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1. Introduction

The use of agrochemicals (e.g. herbicides and insecticides) is one of
the major threats to biodiversity and ecosystem services like pollina-
tion. Pesticide use has increased worldwide in the last twenty years
(SCBD report, 2020), and in the United States alone, the use intensity
of herbicides and their associated toxicity to target plants has increased
substantially (Kniss, 2017; Schulz et al., 2021).

Since the development of synthetic herbicides in the 1950s, one of
the first documented side effects was drift from the intended target
plant reaching non-target crops and natural plant communities
(Akesson and Yates, 1964). Herbicide drift occurs due to a combination
factors including the large-scale aerial or ground-based spraying, the
volatilization of the herbicide's chemical formulation, and weather con-
ditions (Akesson and Yates, 1964; Felsot et al,, 2011; Zimmerman et al.,
1953). Herbicide particles can drift up to several kilometers before
alighting on non-target plant foliage at levels up to 10% of the field ap-
plication rates (Felsot et al., 2011; Gove et al., 2007; Prosser et al.,
2016). Such drift concentrations are generally sublethal, and can pro-
voke a wide range of responses that alter plant growth, metabolism,
life history and reproductive fitness (reviewed in Iriart et al., 2020). Fur-
thermore, these herbicide-induced plastic changes in non-target plants
have been implicated in indirect effects on higher trophic levels, affect-
ing invertebrate and vertebrate communities alike (Gutiérrez et al.,
2020; Iriart et al., 2020; Prosser et al., 2016; Wang et al., 2021).

The problem of herbicide drift has gained more attention in the last
two decades owing to the increasing reports of damage in non-target sen-
sitive crops and wild plant species (Carpenter et al.,, 2020; Felsot et al.,
2011; Russo et al., 2020). The rapid and extensive adoption of glyphosate
and synthetic-auxin herbicide resistant crop technologies worldwide
(e.g., canola, corn, cotton and soybean), contribute to the increased likeli-
hood of off-target drift damage (Korres et al., 2019; Powles and Yu, 2010).
Synthetic-auxin herbicides (e.g., 2,4-D, dicamba) act by mimicking an
overdose of the phytohormone indole-3-acetic acid (IAA) which is an es-
sential auxin for growth and development, provoking whole-plant
phytohormonal unbalances, resulting in death at field application doses
(Benjamins and Scheres, 2008; Grossmann, 2003). However, our under-
standing of the extent of damage across floral, vegetative traits and life-
time fitness under various drift scenarios in agroecosystem landscape,
especially on wild plants is only beginning to develop (Bohnenblust
etal, 2013, 2016; Egan et al,, 2014; Olszyk et al., 2015, 2017). There is ev-
idence that dicamba drift concentrations as little as 0.001% of the field ap-
plication rates can result in significant phenotypic damage in the plants,
with negative ecological consequences (Bohnenblust et al., 2013;
Prosser et al., 2016). Moreover, these negative effects typically worsen
with increasing drift concentrations (Iriart et al., 2020).

Furthermore, a wide range of variation in sensitivity (i.e., extent of
response in a trait) to drift concentrations have been observed across
plant species (Iriart et al. in prep.), but some common responses include
delay in flowering, and reduction in plant height, biomass and flower
production (reviewed in Iriart et al., 2020). However, the complex
mechanisms in which endogenous auxin levels are regulated makes it
hard to predict the full impact of synthetic-auxin herbicide drift based
on only a few traits. Natural endogenous auxin levels are delicately reg-
ulated temporally and spatially in a tissue-specific way (Zhao, 2010),
thus producing an uneven and dynamic distribution across tissues
(Parizkova et al., 2021). For instance, in wild tobacco plants (Nicotiana
attenuata), the natural auxin levels in pistils are up to 6.5-fold higher
than that of leaves and inflorescences (Li et al., 2018). Also, a study
with “C-labelled 2,4-D sprayed at drift concentrations on wild radish
(Raphanus raphanistrum) showed that plants accumulated it more in
the stem than in leaves and roots (Goggin et al., 2018). With this back-
ground, we hypothesized that there might be variation across plant tis-
sues in response to dicamba drift, for instance between floral and
vegetative traits, and even within these trait categories. If natural
auxin levels are higher in floral tissues, then floral traits may be more
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sensitive to dicamba than vegetative ones. The presence of variation in
the phenotypic trait responses thus would indicate that synthetic-
auxin herbicides produce tissue-specific perturbations of auxin balances
resulting in differential damage across tissues.

For these reasons, organ-specific variation in sensitivity to synthetic-
auxin herbicides has the potential to change the ecology of plants in dif-
ferent directions. For instance, if ovule and pollen production are affected
in different ways then the functional gender of a hermaphroditic plant
would be impacted (e.g., less pollen = reduced male function; fewer
ovules = reduced female function). Changes in vegetative traits can also
affect ecological interactions, especially with insect herbivores. For in-
stance, variation in stem diameter can determine susceptibility to stem
borers (Niveyro and Salvo, 2017), and plant height or size can increase
the appearance and therefore the damage by herbivores (Turcotte et al.,
2014). Thus, documenting the variation across floral and vegetative traits
in their sensitivity to damage is a key step toward advancing understand-
ing of the extent of herbicide drift impacts on higher trophic levels.

Plants, however, can have the ability to recover from early, acute
herbicide exposure (Follak and Hurle, 2004). Recovery is a plastic devel-
opmental response wherein organs of affected plants regain the pheno-
type of non-exposed (control) plants and/or express tolerance in terms
of seed production (Carpenter et al., 2013). For instance above-ground
plant biomass, height, and seed production in drift-treated plants have
been shown to recover partially or fully despite acute damage (Al-
Khatib and Peterson, 1999; Carpenter et al., 2013; Carpenter and
Boutin, 2010; Riemens et al., 2009; Rotchés-Ribalta et al., 2015). Higher
drift concentrations usually limit the recovery ability, as observed for
plant height and biomass in several plant species (Carpenter et al.,
2013; Follak and Hurle, 2004). For instance, soybean plants remained
stunted under higher dicamba drift concentrations but fully recovered
their height under lower doses (Al-Khatib and Peterson, 1999). Because
herbicides are most commonly applied during seedling emergence or
juvenile stage of non-target plants in crops (Korres et al., 2019), revers-
ibility of drift effects may be advantageous for plants if it lead to main-
tenance of reproductive fitness (Carpenter et al., 2013; Olszyk et al.,
2017). Interestingly, due to the tissue-specific regulation endogenous
auxin balances, it is likely that recovery from synthetic-auxin herbicide
drift also vary across plant tissues, however this aspect has not yet been
explored. Recovery could vary among traits because plants are modular
organisms and some tissues are constantly produced throughout matu-
rity while others not (e.g., flowers and vegetative traits) (Herrera,
2009). Previous studies have mainly focused on variation in the recov-
ery at the level of species (e.g., Carpenter and Boutin, 2010; Carpenter
et al., 2013; Rotchés-Ribalta et al., 2015), but not across different func-
tional traits within a plant. Thus, we are limited in predicting the extent
of the differences in recovery across floral and vegetative traits. We hy-
pothesized that if floral and vegetative traits vary in their sensitivity to
short-term responses, then they should also vary in their recovery,
too. Overall, we do not know yet whether the short-term damage and
recovery from herbicide drift vary across floral, vegetative, and lifetime
traits, so we focused on addressing these gaps in our knowledge.

Here we evaluated the plastic responses to drift concentrations of the
synthetic-auxin herbicide dicamba (3,6-dichloro-2-methoxybenzoic
acid) on rapid-cycling Brassica rapa (Brassicaceae), a model system for
studying stress responses because of its fast lifetime (Franks et al., 2018;
Olszyk et al., 2010; Steinbrenner et al., 2012), and relationship to many
crops and wild species of the agroecological landscape (Olszyk et al.,
2010; Rotchés-Ribalta et al., 2015). We exposed greenhouse-grown
B. rapa to three drift concentrations equivalent to 0.5%, 1% and 10% of
field application rates, and investigated the plastic response (damage
and the recovery) to dicamba drift. To evaluate whether responses dif-
fered between floral and vegetative traits, we scored floral (flower size,
stamen and pistil length, ovule number and pollen production), vegeta-
tive (plant height and stem diameter), and lifetime traits (onset of
flowering, biomass, flower number and reproductive fitness). We asked
the following questions:
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1) Do floral and vegetative traits show different immediate response to
dicamba exposure and does it depend on drift concentration?

2) Does the ability to recover vary between or within floral and vegeta-
tive traits, and is recovery limited at higher dicamba drift concentra-
tion?

3) Does the effect of dicamba exposure on lifetime traits or fitness de-
pend on drift concentration?

2. Materials and methods
2.1. Study system and experimental design

We used fast cycling B. rapa plants from the base population seed
stock obtained from Wisconsin Fast Plants® (Carolina Biological Supply
Co., Burlington, USA). Despite their history of breeding for fast cycle,
these plants exhibit substantial genetic and phenotypic variation. The
species is mostly self-incompatible and completes a lifecycle in approx-
imately two months (Williams and Hill, 1986). As most Brassicaceae,
B. rapa features a distinctive cruciform corolla shape, with four petals,
two short, and four long stamens relative to the pistil, the latter being
longer than the stamens (Nikolov, 2019).

B. rapa plants (N = 144) were sown singly in pots (7 x 7 x 8 cm?)
with standardized peat/bark mix soil (Old Castle, BFG Supply, Burton,
OH, USA), 15 g of Osmocote® fertilizer (ICL Fertilizers Europe, NLD).
Plants were placed in a growth chamber (PGR15, Conviron, USA)
under 24 h fluorescent lights, 21 °C, and 60% humidity until each plant
had 6-10 open flowers and was phenotyped (1st phenotyping, see de-
tails in next subsection). After each plant was phenotyped for the first
time (between day 15 to 25), it was transferred to a greenhouse
under 18 h light, 22-23 °C, and 54% for further growth (Fig. 1a, c); the
second phenotyping was done in the greenhouse (see next subsection).

For application of the herbicide we followed the guidelines for toxic-
ity testing at the juvenile stage of development, which also mimic the
timing of field application (cf. Carpenter and Boutin, 2010). On day 11
after sowing out, when plants had two true leaves they were sprayed
with low-volatility formulation of dicamba (Clarity® herbicide, BASF,
USA) (Fig. 1a). Thus, all scored traits during the phenotyping periods
(see next subsection) reflect indirect effects of dicamba because the
new tissues were not in direct contact with the herbicide. A total of 36
plants were haphazardly assigned to each dicamba drift level regarding
field application rates: Control 0% dicamba (only surfactant and water),
0.5%, 1%, and 10% of dicamba (Felsot et al., 2011; Prosser et al., 2016).
Five hours after spraying the droplets dried out, and the plants were
put back in the growth chamber in a random order to continue develop-
ment. The final number of plants that reach flowering stage and were
phenotyped was N = 123; more specifically, control (0% dicamba) =
26 plants; 0.5% dicamba = 33 plants; 1% dicamba = 36 plants; 10% di-
camba = 28 plants. Some plants remained in vegetative stage and did
not flower, even in the control 0% dicamba plants and were removed;
this is a common observation in rapid cycling B. rapa and it is not related
to dicamba treatment (S. Ramos pers. obs.).

2.2. Plant phenotyping

We recorded floral and vegetative phenotype at two time periods
(Fig. 1a). The first phenotyping period, referred to as “early flowering”,
was conducted in the growth chamber when the plants reached 6 to
10 open flowers, spanning days 15 to 25. A few plants (N = 5) however,
were phenotyped after day 25, mostly from the 1% and 10% dicamba
treatments. Fully open flowers in B. rapa plants are recognized when
petals are fully expanded and anthers dehiscent. The second phenotyp-
ing period referred to as “late flowering” was conducted in the green-
house, when plants were 35-36 days old. Plant height and diameter of
the stem at the base were measured with a 1000 mm long ruler and
electronic caliper of the nearest 0.001 mm (Mitutoyo, Japan) respec-
tively. We collected and dissected organs from the three most recently
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opened flowers per plant from the main inflorescence and took pictures
from above at a parallel angle with a slide placed over petals with mo-
bile devices, including a ruler adjacent to flowers in the image for
scale. With these pictures we measured petal area (flower size from
now on), pistil length, and the length of one long stamen using image
] software. The three pistils were preserved in 70% ethanol for further
dissecting. We counted the number of ovules per pistil using a stereo-
scopic microscope (Stemi SV6, Zeiss, Germany) from which an average
number of ovules per flower was estimated per plant. One fully devel-
oped flower bud (i.e. yellow color and with the stigma protruding) in
the same inflorescence was used for pollen counting. Pollen from
dried floral buds was obtained following a standard protocol via
acetolysis (Cullen et al., 2021; Jones, 2014). Pollen counting was done
using a compound microscope (ICC50 W, Leica, Switzerland). Samples
were placed on a hemocytometer, and a minimum of three large grid
cells (1 mm? each, 100 nL) were counted; if a threshold value of 100
pollen grains was not reached, additional squares were counted and re-
corded to avoid underestimation. Afterwards, the pollen grains counted
per cell (pollen grains/ (number of cells x 100 nL)) was extrapolated to
the total volume of pollen preserved (~250 mL). Pictures of the pollen
under a 400x magnification were taken per sample and processed
with the software LAS-EZ (v.3.3.0, Leica Application Suite, Switzerland).

For late flowering phenotyping, we chose a random subsample of
plants in each of the four dicamba treatments and scored the same set
of traits. The total sample size was N = 65; more specifically, control =
15 plants; 0.5% dicamba = 17 plants; 1% dicamba = 15 plants; 10% di-
camba = 18 plants. The second phenotyping was conducted in the
greenhouse after the plants were manually outcrossed (see below),
their position remained within treatment groups. While this means
that at this late stage in the experiment treatment and location are con-
founded, microenvironmental conditions across greenhouse benches
differ in temperature by an average of 0.87 °C (one-way ANOVA, loca-
tion effect; SS = 4.672, F3 44 = 5.504, P = 0.002, N = 48) but not in
light intensity (SS = 8434, F344 = 0.309, P = 0.819, N = 48),
suggesting the confounds were not great.

To determine reproductive fitness, we performed manual outcrosses
when all plants had been transferred to the greenhouse, from day 26 to
day 32 after sowing out (Fig. 1a). We spread out the plants through the
greenhouse with a distance of 30 cm between them. Plants were
grouped by treatment rather than randomized to avoid accidental polli-
nation among groups and remained there until senescence (36 more
days after the second phenotyping). We outcrossed 15 to 20 flowers
per plant from random pairs within each treatment. We marked these
flowers with paint so that only painted fruits were collected when
plants dried out. We counted the number of seeds per fruit and calcu-
lated the weight per seed by dividing the total weight of seeds produced
per plant by their seed number (electronic balance of the nearest
0.0001 mg, AE200, Mettler Toledo, USA).

Lifetime fitness correlates were evaluated only once per plant and
included onset of flowering, final above-ground biomass, final number
of flowers and seed production. Onset of flowering was recorded
when plants had their first open flowers for the first time based on
daily observations. On day 72, the final above-ground dry biomass
was collected and weighed in a balance of the nearest 0.01 mg
(PL602E, Mettler Toledo, USA), as well as the final number of flowers
counted. Female reproductive fitness was estimated as a composite var-
iable per plant by multiplying the final number of flowers, the number
of fruits/flowers produced from manual outcrossings (see next subsec-
tion), the number of seeds/fruit, and the average seed weight.

2.3. Statistical analyses

To account for possible correlative responses between traits we first
conducted MANOVASs separately by trait category, i.e., floral (petal area,
long stamen length, pistil length, ovule and pollen number) and vegeta-
tive (plant height and stem diameter), as well as separately by
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Fig. 1. Timeline of our study showing the timeframe of activities and data collection (A), a hypothetical figure showing examples of the types of treatment comparisons performed in our
study (B), and a panoramic image of the plants on day 25 (C). In B), under Early flowering are shown between treatment comparisons of short-term effects of dicamba drift. Under Late
flowering, hypothetical recovery effects are shown (see Methods section for full explanation). Photo credit in panel C: Lacey Rzodkiewicz).

flowering period (early and late). In addition, Pearson partial correlation
coefficients among all traits combined were calculated using the pcor
function from ppcor package in R (Kim, 2015). The MANOVASs included
dicamba treatment (factor), day of phenotyping (numeric) and the in-
teraction between dicamba treatment*day of phenotyping (T*D after-
wards). We then obtained the univariate ANOVAs per single trait and
flowering period from the MANOVAs using the summary.aov function
in R (R Core Team, 2021). The ANOVAs from the early flowering period
were used to test for short-term trait responses, and included dicamba
treatment, day of phenotyping, and T*D as predictors. In these analyses,
day of phenotyping accounted for the variation produced by the day
span in which plants were phenotyped in each flowering period. Thus,
a significant T*D interaction indicates that the differences between
treatments are not only explained by a direct effect of dicamba, but

also an indirect effect triggered by a delay in flowering time. We con-
ducted additional ANOVAs where we excluded the few observations
(N = 3) of the 10% dicamba treatment to avoid biased results in some
traits during early flowering (petal area, long stamen, and ovule num-
ber; see Fig. 3 Early flowering, and Table S3). Finally, we conducted
Bonferroni corrected pairwise contrasts for between treatment compar-
isons from all ‘early flowering’ ANOVAS.

Recovery for the same traits was evaluated with univariate ANOVAs
and repeated measures ANOVAs using “late flowering” phenotypes. The
univariate ANOVAs followed the same structure described above for the
early flowering. Between treatment comparisons were also tested via
pairwise contrasts with Bonferroni correction. Repeated measures in-
cluded: dicamba treatment (factor), flowering period (a factor with
two levels: early and late flowering), and the interaction of dicamba
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treatment and flowering period as predictors (T*Fp). A significant effect
of the T*Fp interaction indicates that at least one dicamba treatment at
the within treatment level was different between flowering periods,
thus implying recovery. This was further tested via pairwise contrasts
with Bonferroni correction. For interpretation of recovery, the dicamba
treatments were compared to the control plants (0% dicamba) during
the late flowering together with the within treatment comparisons
across flowering periods.

Three recovery outcomes may be expected; 1) Full recovery, indi-
cated by a within treatment difference between early and late
flowering, and lack of difference against control plants in the late
flowering period (green color figures and text in Fig. 1b). 2) Partial re-
covery, indicated by a within treatment difference between early and
late flowering, and a difference from the control plants during late
flowering (light blue color figures and text in Fig. 1b). 3) No recovery
would be indicated by a lack of within treatment difference between
early and late flowering, and a difference from control plants during
late flowering (light green color figures, text and dotted line in Fig. 1b).

For lifetime traits (onset of flowering, final above-ground biomass,
final number of flowers and female reproductive fitness) we first per-
formed a MANOVA with the four traits combined to account for correl-
ative effects. With the univariate ANOVAs obtained with summary.aov
we tested the effect of dicamba treatment (factor). The onset of
flowering, final number of flowers and female reproductive fitness
were log transformed to achieve normality.

All ANOVAs were performed with the anova function of the stats
package embedded in R (sum squares type two were used; Langsrud,
2003). Pairwise contrasts with Bonferroni correction were done with
the emmeans function of the emmeans package in R. Plots were done
with the ggplot2 package (Wickham et al., 2016). We used R version
3.6.3 (R Core Team, 2021).

3. Results

Dicamba had a strong impact in the floral and vegetative traits in
each flowering period (MANOVA; Table S1). In the early flowering pe-
riod, we found a general pattern of concentration dependent effects of
dicamba across floral and vegetative traits (ANOVA and pairwise con-
trasts; Table S2, Fig. 2a-g ‘early flowering’). More importantly, we
found variation across traits in their sensitivity and response to the di-
camba drift treatments, not only between floral and vegetative traits,
but also within these trait categories. For instance, out of the total of
seven traits, only three floral traits were strongly reduced up to half
the values of control plants in the lowest level of dicamba of 0.5%
(Fig. 2a, c and d, Table 1). On the other hand, 1% dicamba affected four
floral traits and one vegetative, with only the pistil length and stem di-
ameter not being affected in each trait category. There was a broad
range of variation in the sensitivity within floral traits, ranging from
no response to up to a dramatic 76% reduction (Table 1). Finally, 10% di-
camba triggered responses in all floral and vegetative traits, with the ex-
ception of the pistil length (Table 1, Fig. S1). Also interesting was that
while most traits are negatively affected by dicamba drift, one vegeta-
tive trait (stem diameter) showed an increase compared to control
plants (Fig. 2f ‘early flowering’). A similar pattern was observed in the
pistil length (Fig. S1 ‘early flowering’). Altogether, these results indi-
cated substantial variation in the short-term effects of dicamba drift
across and within floral and vegetative traits.

Moreover, the recovery ability from damage depended on the di-
camba concentration. The recovery of traits declined with higher di-
camba concentrations in regard of the number of traits affected during
early flowering (Table 1). Furthermore, we found variation in the recov-
ery ability across traits and dicamba drift concentrations. For instance,
even traits that were strongly reduced in the lowest level of 0.5% di-
camba like flower size and ovule number showed a full recovery by
the late flowering period (Table 1, Fig. 2a, c ‘late flowering’). On the
other hand, four out of five affected traits in the 1% dicamba during

Science of the Total Environment 801 (2021) 149732

early flowering were able to fully recover, and all these were floral traits
(Table 1); only plant height did not recover from the early stunting,
even though it was equally or less sensitive than floral traits (e.g., 30%
reduction; Table 1, Fig. 2e ‘late flowering’). Finally, in the highest di-
camba level of 10%, only some floral traits were able to recover from
short-term effects, while none of the vegetative traits did so (Table 1,
floral traits, Fig. 2a-d; vegetative traits, Fig. 2e, f). Altogether, the results
suggest that although floral traits are generally more sensitive across di-
camba drift concentrations than the vegetative traits, they also harbor
higher recovery ability.

Dicamba also had effects on lifetime fitness correlates (MANOVA;
Table S1). When inspecting the individual responses of each variable
we found that not all lifetime traits were equally sensitive to the di-
camba drift concentrations tested (ANOVA and pairwise contrasts;
Table S2, Fig. 3). For instance, the onset of flowering and composite re-
productive fitness showed concentration dependent effects (Fig. 3a, b),
while the above-ground biomass and final number of flowers were not
affected by dicamba (Fig. 3¢, d). Compared to control plants, the onset of
flowering was delayed by 1.9 and 7.6 days in 1% and 10% dicamba re-
spectively (days to first open flower per treatment, mean days + sd;
control plants, 17.57 £ 1.65; 0.5% dicamba, 17.78 + 2.08; 1% dicamba,
19.52 £ 2.61; 10% dicamba, 25.25 4 6.06; Fig. 3a). Furthermore, the
composite reproductive fitness was reduced by 57% under 1% of di-
camba, and by 88% under 10% dicamba (Fig. 3b). These patterns did
not change when the few 10% dicamba observations were omitted in
a separate analysis (Table S3).

4. Discussion

In this study, we found a broad range of variation in the sensitivity
and response to three dicamba drift concentrations across floral and
vegetative traits, as well as within each of these trait categories. The ma-
jority of traits were negatively affected by dicamba, but stem diameter
was positively affected. We found that floral traits were most sensitive
to dicamba drift but also more likely to fully recover than vegetative
traits, even in the highest (10%) dicamba concentration tested. Overall,
most floral, vegetative, and lifetime traits showed concentration-
dependent effects, with higher dicamba levels triggering stronger re-
sponses, and limiting the recovery. Below, we discuss our findings in
the context of their mechanisms and their potential ecological and evo-
lutionary implications.

4.1. Damage varies across plant traits and drift concentrations

Previous studies on the response to drift concentrations of synthetic-
auxin herbicides have mostly focused on a few traits like above-ground
biomass, plant height and root length in crops and wild species (Al-
Khatib and Peterson, 1999; Bohnenblust et al., 2016; Carpenter and
Boutin, 2010; Leclere et al., 2018; Olszyk et al., 2015; Riemens et al.,
2009). Consistent with these previous studies, we also found concentra-
tion dependent effects across floral and vegetative traits.

In contrast, the variation in the responses among different traits has
received much less attention. We found that not all traits were equally
sensitive to the dicamba drift concentrations tested. Although we eval-
uated more floral than vegetative traits, our results suggest that floral
traits were more sensitive. For instance, no vegetative trait was affected
by 0.5% dicamba, while two floral traits —flower size and ovule number-
were reduced in average by around half compared to control plants.
Under 1% dicamba, half of the traits within the floral and vegetative cat-
egories were sensitive. Finally, only the 10% dicamba level triggered a
plastic response of all traits, with mostly negative responses. Because
we sprayed our plants at the juvenile-vegetative stage, the differences
in sensitivity across traits, particularly flower traits cannot be attributed
to a direct contact of the herbicide with the different plant tissues. In-
stead, different plant tissues might vary in their sensitivity to drift con-
centrations of dicamba because auxins are temporally and spatially
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Fig. 2. Between treatment comparisons of the dicamba drift effects during early flowering, recovery based on within treatment (early versus late), and between treatment comparisons in
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indicates significant differences based on Bonferroni corrected pairwise contrasts.

regulated in the plant (Zhao, 2010). For instance, flowers and leaves at
their different developmental stages can biosynthesize their own
auxins, hence auxin homeostasis naturally differ by tissue (Benjamins
and Scheres, 2008). Thus, as we hypothesized, the differential sensitiv-
ity across our studied plant traits seems to mirror tissue-specific alter-
ations of auxin balances, which apparently differ even at a finer scale
like within a flower (e.g., ovule and pollen numbers). These findings
highlight that conclusions drawn from examining only a subset of traits

could underestimate the negative effects of drift concentrations of
dicamba (but see Rotchés-Ribalta et al., 2015). A next step to better un-
derstand the mechanisms behind the variation in response to auxin her-
bicide drift would be to quantify the endogenous levels of auxins and
other phytohormones per tissue upon exposure.

While these short-term effects might be temporary, they can still
have important impacts on ecological interactions that occur during
the vegetative growth and early flowering of plants in natural
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Table 1

Summary of short-term effect sizes and recovery ability from dicamba drift in seven plant
traits. Percentages in bold indicate a significant effect of dicamba drift during the early
flowering, with either an increase (arrow up) or a decrease (arrow down) compared to
control plants. A superscript on these bold percentage values indicate whether the trait re-
covered by the late flowering period (R, full recovery), or not (NR, no recovery). Also
shown are, the total number of traits affected (i.e., sensitive traits) per drift level out of
seven traits (e.g., P < 0.05), and the number of traits recovered out of the traits affected.

Percentage values of traits during the late flowering period are not shown.

Trait Effect and recovery from dicamba drift
0.5% 1% 10%
Flower
Flower size 143%R 151%R 158%R
Long stamen 17% 115%R 127%R
Pistil length 0% 12% 144%
Ovule number 156%% 176%R 184%NR
Pollen number 127%R 130%R 156%R
Vegetative
Plant height 17% 130%NR 180%NR
Stem diameter 110% 113% 144%NR
Traits affected 3 5 6
Traits recovered 3 4 3
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conditions. For instance, we might erroneously conclude that drift con-
centrations of dicamba of 0.5% are negligible if we only focus on the ef-
fects on plant height or the onset of flowering, as most studies do.
However, flower size, pollen and ovule number were severely reduced
under 0.5% dicamba. A reduction of flower size could reduce pollinator
visitation with consequences for the plants and insects alike. For in-
stance, in Raphanus sativus (Brassicaceae), the experimental reduction
of flower size by 29% compared to control flowers was enough to de-
crease pollinator visitation significantly (Conner and Rush, 1996). Like-
wise, reductions of pollen production by half of that produced by control
plants experiencing high dicamba drift concentrations (210%) could
have strong consequences for the beneficial insect community. Indeed,
both pollinators and beneficial insect predators strongly rely on pollen
of non-agricultural plants even in crop dominated landscapes
(Bertrand et al., 2019). For the plants themselves, the combined reduc-
tion of flower size and pollinator attraction, and changes in the func-
tional gender (via reduced pollen and ovule production) might
severely impair plant's sexual reproduction by increasing the degree
of pollen limitation and affecting the mating system and seed produc-
tion (Ashman et al., 2004 ). On the other hand, synthetic-auxin herbicide
drift commonly result in stunted plants (Olszyk et al., 2015; Rotchés-
Ribalta et al., 2015), as we observed with >1% dicamba (Fig. 1c). Since
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Fig. 3. Between treatment comparisons of the four lifetime traits. (a) onset of flowering, (b) composite female reproductive fitness, (c) final above-ground biomass, and (d) final number of
flowers. See Tables S1-S3 for statistical results. Different letters on top of the boxplots indicates significant differences based on Bonferroni corrected pairwise contrasts. Empty symbols
indicate the mean values.
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plant size is important to herbivores for host location (Strauss et al.,
2015; Turcotte et al., 2014), stunted plants could be less apparent and
provide less plant biomass to butterfly larvae, thus limiting develop-
ment to reach adult stage (Bohnenblust et al., 2013). Herbivores like
butterflies that usually seek for their host plant during the vegetative-
growing stage of plants are especially vulnerable to reduced plant
sizes (Pleasants and Oberhauser, 2013). On the other hand, the in-
creased stem diameter can also make plants more or less susceptible
to damage by insect stem borers. For instance, Niveyro and Salvo
(2017) found higher damage by beetle stem borers in Amaranthus
plants with thicker stems than in thin stems. Ishii and Hirano (1963)
found that larvae of a moth stem borer grew better in rice plants
sprayed with the synthetic-auxin 2,4-D as a result of higher nitrogen
content in the plants. For the plants, a higher risk of stem borers can
also compromise the structural strength of plants (Niveyro and Salvo,
2017). Altogether, we suggest that the wide variation in short-term re-
sponses across floral and vegetative traits can have cascading effects on
the ecological interactions, particularly the insect communities that rely
on plant resources early in the season.

4.2. Variation in recovery from dicamba damage

Previous studies have reported variation in the potential of and rate
of recovery by comparing non-target plant species under different drift
concentrations of herbicide and formulations (Carpenter et al., 2013;
Carpenter and Boutin, 2010; Follak and Hurle, 2004; Rotchés-Ribalta
et al.,, 2015). What remains less clear is whether there is variation in
the potential of recovery across traits within plants. Yet, some studies
indicate that there can be substantial variation in recovery between
plant traits. For instance, studies that have evaluated recovery to di-
camba in several non-target species solely in terms of biomass and re-
production found that some species could recover one but not both
traits (Carpenter et al., 2013; Carpenter and Boutin, 2010; Rotchés-
Ribalta et al., 2015). Similarly, across our studied plant traits, we found
variation in their ability to recover, but floral traits were more likely to
recover than vegetative traits. For instance, across dicamba drift concen-
trations, none of the vegetative traits that were sensitive could recover,
while floral traits recovered well even under the highest dicamba level
of 10%. To our knowledge, this is the first study that shows variation
in recovery from herbicide drift exposure across different functional
plant traits. Also, although we hypothesized that recovery could be ei-
ther full or partial we found no evidence of partial recovery, as traits ei-
ther fully recovered or not. Contrary to previous anecdotal reports
(e.g., Al-Khatib and Peterson, 1999; Follak and Hurle, 2004; Carpenter
and Boutin, 2010), our measure of partial recovery was quantitatively
characterized and statistically evaluated (via repeated measures and
univariate ANOVAs) for which we found no support. As a caveat, the ob-
served patterns of recovery might include any effect of bench position
due to the non-random location of the plants in the greenhouse bench
during the late flowering. However, it is unlikely that bench location
has a strong influence in the patterns and variation in recovery given
that only temperature, but no light varied slightly between bench loca-
tions by an average of 0.87 °C.

How can plants recover from dramatic effects of drift concentrations
of dicamba like those observed in flower size and ovule number? Early
reports of the ability of non-target plants to recover from dicamba sug-
gested that the recovery was dependent of the rates at which plants
could metabolize the synthetic auxin (e.g., detoxification) (Chang and
Vanden Born, 1971; Grossmann et al., 2002). For instance, recovery
from synthetic-auxin herbicides could be facilitated by the high meta-
bolic rates of plants during early plant development and vegetative
growth (Ljung et al.,, 2001), which implies that recovery could be facili-
tated during early ontogenetic changes (Farnsworth, 2004). Ontogeny
can influence the patterns of trait responses mediated by any source
of stress. For instance, plants respond differently to herbivory damage
when they are seedling, juvenile of reproductive as a result of changes
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in phytohormone balances and resource allocation (Boege and
Marquis, 2005). Thus, further studies should explicitly explore plant re-
sponses to herbicide drift at different ontogenetic stages. In Arabidopsis
and Nicotiana seedlings, the rate of leaf cell division is rapid and it corre-
lates negatively with auxin concentration (Ljung et al., 2001), thus,
lower auxin concentrations at later ontogenetic stages could influence
the extent of damage by dicamba. In our study, despite the perturbation
of auxin homeostasis provoked by dicamba, the rapid plant's metabo-
lism and auxin transportation dynamics at the vegetative stage could fa-
cilitate recovery. Nevertheless, as our results suggest, higher dicamba
drift concentrations seem to slow down the breakdown rate of auxin ex-
cess, thus likely explaining concentration-dependent effects and limited
recovery at higher dicamba levels. Gleason et al. (2011) showed that di-
camba up-regulated several stress responsive genes over 3-fold in
Arabidopsis thaliana. Among these genes was the GH3 family of genes,
which have a role in maintaining auxin homeostasis, hence, their up-
regulation suggest that the plant's response to dicamba is to remove
the excess of auxins (Gleason et al., 2011). Although the above-
mentioned studies help to understand the potential mechanisms in-
volved in the recovery ability, it is still unclear why there is substantial
variation in recovery between and within floral and vegetative traits.
As mentioned previously, floral traits were more prone to recover
than vegetative traits. Thus, given that auxin regulation is tissue specific
(Benjamins and Scheres, 2008; Zhao, 2010), a likely explanation for var-
iation in recovery might be that the rates of auxin detoxification are also
tissue-specific. In this case, our results suggest that the rates of auxin de-
toxification are higher in floral than in vegetative tissues. The variation
in recovery across traits could also be a consequence of the body plan
of plants consisting in repeated structures performing the same func-
tion like flowers and leaves (i.e., modularity) (Herrera, 2009). Thus, flo-
ral traits might fully recover due to their constant replacement during
the flowering period. Indeed, the idea that plants are “integrated phys-
iological units” is considered one of the main mechanisms generating
within-plant variation (Watson, 1986).

Finally, the recovery ability of plants might have evolutionary conse-
quences. The “plasticity-first” hypothesis states that plastic changes in-
duced by environmental changes can jump-start phenotypic change in
an adaptive direction, thus preceding and promoting evolution (Levis
and Pfennig, 2016). Thus, if detoxification of drift herbicide doses starts
as a plastic response, selection can then refine this mechanism, making
it more efficient in response to repeated exposure (Iriart et al., 2020).
Eventually, this process could result in the evolution of non-target site
resistance, either due to genetic accommodation (Levis and Pfennig,
2016), or by a de novo mutation (Kreiner et al., 2018).

4.3. Lifetime fitness and dicamba drift

In line with previous studies, we found a delay in the onset of
flowering and the reproductive fitness as dicamba concentration in-
creased (Bohnenblust et al.,, 2016; Rotchés-Ribalta et al.,, 2015). Delays
in the onset of flowering in natural plant populations could shift the
availability of floral resources to the pollinators (Arceo-Gémez et al.,
2018; Bohnenblust et al., 2016), and the beneficial insect-predator com-
munities (e.g., parasitoids; Fuchs et al., 2021) that depend on these re-
sources early in the season. For instance, solitary bees could be
strongly affected by flowering delays, as their emergence time from dia-
pause can be tightly synchronized with early floral resources needed for
nest construction and offspring provisioning (Crone, 2013; Wcislo and
Cane, 1996). On the other hand, reductions in reproductive fitness
with increasing herbicide drift concentrations have been observed on
other studies including brassicaceous plants (Olszyk et al., 2010;
Carpenter et al.,, 2013; Olszyk et al., 2017; Yu et al., 2017). Indeed, a pre-
vious study showed that a variety of herbicides including dicamba usu-
ally provoke both flowering delays and reduced reproductive fitness in
non-target plants in the field when spraying occurs at the seedling stage
(Boutin et al.,, 2014). Also, compared to the other lifetime traits of final
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above-ground biomass and final number of flowers, the reproductive
fitness was more sensitive, as noted previously by Boutin et al. (2014).
This variation in the effects of dicamba drift to lifetime traits highlight
that vegetative and floral-related endpoint traits do not necessarily pre-
dict effects on reproductive fitness.

A next step would be to investigate the potential extended effects of
dicamba on seed germination. In grasses, different synthetic-auxin herbi-
cides including dicamba reduced gemination in seeds from sprayed plants
(Rinella et al., 2010), suggesting that this might be another fitness compo-
nent sensitive to dicamba worth to evaluate. While our results of repro-
ductive fitness fit with these patterns, it is possible that our procedure
of performing hand-crosses only once in the middle of the experiment
might have bias our results. Given that seed production from hand-
crosses depends on the ovules and pollen available at a given moment,
our design might have not captured the true drift effects on reproductive
fitness. Thus, future studies quantifying herbicide drift effects on repro-
ductive fitness must consider the influence of recovery and design man-
ual or pollinator-mediated crossings at different time points throughout
the plants’ life (but see; Olszyk et al., 2010; Rotchés-Ribalta et al., 2015).
Likewise, pollen traits (not quantified here) such as pollen tube growth
and chemistry could alter male fitness directly and female fitness indi-
rectly, thus these traits deserve consideration in further studies.

5. Conclusion

We followed a trait-based approach to study the variation in
herbicide-mediated stress responses and recovery in plants and demon-
strated substantial variation both between and within ecologically and
physiologically linked functional traits. These responses, however,
vary with herbicide drift concentration. Our results clearly highlight
the modular nature of plants with tissue-specific physiological dynam-
ics, resulting in complex trait responses. Thus, because trait-specific re-
sponses can affect trophic interactions in unanticipated ways, a more
complete understanding of the effects of herbicide drift will only be
achieved by recognizing such a variation. We advocate for future work
on herbicide-mediated stress in plants to adopt a similar trait-based ap-
proach.
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