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 Background and Aims When plant communities are exposed to herbicide ‘drift’, 

wherein particles containing the active ingredient travel off-target, interspecific 

variation in resistance or tolerance may scale up to affect community dynamics. In 

turn, these alterations could threaten the diversity and stability of agro-ecosystems. 

We investigated the effects of herbicide drift on the growth and reproduction of 25 

wild plant species to make predictions about the consequences of drift exposure on 

plant-plant interactions and the broader ecological community.  

 Methods We exposed potted plants from species that commonly occur in agricultural 

areas to a drift-level dose of the widely used herbicide dicamba or a control solution 

in the glasshouse. We evaluated species-level variation in resistance and tolerance for 

vegetative and floral traits. We assessed community-level impacts of drift by 

comparing species evenness and flowering networks of glasshouse synthetic 

communities comprised of drift-exposed and control plants.  

 Key Results Species varied significantly in resistance and tolerance to dicamba drift: 

some were negatively impacted while others showed overcompensatory responses. 

Species also differed in the way they deployed flowers over time following drift 

exposure. While drift had negligeable effects on community evenness based on 

vegetative biomass, it caused salient differences in the structure of coflowering 

networks within communities. Drift reduced the degree and intensity of flowering 

overlap among species, altered the composition of groups of species that were more 

likely to coflower with each other than with others, and shifted species roles (e.g., 

from dominant to inferior floral producers and vice versa). 
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 Conclusions These results demonstrate that even low levels of herbicide exposure can 

significantly alter plant growth and reproduction, particularly flowering phenology. If 

field-grown plants respond similarly, then these changes would likely impact plant-

plant competitive dynamics and potentially plant-pollinator interactions occurring 

within plant communities at the agro-ecological interface. 

 

Key words: coflowering, flowering time, herbicide, dicamba, network, phenology, pesticide, 

community, resistance, tolerance, weeds, wildflowers, agro-eco interface, anthropogenic stress, 

interspecific variation, drift, herbicide drift, dicamba drift.  
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INTRODUCTION 

Wild plant communities at the agro-ecological interface (Bernardo et al., 2018) are important 

reservoirs of plant diversity and support the maintenance of agro-ecosystems (Requier et al., 2015; 

Ouvrard et al., 2018). These assemblages of native and introduced species (Burdon and Thrall, 2007) 

contribute to a range of ecosystem services, including nutrient cycling (Altieri et al., 1999), habitat 

structuring (Brooker, 2006), and food production (Marshall et al., 2003; Beismeijer et al., 2006). In 

particular, these communities produce critical floral resources that sustain pollinators, especially 

while crops are not in bloom (Holzaschuh et al., 2008; Karamaouna et al., 2019; Kati et al., 2021).  

Anthropogenic stressors associated with farming such as agrochemical pollution, however, 

have led to a 50% decrease in wild plant diversity over the past 70 years (Bretagnolle and Gaba, 

2015). This loss combined with concurrent widespread declines in pollinator richness and abundance 

(Kluser and Peduzzi, 2007; Potts et al., 2010) threaten the sustainability of agro-ecosystems and 

thereby the services they provide for human health, including the pollination of up to 75% of the 

world’s leading food crops (Klein et al., 2007). Thus, understanding the mechanisms by which 

agrochemical usage impacts wild plant communities is a key concern.  

 Non-target exposure to herbicides via drift pollution is a leading form of anthropogenic 

stress at the agro-ecological interface (Marshall et al., 2003; Boutin et al., 2014; Schütte et al., 2017). 

Despite drift-levels being typically very low (~0.5-10% of the field application rate [Grover et al., 

1972; Egan et al., 2014; Olszyk et al., 2017]), they can significantly affect the growth and flowering of 

various plants. Depending on the herbicide, drift to susceptible plants can reduce vegetative size and 

growth as well as decrease or delay flower production (reviewed in Iriart et al., 2020; later Ramos et 

al., 2021 and Strandberg et al., 2021).  

However, some plants may be resistant to herbicide drift, i.e. able to prevent or limit 

damage incurred; while others may be tolerant, i.e. unable to prevent damage but able to buffer 
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negative effects on fitness. Although herbicide resistance and tolerance can be defined in other ways 

as well (e.g., Neve and Powles, 2005; Devine 2005; Vieira et al. 2020), we follow the approach by 

Baucom and Mauricio (2004; 2008) and Baucom (2019) in this paper to define them within an 

evolutionary ecology framework (Table 1). In addition, at low concentrations, herbicides that mimic 

plant growth hormones such as auxin (e.g., 2,4-D, dicamba) may stimulate growth (Allender et al., 

1997; Guardiola and García-Luis, 2000; Belz and Duke, 2014), leading to drift effects more akin to 

overcompensation than herbicide damage (Table 1, Garcia and Eubanks, 2019). Plant-defense theory 

posits that because resources are finite, there will be a trade-off between resistance and tolerance 

(Fineblum and Rausher, 1995; Debban et al., 2015; Mikaberidze and McDonald, 2020). Thus, within a 

community, there could be considerable interspecific variation in resistance or tolerance to 

herbicide drift, leading to community-level changes that affect higher-level processes.  

These community-level repercussions could occur via changes in vegetative or flowering 

dynamics (reviewed in Iriart et al., 2020). Sensitive species may not survive whereas resistant or 

tolerant ones may achieve greater vegetative biomass – outcomes that can affect community 

structure, i.e., species evenness (Hald, 1999; Mayerová et al., 2018). For example, Egan et al. (2014) 

found that applications of ~1% of the field rate of the herbicide dicamba led to declines in forbs but 

left grasses unaltered, thereby changing the evenness of field plant communities. But this metric 

alone may not reflect interspecific variation in the timing of, and investment in, flowering which 

could in-turn change floral community structure.  

Previous studies have shown the utility of network analyses to assess the impact of 

anthropogenic stressors on multi-species interactions (e.g., Hoffmiester et al., 2015; Filipe-Lucia, 

2020); therefore, we propose that a network approach can be used to inform on how herbicide drift 

affects floral community structure by documenting changes in patterns of coflowering (Arceo-Gomez 

et al., 2018). For instance, if multiple plant species in a community are sensitive to drift and respond 

to exposure by shifting flowering phenology, then these changes could lead to less frequent and/or 
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weaker coflowering interactions, indicating a reduction in the average diversity and abundance of 

floral resources available at a given time. In turn, this outcome may lead to decreased reproductive 

success among species due to reduced facilitation for pollinator visitation, especially when plant 

species share pollinators (Ghazoul, 2006). Moreover, variation in flowering response to herbicide 

drift could alter the composition of coflowering modules, i.e. groups of species that are more likely 

to overlap in flowering (Olesen et al., 2007), or cause shifts in floral community dominance. Tolerant 

or overcompensated species may become novel network hubs that, by producing flowers 

consistently and coflowering with many species, are important for community stability (Bader et al., 

2007).  

Altogether, these species-level impacts could scale up to affect community-level properties, 

especially connectance (the total number of links [coflowering interactions] relative to the total 

possible; Dunne et al., 2002) and modularity (the difference in the fraction of links occurring within 

groups of species and the expected amount if links were distributed randomly; Olesen et al., 2007; 

Brandes et al., 2008). On a larger scale, these fluctuations could disrupt patterns of plant-plant 

competition or facilitation for pollinators that are mediated through trends in coflowering (e.g., 

Waser, 1979). Consequently, we propose a network perspective can provide a richer evaluation of 

the impacts of herbicide drift than separately examining components of coflowering, such as the 

timing, duration, or date of peak flowering (e.g., Poole and Rathcke 1979; Parra-Tabla and Vargas 

2004; Forrest et al., 2010). 

While previous work reviewed studies of herbicide exposure on plants and called for more 

holistic approaches (Iriart et al., 2020), it also emphasized the lack of a comprehensive 

understanding of how diverse plant species respond to sublethal herbicide levels and how these 

responses could influence community structure. To fill this gap in knowledge, in this study, we grew 

plants from 25 species collected from the agro-eco interface in a glasshouse environment and 

exposed half to a drift-level rate of an herbicide. We evaluated interspecific variation in herbicide 
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drift tolerance and resistance and determined their impact on community metrics, such as species 

evenness or coflowering structure. We chose dicamba as our focal herbicide, a synthetic auxin, 

whose use to control eudicot plants has surged in the United States (Knezevic et al., 2018; USGS, 

2021a) and has been linked to unprecedented numbers of off-target exposures (US EPA, 2021).  

Specifically, we ask five questions: 1) Do species vary in resistance or tolerance to dicamba 

drift? 2) Is there a trade-off between resistance and tolerance across species? 3) Does dicamba drift 

alter the probability of flowering, day of first flower, duration of flowering, and/or flower size, and if 

so, do these flowering responses vary among species? 4) Does dicamba exposure lead to 

community-level changes in species evenness or in metrics of coflowering interaction for a 

glasshouse synthetic community? And finally, 5) can changes in community-level interactions due to 

dicamba drift be explained by resistance or tolerance among species? 

 

MATERIALS AND METHODS 

Study species  

We collected seeds from 25 agro-eco species (described in Table 2) in 2018 from 1-3 

populations growing near soybean or fallow fields in southwest Kentucky and northeast 

Tennessee, USA (Supplementary data Table S1). Species occurred at varying frequencies 

across all surveyed sites, with the rarest species (G. canadense, S. canadensis, and A. 

theophrasti) observed about 4% of the time and the most common (S. spinosa, I. lacunosa, 

and E. serotinum) about 55% of the time (Iriart, Baucom, and Ashman, unpublished data). 

Species were mainly insect-pollinated (Table 2). Although three species were primarily wind-

pollinated, insects can visit them when pollen sources are limited (Saunders, 2018; Ashman 

pers. obs.). Dicamba use at the time of seed collection was estimated to be high (> 1.1 L km-

1) according to the United States Geological Survey (USGS, 2021b) and conversations with 

local farmers (Ashman and Baucom, pers. obs.). Although we did not acquire detailed 
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information about the history of dicamba in the area, our framework for defining resistance 

and tolerance sought to characterize standing variation for resistance and tolerance, rather 

than previous evolutionary histories (Table 1).  

Experiment Set-Up  

 For each species, we planted 3-10 seeds in each of 22 pots (11.4 cm   11.4 cm   10.2 cm) 

filled with a 3:1 mixture of unfertilized Old castle C/B soil (45% Canadian Sphagnum Peat Moss, 35% 

Aged Pine Bark, 15% Perlite, 5% Vermiculite; BFG Supply Co., Burton, OH) and Germination Mix (65% 

Canadian Sphagnum Peat Moss, 25% Perlite, 10% Vermiculite; BFG Supply Co., Burton, OH) in the 

University of Pittsburgh glasshouse. We transplanted some seedlings (66 out 479) to new pots to 

make up for those with zero germination and thinned pots with multiple seedlings to one seedling 

per pot. Final sample sizes were 22 plants per species except nine species which had 6-21 plants. The 

average daily temperature was 25.6C  1.6 and daylength ranged from 12-16 hours throughout the 

experiment (20 May – 8 Nov. 2019). We supplied water as needed and fertilized plants once with 0.2 

g of Osmocote 14 N -14 P-14 K (ICL Specialty Fertilizers, Ltd., Dublin OH).  

Herbicide Treatments 

  We divided 16-day old plants into two groups with 3-10 plants per species, then treated 

them with one of two levels of dicamba (3,6-dichloro-o-anisic acid, Albaugh, LLC, Ankeny, IA): 0% 

(‘control’) or 1% (‘drift’) of the field application rate of 561 g of active ingredient per hectare 

(Albaugh, 2018). The drift treatment represented a particle drift rate, i.e., when herbicidal particles 

travel away from application sites by wind (Felsot et al., 2011). While the control and drift 

treatments related directly to our research questions, we also treated a third group with 2 plants per 

species with 100% of the field application rate of dicamba to confirm the effectiveness of our 

dicamba stock and to identify any unaffected species (i.e., alive at 145 days post-treatment of this 

high dosage). All treatments included ‘Preference’ surfactant (non-ionic surfactant blend, WinField 

Solutions, St. Paul, MN) at 0.1% v/v and were applied with a handheld multi-purpose sprayer with an 
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adjustable nozzle (Chapin International Inc., Batavia, NY, USA; Model #1002; operating pressure = 

40-60 PSI; flow rate = 1.5-2.3 L minute-1) set to a medium-fine mist. Plants were sprayed until they 

were just wet. We randomized plants by treatment and species across each bench in the glasshouse. 

Data Collection 

  Twenty-four hours prior to applying herbicide treatments, we counted the total number of 

leaves and measured the longest leaf with a digital caliper to the nearest 0.1 mm and used the 

product of these to estimate ‘pre-treatment plant size.’ We used this metric to estimate plant size 

because it could easily be standardized across our species set which included plants of various 

heights and life forms (Table 2). Forty-eight hours after treatment, we assessed damage by 

enumerating the number of leaves showing typical symptoms of dicamba injury, i.e., leaf cupping or 

twisting (Foster and Griffin, 2018; Griffen et al., 2013). Given our general definition of resistance 

(Table 1), an instantaneous measure of damage (‘proportion of undamaged leaves’ = 1    # 

damaged leaves 48 hours after treatment/total # leaves pre-treatment) is appropriate. This measure 

also accounts for the fact that synthetic auxins may positively or negatively affect growth at low 

concentrations (Gianfagna, 1995; Kelley and Riechers, 2007; Grossman, 2010) and initial leaf damage 

could impact downstream flower production (Mothershead and Marquis, 2000; Jacobsen and 

Raguso, 2018).  

Since we could not measure reproductive success directly across all species given that the 

majority required insect pollination (Table 2), we measured two standard fitness proxies to assess 

tolerance (Table 1): 1) ‘short-term growth’ estimated from plant size at 21 days post-treatment and 

2) ‘final biomass’ of shoots harvested at 145 days post-treatment, dried at 70 C for at least 48 hours, 

and weighed to the nearest 0.01 g (Mettler AE200 Analytical Balance, Mettler-Toledo International 

Inc., Columbus, OH). Plant size and biomass are known to positively correlate with fecundity, 

especially for plants of the same age as those in our study (reviewed in Younginger et al., 2017). 
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We recorded the ‘day of first flower’ and counted the total number of open flowers (i.e., 

‘floral display’) per plant 2-3 times per week from 15 July to 8 Nov. Thus, ‘flowering duration’ 

reflected the count in days from the first day flowers were present to the last day flowers were 

present or at the end of experiment (for four species; see Supplementary data Table S2 for details). 

On each flowering plant, we collected 2-5 of the first 10 open flowers, dried them on silica gel and 

weighed each to the nearest 0.1 mg (Mettler AE200) to obtain dry ‘biomass per flower.’ For E. 

annuus, P. lanceolata, P. virginica, and T. officionale, which had extremely small (~3-25 mm long) 

flowers clustered into heads or spikes, we counted and sampled biomass at the flowerhead or spike-

level.  

 

Statistical Analyses 

We performed all statistical analyses, unless otherwise specified, in R version 3.6.1 (R Core 

Team 2019), using linear, mixed-effects linear, and generalized linear models via the lm, lmer, and 

glm functions, respectively, from the lme4 package (Bates et al., 2015; see Supplementary data 

Table S3 for a full list and description of all linear models). All models included data from the control 

and drift treatments only. We graphically inspected residuals of all response variables for normality 

using the ggqqplot function (ggpubr package; Kassambara, 2019) and performed square-root or log-

transformation as needed to meet model assumptions. If graphical assessments and kolmogorov-

smirnov tests (ks.test function; R stats Library) confirmed non-normality of both transformed and 

original scales of measurement, then we performed the nonparametric Wilcoxon Mann-Whitney 

Test (wilcox.test function; R stats library). We tested significance of fixed effects with type III sums of 

squares using the Anova function (car package; Fox and Weisberg, 2019) and of correlations using 

Pearson’s product moment correlation coefficients (Sharma, 2005) using the cor function from the R 

stats library. All figures, unless otherwise specified, were created using the ggplot2 package 

(Wickham, 2016). 
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Species-level analyses 

 To analyze the response variable ‘proportion of undamaged leaves’, we performed a linear model 

where only plants in the drift treatment were analyzed and species was the sole explanatory 

variable, because control-treated plants showed no evidence of leaf damage. For all other 

dependent variables, including short-term growth, final biomass, day of first flower, flowering 

duration, floral display, and biomass per flower, we ran linear models which contained the 

explanatory variables: species, treatment, and the species   treatment interaction. Models 

assessing effects on short-term growth and final biomass included ‘pre-treatment plant size’ as a 

covariate. The short-term growth model additionally included the random effect ‘transplanted’ (a 

binary variable) to account for any effects of transplantation (see Methods).  

We used a generalized linear model with the Poisson distribution (Katti and Rao 1968) to 

analyze herbicide effects on flowering duration. We also ran two models, with and without short-

term growth as a covariate, for flowering duration as well as floral display, to determine the extent 

to which drift effects on flowering production and duration were dependent on growth effects. 

Some species were removed from some models due to leaf drop (short-term growth: D. illinoensis), 

or nonflowering/inadequate replication (see Table 2 for species that were removed for day of first 

flower, flowering duration, floral display, and biomass per flower analyses).   

To characterize species-specific resistance, given species was a significant predictor of 

‘proportion undamaged leaves’, we ran independent sample t-tests to determine whether species’ 

estimated marginal means (Searle et al., 1980) significantly differed from one (Table 1). We used the 

emmeans (emmeans package; Lenth, 2020) and test functions to calculate estimated marginal 

means and perform t-tests, respectively.  

To characterize species-specific tolerances, given a significant species   treatment effect for 

tolerance variables (Table 1), we calculated contrast estimates for each species using the contrast 
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function (Abdi and Williams, 2010; emmeans package). Contrast estimates reflected the difference in 

the estimated marginal means for tolerance between treatments (e.g., growth in drift subtracted by 

that in control). Thus, we used the degree to which species estimates differed from zero to describe 

species’ tolerances to drift (Table 1). We also used contrast estimates to detail species’ responses to 

drift via flowering time, duration, floral display and biomass per flower. 

To explore whether there was a tradeoff between resistance and tolerance on either time 

scale across species, we estimated correlations between standardized estimated marginal means for 

resistance and contrast estimates for tolerance variables using z-scores. To elucidate whether long-

term responses to dicamba drift could be predicted from short-term responses, we regressed z-

scores of short-term tolerance on long-term tolerance.  

To test whether dicamba drift affected the probability of flowering and whether it varied by 

species, we performed a chi-squared test of independence and a chi-squared test of homogeneity 

(Stuart, 1955), respectively. Some species were excluded from this analysis due to low replication 

(see Table 2 for details). 

To account for shared evolutionary histories, we created a phylogenetic tree 

(Supplementary data Methods S1, Fig. S1) and used it to conduct associated phylogenetic models for 

all response variables. However, phylogenetically-controlled models performed worse than models 

which did not account for phylogeny based on Akaike Information Criterion (AIC) model selection 

(AIC values were two or more units higher; Supplementary data Table S4; Akaike, 1973); thus, we 

present results from the latter models only.  
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Community-level analyses 

 To assess the effects of dicamba drift at the community scale, we considered data from all 

plants in the drift treatment as one synthetic community and all control plants as another.   

To compare the control community against the drift for species evenness, we used species 

mean final biomass data to estimate each community’s Shannon’s Equitability Index (EH; Kent, 1992): 

   = [     
     (  )        ( ) . 

Here, S is the number of species in the community and pi is the relative proportion of species i.  

 To evaluate dicamba drift effects on community-wide patterns of coflowering, we estimated 

a coflowering index for every pair of plant species within each community using the daily number of 

open flowers. This index was adapted from Schoener’s index (SI) of niche overlap (Schoener, 1970) 

as applied to flowering (following Arceo-Gomez et al., 2018): 

SI = 1  
 

 
   |         | 

where pik and pjk are the proportion of open flowers by species i and j, respectively, occurring on day 

k. SI ranges from 0 (no flowering overlap, i.e. the absence of potential interaction) to 1 (complete 

flowering overlap, i.e. maximum potential interaction). By inputting SI values into the program 

Gephi, version 9.2 (Bastian et al., 2009), we constructed weighted, unipartite networks for both 

communities (see Fig. 1 for a schematic that contrasts two hypothetical coflowering networks).  

We characterized several species-level network properties, including degree (the average 

number of times that plant species interact with each other by coflowering; Fig. 1), strength 

(average SI value for coflowering, i.e. the intensity and duration of flowering overlap; Fig. 1), 

weighted degree (degree weighed by strength; i.e., the mean sum of interaction strengths across 

species), and betweenness centrality (the relative importance of species to network stability as 

measured by the average percentage of shortest paths in the coflowering network that must go 
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through a species; Fig. 1) and assessed how these were impacted by community type (control and 

dicamba drift) using Wilcoxon Mann-Whitney tests. We conducted each of these analyses twice, 

once where each community included the ‘full’ set of 22 species that flowered in at least one 

treatment and again where each network included only the ‘subset’ 19 species that had at least one 

flowering plant in both treatments (see Table 2 for species that were removed from full and subset 

network analyses). In this way, we gauged whether network differences were due to species-level 

differences in flowering propensity in full networks or due to changes in flowering pattern alone in 

subset networks.  

Further, we identified community-level flowering properties by estimating network 

connectance and modularity using Gephi (the Blondel et al. [2008] optimization algorithm at a 1.0 

resolution estimated modularity).  

To test whether observed differences in species evenness, connectance, and modularity 

between communities were significant, we simulated two random communities of 25 species by 

taking random samples of datapoints without replacement from our mean final biomass data or SI 

data for flowering. We then counted the number of times out of at least 100 iterations that the 

difference in EH, connectance, or modularity between two random communities was greater than or 

equal to the actual difference between the control and drift community.  

To address whether changes in critical species-level coflowering metrics (Fig. 1) that 

occurred between the drift and control communities are related to resistance or tolerance to 

dicamba drift, we calculated the change in these metrics between the two full networks (i.e., metric 

value in drift network subtracted by that in control) for each species. We then estimated correlations 

between these changes and resistance, short-term tolerance, and long-term tolerance (Table 1).  
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RESULTS 

Do species vary in resistance or tolerance to dicamba drift? 

We found that species was a significant predictor of resistance to dicamba drift (F24,188, P < 0.001; 

Supplementary data Table S3). Most species (21 out of 25) showed significant signs of dicamba-

related injury as the proportion of undamaged leaves 48 hours after treatment ranged from 0.85 to 

0.26 (Fig. 2A; Supplementary data Fig. S2A, Table S5). Remarkably, four species showed no signs of 

damage: S. spinosa, C. virginica, A. theophrasti, and I. lacunosa (Fig. 2A).  

Dicamba drift did not have a uniform effect on growth or biomass across species (P > 0.7 for 

both; Supplementary data Fig. S3). Rather, its effect on both measures was highly influenced by 

species (treatment   species interaction: all P < 0.001; Supplementary data Table S3). Species-level 

variation in tolerance occurred at both time scales. One quarter of the species were intolerant at 21 

days post-treatment (Fig. 2B; Supplementary data Table S6). On the longer timeframe, however, 

most species showed tolerance; but several still showed significant reductions in biomass (by 13-

39%; Fig. 2C; Supplementary data Table S7). Interestingly, two species overcompensated in response 

to drift exposure — drift-treated P. philadelphica plants grew significantly larger (by 50%) in the 

short term than controls and P. virginica (by 25%) in the long term (Fig. 2B-C; Supplementary data 

Fig. S2B-C, Fig. S4).  

All species except four were killed by 100% of the field application rate of the herbicide 

dicamba (three eudiocots: O. stricta, P. lanceolata, and P. virginica; and one monocot: C. virginica).  

Is there a trade-off between resistance and tolerance? 

Resistance and long-term tolerance were not significantly correlated across species (r = 0.26, 

d.f. = 23, P = 0.22; Supplementary data Fig. S5A). However, short-term tolerance did predict long-

term tolerance (r2 = 0.25, d.f. = 22, P = 0.01; Supplementary data Fig. S5B).  
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Does dicamba drift affect flowering?  

Flowering time was marginally significantly delayed due to drift (by 8 days, F1,224 = 3.31, P = 

0.07, Supplementary data Fig. S6A). It was also affected by species (F16,224 = 26.70, P < 0.001) and its 

interaction with treatment (F16,224 = 7.38, P <0.001; Supplementary data Table S3). Two out of the 17 

species were significantly delayed in producing their first flower relative to controls (Fig. 2D; 

Supplementary data Table S8), T. officinale and T. pratense (41 and 47 days later, Fig. 2D); while one, 

I. lacunosa, was significantly accelerated in flowering (11 days earlier, Fig. 2D; Supplementary data 

Fig. S7A). All others showed only modest or no effects. Beyond flowering initiation, species ( 2 = 

2152.34, d.f. = 16, P < 0.001) and treatment ( 2 = 6.38, d.f. = 1, P = 0.012) were significant predictors 

of flowering duration. On average, drift shortened flowering duration by six days, but a significant 

treatment   species interaction ( 2 = 335.72, d.f. = 16, P < 0.001) also suggested that this result 

varied significantly in intensity and direction depending on species identity (Supplementary data Fig. 

S6B, Fig. S7B, Table S3). Contrast analyses revealed that about 50% of species flowered for a shorter 

period of time (by 4 – 41 days) in the drift treatment relative to the control, while a small portion 

flowered for longer (by 8 –12 days), and the remainder were unchanged (Fig. 2E; Supplementary 

data Table S2). These results were mostly unaffected when short-term growth was included as a 

covariate in the analysis (Supplementary data Fig. S8). In this case, short-term growth was likewise a 

significant predictor of flowering duration ( 2 = 38.52, d.f. = 1, P < 0.001) along with treatment ( 2 = 

6.33, d.f. = 1, P = 0.012), species ( 2 = 2189.94, d.f. = 16, P < 0.001) and their interaction ( 2 = 

361.95, d.f. = 16, P < 0.001). For two species (I. lacunose and E. serotinum), differences between 

treatments became significant after accounting for short-term growth. The fact that significant 

changes in flowering duration for species were maintained in this way suggests that the drift effect 

went beyond what was mediated by plant size.  

Neither drift, nor its interaction with species, significantly affected the probability of 

flowering (treatment effect:  2 = 1.03, d.f. = 1, P = 0.31; species   treatment effect:  2 = 0.65, d.f. = 
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13, P = 1.0) or size of floral display (treatment effect: F1,203 = 0.341, P = 0.56; species   treatment 

effect: F16, 203 = 0.734, P = 0.76). Floral display, however, did vary among species (F16,203 = 76.02, P < 

0.001; Supplementary data Table S3). These results remained consistent when short-term growth 

was a covariate in the model, as it was not a strong predictor of floral display (F1,202 = 1.38, P = 0.24). 

Species (F16,197 = 204.62, P < 0.001) and its interaction with treatment (F16,197 = 1.82, P < 

0.05), but not treatment alone (F1,197 = 2.79, P = 0.10; Supplementary data Fig. S6C) affected biomass 

per flower (Supplementary data Table S3). One species (A. palmeri) responded to drift by producing 

50% smaller flowers (P < 0.01), but all other species were not significantly affected (Fig. 2F; 

Supplementary data Table S9, Fig. S9). 

Does dicamba exposure lead to community-level changes in species evenness or in metrics of 

coflowering interaction for a glasshouse synthetic community?   

Potential community-level effects of drift exposure were assessed by assembling control and 

dicamba drift-treated plants into two separate ‘synthetic’ communities. Evenness based on biomass 

of control and dicamba drift-treated synthetic communities was not affected by dicamba drift (P = 

0.98; Supplementary data Fig. S10).  

In contrast, dicamba drift significantly decreased average degree (by 23%), strength (by 

32%), and weighted degree (by 30%) of coflowering community networks (Table 3; Fig. 3A-B). These 

shifts resulted in a reduction in overall connectance (23% less) and increase in modularity (49% 

more) of the drift-exposed flowering community (Table 3). These changes were larger than expected 

by chance alone (P < 0.01). Analyses constrained to have at least one flowering plant per species in 

both treatments (i.e., subset networks with n =19 species) showed similar results although slightly 

fewer statistically significant differences (Supplementary data Fig. S11A-B; Table S10). Not only was 

connectivity reduced by dicamba drift, but the identity of the most important species in the 

community shifted (Fig. 3C-D)—while the control network contained numerous species with the 
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highest betweenness centrality value of 3 (T. pratense, C. halicacabum, D. carota, and P. 

pennsylvanica), the drift network only contained two species with high betweenness centrality 

values of 16 (C. halicacabum) and 11 (A. theophrasti), and all other species values were at least 66% 

lower than that (Fig. 3C-D). Although less extreme, the subset network showed similar trends 

(Supplementary data Fig. S11C-D).  

Are drift-induced changes in coflowering interactions or roles within the community correlated with 

resistance or tolerance across species?  

The change in some species-level network parameters were correlated with long-term 

tolerance or resistance (tolerance-weighted degree: r = 0.46, d.f. = 20, P = 0.033; Fig. 4A; tolerance-

betweenness centrality: r = 0.41, d.f. = 20, P = 0.061; Fig. 4B; resistance-betweenness centrality: r = 

0.419, d.f. = 20, P = 0.052) but not others (resistance-weighted degree: r = -0.018, d.f. = 20, P = 0.93). 

We also tested for significant correlations between short-term tolerance and changes in network 

parameters and found no significant relationships (P > 0.6). Thus, drift effects on vegetative growth 

in the long term are more indicative of downstream effects on species’ coflowering dynamics within 

their plant community than those on the short term. 

 

DISCUSSION 

This study demonstrated considerable variation in resistance and tolerance to dicamba drift among 

species common to the agro-ecological interface. Few of the species even showed 

overcompensation in response to this herbicide. Drift effects extended to flowering traits by 

impacting day of first flower, flowering duration, and flower size for some species but not others. 

These variable species-level effects transcended to community-level impacts, especially for 

coflowering structure in our glasshouse communities. Specifically, dicamba drift significantly 
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decreased and weakened coflowering interactions and the direction of change in species roles 

within the community could be predicted from species’ degree of tolerance.  

Among-species variation in resistance and tolerance to dicamba at a very low, drift-level rate 

is consistent with previous findings of interspecific variation in LD50  for dicamba (Boutin et al., 2014; 

Olszyk et al., 2015). However, we identified new species with potential resistance to dicamba drift. 

For example, while we expected C. virginica to show resistance (Fig. 2A), because it is a monocot and 

dicamba is designed to target eudicot species, we did not anticipate finding resistance for four 

additional species (S. spinosa, A. theophrasti, I. lacunosa, and P. lanceolata; Fig. 2A). In addition, 

while the majority of species showed significant signs of dicamba damage at 48 hours post-

treatment, only one-quarter of species demonstrated significant fitness losses in the short or long 

term, i.e. decreases in size at 21 days post-herbicide treatment and final biomass (Fig. 2B-C). This 

result suggests that some species may be capable of recovering from initial damage due to dicamba 

drift exposure over time. Such an outcome has been documented before with sub-lethal levels of 

herbicides, including dicamba (Carpenter and Boutin, 2010; Ramos et al., 2021).  

To our knowledge, our study is also the first to demonstrate that dicamba drift can have 

significant positive effects on growth for some species (Fig. 2B-C). This response has previously been 

observed with low-dose applications of other synthetic auxins on crops to stimulate growth (Agustí 

et al., 2002; Gianfagna, 1995). We suspect these species may have overcompensated in response to 

the moderate stress induced by drift exposure, similar to what can be caused by other herbicides or 

herbivory (Agrawal, 2000; Belz and Duke, 2014; Vieira et al., 2020). Alternatively, since auxins are 

known to stimulate cell elongation in shoots and initiate the formation of new leaves, these species 

might use low doses of dicamba to increase growth (Liscum et al., 2014; Xiong and Jiao 2019). Thus, 

while sublethal herbicide stress is typically expected to affect plants in a neutral or negative manner 

(reviewed in Iriart et al., 2020), this finding suggests that exposure to dicamba drift might enhance 
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fitness for at least a handful of species, potentially influencing competitive dynamics in agro-

ecosystems.  

Despite the noted interspecific variation in resistance and tolerance to dicamba drift and 

past research showing that shifts in evenness from sensitive species to tolerant ones can occur in 

herbicide-exposed communities (reviewed in Iriart et al., 2020; later Qi et al., 2020), we did not 

detect such a change in our synthetic communities (Supplementary data Fig. S10). Instead, we found 

that the drift treatment, while strong enough to significantly affect some species’ growth, was not 

potent enough to affect species evenness based on biomass in the glasshouse environment where 

plants were not competing for resources.  

Additionally, while previous work showed trade-offs between resistance and tolerance to 

stressors such as herbicides (Baucom and Mauricio, 2008), we did not find this negative correlation 

in response to dicamba drift across species (Supplementary data Fig. S5A). The lack of a trade-off 

could potentially be explained by variation in mechanisms of resistance. While resistance evolution 

to herbicides like glyphosate are commonly attributed to mutations in herbicide-targeted 

biosynthetic pathways, synthetic auxins do not target a specific pathway. Consequently, resistance 

evolution to auxinic herbicides is more complex and multiple resistance mechanisms have been 

found (Mithila et al., 2011; Goggin et al., 2016; Goggin et al., 2018). Thus, if experimental plants 

varied in resistance mechanisms, this variation may have traded off with other life-history traits 

beyond tolerance (e.g. reduced seed set, mutualistic interactions, or increased disease susceptibility; 

Vila-Aiub et al., 2009 and Baucom, 2019; Cousens and Fournier-Level, 2018). The lack of a 

relationship between resistance and tolerance may also suggest that instantaneous measures of 

damage do not reflect impacts on plant fitness, although tolerance reflected in short-term growth is 

a good proxy for long-term tolerance, i.e. final biomass (Supplementary data Fig. S5B).  

Our results fill the gap in knowledge of the effects of sublethal herbicide exposure on floral 

traits and reveal striking effects of interspecific variation on these outcomes. While Bohnenblust et 
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al. (2016) found that dicamba drift decreased flower production and delayed flowering in two agro-

eco species (Medicago sativa and Eupatorium perfoliatum L.), we did not detect an overall trend in 

flower production. Our results do, however, corroborate Bohnenblust et al. (2016) in terms of drift 

delaying flowering for some species.  

The most striking result was the wide range of flowering phenological responses to dicamba 

drift, including flowering initiation and duration. As expected, the species that experienced the 

largest decrease in flowering duration under drift conditions were also those that were the most 

delayed in day of first flower and vice versa (Fig. 2D-E). The four-month ‘season’ in our glasshouse 

community is analogous to what these species experience in nature. Therefore, these detected shifts 

in flowering phenology are likely to have important ecological implications. For instance, extreme 

delays in flowering onset may lead to reduced pollination or insufficient time to accumulate 

resources and maximize investment in seed production following pollination. Meanwhile, 

accelerations in flowering can cause phenological mismatch between flowering period and pollinator 

emergence (e.g., Kudo and Ida, 2013). Further, while an increase in flowering duration could benefit 

plants by increasing the potential for reproduction if pollinators are present (Barber et al., 2015), a 

decrease in flowering duration could have the opposite effect, leading to a decrease in reproductive 

output (Jin et al., 2015).  

In our synthetic communities, we uncovered that interspecific variation in the deployment 

of flowers following herbicide exposure can lead to profound changes in coflowering network 

properties. In particular, simulations showed that the dicamba drift community was significantly less 

connected but more modular than the control community, meaning drift exposure resulted in less 

flowering overlap and more exaggerated differences in flowering time among species. Moreover, 

drift reduced the frequency of flowering time overlaps and the quantity of open flowers overlapping 

(network degree and strength; Fig. 3; Table 3). Most important perhaps is that the identities of 

species within modules was changed. For example, species whose flowering durations were 
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significantly lengthened or shortened due to drift (e.g., A. palmeri and C. virginica’s; Fig. 2E) 

experienced a drastic change in the composition of their interacting module partners between 

networks (Fig. 3). If these patterns hold under field conditions, then they could impact heterospecific 

pollen transfer, pollen limitation, and/or resources for pollinators (Ashman et al., 2004, Ashman and 

Arceo-Gómez, 2013; Fang and Huang 2013; Vitt et al., 2020; Arceo-Gómez, 2021). 

Species roles within the two communities also changed and these were correlated with their 

tolerance to dicamba drift (Fig. 4). Specifically, the most tolerant species either increased or 

maintained their ability to provide strong and plentiful connections (i.e., high weighted degree 

values) under dicamba drift, whereas the least tolerant species incurred the greatest devaluation in 

coflowering interactions between communities (Fig. 4A). By the same token, the species that 

experienced the largest increase in their role as network hubs (i.e., greatest change in betweenness 

centrality due to drift), were all tolerant whereas the least tolerant species decreased considerably 

in importance from the control to the drift community (Fig. 4B). Thus, it is possible that wild 

coflowering networks affected by dicamba drift may likewise experience shifts in flowering 

dominance in favor of more drift-tolerant species. 

These results add significantly to the growing body of novel work employing network 

analysis to characterize complex ecological interactions and monitor anthropogenic impacts on 

natural communities (Gray et al., 2014; Watts et al., 2016; Leite et al., 2018). Specifically, our 

findings support previous work describing human-mediated impacts on connectance (e.g., Doré et 

al., 2020), modularity (e.g. Larson et al., 2016), or the identities of dominant species (e.g., O’Gorman 

et al., 2012). Thus, we argue that by providing a rich characterization and evaluation of an herbicide-

stressed plant community, network analysis allowed us to make refined predictions about the 

consequences of herbicide drift for pollinator-mediated plant-plant interactions.  

One potential outcome of plant communities becoming more modular and less connected 

due to herbicide drift may be decreased facilitation, especially if plant species jointly attract shared 
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pollinators (Moeller, 2004; Ghazoul, 2006; Mitchel et al., 2009). On the contrary, if pollinators are 

limited, then plant species in less connected, more modular communities may experience less 

competition for pollinators, since they are able to occupy different flowering niches (i.e., modules) 

and therefore more evenly engage with pollinators (Waser, 1978; Rathcke, 1988; Liao et al., 2011; 

Albor et al., 2019). The network perspective also allows for identification of species key to 

community structure and stability under herbicide-stressed and control communities (Fig. 3). 

Specifically, our results suggest herbicide-stressed communities are more vulnerable to breakdown, 

since species that can produce flowers consistently throughout the growing season and thereby 

serve as pollination bridges while other species are not flowering (Arceo-Gomez et al., 2018) would 

be scarce relative to unstressed communities. Further, the extinction of these species could be 

detrimental (Bascompte and Jordano, 2007; Martín Gonzàlez et al., 2010).  

Beyond pollinator-mediated plant-plant interactions, the consequences of herbicide drift on 

plant communities have important implications for pollinators as well, because patterns of 

coflowering reflect nectar and pollen resource availability. Thus, if herbicide drift results in less 

connected plant communities with limited key flowering species, then pollinators will have less 

abundant and diverse floral resources available to them on average as well as less plant species to 

utilize as resource bridges during significant resource gaps (Timberlake and Memmot, 2019).  

In conclusion, our study provides strong evidence that herbicide pollution, even at extremely 

low drift concentrations, can have significant consequences for agro-eco plant species, the 

coflowering interactions between them, and potentially the pollinators that would visit them. 

However, it is important to note that plant species may respond differently to herbicide exposure 

depending on the context: for example, A. theophrasti showed higher sensitivity to dicamba drift in a 

recent field study than what we report here, and these results also varied by year (Johnson and 

Baucom, In press). Moreover, while we gained insight into how interspecific variation in response to 

dicamba drift could affect communities using ‘synthetic’ communities, these differed from real plant 
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communities in important ways that could affect outcomes. Unlike natural communities, our plants 

were approximately the same age, grown in pots, and randomly distributed throughout a constant 

glasshouse environment. Our controlled design, however, enabled us to isolate and characterize the 

effects of dicamba drift on broad ecological phenomena, particularly biomass accumulation and 

coflowering interactions, thereby allowing us to make predictions that now can be tested in natural 

plant communities.  

In particular, our work highlights both unanswered questions and prompts new ones 

concerning drift in the wild, such as: does variation in resistance or tolerance lead to persistent shifts 

in plant community composition over time (e.g. Baucom, 2009)? And do shifts in coflowering 

interactions caused by herbicide drift significantly affect pollinator visitation patterns? The adoption 

of our multi-species (  25 species) community model into long-term field experiments with 

opportunities for direct plant-plant and plant-pollinator interactions would provide these key 

insights.  
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FIGURE CAPTIONS 

Figure 1. Conceptual framework for assessing the impact of herbicide drift on 

coflowering interaction networks. A: Hypothetical flowering phenologies for four plant 

species (different colored lines) in an herbicide drift unexposed (left) and exposed (right) 

community over a growing season. B: Corresponding coflowering interaction networks for 

the four hypothetical plant species (different colored flower icons) based on flowering 

deployment shown in A. Links between species represent coflowering interactions (flowering 

overlap between species). The thickness of the lines reflects the strength of interactions 

(duration and intensity of flowering overlap). Different colored filled circles represent 

different modules (groups of species that interact more strongly, i.e. are more likely to 

coflower, with each other than with other species); different colored lines indicate when 

species within modules (green or pink) or from different modules (grey) are interacting. The 

size of the circles reflects species betweenness centrality (the average percentage of shortest 

paths in the coflowering network that must go through a species, i.e. the relative importance 

of a species to network stability). 

Figure 2. Plant species vary in resistance and tolerance to dicamba drift and in how drift affects 

floral traits. A: Estimated marginal means   95% confidence intervals show the proportion of 

undamaged leaves 48 hours after dicamba drift treatment by species, i.e. resistance scores. The 

vertical dashed line at 1 is a reference for no damage. B-F: Contrast estimates   95% confidence 

intervals show the difference between dicamba drift-treated plants and control plants, relative to 

control plants, in short-term tolerance (i.e., plant size at 21 days post-treatment; B), long-term 

tolerance (i.e., final biomass at 145 days post-treatment; C), day of first flower (D), flowering 

duration (E), and biomass per flower (F). Red denotes species that (A-C) were significantly negatively 

impacted by dicamba drift, (D) dicamba drift delayed the day of first flower, (E) shortened flowering 

duration, or (F) decreased biomass per flower. Light blue shows significant effects in the opposite 
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direction and black indicates no significant change. See Supplementary data Table S2, 5-9 for results 

of tests of significance. Species are designated by four-letter codes as in Table 2. Values plotted are 

back-transformed (see Supplementary data Fig. S4 for transformed data used in statistical models).  

Figure 3. Coflowering networks of control and dicamba drift exposed synthetic 

glasshouse communities. A-B: Full networks when all flowering species (n = 22) are 

represented in the control (A) and drift (B) synthetic plant community. Each plant species is 

represented as a circle, and links between them represent coflowering interactions. The 

thickness of the lines reflects the strength of coflowering overlap (duration and intensity), and 

circle size reflects species betweenness centrality (the relative importance of species for 

network stability). C-D: Betweenness centrality for each species according to the full 

networks in rank order for the control (C) and drift (D) community. High values reflect 

higher relative importance in the network. A-D: Different colors represent different modules 

(groups of species that coflower more strongly with each other than with other species). See 

Table 2 for species codes noted in circles (A-B) and on y-axes (C-D), and Supplementary 

data Fig S11 for results of subset networks that only show species that flowered in both 

communities. 

Figure 4. Species-level tolerance is correlated with a change in coflowering interactions 

between dicamba drift- exposed and control synthetic communities. Species (blue points 

labeled with four-letter codes; Table 2) and long-term tolerance scores (Table 1; Fig. 2C) 

correlated with the change in (drift subtracted by control) weighted degree (A; Table 3) and 

log-transformed betweenness centrality (B) between the dicamba drift and control glasshouse 

communities.  
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TABLES  

 Table 1. Key terms for defining plant responses to dicamba drift across the 25 species in this study.  

Term General Definition Functional Definition 

Resistance The ability to inhibit 

or rapidly reduce 

immediate damage 

caused by a stressor. 

The estimated marginal mean of the proportion of 

undamaged leaves (1- the number of damaged leaves 

divided by the total number of leaves) at 48 hours 

post-treatment of dicamba drift is not significantly 

different than 1. 

Tolerance  The ability to 

minimize damage 

caused by a stressor 

on fitness. 

The contrast estimate of the difference in either 

short-term growth (plant size 21 days post-

treatment) and/or final biomass (dry shoot biomass 

145 days post-treatment) between dicamba drift- and 

control-treated plants is not significantly different 

than 0, i.e., growth/biomassdrift – growth/biomasscontrol 

= 0. 

Overcompensation The ability to utilize 

dicamba drift 

exposure to enhance 

fitness in the short-

term or long-term. 

The contrast estimate of the difference in either 

short-term growth or final biomass between dicamba 

drift- and control-treated plants is significantly 

greater than 0, i.e., growth/biomassdrift 

– growth/biomasscontrol > 0. 

Under ‘Functional Definition’, see ‘statistical analysis’ for information about how estimated marginal 

means, contrast estimates, and significance were determined. 
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Table 2. Twenty-five agro-eco species used in the glasshouse experiment.  

Species Code Family Category 
Life 

Cycle Pollination 

Traits 

not 

analyzed 

Amaranthus palmeri AMPA Amaranthaceae Eudicot A Wind - 

Daucus carota DACA Apiaceae Eudicot B Insect PF 

Asclepias syriaca ASSY Apocynaceae Eudicot P Insect 

FT, FD, 

PF, BF, 

FN, SN  

Erigeron annuus ERAN Asteraceae Eudicot A Insect 

FT, FD, 

PF, BF, 

SN  

Eupatorium serotinum EUSE Asteraceae Eudicot P Insect - 

Solidago canadensis SOCN Asteraceae Eudicot P Insect 

FT, FD, 

PF, BF, 

SN  

Taraxacum officinale TAOF Asteraceae Eudicot P Insect - 

Lepidium virginicum LEVI Brassicaceae Eudicot 
A, B, 

P 
Insect 

FT, FD, 

PF, BF 

Commelina virginica COVI Commelinaceae Monocot P Insect - 

Ipomoea hederacea IPHE Convolvulaceae Eudicot A Insect - 

Ipomoea lacunosa IPLA Convolvulaceae Eudicot A Insect - 
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Desmanthus illinoensis DEIL Fabaceae Eudicot P Insect PF 

Senna obtusifolia SEOB Fabaceae Eudicot A, P Insect - 

Trifolium pratense TRPR Fabaceae Eudicot P Insect - 

Abutilon theophrasti ABTH Malvaceae Eudicot A Insect - 

Sida spinosa SISP Malvaceae Eudicot A Insect - 

Oxalis stricta OXST Oxalidaceae Eudicot P Insect - 

Plantago lanceolata PLLA Plantaginaceae Eudicot 
A, B, 

P 
Wind 

BF, PF, 

Plantago virginica PLVI Plantaginaceae Eudicot A, B Wind 

FT, FD, 

PF, BF, 

SN 

Persicaria pensylvanica PEPE Polygonaceae Eudicot A Insect - 

Rumex crispus RUCR Polygonaceae Eudicot P Wind 

FT, FD, 

PF, BF, 

FN, SN 

Geum canadense GECA Rosaceae Eudicot P Insect 

FT, FD, 

PF, BF, 

FN, SN 

Cardiospermum halicacabum CAHA Sapindaceae Eudicot 
A, B, 

P 
Insect 

- 
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Physalis philadelphica PHPH Solanaceae Eudicot A Insect - 

Solanum carolinense SOCA Solanaceae Eudicot P Insect - 

‘Life cycle’ relates to the United States Department of Agriculture official PLANTS database 

characterization as annual (A), biennial (B), and/or perennial (P; USDA 2018). ‘Pollination’ (insect or 

wind) is based on Mulligan (1979) and Hilty (2019). ‘Traits not analyzed’ identifies species that were 

excluded from analyses on flowering time (i.e. day of first flower and flowering duration; FT), floral 

display (FD), probability of flowering (PF), biomass per flower (BF), ‘full’ (FN) and/or ‘subset’ (SN) 

coflowering networks or none of the above (indicated by a dash). In ‘Category’, eudicots are 

considered susceptible to synthetic auxin herbicides such as 2,4-D or dicamba whereas monocots 

are not. Taxonomic source for species names: Plants of the World Online. Facilitated by the Royal 

Botanic Gardens, Kew (http://www.plantsoftheworldonline.org, accessed 26 September 2022).  
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Table 3. Estimated values for each coflowering network metric in the control and dicamba drift 

synthetic communities when all species that produced at least one flower in both communities were 

included in the analysis. W and P-values were obtained from Wilcoxon Mann-Whitney Tests for 

significant differences between the control and drift communities, except for connectance and 

modularity where P-values were obtained by comparing observed data against null models.  

 

Network Metric 

Community  

W 

 

P Control Dicamba Drift 

Degree 16.55 12.73 367 <.01 

Strength 0.22 0.15 32700 <.001 

Weighted Degree 4.56 3.20 327 <.05 

Connectance 0.788 0.606 - <.01 

Modularity 0.109 0.212 - <.01 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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