetic drift and random mutations that occur at rates that may appear extremely low; yet, when considered relative to the number of individuals (e.g., seeds and other propagules) that are present across the agricultural landscape, it can actually be high [26,78]. This variation occurs in the absence of the selective pressure imposed by any particular management practice, but is “revealed” when the mutant individual is exposed to the control tactic for which the mutation confers resistance [79,80]. If successful, this biotype will modify the ecological characteristics of the systems (Figure 1). Thus, an eco-evolutionarily stable weed management strategy designed to prevent the selection for herbicide resistant biotypes should strive to jointly slow unwanted selection of herbicide resistant biotypes, as well as reduce the crop phenotype-environment mismatch (i.e., the discrepancy between local phenotype and the optimum phenotype for a set of environmental conditions, a metric of potential maladaptation) [8]. Specific management practices to achieve these goals should aim at maintaining susceptible weed genotypes across the landscape and enhancing temporal variation in selection by means of rotating crops and the associated weed management tactic employed. Tactics, such as diversified rotation and appropriated crop sequencing, use of cover crops, intercropping, and appropriated use of soil amendments should be assembled to complement one another [52] and reduce selection pressures through programs that enhance crop competition and increase weed suppression [81,82].



Second, an eco-evolutionarily stable weed management program should recognize that the probability of a resistant mutant occurring in a population is directly related to its size [83]. For example, if herbicide resistance is conferred by a single, nuclear, completely-dominant gene with a mutation rate of 1 × 10−8 and a population density of 500 individuals·m−2, the probability of there being at least one resistant individual within a 30-ha field never exposed to the herbicide is 95%, but precipitously drops to 26% if population density is 50 individuals·m−2 and is only 0.6% if weed density is 1 individual·m−2 [37,78]. To minimize the selection of these mutant biotypes, weed managers should complement purely reactive practices, such as pre-emergence herbicide applications with the development and use of predictive tools. Weed population dynamics modeling provides valuable insight to predict the short-, mid-, and long-term responses of weed biotypes to management inputs. While the majority of such models include biological and ecological concepts, they should formally incorporate intra- and inter-population genetic variability to provide viable predictive tools that could help land managers make informed management decisions [5]. For example, it was demonstrated that allowing a proportion of herbicide susceptible individuals to remain in the field may represent a viable option to reduce the spread of herbicide resistance, assuming the resistant allele carries some type fitness penalty or populations are spatially defuse [83].



Third, farmers need to acknowledge that the selection of herbicide resistant biotypes transcends any one farm. Traditionally, weed management decisions are made at the individual field level. Yet, propagule dispersal can be highly influenced by the interactions between fields, farms, and landscape-scale spatial complexity [77]. While few examples exist where local networks help famers coordinate actions to manage pests [84], management strategies, community outreach, and regulatory oversight should emphasize the need for landscape-level coordination of weed management. These guidelines should focus on spatio-temporally explicit and species-specific area-wide management plans [69,85], and mandate the maximum use of specific herbicide active ingredients or a resistant crop trait within a region. As an example, an empirical model predicted that a heavy infestation of C. canadensis in a single field could spread to tens to hundreds of surrounding farms [86]. However, an area-wide management plan that reduces suitable habitat for resistant C. canadensis (e.g., perennial alfalfa), increases plant mortality, and reduces the selection pressure for resistant genes has the greatest impact on reducing the spread of herbicide resistance [87]. Genetic tools can be used to inform management at the landscape-scale in order to minimize the spread of undesired genotypes. For example, by utilizing microsatellite markers, [88] determined the existence of multiple independent origins of glyphosate-resistant C. canadensis in California and proposed regionally-coordinated strategies to slow or prevent the evolution and spread of herbicide resistant biotypes.



Fourth, incentives in the form of positive or negative reinforcement to help the adoption of eco-evolutionary practices are warranted. Mortensen and colleagues [70] recommended that regulatory agencies, such as the US EPA, require that registration of new transgene-herbicide crop combinations and by extension all new crop biotechnologies that involve herbicides, explicitly address herbicide resistant weed management. Similarly, it was suggested that fees directly connected to the sale of herbicide resistant seed or associated herbicides could provide a disincentive for overreliance on this technology package and help encourage the adoption of more ecologically based practices [57]. Yet, care should be taken so that this fees do not incentive the use of below-label rates as this practice has been associated with the selection of herbicide resistance. Fees could be used, in turn, for public and private research and education on the importance of incorporating an eco-evolutionary perspective in herbicide resistance prevention and management. Incentives could be fostered by government agencies and industry to conserve critical herbicide mode of actions as a means to encourage adoption of best practices and encourage the replacement of monoculture cropping with diverse rotations [55]. In this context, maximizing short-term net economic returns should no longer be the leading aspect driving producer decisions, but one of the many outcomes of their enterprise. To achieve this goal, industry and government incentives should consider all ecosystem services provided by evolutionarily-stable agroecosystems.



Finally, an approach to incorporate an eco-evolutionary perspective more formally into IWM strategies is to leverage the paradigm of risk analysis. Under the umbrella of risk analysis reside the concepts of risk, risk perception, risk assessment, risk communication, and risk management [89,90]. A few examples relevant to agricultural and biological risk include introduction risks by non-native species [91,92], establishment risks by non-native species [61,93], environmental risks of established invasive plant species [94], non-target organism risks from pesticide applications [95,96,97], risk of leaving weeds below economic thresholds [83], and selecting for glyphosate-resistant weed biotypes [98]. Depending on the risk of interest, risk can be defined as a function of effect and exposure, or more simply how bad multiplied by how often. For example, the risk of evolution of weed resistance to an herbicide depends on the amount of additive genetic variation in resistance, but also on the selection pressure, which is determined by the inherent ability of the herbicide to select for resistance and the amount of contact between the herbicide and the weed population. Risk assessment models based on eco-evolutionary perspectives could formally incorporate aspects from our previous recommendations (see above) to arrive at probabilities for herbicide resistance. For example, input variables for a resistance risk model could include phenotypic variation, weed density, and reproduction mechanisms, seedbank characteristics, treated area, frequency of application, landscape heterogeneity, and agronomic factors. These approaches can be used not only for estimating the risk of herbicide resistance, but also for estimating how risk might be altered by the various management strategies discussed above. For example, how would the risk change with landscape-level coordination to ensure that minimizing weed densities at an individual crop-fields are not threatened by the application of a single selective agent across a large spatial area or over multiple consecutive growing seasons?




6. Conclusions


In a recent review [99], it was argued that although knowledge exists to advance ecologically-based weed management programs, adoption by farmers has been limited mainly due to inappropriate government policies, lack of market mechanisms, and a scarcity of social infrastructure to influence learning, decision-making, and actions by farmers. While we acknowledge from the beginning that the implementation of eco-evolutionary weed management could represent additional technical and intellectual hurdles for farmers and land managers, we believe that the environmental, economic, and social challenges of herbicide resistance require agriculturalists to collectively re-think our approach to weed management [70]. Indeed, it was the societal decision of maximizing the simplicity of weed management practices through the recurrent applications of a few very effective herbicides that resulted in the continuous increase in the abundance and spread of herbicide resistant biotypes.



Designing agroecosystems in the context of applied eco-evolutionary biology could help agronomists, weed scientists, and farmers solve many of the global challenges agricultural production faces, including herbicide resistance, but spanning to climate change and environmental degradation. Genetic and environmental manipulation can help farmers improve yields and crop quality by selecting specific crop types, crop rotations, and management tactics that minimize crop phenotype-environment mismatch in their local environments. In the specific case of herbicide resistance, and beyond the five specific complementary tactics described above, weed scientists should take advantage of the lessons learned not only by entomologists in their quest to manage insecticide resistance, but from human health professionals assessing approaches to minimize the threat of microbial resistance. Following the example of human health specialists, weed scientists need to question if their current management practices are evolutionarily stable and consider societal pressures to develop alternative management practices. By integrating weed biology, ecology, and evolution, new approaches to weed management must be multi-disciplinary in nature [5] and should consider societal dimensions of adopting alternative management practices.



Growing concerns about the need to balance weed management and food production with biodiversity and natural resources conservation has led to an increased interest to reconsider the weed science research agenda, including the explicit inclusion of an eco-evolutionary perspective [6]. The potential benefits of developing cropping systems supported on ecological and evolutionary principles are numerous and range from providing the functions necessary for sustained production including nutrient cycling, pollination, pest suppression, and detoxification of agrichemicals to reducing the selective pressure towards the selection of herbicide resistant biotypes. Ultimately, the farmer is responsible for implementing practices and conflict exists between individual and societal priorities. Education and regulatory efforts should be developed in conjunction with scientific advancements to respond to the eco-evolutionary imperative of revisiting weed management in the midst of an herbicide resistance crisis.
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