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20 Abstract

21 Herbicides act as human-mediated novel selective agents and community disruptors, yet 

22 their full effects on eco-evolutionary dynamics in natural communities has only begun to 

23 be appreciated. Here we synthesize how herbicide exposures can result in dramatic 

24 phenotypic and compositional shifts within communities at the agro-ecological interface 
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25 and how these in turn affect species interactions and drive plant (and plant-associates’) 

26 evolution in ways that can feedback to continue to affect the ecology and ecosystem 

27 functions of these assemblages. We advocate a holistic approach to understanding 

28 these dynamics that includes plastic changes and plant community transformations and 

29 also extends beyond this single trophic level targeted by herbicides to the effects on 

30 non-target plant-associated organisms and their potential to evolve, thereby embracing 

31 the complexity of these real-world systems. We make explicit recommendations for 

32 future research to achieve this goal and specifically address impacts of ecology on 

33 evolution, evolution on ecology, and their feedbacks so that we can gain a more 

34 predictive view of the fates of herbicide-impacted communities.  

35

36 Key words

37 Herbicide resistance, rapid evolution, phenotypic plasticity, eco-evo dynamics, plant-

38 animal interactions

39

40

41

42

43 Introduction

44 Humans are modifying the environment in myriad ways and at unprecedented rates, and 

45 their activities are now recognized as leading to some of the strongest selection wild 

46 populations have ever been exposed (Alberti 2015; Pelletier & Coltman 2018; Palkovacs 

47 et al. 2012, Turcotte et al. 2017), as well as having dramatic effects on species 

48 interactions, community assembly, and ecosystem services (Johnson & Munshi-South 

49 2017; Kiers et al 2010; Valiente-Banuet et al. 2015). As a consequence, human-

50 mediated disturbances can represent a turning point for these natural systems. Of 

51 particular concern are human-introduced chemicals-- i.e., new herbicides, insecticides, 

52 fungicides (in chemistry, application method or scale of use), that can represent novel 

53 selective agents and community disruptors especially when coupled with exponential 

54 adoption trajectories and/or broad geographic scale (Baucom & Mauricio 2004; Kniss 
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55 2017). Here, we focus on herbicides because the immediate toxicological effects of 

56 these chemicals on natural systems and human health is often the focus, but how their 

57 use may alter reciprocal interactions between ecological and evolutionary processes on 

58 contemporary timescales (eco-evolutionary dynamics) has yet to be considered. This is 

59 a striking omission, since understanding eco-evo dynamics in the broad sense, and 

60 especially in response to anthropogenic stressors, represents a grand challenge of the 

61 current decade (Alberti 2015; Bell 2017; Palkovacs et al. 2012).   

62 In this mini-review, we synthesize the avenues by which herbicides—chemicals 

63 designed specifically to reduce weedy plant populations in agricultural systems--can lead 

64 to dramatic phenotypic and compositional shifts within crop-associated communities that 

65 in turn affect species interactions and drive plant (and plant-associates’) evolution in 

66 ways that can feedback to continue to affect the ecology and ecosystem functions of 

67 these assemblages. Plant communities at the agro-ecological interface are likely to be 

68 subject to powerful herbicide-catalyzed eco-evolutionary dynamics because they 1) exist 

69 at the boundary of the rapidly expanding agricultural matrix and remnant unmanaged 

70 communities, 2) often contain crop-associated species (identified as weeds) found within 

71 agricultural fields as well as other diverse native plant taxa (Bernardo et al. 2018; 

72 Prosser et al. 2016), and 3) support mutualistic and antagonistic plant-associates, e.g., 

73 pollinators, soil microbes, herbivores, and parasitoids (Ouvrard et al. 2018; Prosser et al. 

74 2016). Thus, these communities are recognized as both being important reservoirs of 

75 biodiversity and critical sources of nutrition and habitat for the pollinators, predators, and 

76 parasitoids that are both beneficial and detrimental to crop health (Bretagnolle & Gaba 

77 2015; Ouvrard et al. 2018; Rollin et al. 2016). Plant communities at the agro-eco 

78 interface experience herbicides both from direct exposure at field application rates 

79 (100% FAR) as well as at sublethal levels via particle or vapor drift and run-off (e.g., 0.1-

80 1% FAR) (Egan et al 2014; Prosser et al. 2016).  Animal and microbial associates of 

81 plants are also likely to experience eco-evolutionary change in response to such novel 

82 chemicals because they not only rely on plant communities that are responding to the 

83 herbicide but also because herbicides can have direct effects on them as well (Prosser 

84 et al. 2016, also see below). The combination of direct and indirect effects could lead to 

85 synergistic outcomes on these associates as well as feedback to the plants. 

86 Eco-evo framework for herbicide impacted systems
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87 When ecological dynamics (e.g. population growth or community assembly) and 

88 evolution occur on the same timescales there is the opportunity for new dynamics to 

89 emerge (Palkovacs et al. 2012; Pimentel 1963). Eco-evolutionary forces wherein biotic 

90 and abiotic processes lead to rapid evolution in species (Fig 1, top arrow) that then alter 

91 the ecological dynamics of the interacting species (Fig 1, bottom arrow) are now 

92 recognized to create not only ‘real-time’ evolution but also lead to dramatic, and 

93 potentially unpredictable, changes in ecological dynamics (Turcotte et al. 2019). While 

94 evolution in a community context is gaining empirical support (terHorst, et al. 2010; 

95 terHorst et al. 2018), we still lack a full understanding of how this evolution alters 

96 ecological dynamics, and whether this results in a feedback that affects future evolution 

97 (De Meester et al. 2019; Hendry 2018; Turcotte et al. 2019). Of particular interest are 

98 scenarios where the rapid evolution of traits alters ecological variables that then in turn 

99 affect the evolution of those same traits, creating eco-evolutionary feedbacks (Fig. 1 

100 dotted arrows). Likewise, the recognition that evolution depends not only on direct but 

101 also on indirect evolutionary effects has prompted the inclusion of a wider community 

102 context to evolutionary studies (terHorst et al. 2018), and the study of ‘diffuse 

103 coevolution’ (DeMeester et al. 2019). Here, traits evolve in response to multiple 

104 interacting members of a community, and in turn evolution indirectly affects the 

105 magnitude or direction of the interactions among species (Arceo-Gómez & Ashman 

106 2014; Janzen 1980; terHorst et al. 2018; terHorst et al 2010). The result is a ‘broad 

107 sense’ view of eco-evolutionary feedbacks that includes all reciprocal interactions 

108 between ecology and evolution (De Meester et al. 2019). 

109 Herbicide-impacted communities are one of the few natural systems that have emerged 

110 as uniquely suited to demonstrate direct links between evolving traits and ecological 

111 impacts and vice versa (Baucom 2019; Bell 2017; Neve et al 2013; Prosser et al 2016). 

112 As yet, however, there has been no robust discussion of the eco-evolutionary feedbacks 

113 (e.g., Palkovacs & Hendry 2018; Turcotte et al. 2019) possible within systems 

114 experiencing herbicide application. Moreover, because an eco-evolutionary focus 

115 beyond the single trophic level that is targeted by herbicides (plants) is rare, the 

116 complexity of these real-world systems has been mostly overlooked (Figure 2). Thus, 

117 our understanding of multi-tropic interactions in these impacted systems is incomplete, 

118 and our ability to predict the outcomes of herbicide disruption limited.
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119 We explicitly consider how herbicide exposures affect eco-evolutionary dynamics in the 

120 broad sense. In Figure 2 and the paragraphs that follow, we illustrate the ways that 

121 herbicide exposure affects the ecology and evolution of plants (the target organisms), as 

122 well as the non-target organisms plants associate with. First, we establish the known 

123 ways herbicides lead to 1) phenotypic transformation of individual plant species via 

124 plasticity or evolution, and 2) alteration of plant communities via species extinctions and 

125 invasions. Second, we consider the evidence for herbicide effects on non-target 

126 organisms that interact with plants (either above- or below- ground) and how this can 

127 affect community structure of these trophic levels, as well as evolution of the organisms 

128 within these trophic groups. Third, we explicitly describe the ways these ecological and 

129 evolutionary processes could come together to create eco-evo and evo-eco dynamics 

130 catalyzed by herbicide exposure. And finally, we conclude by recommending 

131 approaches that will reveal these processes and rapidly propel our understanding of 

132 these eco-evo dynamics forward. 

133 Target organisms - Plant phenotypic changes in response to herbicide

134 Herbicides can affect the plant phenotype via plastic or genetic changes (Table 1). If 

135 plants do not die outright following herbicide exposure, they will exhibit wide-ranging 

136 plastic phenotypic alterations such as stunted growth and delayed flowering, among 

137 other changes. Additionally, given strong, herbicide-mediated selection, the plant 

138 phenotype can evolve along with herbicide resistance either through genetic linkage or 

139 pleiotropy. These changes to the plant phenotype are expected to be equally as 

140 important as herbicide-induced species compositional effects (see below) because 

141 generally within-species phenotypic effects on ecological parameters are as strong as 

142 replacing one species with another (Des Roches et al. 2018). While either plastic or 

143 genetic changes of the phenotype could mediate ecological interactions, the genesis of 

144 plant phenotypic change has different consequences for eco-evolutionary dynamics 

145 (Hendry 2016; Levis & Pfenning 2016).

146 Plastic changes –While evolutionary responses take a generation or more, plastic 

147 phenotypic responses to herbicide exposure can be immediate. Plastic changes in 

148 response to non-lethal herbicide exposure is seen in many traits (Table 1) and may 

149 precede, accompany, or give rise to genetic changes. Specifically, vegetative ‘damage’ 

150 responses (e.g., stem wilting, leaf cupping or growth stunting) are common plastic 

151 phenotypic changes that occur within hours or a few days of exposure to non-lethal 
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152 herbicide exposure but can vary among plant species (Figure 3, Table S1) and 

153 genotypes within species (Gassmann & Futyuma 2005). Plant growth responses to drift-

154 level exposure vary from severely negative to nonsignificant and even to positive 

155 irrespective of the class of herbicide (Fig. 3, Table S1). These and other physiological 

156 changes in plants (e.g., leaf nitrogen, Bohnenblust et al. 2013) and longer-term stunting 

157 of above ground biomass can have consequences for plant fitness (e.g. seed production 

158 or siring success) (Table 1), which may be mediated by interactions with other 

159 organisms via traits such as floral attraction, reward production, nodule traits, or leaf 

160 palatability. Plastic changes in reproductive traits, such as flowering time, inflorescence 

161 height, flower size and pollen production have been observed (Baucom et al. 2008; 

162 Bohnenblust et al. 2013; Bohnenblust et al. 2016; Charles 2017; Kovács-Hostyánszki et 

163 al. 2017; Iriart & Ashman unpublished).  For instance, drift-level exposure (1% FAR) of 

164 dicamba delayed the day of first flower by nearly two weeks in a greenhouse community 

165 of four species (Abutilon theophrasti, Ipomoea lacunosa, Mollugo verticillata, and 

166 Solanum ptycanthum (Fig. 4, Table S3). Shifts in timing and floral resources can affect 

167 not only plant interactions with pollinators and plant-plant interactions mediated by 

168 pollinators (Arceo-Gomez et al. 2019) but can also influence mating system. Changes in 

169 mating patterns alter genetic variance and thus can subsequently influence the direction 

170 and rate of evolutionary change in response to herbicide exposure (Kuester et al. 2017). 

171 While less studied, plastic changes in root morphology occur and can impact 

172 relationships with mutualistic rhizobia (Iriart & Ashman, unpublished) or other root 

173 symbionts, potentially affecting their abundance and diversity.

174 Genetic changes— Herbicides impose incredibly strong selection on target plants as 

175 they are designed to reduce population sizes by >90% (Jasieniuk et al. 1996). Thus, 

176 even the first generation of exposure can dramatically transform plant population-level 

177 genetic diversity. 

178 Due to this strong selection and the presence of genetic variation for resistance within 

179 crop-associated plant populations (Jasieniuk et al. 1996), resistance often evolves within 

180 2-10 years of the widespread, commercial use of any given herbicide, regardless of 

181 herbicide chemistry (Gould et al. 2018, Heap & Duke 2018). Over 400 weed species 

182 have evolved herbicide resistance, 40 to glyphosate alone (Gould et al. 2018). Some 

183 populations are seen to have high initial frequency of resistant individuals contributing to 

184 rapid development of herbicide resistance once they are used (Preston and Powles 
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185 2002). In addition to resistance traits (e.g., enzymes that degrade the herbicide, or 

186 reduce target protein susceptibility; Gould et al. 2018) correlated evolution of life history 

187 traits has also been seen in response to herbicide exposure (Table 1). For instance, later 

188 (or earlier) germination time (Owen et al. 2011), earlier flowering time (Wang et al 2010), 

189 increased vegetative growth (Comont et al. 2019), and higher selfing rates (Kuester et 

190 al. 2017) are associated with increased genetic resistance. While life history traits are 

191 often the focus, there is a wealth of plant traits that may change in response to 

192 herbicides that mediate interactions with non-target species (see below) and thus are 

193 also highly relevant to eco-evo dynamics. Any of these correlated phenotypes may arise 

194 as a result of pleiotropic effects of (or physical linkage to) resistance alleles or through 

195 selection for the combination of specific resistance and trait combinations (e.g., 

196 correlational selection; Baucom 2019; Kuester et al. 2017; Saltz et al. 2017).

197 Resistance may evolve one of two ways, target-site resistance (resistance caused by 

198 mutations that arise in the targeted region) or nontarget-site resistance (alteration of one 

199 or more physiological processes that prevent the herbicide to reach its target site). And 

200 the type or extent of resistance, and of changes in correlated traits, may depend on the 

201 strength of herbicide selection (i.e., depending on the intensity and application rate and 

202 frequency; Gould et al. 2018, Neve et al. 2014, Baucom 2019). It has been predicted 

203 that high ‘field application strength’ doses lead to strong selection for resistance genes of 

204 major effect (target-site resistance) whereas low ‘drift-level’ dose (or low frequency) 

205 applications lead to selection for quantitative resistance based on numerous genes of 

206 small effect (nontarget-site resistance, Neve et al. 2014). Thus, if ‘gene-level’ pleiotropy 

207 and pleiotropic effects of multiple individual genetic variants result in different 

208 evolutionary fates for the trait correlations they produce (Saltz et al. 2017), then the type 

209 of correlated outcomes will differ under low and high dose selective pressure, and this 

210 could have consequences for eco-evolutionary feedbacks. Likewise, cross-environment 

211 (i.e., presence and absence of herbicide) genetic correlations can affect the response to 

212 selection in variable environments (e.g. Czesak et al 2006),

213 Target organisms - Plant community shifts in response to herbicide 

214 As the primary producers and targeted taxonomic group of herbicides, plant 

215 communities can quickly reconfigure in response to herbicide exposure. Specifically, 

216 highly susceptible plant species may go locally extinct while resistant or preadapted 

217 species may expand or invade, filling vacated niches (Bohnenblust et al. 2013). While 
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218 low-level variation in resistance within some plant species is thought to underlie 

219 compositional changes in crop-associated plant communities when new herbicide 

220 classes are introduced (Bohnenblust et al. 2013), different plant taxonomic groups may 

221 vary in susceptibility for other reasons such as phenological avoidance (e.g., 

222 opportunistic germination time [Grundy et al. 2011; Owen & Zelya 2005] or circadian 

223 rhythms [Belbin 2019]), physiological sensitivity (grasses are resistant to 2-4-D; 

224 Mayerova et al. 2018), or because they rely on mutualistic microorganisms that 

225 themselves are susceptible to herbicide (e.g., rhizobia or mycorrhizae, see below).  For 

226 instance, abundance of forbs is reduced by dicot-specific herbicide use (e.g., dicamba, 

227 Egan et al 2014), whereas grasses are suppressed by monocot-specific herbicides, and 

228 both types of plants by broad-spectrum herbicides (Marshall et al. 2003). While highly 

229 sensitive plant species may not be eradicated outright from these communities, those 

230 that remain may incur a significant ‘extinct debt’ (Cronk 2016; Kuussaari et al 2009) 

231 worsened by isolation, decline in genetic variation (see below), or loss of biotic 

232 interactions (Valiente-Banuet et al., 2015). 

233 Shifts in species composition and reduced diversity in weed communities have been 

234 observed in response to several herbicides when applied at field concentrations and 

235 repeatedly over years (Hald 1999; Mayerova et al. 2018). These may be perpetuated 

236 beyond the time of application by changes in seedbanks in some soils (Barberi et al. 

237 1997). Even low-dose herbicide exposures can have substantial effects on plant 

238 communities. For instance, Egan et al. (2014) saw declines in forb cover, but not species 

239 richness, in response to drift-level dicamba exposure, thereby shifting dominance (i.e., 

240 evenness) of plant functional classes (e.g. nitrogen-fixing forbs vs. grasses) within the 

241 community. 

242 Non-target organisms - Performance and community changes 

243 While most herbicides have been designed to take advantage of biochemical pathways 

244 that are unique to plants (Capinera 2019; Motta et al 2018), it is not uncommon that 

245 organisms that are not the intended target to also be affected by herbicide exposure. As 

246 a result, there is the potential for performance effects and community shifts in these 

247 trophic levels (Figure 2) as well as for diffuse co-evolution between them and plants in 

248 the affected communities. Yet attempts to investigate this constellation of ecologically 

249 relevant linkages is generally lacking (Prosser et al. 2016). Below we highlight some 

250 findings concerning herbicide impacts on plant-associates both above and below ground 
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251 to illustrate the wide range of species interactions affected by herbicides, and the reader 

252 is referred to recent compilations for more extensive reviews (e.g., Capinera 2019; 

253 Stanley & Preetha 2016). 

254 Above-ground plant associates -- Most herbicides have not been shown to have direct 

255 effects on arthropods or birds (Capinera 2019), so projected effects on pollinators are 

256 through herbicide-mediated plant community shifts that monotonize pollinator diets or 

257 reduce the abundance or availability of resources (see plastic effects on flowers above, 

258 Egan et al. 2014, Stanley & Preetha 2016) and thereby threaten pollinator health and 

259 resistance to disease (Goulson et al. 2015). Nevertheless, there is evidence that under 

260 some conditions herbicides can affect pollinators directly by affecting their physiology, 

261 survivorship, and/or foraging effectiveness. For instance, honeybees were killed when 

262 directly sprayed, or when they came into contact with plants that have been freshly 

263 sprayed, with glyphosate-based herbicides at higher than recommended doses 

264 (Abraham et al. 2018). Furthermore, flight trajectories and the spatial learning processes 

265 of honeybees are impaired, and beneficial gut microbiota are impacted by ingestion of 

266 glyphosate (Balbuena et al. 2015; Motta et al. 2018), and these in turn affect honeybee 

267 health and effectiveness as pollinators. Exposure at other life stages not as commonly 

268 studied is possible, for instance at larval stages in ground nesting bees (e.g. Kopit & 

269 Pitts-Singer 2018). Several studies have focused on the effect of herbicides (e.g. 

270 glyphosate) on butterflies and moths yielding mixed results, possibly owing to varied 

271 application rates or complexity of multiple life stages (reviewed in Prosser et al. 2016). 

272 As one example, dicamba had no direct effect on butterflies but indirectly influenced the 

273 performance of their caterpillars, possibly via altering plant nutritional content of their 

274 hosts (Bohneblust et al. 2013). The potential effects of herbicides (or any pesticide) on 

275 the vast majority of other pollinating taxa beyond those described above (e.g., solitary 

276 bees, flies, beetles) in agro-ecological communities is unknown (Franklin & Raine 2019). 

277 Studies of effects of herbicide on pollinator community composition are also lacking (but 

278 see Egan et al. 2014).

279 Herbicides have been shown to stimulate or benefit some arthropods (Capinera 2019). 

280 This is because some herbicides function as plant growth regulators (e.g., auxenic 

281 herbicides: 2-4-D, dicamba), and thus, by increasing plant growth (Figure 3, Table S1), 

282 can reduce plant defenses (Hout et al. 2014), potentially affecting plant susceptibility to 

283 herbivores (Egan et al 2014) and herbivore performance. For example, Wu et al. (2001) 
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284 found that 4 of 11 herbicides increased the growth rate and reproduction of the brown 

285 planthopper. Similarly, aphids performed better on herbicide-exposed plants (Oka & 

286 Pimental 1976). The abundance of whitefly larvae was higher on plants that have been 

287 exposed to drift levels of dicamba in velvet leaf (A. theophrasti; Johnson & Baucom 

288 unpublished). However, on a Carduus thistle, native butterfly caterpillars and pupae 

289 were smaller on dicamba-damaged plants than controls (Bohneblust et al. 2013).  

290 Herbicides can also indirectly impact microbial and fungal pathogens (Duke 2018). For 

291 instance, glyphosate-based herbicides (that act by inhibiting a key enzyme in plants, 

292 fungi, and bacteria) can suppress rust fungal activity (Feng et al. 2005). Nevertheless, 

293 herbicides can also affect plant susceptibility to plant pathogens by either inducing or 

294 inhibiting disease resistance mechanisms (Duke 2018), and thus indirectly affect 

295 pathogen populations and disease spread. Taken together, there are many possible 

296 indirect effects of herbicides on plant-antagonist interactions, and an understanding of 

297 the broad effects of herbicides on plant antagonists will require knowledge of these. 

298

299 Below-ground plant associates --Herbicides are often intentionally applied directly to 

300 the soil (pre-treatments) or enter soil indirectly by off target spray or drift, and thus can 

301 affect soil-dwelling microbes, arthropods and nematodes.  

302 Herbicides have been seen to reduce diversity, and shift the composition and functional 

303 aspects of soil microbe communities (Helander et al. 2018; Jacobsen and Hjelmsøl 

304 2014). While some microbes can actively degrade herbicides (Głodowska & Wozniak 

305 2019), toxicity on microbial activities especially of enzyme activities is well documented 

306 (Stanley & Preetha 2016). Herbicide residues can persist in soil for several months or 

307 even years leading to persistent changes in microbial community composition and 

308 function (Helander et al. 2018; Jacobsen and Hjelmsøl 2014). Best studied is 

309 glyphosate’s effect on microbial communities in the soil, but these appear to be complex, 

310 depending on dosage, timing and functional and taxonomic community membership 

311 (reviewed in Dennis et al 2018; Tyler & Locke 2018). Some taxa benefit from glyphosate. 

312 For example, the plant growth promoting rhizobacterium Enterobacter cloacae degrades 

313 glyphosate and can use it as a phosphorus source (Duke 2018). Bacterial resistance to 

314 active agents of herbicides is common (e.g., Mohr & Tebbe 2006), owing to large 

315 populations, standing resistance, and horizonal gene exchange (Brockhurst et al. 2019). 

316 Genetic variation in tolerance to several herbicides was observed in 76 strains of 

317 rhizobia (Zabaloy & Gomez 2005), however whether resistance to herbicide comes at a 
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318 cost to other functions, like growth in soil (e.g., Porter & Rice 2012) or effectiveness as a 

319 mutualist is unknown but such effects would also impact wild plant hosts (e.g. Burghardt 

320 2019). 

321 There is evidence of immediate negative effects of herbicides on colonization of plants 

322 by mycorrhizal fungi. For instance, Zaller et al (2014) found that glyphosate significantly 

323 decreased colonization by mycorrhizae, vesicles and soil spore biomass. In some cases, 

324 these effects appear to resolve in a few weeks, suggesting that plants can compensate 

325 for the loss, though this varies with herbicide and plant host (Abd-Alla et al. 2000). While 

326 the composition of fungal communities is not well understood, a recent metanalysis of 

327 the effects of herbicides on soil nematodes showed herbicides reduced total nematode 

328 abundances, but did so differentially among trophic groups—while fungivores and 

329 predators decreased, bacterivores, plant parasites and omnivores increased (Zhao et al. 

330 2013). Because nematodes contribute to many soil ecosystem processes (e.g., soil 

331 decomposition and N mineralization) shifts in functional community structure could affect 

332 plants indirectly as well as directly (e.g., via an increase in plant parasites).

333 Putting them together - Ecological-evolutionary feedbacks 

334 While it has been acknowledged that herbicide use can be viewed as an eco-

335 evolutionary problem (Baucom 2019; Neve et al 2014), the focus has largely been on 

336 rapid evolution of herbicide-resistant weeds and on the ecological costs of this 

337 resistance in the absence of herbicide (Baucom 2019; Evo-Eco). Yet, it is now clear that 

338 herbicide use can induce plastic trait changes and transform entire ecological 

339 communities, thus multiple unpredictable eco-evo trajectories can result. Moreover, 

340 because these communities are complex and herbicides affect more than the intended 

341 primary producers there is need for a broader view of this evolution in a community 

342 context. We believe there is a need to explicitly consider herbicide impact via 1) 

343 cascading effects of evolution to the ecological interactions (Evo-Eco-Evo), 2) plastic 

344 trait changes on ecology and evolution (Eco-Evo-Eco), 3) shifts in community structure 

345 (Eco & Evo) that affect species interactions and evolution (Eco/Evo-Eco-Evo) and 

346 finally, 4) the interplay of these modified communities back to the evolution of the other 

347 interacting species (Eco/Evo-Eco/Evo). By specifically considering all of the pathways 

348 within eco-evo dynamics (Figure 1), we can hope to formulate a more predictive view of 

349 the fates of herbicide-impacted communities.  
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350 Evolution changes Ecology: Cascading effects of resistance on species 

351 interactions--The evolution of herbicide resistance can have second-order effects on 

352 ecological interactions (Table 2; Fig 2) because expression of resistance genes directly 

353 affects these interactions or because resistance leads to trade-offs with other traits as a 

354 result of competing resource demands (e.g., Uesugi et al. 2017).  For instance, relative 

355 to herbicide susceptible plants, resistant ones have metabolic changes (Vila-Aiub et al., 

356 2019) that can affect their quality as hosts or partners in interspecific interactions. 

357 Indeed, resistant plants have been seen to have weaker competitive ability (Comont et 

358 al. 2019), increased susceptibility to herbivorous insects (Gassmann 2005), greater 

359 mortality when exposed to rust infection (Salzmann et al. 2008), and reduced floral 

360 biomass in the presence of herbivores (Gassmann & Futuyma 2005). Thus, in the 

361 context of complex communities, evolution of herbicide resistance could affect ecological 

362 interactions, such as competitive hierarchies and the outcome of other plant-antagonist 

363 interactions, in a multitude of ways that can feedback on trait evolution and reshape 

364 genetic architecture, as has been seen in other settings (Uesugi et al. 2017).  Likewise, 

365 the correlated changes in traits of herbicide resistant plants can affect their interactions 

366 with mutualists. For instance, Atrazine resistant Brassica rapa produced significantly less 

367 pollen per flower and flowered later than atrazine susceptible plants (Bingham et al. 

368 2017), which could potentially affect their interactions with pollinators. Likewise, shifts in 

369 flowering time (Wang et al 2010; Fig 4, Table S3) or traits associated with selfing 

370 (Kuester et al. 2017) can reduce availability of resources to pollinator communities 

371 leading to shifts in their visitation rates or diversity in ways that feedback on evolution of 

372 these floral traits. Indeed, changes in pollinator quantity and quality via loss of effective 

373 pollinators or phenological mismatches between plants and pollinators are main drivers 

374 of floral evolution and could occur rapidly in the highly disrupted pollinator communities 

375 of the agro-ecological interface (Knight et al. 2018).

376

377 Plasticity changes Ecology and facilitates Evolution-- Plastic responses to 

378 herbicides have been documented for several functional traits that mediate ecological 

379 interactions (Tables 1,2). While plasticity can be maladaptive (Hendry 2016), when the 

380 plasticity in a trait is in the direction favored by selection, it may facilitate adaptation to 

381 novel environments (‘plasticity first’ reviewed in Levis & Pfenning 2016). This is because 

382 plasticity in response to a novel stressor (e.g., herbicide) may uncover cryptic genetic 

383 variation and expose it to selection (Gilbert et al 2015; Levis & Pfenning 2016) or, align 

A
u
th

o
r 

M
a
n
u
sc

ri
p
t



13

This article is protected by copyright. All rights reserved

384 with additive genetic variation and thus enhance the efficacy of selection (Nobel et al. 

385 2019). As selection acts on this variation, the trait undergoes genetic accommodation 

386 leading to the evolution of a novel phenotype (Levis & Pfenning 2016). Environments 

387 where natural populations experience rapid environmental change have been identified 

388 as the most likely places that ‘plasticity first’ will contribute to evolution (Levis & Pfenning 

389 2016). Indeed, the wide range of functional traits that are phenotypically plastic in 

390 response to herbicide exposure (Table 1) and affect ecological interactions (Table 2) 

391 could lead to a wealth of opportunities for evolution through genetic accommodation in 

392 response to herbicides.

393 For instance, non-lethal herbicide exposure can delay flowering (Table 1, Fig 4, Table 

394 S3) and there is extensive genetic variation in flowering time plasticity (Blackman 2017). 

395 So, if  individual plant genotypes vary in their plastic response to herbicides with respect 

396 to flowering time, and this leads to variable degrees of ecological mismatch (i.e., 

397 between plants and their pollinators), then this could increase fitness variation (i.e., 

398 opportunity for selection) and the potential for flowering time to evolve to reduce the 

399 mismatch. Likewise, floral form and mating system could evolve under herbicide 

400 exposure, because plastic reductions in flower size, stigma-anther distance, or pollen 

401 production in response to herbicide exposure can affect selfing rate (Table 1,2), and 

402 these traits can be adaptive when pollinators are limited (e.g., in response to loss of 

403 pollinators, Roels & Kelly 2011). These scenarios make clear that if there is genetic 

404 variation in trait plasticity in response to non-lethal herbicide exposure then there is the 

405 potential for trait plasticity to facilitate evolution, especially via modified ecological 

406 interactions.

407 Ecology feeds back and changes Evolution, and vice versa --Changes in plant 

408 species relative abundances (or percent cover) have been observed in response to 

409 herbicide exposure (see above) and these are expected to occur well before plant 

410 extinction. Changes in functional or taxonomic evenness of the plant community can 

411 affect plant-plant interactions as well as interactions with other trophic levels (Symstad et 

412 al 2000). For instance, when an herbicide differentially impacts functional groups of 

413 plants (e.g., Figure 3, Table S1, dicots) it can simplify functional aspects of the 

414 community, reducing the opportunity for complementarity in resource use and thus 

415 shifting selection to functional traits related to resource acquisition (e.g., van Moorsel et 

416 al. 2019). Moreover, when an herbicide affects the dominance of plant species, it could 
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417 also affect the abundances or diversity of higher trophic levels and thus selection on 

418 traits associated with those interactions, such as herbivore defense or pollinator 

419 attraction. 

420 Herbicide-mediated loss or gain of plant species can result in major changes in the plant 

421 community membership and thus add an evolutionary-driven (extinction and invasion) 

422 species composition-dependent dimension to the dynamics within these communities 

423 (i.e., terHorst et al. 2018, van Moorsel et al. 2019). Ecological interactions depend on the 

424 members of the community, and loss of those with niche constructing, non-redundant 

425 functions or specialized traits that make them keystone species (e.g., N fixing 

426 mutualisms, unique floral morphologies or rewards), will affect local interaction types, 

427 intensity and resulting selection (e.g., Biella et al. 2019; Gomez et al. 2009; Lankau & 

428 Strauss 2007). For instance, flower traits mediated the impact of species loss in co-

429 flowering communities, because pollinator foraging decisions (and potentially selection) 

430 changed after removal of specific morphospecies (Biella et al. 2019). Likewise, invasion 

431 by Medicago polymorpha altered the strength and direction of selection on antiherbivore 

432 defenses, but not competitive ability, of a native Lotus (Lau 2008). Interestingly, the 

433 strength of effects also depended on the presence of herbivores (Lau 2008), reinforcing 

434 the importance of a holistic approach to eco-evo feedbacks. Thus, extinctions/invasions 

435 that result from repeated herbicide exposure can fundamentally feedback on the ecology 

436 and trait evolution of the interacting species. In some circumstances, evolution may even 

437 compensate for extreme species loss. For instance, van Moorsel et al. (2019) found that 

438 prolonged growth in monoculture led to an increase in within-species trait variation 

439 suggesting widening of intraspecific niche via character displacement.

440 Evolution feeds back and changes Evolution: Coevolution of two trophic levels-

441 Anthropogenic impacts modify communities and can alter the quality of species 

442 interactions, leading to evolution and coevolution of the interactors within these 

443 communities. Coevolution of host-pathogen interactions may be modified by herbicide 

444 exposure because herbicide can affect levels of polymorphism in resistance and 

445 infectivity (Duke 2018; Feng et al. 2005), and thus affect trajectories of pathogen-plant 

446 arms races. Likewise, evolution may work to maintain, or restore disrupted mutualistic 

447 interactions (Gundel et al. 2012, Kiers 2010). For instance, herbicides could shift the 

448 quality of mutualistic interactions toward antagonism (changing the cost/benefit 

449 relationships of the partners), or threaten coextinction by dramatically reducing the 
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450 population size of one partner. These changes could precipitate evolutionary shifts to 

451 reduce reliance on the declining partner or shifts in partner quality (Kiers et al. 2010; 

452 Veron et al. 2018). Herbicide dose has been seen to interact with plant genetic 

453 background to influence the expression of mutualism between endophytes and grass 

454 species, where the mutualism improved seedling survival at low but not high doses 

455 (Gundel 2012). Nevertheless, rhizobia or fungal endophytes may adapt rapidly and in 

456 novel ways to herbicide-altered plant phenotypes because their fitness depends on that 

457 of the holobont (Gundel 2012; Kiers et al. 2010). Likewise, in pollination mutualisms, 

458 plants may evolve towards use of abiotic pollen vectors (e.g., wind) or exclusive self-

459 pollination when faced with poor biotic pollination service (Kaiser-Bunbury et al. 2010, 

460 Roels & Kelly 2009). Thus, herbicide-impacted communities may be subject to 

461 coevolutionary ‘rescue’ wherein coevolution between community members mitigates the 

462 impacts of ongoing anthropogenic disturbance by rewiring the network structure of the 

463 community in a way that compensates for the extinction of individual species and their 

464 interactions (Nusimer et al. 2019). 

465 Conclusions, future goals and approaches

466 Herbicide use leads to some of the most well documented cases of rapid evolution 

467 (Palkovacs et al. 2012), but the cascading effects for ecological systems, especially in 

468 terms of community composition and quantity and quality of species interactions remain 

469 to be explored. Through this mini-synthesis we have shown that herbicides have the 

470 potential to transform communities and create eco-evo trajectories for multiple 

471 interacting trophic groups, but also that the multiple avenues for interaction in naturally 

472 complex communities make it difficult to predict net ecological effects of plant evolution 

473 and vice versa. As a way forward to assess the potential for eco-evo dynamics, we 

474 suggest that we need to start by characterizing several basic axes of variation in 

475 impacted natural communities, as well as to begin to conduct the types of manipulative 

476 experiments that specifically reveal impacts of ecology on evolution, evolution on 

477 ecology, and their feedbacks.

478 With respect to plants as the focal taxonomic level, there are multiple axes of variation 

479 that should be quantified in observational studies. First, the extent of within-population 

480 genetic variation in response to herbicides across coexisting plant species, and the 

481 extent of within-population genetic variation in plastic responses to non-lethal herbicide 

482 exposure. In both cases, the response should be measured in terms of a wide range of 
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483 functional traits, especially those that may be genetically correlated with resistance, as 

484 well as those that mediate different types of ecological interactions (i.e., floral attraction, 

485 reward production, nodule traits, or leaf palatability or nutritional quality). Assessing 

486 resistance in natural settings will be key as resistance is not likely to be consistent 

487 across abiotic or biotic environments (e.g., Comont et al. 2019; Du et al. 2018). Levels of 

488 herbicide exposure should include sublethal doses, not just field application rates, 

489 because sublethal doses impose different strengths of selection which is experienced by 

490 the broad range of organisms at the agro-eco interface. In addition to functional traits, 

491 studies should explore the effect of herbicide exposure on variance in relative fitness 

492 (measured as seed production and seed siring success), because if herbicide exposure 

493 increases fitness variation, then it increases the opportunity for selection. For instance, 

494 fitness variance (the ‘opportunity for selection’) increases when populations are in 

495 decline (Reiss 2013). Likewise, studies should determine whether plastic responses to 

496 herbicides align with additive genetic variation and covariation for those phenotypes as 

497 this can increase the efficacy of selection (Nobel et al. 2019). Studies should 

498 characterize the ecologically-relevant linkages between direct effects of herbicides on 

499 plants, associated indirect effects on plant-dependent communities (i.e., pollinators, 

500 rhizobia, herbivores) and the potential direct effect on these communities, as well as 

501 determine whether herbicide exposure changes the net strength of existing ecological 

502 interactions. In all cases, an effort should be made to incorporate the totality of 

503 interactions which will inform on the potential for diffuse coevolution (De Meester 2019). 

504 Finally, studies should document plant community shifts in terms of species membership 

505 and evenness not only throughout the growing season as phenological shifts are 

506 common responses to herbicide, but also across years (Table 2, Figure 3, Table S1).

507 Future work should leverage experimental manipulations to explicitly assess the impacts 

508 of ecology on evolution and vice versa, and their feedback. First, classic selection 

509 experiments can be used to assess the impacts of ecology on evolution. For instance, 

510 the canonical experiment involves exposing plant populations to different levels of 

511 herbicide application (including relevant controls), sowing the seeds for the next 

512 generation in proportion to fitness in the prior, conducting this over several generations 

513 and finally scoring herbicide resistance and other functional traits. But if this experiment 

514 is conducted with and without the potential for biotic interactions (e.g., mutualistic 

515 partners) then one can compare the sum of direct and indirect ecological effects of 

516 herbicide evolution to the direct effects of herbicide alone.
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517 If selection experiments are conducted with numerous community members, then one 

518 can conduct a second type of experiment where the standing genetic variation in 

519 resistance is manipulated to explicitly assess the impacts of evolution on ecology. For 

520 instance, ecological interactions can be characterized for populations (or communities) 

521 inhabited with varying compositions of resistant or susceptible genotypes (i.e., products 

522 of previous selection experiments). Manipulating community composition in a crossed 

523 design with within-species resistance variation would allow one to assess the synergistic 

524 effect of species extinctions (or migrations) and resistance evolution on ecology of a 

525 focal species. Finally, resistant or susceptible plants could be compared when inhabiting 

526 artificial communities assembled to reflect foundational compositions or to reflect 

527 herbicide-shifted compositions. This would allow one to disentangle the direct effects of 

528 herbicide resistance from the community-contextual changes in species interactions.

529 It will also be important to determine if the mutualist partners evolve in response to 

530 herbicides directly or via plant evolution. It is possible that partners with fast generations 

531 times and large population sizes, like microbes, will evolve faster than plants in response 

532 to herbicides and could facilitate evolutionary rescue of the plant species (Bell 2017). 

533 Such experiments could involve artificial selection on microbes and assessment of plant 

534 fitness when in the presence of evolved or original microbial associates.

535 Finally, experiments that put a ‘break’ on evolution are recommended to assess 

536 feedback of evolution on ecology (Turcotte et al. 2013). Here, alongside a selection 

537 experiment (as above) where each generation is started with the most fit individuals from 

538 a prior generation, control populations are created wherein each generation the initial 

539 genotypes are used to repopulate the community, rather than those that have evolved in 

540 the previous generation. The effects of evolved populations on species interactions are 

541 then compared to those with initial populations. It is worth mentioning that all of these 

542 experiments should be conducted in accordance with state and local pesticide 

543 regulations, and with the utmost care to avoid escape of evolved organisms.

544 In conclusion, an eco-evo perspective provides a framework for understanding the 

545 impact of herbicides on evolution and ecology and their interaction on the same time 

546 scale. Thus, it will provide a better understanding of how these human-mediated 

547 disturbances are transforming species and community functions in real time. 

548

A
u
th

o
r 

M
a
n
u
sc

ri
p
t



18

This article is protected by copyright. All rights reserved

549 Acknowledgements

550 This work was supported by NSF DEB-1834496 and USDA 2017-09529/1016564 to TLA 

551 and RB. VI was additionally supported by UPitt Dietrich School of Arts and Sciences Hot 

552 Metal Bridge and first year Fellowships.

553

554 References

555 Abd-Alla, M. H., Omar, S. A., & Karanxha, S. (2000). The impact of pesticides on 

556 arbuscular mycorrhizal and nitrogen-fixing symbioses in legumes. Applied Soil 

557 Ecology, 14(3), 191–200. doi:10.1016/S0929-1393(00)00056-1

558 Abraham, J., Benhotons, G. S., Krampah, I., Tagba, J., Amissah, C., & Abraham, J. D. 

559 (2018). Commercially formulated glyphosate can kill non-target pollinator bees 

560 under laboratory conditions. Entomologia Experimentalis et Applicata, 166(8), 695–

561 702. doi: 10.1111/eea.12694

562 Ahemad, M., & Khan, M. S. (2012). Ecological assessment of biotoxicity of pesticides 

563 towards plant growth promoting activities of pea (Pisum sativum)-specific 

564 Rhizobium sp. Strain MRP1. Emirates Journal of Food and Agriculture, 24(4), 334–

565 343.

566 Alberti, M. (2015). Eco-evolutionary dynamics in an urbanizing planet. Trends in Ecology 

567 and Evolution, 30(2), 114–126. doi: 10.1016/j.tree.2014.11.007

568 Alcocer-Ruthling, M., Thill, D., & Shafii, B. (1992). Differential competitiveness of 

569 sulfonylurea resistant and susceptible prickly lettuce (Lactuca serriola). Weed 

570 Technology, 6(2), 303-309. doi:10.1017/S0890037X00034771

571 Arceo-Gómez, G., & Ashman, T.-L. (2013). Coflowering community context influences 

572 female fitness and alters the adaptive value of flower longevity in Mimulus guttatus. 

573 The American Naturalist 183(2). doi: 10.5061/dryad.653k7

574 Balbuena, M. S., Tison, L., Hahn, M. L., Greggers, U., Menzel, R., & Farina, W. M. 

575 (2015). Effects of sublethal doses of glyphosate on honeybee navigation. Journal of 

576 Experimental Biology, 218(17), 2799–2805. doi: 10.1242/jeb.117291

A
u
th

o
r 

M
a
n
u
sc

ri
p
t



19

This article is protected by copyright. All rights reserved

577 Bàrberi, P., Silvestri, N., & Bonari, E. (1997). Weed communities of winter wheat as 

578 influenced by input level and rotation. Weed Research, 37(5), 301–313. doi: 

579 10.1046/j.1365-3180.1997.d01-53.x

580 Baucom, R. S. (2019). Evolutionary and ecological insights from herbicide-resistant 

581 weeds: what have we learned about plant adaptation, and what is left to uncover? 

582 New Phytologist, 223(1), 68–82. doi: 10.1111/nph.15723

583 Baucom, R. S., & Mauricio, R. (2004). Fitness costs and benefits of novel herbicide 

584 tolerance in a noxious weed. Proceedings of the National Academy of Sciences of 

585 the United States of America, 101(36), 13386-13390. doi: 

586 10.1073pnas.0404306101

587 Baucom, R. S., Mauricio, R., & Chang, S. M. (2008). Glyphosate induces transient male 

588 sterility in Ipomoea purpurea. Botany, 86(6), 587–594. doi: 10.1139/B08-035

589 Belbin, F. E., Hall, G. J., Jackson, A. B., Schanschieff, F. E., Archibald, G., Formstone, 

590 C., & Dodd, A. N. (2019). Plant circadian rhythms regulate the effectiveness of a 

591 glyphosate-based herbicide. Nature Communications, 10(3704), doi: 

592 10.1038/s41467-019-11709-5

593 Bell, G. (2017). Evolutionary rescue. Annual Review of Ecology, Evolution, and 

594 Systematics, 48, 605-627. doi: 10.1146/annurev-ecolsys-110316

595 Biella, P., Akter, A., Ollerton, J., Tarrant, S., Janeček, Š., Jersáková, J., & Klecka, J. 

596 (2019). Experimental loss of generalist plants reveals alterations in plant-pollinator 

597 interactions and a constrained flexibility of foraging. Scientific Reports, 9(1). doi: 

598 10.1038/s41598-019-43553-4

599 Bingham, R., King, P., & Keck, A. G. (2017). An investigation of tradeoffs in herbicide 

600 resistant Brassica rapa: Effects on pollen and ovule production, biomass and 

601 development. American Journal of Environmental Sciences, 13(1), 22–29. doi: 

602 10.3844/ajessp.2017.22.29A
u
th

o
r 

M
a
n
u
sc

ri
p
t



20

This article is protected by copyright. All rights reserved

603 Blackman, B. K. (2017). Changing responses to changing seasons: Natural variation in 

604 the plasticity of flowering time. Plant Physiology, 173(1), 16–26. doi: 

605 10.1104/pp.16.01683

606 Bohnenblust, E. W., Vaudo, A. D., Egan, J. F., Mortensen, D. A., & Tooker, J. F. (2016). 

607 Effects of the herbicide dicamba on nontarget plants and pollinator visitation. 

608 Environmental Toxicology and Chemistry, 35(1), 144–151. doi: 10.1002/etc.3169

609 Bohnenblust, E., Egan, J. F., Mortensen, D., & Tooker, J. (2013). Direct and indirect 

610 effects of the synthetic-auxin herbicide dicamba on two lepidopteran species. 

611 Environmental Entomology, 42(3), 586–594. doi: 10.1603/en13021

612 Bretagnolle, V., & Gaba, S. (2015). Weeds for bees? A review. Agronomy for 

613 Sustainable Development, 35(3), 891-909. doi: 10.1007/s13593-015-0302-5

614 Brockhurst, M. A., Harrison, F., Veening, J. W., Harrison, E., Blackwell, G., Iqbal, Z., & 

615 Maclean, C. (2019). Assessing evolutionary risks of resistance for new antimicrobial 

616 therapies. Nature Ecology and Evolution, 3, 515–517. doi: 10.1038/s41559-019-

617 0854-x

618 Burghardt, L. T. (2019). Evolving together, evolving apart: measuring the fitness of 

619 rhizobial bacteria in and out of symbiosis with leguminous plants. New Phytologist. 

620 doi: 10.1111/nph.16045

621 Capinera, J. L. (2018). Direct and indirect effects of herbicides on insects. in Weed 

622 Control (pp. 76-88). Boca Raton, FL: CRC Press 

623 Comont, D., Knight, C., Crook, L., Hull, R., Beffa, R., & Neve, P. (2019). Alterations in 

624 life-history associated with non-target-site herbicide resistance in Alopecurus 

625 myosuroides. Frontiers in Plant Science, 10. doi: 10.3389/fpls.2019.00837

626 Cronk, Q. (2016). Plant extinctions take time. Science, 353(6298), 446–447. doi: 

627 10.1126/science.aag1794A
u
th

o
r 

M
a
n
u
sc

ri
p
t



21

This article is protected by copyright. All rights reserved

628 Czesak, M.E., C. W. Fox, & J.B. Wolf. (2006). Experimental evolution of phenotypic 

629 plasticity: How predictive are cross-environment genetic correlations? American 

630 Naturalist 68, 323–335.

631 De Meester, L., Brans, K. I., Govaert, L., Souffreau, C., Mukherjee, S., Vanvelk, H., … 

632 Urban, M. C. (2019). Analysing eco-evolutionary dynamics—The challenging 

633 complexity of the real world. Functional Ecology, 33(1), 43–59. doi: 10.1111/1365-

634 2435.13261

635 Dennis, P. G., Kukulies, T., Forstner, C., Orton, T. G., & Pattison, A. B. (2018). The 

636 effects of glyphosate, glufosinate, paraquat and paraquat-diquat on soil microbial 

637 activity and bacterial, archaeal and nematode diversity. Scientific Reports, 8(1). doi: 

638 10.1038/s41598-018-20589-6

639 Des Roches, S., Post, D. M., Turley, N. E., Bailey, J. K., Hendry, A. P., Kinnison, M. T., 

640 … Palkovacs, E. P. (2018). The ecological importance of intraspecific variation. 

641 Nature Ecology and Evolution, 2(1), 57–64. doi: 10.1038/s41559-017-0402-5

642 Du, L., Qu, M., Jiang, X., Li, X., Ju, Q., Lu, X., & Wang, J. (2019). Fitness costs 

643 associated with acetyl-coenzyme A carboxylase mutations endowing herbicide 

644 resistance in American sloughgrass (Beckmannia syzigachne Steud.). Ecology and 

645 Evolution, 9(4), 2220–2230. doi: 10.1002/ece3.4917

646 Duke, S. O. (2018). Interaction of chemical pesticides and their formulation ingredients 

647 with microbes associated with plants and plant pests. Journal of Agricultural and 

648 Food Chemistry, 66(29), 7553–7561. doi: 10.1021/acs.jafc.8b02316

649 Dupont, Y. L., Strandberg, B., & Damgaard, C. (2018). Effects of herbicide and nitrogen 

650 fertilizer on non-target plant reproduction and indirect effects on pollination in 

651 Tanacetum vulgare (Asteraceae). Agriculture, Ecosystems and Environment, 

652 262(15), 76–82. doi: 10.1016/j.agee.2018.04.014

653 Egan, J. F., Bohnenblust, E., Goslee, S., Mortensen, D., & Tooker, J. (2014). Herbicide 

654 drift can affect plant and arthropod communities. Agriculture, Ecosystems and 

655 Environment, 185, 77–87. doi: 10.1016/j.agee.2013.12.017

A
u
th

o
r 

M
a
n
u
sc

ri
p
t



22

This article is protected by copyright. All rights reserved

656 Feng, P. C. C., James Baley, G., Clinton, W. P., Bunkers, G. J., Alibhai, M. F., Paulitz, T. 

657 C., & Kidwell, K. K. (2005). Glyphosate inhibits rust diseases in glyphosate-resistant 

658 wheat and soybean. Proceedings of the National Academy of Sciences of the 

659 United States of America, 102(48), 17290-17295 doi: 10.1073pnas.0508873102

660 Fletcher, J. S., Pfleeger, T. G., Ratsch, H. C., & Hayes, R. (1996). Potential impact of 

661 low levels of chlorsulfuron and other herbicides on growth and yield of nontarget 

662 plants. Environmental Toxicology and Chemistry, 15(7), 1189–1196. doi: 

663 10.1002/etc.5620150726

664 Franklin, E. L., & Raine, N. E. (2019). Moving beyond honeybee-centric pesticide risk 

665 assessments to protect all pollinators. Nature Ecology & Evolution, 3(10) doi: 

666 10.1038/s41559-019-0987-y 

667 Gassmann, A. J. (2005). Resistance to herbicide and susceptibility to herbivores: 

668 Environmental variation in the magnitude of an ecological trade-off. Oecologia, 

669 145(4), 575–585. doi: 10.1007/s00442-005-0112-6

670 Gassmann, A. J., & Futuyma, D. J. (2005). Consequence of herbivory for the fitness cost 

671 of herbicide resistance: Photosynthetic variation in the context of plant-herbivore 

672 interactions. Journal of Evolutionary Biology, 18(2), 447–454. doi: 10.1111/j.1420-

673 9101.2004.00819.x

674 Gilbert, S. F., Bosch, T. C. G., & Ledón-Rettig, C. (2015). Eco-Evo-Devo: Developmental 

675 symbiosis and developmental plasticity as evolutionary agents. Nature Reviews 

676 Genetics, 16(10), 611–622. doi:10.1038/nrg3982

677 Głodowska, M., & Wozniak, M. (2019). Changes in soil microbial activity and community 

678 composition as a result of selected agricultural practices. Agricultural Sciences, 

679 10(03), 330–351. doi:10.4236/as.2019.103028

680 Gómez, J. M., Perfectti, F., Bosch, J., & Camacho, J. P. M. (2009). A geographic 

681 selection mosaic in a generalized plant-pollinator-herbivore system. Ecological 

682 Monographs, 79(2), 245–263. doi: 10.1890/08-0511.1

A
u
th

o
r 

M
a
n
u
sc

ri
p
t



23

This article is protected by copyright. All rights reserved

683 Gould, F., Brown, Z. S., & Kuzma, J. (2018). Wicked evolution: Can we address the 

684 sociobiological dilemma of pesticide resistance? Science, 360(6390), 728–732. doi: 

685 10.1126/science.aar3780

686 Goulson, D., Nicholls, E., Botías, C., & Rotheray, E. L. (2015). Bee declines driven by 

687 combined Stress from parasites, pesticides, and lack of flowers. Science, 

688 347(6229). doi: 10.1126/science.1255957

689 Gove, B., Power, S. A., Buckley, G. P., & Ghazoul, J. (2007). Effects of herbicide spray 

690 drift and fertilizer overspread on selected species of woodland ground flora: 

691 Comparison between short-term and long-term impact assessments and field 

692 surveys. Journal of Applied Ecology, 44(2), 374–384. doi: 10.1111/j.1365-

693 2664.2007.01261.x

694 Grundy, A. C., Mead, A., Bond, W., Clark, G., & Burston, S. (2011). The impact of 

695 herbicide management on long-term changes in the diversity and species 

696 composition of weed populations. Weed Research, 51(2), 187–200. doi: 

697 10.1111/j.1365-3180.2010.00831.x

698 Gundel, P. E., Martínez-Ghersa, M. A., Omacini, M., Cuyeu, R., Pagano, E., Ríos, R., & 

699 Ghersa, C. M. (2012). Mutualism effectiveness and vertical transmission of 

700 symbiotic fungal endophytes in response to host genetic background. Evolutionary 

701 Applications, 5(8), 838–849. doi: 10.1111/j.1752-4571.2012.00261.x

702 Hald, A. B. (1999). Weed vegetation (wild flora) of long established organic versus 

703 conventional cereal fields in Denmark. Annals of Applied Biology, 134(3), 307–314. 

704 doi: 10.1111/j.1744-7348.1999.tb05269.x

705 Heap, I., & Duke, S. O. (2018). Overview of glyphosate-resistant weeds worldwide. Pest 

706 Management Science, 74, 1040–1049. doi: 10.1002/ps.4760

707 Helander, M., Saloniemi, I., Omacini, M., Druille, M., Salminen, J. P., & Saikkonen, K. 

708 (2018). Glyphosate decreases mycorrhizal colonization and affects plant-soil 

709 feedback. Science of the Total Environment, 642, 285–291. doi: 

710 10.1016/j.scitotenv.2018.05.377

A
u
th

o
r 

M
a
n
u
sc

ri
p
t



24

This article is protected by copyright. All rights reserved

711 Hendry, A. P., Schoen, D. J., Wolak, M. E., & Reid, J. M. (2018). The contemporary 

712 evolution of fitness. Annual Review of Ecology, Evolution, and Systematics, 49(1), 

713 457–476. doi: 10.1146/annurev-ecolsys-110617-062358

714 Hendry, A.P. (2016) Eco-evolutionary Dynamics. Princeton, NJ: Princeton University 

715 Press.

716 Huot, B., J. Yao, B.L. Montgomery,  & S.Y. He 2014. Growth–defense tradeoffs in plants: 

717 A  balancing act to optimize fitness. Molecular Plant 7, 1267–1287,  

718 https://doi.org/10.1093/mp/ssu049.

719 Jacobsen, C. S., & Hjelmsø, M. H. (2014). Agricultural soils, pesticides and microbial 

720 diversity. Current Opinion in Biotechnology, 27, 15–20. doi: 

721 10.1016/j.copbio.2013.09.003

722 Janzen, D. H. (1980). When is it Coevolution? Evolution, 34(3), 611-612 doi: 

723 10.1111/j.1558- 5646.1980.tb04849.x.

724 Jasieniuk, M., Brûlé-Babel, A. L., & Morrison, I. N. (1996). The evolution and genetics of 

725 herbicide resistance in weeds. Weed Science, 44(1), 176–193. doi: 

726 10.1017/s0043174500093747

727 Johnson, M. T. J., & Munshi-South, J. (2017). Evolution of life in urban environments. 

728 Science, 358(6363). doi: 10.1126/science.aam8327

729 Kaiser-Bunbury, C. N., Muff, S., Memmott, J., Müller, C. B., & Caflisch, A. (2010). The 

730 robustness of pollination networks to the loss of species and interactions: A 

731 quantitative approach incorporating pollinator behaviour. Ecology Letters, 13(4), 

732 442–452. doi: 10.1111/j.1461-0248.2009.01437.x

733 Keen, N. T. (1982). Effects of glyphosate on glyceollin production and the expression of 

734 resistance to Phytophthora megasperma f. sp. glycinea in soybean.                  . 

735 Phytopathology, 72(11),1467-1470. doi: 10.1094/phyto-77-1467A
u
th

o
r 

M
a
n
u
sc

ri
p
t



25

This article is protected by copyright. All rights reserved

736 Kiers, T. E., Palmer, T. M., Ives, A. R., Bruno, J. F., & Bronstein, J. L. (2010). 

737 Mutualisms in a changing world: An evolutionary perspective. Ecology Letters, 

738 13(12), 1459–1474. doi: 10.1111/j.1461-0248.2010.01538.x

739 Knight, T. M., Ashman, T. ‐L., Bennett, J. M., Burns, J. H., Passonneau, S., & Steets, J. 

740 A. (2018). Reflections on, and visions for, the changing field of pollination ecology. 

741 Ecology Letters, 21(8), 1282–1295. doi: 

742 10.1111/ELE.13094@10.1111/(ISSN)1461-0248.20TH-ANNIVERSARY

743 Kniss, A. R. (2017). Long-term trends in the intensity and relative toxicity of herbicide 

744 use. Nature Communications, 8(14865), 1-7. doi: 10.1038/ncomms14865

745 Kopit, A. M., & Pitts-Singer, T. L. (2018). Routes of pesticide exposure in solitary, cavity-

746 nesting bees. Environmental Entomology, 47(3), 499–510. doi: 10.1093/ee/nvy034

747 Kovács-Hostyánszki, A., Espíndola, A., Vanbergen, A. J., Settele, J., Kremen, C., & 

748 Dicks, L. V. (2017). Ecological intensification to mitigate impacts of conventional 

749 intensive land use on pollinators and pollination. Ecology Letters, 20(5), 673–689. 

750 doi: 10.1111/ele.12762

751 Kuester, A., Fall, E., Chang, S. M., & Baucom, R. S. (2017). Shifts in outcrossing rates 

752 and changes to floral traits are associated with the evolution of herbicide resistance 

753 in the common morning glory. Ecology Letters, 20(1), 41–49. doi: 

754 10.1111/ele.12703

755 Kuussaari, M., Bommarco, R., Heikkinen, R. K., Helm, A., Krauss, J., Lindborg, R., … 

756 Steffan-Dewenter, I. (2009). Extinction debt: a challenge for biodiversity 

757 conservation. Trends in Ecology and Evolution, 24(10), 564–571. doi: 

758 10.1016/j.tree.2009.04.011

759 Lankau, R. A., & Strauss, S. Y. (2008). Community complexity drives patterns of natural 

760 selection on a chemical defense of Brassica nigra. American Naturalist, 171(2), 

761 150–161. doi: 10.1086/524959

762 Lau, J. A. (2008). Beyond the ecological: Biological invasions alter natural selection on a 

763 native plant species. Ecology, 89(4), 1023–1031. doi: 10.1890/06-1999.1

A
u
th

o
r 

M
a
n
u
sc

ri
p
t



26

This article is protected by copyright. All rights reserved

764 Lekberg, Y., Wagner, V., Rummel, A., McLeod, M., & Ramsey, P. W. (2017). Strong 

765 indirect herbicide effects on mycorrhizal associations through plant community 

766 shifts and secondary invasions. Ecological Applications, 27(8), 2359–2368. doi: 

767 10.1002/eap.1613

768 Levis, N. A., & Pfennig, D. W. (2016). Evaluating “Plasticity-First” evolution in nature: 

769 Key criteria and empirical approaches. Trends in Ecology and Evolution, 31(7), 

770 563–574. doi: 10.1016/j.tree.2016.03.012

771 Londo, J. P., McKinney, J., Schwartz, M., Bollman, M., Sagers, C., & Watrud, L. (2014). 

772 Sub-lethal glyphosate exposure alters flowering phenology and causes transient 

773 male-sterility in Brassica spp. BMC Plant Biology, 14(1). doi: 10.1186/1471-2229-

774 14-70

775 Marshall, E. J. P., Brown, V. K., Boatman, N. D., Lutman, P. J. W., Squire, G. R., & 

776 Ward, L. K. (2003). The role of weeds in supporting biological diversity within crop 

777 fields. Weed Research, 43(2), 77–89. doi: 10.1046/j.1365-3180.2003.00326.x

778 Martin, S. L., Benedict, L., Sauder, C. A., Wei, W., da Costa, L. O., Hall, L. M., & Beckie, 

779 H. J. (2017). Glyphosate resistance reduces kochia fitness: Comparison of 

780 segregating resistant and susceptible F2 populations. Plant Science : An 

781 International Journal of Experimental Plant Biology, 261, 69–79. 

782 https://doi.org/10.1016/j.plantsci.2017.04.010

783 Mayerová, M., Mikulka, J., & Soukup, J. (2018). Effects of selective herbicide treatment 

784 on weed community in cereal crop rotation. Plant, Soil and Environment, 64(9), 

785 413–420. doi: 10.17221/289/2018-PSE

786 Mohr, K. I., & Tebbe, C. C. (2006). Diversity and phylotype consistency of bacteria in the 

787 guts of three bee species (Apoidea) at an oilseed rape field. Environmental 

788 Microbiology, 8(2), 258–272. doi: 10.1111/j.1462-2920.2005.00893.x

789 Moreby, S.J., Southway, S.E. (1999). Influence of autumn applied herbicides on summer 

790 and autumn food available to birds in winter wheat fields in southern England. 

791 Agriculture, Ecosystems, and Environment, 72, 285-297. 

A
u
th

o
r 

M
a
n
u
sc

ri
p
t



27

This article is protected by copyright. All rights reserved

792 Motta, E. V. S., Raymann, K., & Moran, N. A. (2018). Glyphosate perturbs the gut 

793 microbiota of honey bees. Proceedings of the National Academy of Sciences of the 

794 United States of America, 115(41), 10305–10310. doi: 10.1073/pnas.1803880115

795 Neve, P., Busi, R., Renton, M., & Vila-Aiub, M. M. (2014). Expanding the eco-

796 evolutionary context of herbicide resistance research.70(9) doi: 10.1002/ps.3757

797 Noble, D.W.A., R. Radersma & T. Uller. (2019). Plastic responses to novel environments 

798 are biased towards phenotype dimensions with high additive genetic variation 

799 Proceedings of the National Academy of Sciences of the United States of America,  

800 116(27), 13452–13461. doi/10.1073/pnas.1821066116

801 Nuismer, S. L., Week, B., & Aizen, M. A. (2018). Coevolution slows the disassembly of 

802 mutualistic networks. American Naturalist, 192(4), 490–502. doi: 10.1086/699218

803 Oka, I. N., & Pimentel, D. (1976). Herbicide (2,4-D) increases insect and pathogen pests 

804 on corn. Science, 193(4249), 239–240. doi: 10.1126/science.193.4249.239

805 Olszyk, D., Pfleeger, T., Henry Lee, E., & Plocher, M. (2009). Pea (Pisum sativum) seed 

806 production as an assay for reproductive effects due to herbicides. Environmental 

807 Toxicology and Chemistry, 28(9), 1920–1929. doi: 10.1897/08-244.1

808 Olszyk, D., Pfleeger, T., Lee, E. H., & Plocher, M. (2015). Glyphosate and dicamba 

809 herbicide tank mixture effects on native plant and non-genetically engineered 

810 soybean seedlings. Ecotoxicology, 24(5), 1014–1027. doi: 10.1007/s10646-015-

811 1442-8

812 Olszyk, D., Pfleeger, T., Shiroyama, T., Blakeley-Smith, M., Lee, E. H., & Plocher, M. 

813 (2017). Plant reproduction is altered by simulated herbicide drift to constructed plant 

814 communities. Environmental Toxicology and Chemistry, 36(10), 2799–2813. doi: 

815 10.1002/etc.3839

816 Ouvrard, P., & Jacquemart, A. L. (2018). Agri-environment schemes targeting farmland 

817 bird populations also provide food for pollinating insects. Agricultural and Forest 

818 Entomology, 20(4), 558–574. doi: 10.1111/afe.12289

A
u
th

o
r 

M
a
n
u
sc

ri
p
t



28

This article is protected by copyright. All rights reserved

819 Owen, M. D. K., & Zelaya, I. A. (2005). Herbicide-resistant crops and weed resistance to 

820 herbicides. Pest Management Science, 61(3), 301–311. doi: 10.1002/ps.1015

821 Owen, M., Michael, P. J., Renton, M., Steadman, K. J., & Powles, S. B. (2011). Towards 

822 large-scale prediction of Lolium rigidum emergence. II. Correlation between 

823 dormancy and herbicide resistance levels suggests an impact of cropping systems. 

824 Weed Research, 51(2), 133–141. doi: 10.1111/j.1365-3180.2010.00835.x

825 Palkovacs, E. P., & Hendry, A. P. (2010). Eco-evolutionary dynamics: intertwining 

826 ecological and evolutionary processes in contemporary time Introduction and 

827 context. F1000 Biological Reports, 2(1) doi: 10.3410/B2-1

828 Palkovacs, E. P., Kinnison, M. T., Correa, C., Dalton, C. M., & Hendry, A. P. (2012). 

829 Fates beyond traits: Ecological consequences of human-induced trait change. 

830 Evolutionary Applications, 5(2), 183–191. doi: 10.1111/j.1752-4571.2011.00212.x

831 Pelletier, F., & Coltman, D. W. (2018). Will human influences on evolutionary dynamics 

832 in the wild pervade the Anthropocene? BMC Biology, 16(7). doi: 10.1186/s12915-

833 017-0476-1

834 Pimentel, D., Nagel, W. P., & Madden, J. L. (1963). Space-time structure of the 

835 environment and the survival of parasite-host systems. The American Naturalist, 

836 97(894), 141–167. doi: 10.1086/282265

837 Porter, S. S., & Rice, K. J. (2013). Trade-offs, spatial heterogeneity, and the 

838 maintenance of microbial diversity. Evolution, 67(2), 599–608. doi: 10.1111/j.1558-

839 5646.2012.01788.x

840 Preston, C., & Powles, S. B. (2002). Evolution of herbicide resistance in weeds: Initial 

841 frequency of target site-based resistance to acetolactate synthase-inhibiting 

842 herbicides in Lolium rigidum. Heredity, 88(1), 8–13. doi: 10.1038/sj.hdy.6800004

843 Prosser, R. S., Anderson, J. C., Hanson, M. L., Solomon, K. R., & Sibley, P. K. (2016). 

844 Indirect effects of herbicides on biota in terrestrial edge-of-field habitats: A critical 

845 review of the literature. Agriculture, Ecosystems and Environment, 232 (16), 59–72. 

846 doi: 10.1016/j.agee.2016.07.009

A
u
th

o
r 

M
a
n
u
sc

ri
p
t



29

This article is protected by copyright. All rights reserved

847 R Core Team (2019). R: A language and environment for statistical computing. R 

848 Foundation for Statistical Computing, Vienna, Austria. URL https://www.R-

849 project.org/.

850 Reiss, J. O. 2013. Does selection intensity increase when populations decrease? 

851 Absolute fitness, relative fitness, and the opportunity for selection. Evolutionary  

852 Ecology 27, 477–488

853 Roels, S. A. B., & Kelly, J. K. (2011). Rapid evolution caused by pollinator loss in 

854 Mimulus guttatus. Evolution, 65(9), 2541–2552. doi: 10.1111/j.1558-

855 5646.2011.01326.x

856 Rollin, O., Benelli, G., Benvenuti, S., Decourtye, A., Wratten, S. D., Canale, A., & 

857 Desneux, N. (2016). Weed-insect pollinator networks as bio-indicators of ecological 

858 sustainability in agriculture. A review. Agronomy for Sustainable Development. 

859 36(8) doi: 10.1007/s13593-015-0342-x

860 Rotchés-Ribalta, R., Boutin, C., Blanco-Moreno, J. M., Carpenter, D., & Sans, F. X. 

861 (2015). Herbicide impact on the growth and reproduction of characteristic and rare 

862 arable weeds of winter cereal fields. Ecotoxicology, 24(5), 991–1003. doi: 

863 10.1007/s10646-015-1440-x

864 Saltz, J. B., Hessel, F. C., & Kelly, M. W. (2017). Trait correlations in the genomics era. 

865 Trends in Ecology and Evolution, 32(4), 279–290. doi: 10.1016/j.tree.2016.12.008

866 Salzmann, D., Handley, R. J., & Müller-Schärer, H. (2008). Functional significance of 

867 triazine-herbicide resistance in defense of Senecio vulgaris against a rust fungus. 

868 Basic and Applied Ecology, 9(5), 577–587. doi: 10.1016/j.baae.2007.10.001

869 Shankar, P. V., Shaikh, N. R., & Vishwas, P. S. (2012). Effect of different herbicides on 

870 the nodulation property of rhizobial isolates Universal Journal of Environmental 

871 Research and Technology, 2(4), 293–299. 

872 Shuma, J. M., Quick, W. A., Raju, M. V. S., & Hsiao, A. I. (1995). Germination of seeds 

873 from plants of Avena fatua L. treated with glyphosate. Weed Research, 35(4), 249–

874 255. doi: 10.1111/j.1365-3180.1995.tb01787.x

A
u
th

o
r 

M
a
n
u
sc

ri
p
t



30

This article is protected by copyright. All rights reserved

875 Stanley, J., & Preetha, G. (2016). Pesticide toxicity to arthropod predators: Exposure, 

876 toxicity and risk assessment methodologies. In Pesticide Toxicity to Non-target 

877 Organisms (pp. 1–98). doi: 10.1007/978-94-017-7752-0_1

878 Symstad, A. J., Siemann, E., & Haarstad, J. (2000). An experimental test of the effect of 

879 plant functional group diversity on arthropod diversity. Oikos, 89, 243–253.

880 terHorst, C. P. (2010). Evolution in response to direct and indirect ecological effects in 

881 pitcher plant inquiline communities. The American Naturalist, 176(6), 675–685. doi: 

882 10.1086/657047

883 terHorst, C. P., Zee, P. C., Heath, K. D., Miller, T. E., Pastore, A. I., Patel, S., … Walsh, 

884 M. R. (2018). Evolution in a community context: Trait responses to multiple species 

885 interactions. American Naturalist, 191(3), 368–380. https://doi.org/10.1086/695835

886 Trosset, M. W (2011). An introduction to statistical inference and its applications with R. 

887 Chapman and Hall/CRC.

888 Turcotte, M. M., Araki, H., Karp, D. S., Poveda, K., & Whitehead, S. R. (2017). The eco-

889 evolutionary impacts of domestication and agricultural practices on wild species. 

890 Philosophical Transactions of the Royal Society B, 372. doi: 

891 10.1098/rstb.2016.0033

892 Turcotte, M. M., Hart, S. P., & Levine, J. M. (2019). Effects of rapid evolution on species 

893 coexistence. Proceedings of the National Academy of Sciences of the United States 

894 of America, 116(6), 2112–2117. doi: 10.1073/pnas.1816298116

895 Turcotte, M. M., Reznick, D. N., & Daniel Hare, J. D. (2013). Experimental test of an eco-

896 evolutionary dynamic feedback loop between evolution and population density in 

897 the green peach aphid. American Naturalist, 181. doi: 10.1086/668078

898 Tyler, H. L., & Locke, M. A. (2018). Effects of Weed Management on Soil Ecosystems. In 

899 Weed Control (pp. 32-61) Boca Raton, FL: CRC Press

900 Uesugi, A., Connallon, T., Kessler, A., & Monro, K. (2017). Relaxation of herbivore-

901 mediated selection drives the evolution of genetic covariances between plant 

A
u
th

o
r 

M
a
n
u
sc

ri
p
t

https://doi.org/10.1086/695835


31

This article is protected by copyright. All rights reserved

902 competitive and defense traits. Evolution, 71(6), 1700–1709. doi: 

903 10.1111/evo.13247

904 Valiente-Banuet, A., Aizen, M. A., Alcántara, J. M., Arroyo, J., Cocucci, A., Galetti, M., … 

905 Zamora, R. (2015). Beyond species loss: The extinction of ecological interactions in 

906 a changing world. Functional Ecology, 29(3), 299–307. doi: 10.1111/1365-

907 2435.12356

908 van Moorsel, S. J., Schmid, M. W., Wagemaker, N. C. A. M., Gurp, T. van, Schmid, B., & 

909 Vergeer, P. (2019). Evidence for rapid evolution in a grassland biodiversity 

910 experiment. BioRxiv, 28(17). doi: 10.1101/262303

911 Veron, S., Fontaine, C., Dubos, N., Clergeau, P., & Pavoine, S. (2018). Predicting the 

912 impacts of co-extinctions on phylogenetic diversity in mutualistic networks. 

913 Biological Conservation, 219, 161–171. doi: 10.1016/j.biocon.2018.01.028

914 Vila-Aiub, M. M., Yu, Q., & Powles, S. B. (2019). Do plants pay a fitness cost to be 

915 resistant to glyphosate? New Phytologist, 223(2), 532–547. doi: 10.1111/nph.15733

916 Wang, T., Picard, J. C., Tian, X., & Darmency, H. (2010). A herbicide-resistant ACCase 

917 1781 Setaria mutant shows higher fitness than wild type. Heredity, 105(4), 394–

918 400. doi: 10.1038/hdy.2009.183.

919 Wickham, H (2016). ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New 

920 York. ISBN 978-3-319-24277-4. URL https://ggplot2.tidyverse.org.

921 Wu, H., Pratley, J., Lemerle, D., & Haig, T. (2001) Wheat allelopathic potential against a 

922 herbicide-resistant biotype of annual ryegrass. Proceedings of the 10th Australian 

923 Agronomy Conference. Hobart, Australia. (published on CD). 

924 Zabaloy, M. C., & Gómez, M. A. (2005). Diversity of rhizobia isolated from an agricultural 

925 soil in Argentina based on carbon utilization and effects of herbicides on growth. 

926 Biology and Fertility of Soils, 42(2), 83–88. doi: 10.1007/s00374-005-0012-2A
u
th

o
r 

M
a
n
u
sc

ri
p
t



32

This article is protected by copyright. All rights reserved

927 Zaller, J. G., Heigl, F., Ruess, L., & Grabmaier, A. (2014). Glyphosate herbicide affects 

928 belowground interactions between earthworms and symbiotic mycorrhizal fungi in a 

929 model ecosystem. Scientific Reports, 4(5634). doi: 10.1038/srep05634

930 Zhao, J., Neher, D. A., Fu, S., Li, Z., & Wang, K. (2013). Non-target effects of herbicides 

931 on soil nematode assemblages. Pest Management Science, 69(6), 679–684. doi: 

932 10.1002/ps.3505

933 Author contributions

934 All authors contributed to design and concept development. TLA wrote first draft of the 

935 paper which VI and RSB edited. VI collected data and created figures and tables.

936 Tables and Figures

937 Table 1. Plant functional trait changes in response to herbicide exposure. Plastic 

938 category represents trait response to immediate ecological effect of herbicide exposure 

939 while genetic reflects those that were the result evolved response to herbicide exposure. 

940 Herbicide dose is categorized as “drift” (0.01-1% of the field application rate), “field rates” 

941 (100%), and “sublethal” (between drift and field rates).

942 Table 2. Ecological interactions affected by herbicide exposure. Categorized by 

943 interaction partner-- the organism type interacting with herbicide-exposed plants. Effects 

944 are divided into immediate ecological (plastic) effects and evolved effects of herbicide 

945 exposure. Mechanism and effect give specific and general information about the 

946 responses recorded. Herbicide dose is categorized by “drift” (0.01-1% of the field 

947 application rate), “field rates” (100%), and “sublethal” (between drift and field rates). 

948 Dashes indicate information is lacking. 

949 Figure 1. Schematic representation of eco-evolutionary dynamics. Ecological changes 

950 drive evolutionary response (top bold arrow), evolutionary change drives ecological 

951 dynamics (bottom bold arrow), feedbacks after rapid evolution (inner dotted arrow) and 

952 feedbacks in ecological change (outer dotted arrow). 

953 Figure 2. Schematic representation of eco-evolutionary dynamics in herbicide (red 

954 chemical icon) affected communities. The middle green trophic level contains the target 

955 organisms (plants), while the top multicolored trophic level and the bottom brown trophic 

956 level contain the non-target organisms that associate with plants above- and below-
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957 ground, respectively. Middle right arrows indicate progression through time showing 

958 shifts in community compositions and resistance evolution (red symbols) in members of 

959 different trophic levels. Arrows from the chemical icon on the left represent direct effects, 

960 while curved arrows on the right and double-headed arrows illustrate ecological 

961 feedbacks within and between trophic levels, respectively. 

962 Figure 3. Examples of species variation in growth-related responses to sublethal 

963 exposure for three common herbicides, chlorsulfuron (circle, Fletcher et al. 1996), 

964 dicamba (blue triangle, Table S3; red triangle, Olszyk et al. 2015), and glyphosate 

965 (square, Olszyk et al. 2015) (see Table S1 and S2 for details). Filled symbols represent 

966 significant effects of herbicide noted in original study. Growth is represented as 

967 percentage of control. 

968 Figure 4. Dicamba drift (1%  FAR) delays the day of first flower, represented in days 

969 since planting, in a greenhouse community of four wildflower species (Table S3). Density 

970 represents the smooth kernel density estimate of day of first flower, which estimates the 

971 probability of a value falling in a given interval of a continuous variable based on the 

972 distribution of the data, and the overall density plot is similar in concept to a histogram 

973 (Trosset 2011). This density plot was constructed with R (R Core Team 2019) using the 

974 geom_density function in the package ggplot2 (Wickham 2016). Dotted lines indicate 

975 treatment means.

976

977

978 Data accessibility

979 The data that support the findings of this study are available in the Supplemental 

980 Information in the online version of this article. 
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Table 1. Plant functional trait changes in response to herbicide exposure. Plastic category represents trait response to immediate ecological effect of herbicide 

exposure while genetic reflects those that were the result evolved response to herbicide exposure. Herbicide dose is categorized as “drift” (0.01-1% of the field 

application rate), “field rates” (100%), and “sublethal” (between drift and field rates). 

 

Trait Plastic/Genetic Direction Herbicide Dose Plant Species Source 

Biomass genetic decreased sulfonylurea field rates Lactuca serriola Alcocer-Ruthling et al. 1992 

 plastic decreased 2,4-D sublethal 

Bupleurum rotundifolium, Scandix 

pecten-veneris subsp. pectenveneris, 

Neslia paniculata subsp. Thracica, 

Rapistrum rugosu, Papaver argemone  Rotchés-Ribalta et al 2015 

 plastic reduced glyphosate drift Geranium robertianum, P. vulgaris  Gove et al. 2007 

Defense against 

disease genetic decreased triazine field rates Senecio vulgaris Salzmann et al 2008 

Nitrogen composition 

of leaves plastic  decreased dicamba drift Carduus thistle Bohnenblust et al 2013 

Root architecture plastic altered dicamba drift Medicago sativa 

Iriart and Ashman 

unpublished 

Flower production plastic reduced dicamba drift 

Medicago sativa, Eupatorium 

perfoliatum L. Bohnenblust et al 2016 

 plastic reduced glyphosate drift Geranium robertianum, P. vulgaris  Gove et al. 2007 

Flowering time plastic delayed dicamba drift 

Medicago sativa, Eupatorium 

perfoliatum L Bohnenblust et al 2016 

 plastic  delayed glyphosate drift  Tanacetum vulgare Dupont et al 2018  

 plastic delayed dicamba drift 

Ipomoea lacunosa, Solanum 

ptycanthum , Abutilon theophrasti Iriart & Ashman unpublished 

 genetic accelerated glyphosate field rates 

Setaria viridis (L.) Beauv, Setaira italica 

(L.) Beauv Wang et al 2010 
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Anther length plastic reduced glyphosate drift Brassica rapa 

Baucom, Mauricio, & Chang 

2008; Londo et al. 2014 

Pollen production plastic reduced atrazine field rates Brassica rapa Bingham et al. 2017 

Pistil function plastic reduced glyphosate drift Brassica rapa Londo et al. 2014 

Selfing rate genetic increased glyphosate field rates Ipomoea purpurea Kuester et al 2017 

Tiller length genetic increased 

mesosulfuron 

and iodosulfuron  field rates Alopecurus myosuroides Comont et al. 2019 

Immature seed weight plastic increased 

dicamba and 

glyphosate mix drift Eriophyllum lanatum Olszyk et al. 2017 

Seed dormancy 

requirement plastic decreased glyphosate drift Avena fatua L. Shuma et al. 1995 

Seed production plastic reduced sulfometuron  drift Pisium sativum L. Olszyk et al. 2009 

Seed weight plastic reduced 

dicamba and 

glyphosate mix drift 

Camassia leichtlinii, Elymus glaucus, 

Eriophyllum lanatum, Festuca 

idahoensis, Iris tenax, Prunella vulgaris, 

Eriophyllum lanatum Olszyk et al. 2017 

Germination plastic reduced glyphosate drift Avena fatua L. Shuma et al. 1995 
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Table 2. Ecological interactions affected by herbicide exposure . Categorized by interaction partner-- the organism type interacting with herbicide-

exposed plants. Effects are divided into immediate ecological (plastic) effects and evolved effects of herbicide exposure. Mechanism and effect give 

specific and general information about the responses recorded. Herbicide dose is categorized by “drift” (0.01 -1% of the field application rate), “field rates” 

(100%), and “sublethal” (between drift and field ra tes). Dashes indicate information is lacking. 

 Interaction 

Partner 

 

Effects 

 

Mechanism 

 

Herbicide 

 

Dose 

 

Source 

Immediate 

Ecological Effects 

      

Above ground herbivore increased aphid herbivory on Abutilon 

theophrasti 

vegetative damage dicamba drift Johnson & 

Baucom 

unpublished 

  reduced Vanessa cardui larval and 

pupal mass and thistle biomass in 

presence of V. cardui larvae 

plant nitrogen content  dicamba drift Bohnenblust et 

al. 2013 

 pollinator reduced abundance of Heteroptera 

and Coleoptera species in plots of 

mixed herbaceous species 

floral resources combination of 

autumn 

herbicides 

field rates Moreby & 

Southway 1999 

  reduced visitation rate of honey bees 

to Medicago sativa L. and Eupatorium 

perfoliatum L 

floral resources  dicamba drift Bohnenblust et 

al. 2016 

 fungal 

pathogen 

increased susceptibility of soybean to 

fungal pathogen P. sojae 

defense against 

disease 

glyphosate sublethal Keen et al. 1982 

Below ground 

 

arbuscular 

mycorrhizal 

fungi(AMF) 

shifted plant community dominance 

from spotted knapweed (good AMF 

host) to bulbous bluegrass (poor host) 

species-specific fitness picloram field rates Lekberg et al. 

2017  

 earthworm decreased earthworm reproduction 

and surface burrowing activity 

soil chemistry glyphosate sublethal Zaller et al. 2015 
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 root 

nematode 

increased total abundance of 

omnivorous nematodes 

soil food web   atrazine field rates Zhao et al. 2012 

 rhizobia  decreased nodulation and nodule dry 

weight of rhizobia on cowpea  

rhizobial growth 2,4-D, round-

up, atrazine 

field rates Shankar et al. 

2012; Ahemad 

2012 

  Depleted number of actively Nitrogen-

fixing nodules in Medicago sativa and 

Trifolium pratense 

root architecture  dicamba drift Iriart & Ashman 

unpublished 

Evolved Effects       

Above ground fungal 

pathogen 

increased defenses against leaf and 

stripe rusts in wheat cultivar  

fungal pathogen growth glyphosate field rate Feng et al. 2005 

  decreased resistance in Senecio 

vulgaris against fungal pathogen 

Puccinia lagenophorae  

photosynthetic capacity  triazine field rates Salzmannet et al 

2008 

 plant reduced intraspecific competitive 

ability in Kochia scoparia 

time to development 

and fecundity 

glyphosate field rates Comont et al. 

2019;  Martin et 

al. 2017 

 endophytic 

fungi 

Decreased efficiency in the mutalism 

between grass species Lolium 

multiflorum and endophytic fungi 

symbiont compatibility  dichlofop-

methyl 

sublethal Gundel et al. 

2012 

 herbivore increased susceptibility of 

Amaranthus hybridus to specialist 

herbivore Disonycha glabrata and 

generalist Trichoplusia ni  

herbivore preference triazine field rates Gassmann 2005 

 herbivore reduced reproductive biomass of A. 

hybridus in presence of foliverous 

beetle Disonycha glabrata 

susceptibility to 

herbivory 

triazine field rates Gassmann & 

Futuyma 2005 A
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Below ground -  -  -  -  -  -  
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Figure 1. Schematic representation of eco-evolutionary dynamics. Ecological 

changes drive evolutionary response (top bold arrow), evolutionary change drives 

ecological dynamics (bottom bold arrow), feedbacks after rapid evolution (inner 

dotted arrow) and feed backs in ecological change (outer dotted arrow). 
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Figure 2. Schematic representation of eco-evolutionary dynamics in herbicide (red chemical icon) 

affected communities. The middle green trophic level contains the target organisms (plants), while the 

top multicolored trophic level and the bottom brown trophic level contain the non-target organisms 

that associate with plants above- and below-ground, respectively. Middle right arrows indicate 

progression through time showing shifts in community compositions and resistance evolution (red 
symbols) in members of different trophic levels. Arrows from the chemical icon on the left represent 

direct effects, while curved arrows on the right and double-headed arrows illustrate ecological 

feedbacks within and between trophic levels, respectively.
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Herbicide:      chlorsulfuron        dicamba        glyphosate

Concentration:         0.002            0.01             0.03

Increased Growth

Decreased growth
P

e
rc

e
n

t 
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C
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n

tr
o

l 

Species

Figure 3. Examples of species variation in growth-related responses to sublethal exposure for 

three common herbicides, chlorsulfuron (circle, Fletcher et al. 1996), dicamba (blue triangle, 

Table S3; red triangle, Olszyk et al. 2015), and glyphosate (square, Olszyk et al. 2015) (see Table 

S1 and S2 for details). Filled symbols represent significant effects of herbicide noted in original 

study. Growth is represented as percentage of control. 
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Figure 4. Dicamba drift (1%  FAR) delays the day of first flower, represented in days since 
planting, in a greenhouse community of four wildflower species (Table S3). Density 
represents the smooth kernel density estimate of day of first flower, which estimates the 

probability of a value falling in a given interval of a continuous variable based on the 
distribution of the data, and the overall density plot is similar in concept to a histogram 
(Trosset 2011). This density plot was constructed with R (R Core Team 2019) using the 
geom_density function in the package ggplot2 (Wickham 2016). Dotted lines indicate 
treatment means.
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