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Abstract

Reproductive endpoints are generally not considered in regulatory risk assessments used to
inform registration decisions for pesticides, and relatively few studies have examined effects of
herbicides on reproduction in non-target plants. In two sets of greenhouse experiments using
three wild species (Rudbeckia hirta L., Centaurea cyanus L. and Trifolium pratense L), effects
on flowering phenology and inflorescence characteristics were investigated following low, drift-
equivalent glyphosate exposure at an early bud stage. Weekly post-spray observations included
the number of inflorescences, aborted buds and malformed inflorescences. In the experiment
focusing on inflorescence characteristics (C. cyanus and T. pratense only), inflorescences and
pollen were collected at five weeks post-spray to measure inflorescence dry weight, count the
number of reproductive florets, estimate the amount of pollen per floret, and assess pollen
germination in vitro. Flower production was adversely affected in all three species, including
delays in flowering, significant increases in the number of aborted buds and malformed
inflorescences, an overall reduction in the number of inflorescences produced, as well as a
reduction in the duration of individual inflorescence bloom time (R. hirta and T. pratense
assessed only). Inflorescence dry weight and in vitro pollen germination were significantly
reduced for C. cyanus exposed to glyphosate, but not for T. pratense. However, both species
experienced a significant reduction in the number of reproductive florets produced per
inflorescence in response to glyphosate exposure. Neither species was observed to have
significant reductions in the amount of pollen produced per reproductive floret. These results
have important implications for risk assessment, demonstrating that current glyphosate use in
Canada and elsewhere could be adversely affecting non-target flowering plants in field margins,

as well as other taxa that rely on them, particularly pollinators.



Résumé
Les effets sur la reproduction des plantes ne sont généralement pas pris en ligne de compte dans
les évaluations réglementaires sur les risques des pesticides lors de leur homologation. De plus,
relativement peu d'études ont examiné les effets des herbicides sur la reproduction des plantes
non ciblées. Dans deux séries d'expériences en serres avec trois especes sauvages (Rudbeckia
hirta L., Centaurea cyanus L. et Trifolium pratense L), les effets sur la phénologie florale et les
caractéristiques des inflorescences ont été étudiés apres une faible exposition au glyphosate
équivalente a la déerive durant la pulvérisation lorsque les plantes sont au début des boutons
floraux. Des observations hebdomadaires post-pulvérisation ont été effectuées sur le nombre
d'inflorescences, de bourgeons avortés et d’inflorescences malformées. Dans I'expérience portant
sur les caractéristiques des inflorescences (C. cyanus et T. pratense seulement), les
inflorescences et le pollen ont été recueillis cing semaines apres la pulvérisation pour mesurer le
poids sec des inflorescences, compter le nombre de fleurons reproducteurs, estimer la quantité de
pollen par fleur et évaluer la germination du pollen in vitro. La production de fleurs a été affectée
chez les trois espéces, y compris des retards de floraison, des augmentations significatives du
nombre de bourgeons avortés et d’inflorescences malformées, une réduction globale du nombre
d'inflorescences produites et une diminution de la duree de floraison par inflorescence. (R. hirta
et T. pratense évalués seulement). Le poids sec des inflorescences et la germination in vitro du
pollen ont été significativement réduits chez C. cyanus expose au glyphosate, mais pas chez T.
pratense. Cependant, les deux espéces ont subi une réduction significative du nombre de fleurons
reproducteurs produits par inflorescence en réponse a I'exposition au glyphosate. Aucune des
deux especes n'a montré de réduction significative de la quantité de pollen produit par fleuron.

Ces resultats ont des implications importantes pour I'évaluation de risques, demontrant que le



glyphosate, tel qu’utilisé présentement au Canada et ailleurs, pourrait nuire aux plantes a fleurs
non ciblées retrouvées en bordure de champs, ainsi qu'a d'autres taxons qui en dépendent,

particulierement les pollinisateurs.
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1

Introduction

Both plants and animals have been negatively impacted by the expansion and intensification of
agriculture and urbanization over the past two centuries. Herbicide use is ubiquitous in
conventional farming (Cooper and Dobson 2007) and poses risks to organisms inhabiting
agroecosystems. Plant species can be adversely affected by relatively low rates of herbicide
exposure, and effects have been associated with plant population declines in agroecosystems (de

Snoo and van der Poll 1999; Boutin et al. 2014; Schmitz et al. 2014).

For regulatory risk management in North America and Europe, pesticide registrants are required
to submit reports of standard non-target plant toxicity tests which evaluate effects on seedling
emergence as well as on vegetative vigour at early (vegetative) growth stages (U.S. EPA
2012a,b; OECD 20064a,b). These tests are typically carried out with crop species. Currently there
are no known standard protocols for testing effects in non-target plants exposed to pesticides at
later life stages (e.g., reproductive); and reproductive endpoints (measures of effects) are
generally not considered in regulatory risk assessment. Yet, several studies have demonstrated
that plants can be more sensitive when reproductive, and in some cases reproductive endpoints
(e.g., seed production) are more sensitive than measures of vegetative vigour (i.e., height, above
ground dry weight; Fletcher et al., 1996; Riemens et al. 2008; Rotchés-Ribalta et al. 2012;
Strandberg et al. 2012; Carpenter et al. 2013; Boutin et al. 2014). Current regulations for
pesticide registration and use may not be sufficient for protecting non-target plants and other taxa

that rely on them (e.g., pollinators).

Beyond being vital to angiosperm reproduction and population persistence, flowers represent a
crucial food resource for pollen- and nectar-eating species. In turn, most flowering plants rely on

1



animals for pollination (Klein et al. 2007; Thomann et al. 2013). Evidence of declining bee
diversity in Britain and the Netherlands has been associated with the parallel decline of plant
species that depend on pollinators (Biesmeijer et al. 2006). A national scale study, also
conducted in Britain, found evidence of a decline in bumblebee forage plants over the course of
the 20" century (Carvell et al. 2006). Pesticide and fertilizer use have been directly implicated in
shifts in non-target plant community structure, as well as in plant and pollinator declines
(Carreck and Williams 2002; Chagnon 2008; Pleasants and Oberhauser 2012; Potts et al. 2010;
Schmitz et al. 2013). Bee losses have been attributed in part by some beekeepers to poor foraging

conditions and starvation (Naug 2009, Huang 2012).

Herbicide exposure can reduce the number of flowers produced by plants (Boutin et al. 2000;
Erickson 2006; Kruger et al. 2012; Bohnenblust et al. 2016; Strandberg et al., 2018). Also,
herbicides at non-lethal rates have been found to delay and shorten the duration of flowering
(Boutin et al. 2014; Londo et al. 2014; Bohnenblust et al. 2016; Yu et al. 2017), cause floral
malformation, and lead to more subtle effects including malformed pollen grains (Pline et al.
2002a,b, 2003; Thomas et al. 2004; Erickson 2006; Shimada and Kimura 2006; Yasour, 2007;
Baucom et al. 2008; Guo 2009; Mikkelson and Lym 2013; Qian et al. 2015; Yu et al. 2017).
Such effects may reduce overall seed production at relatively low rates of herbicide exposure in
several species (Boutin et al., 2014; Strandberg et al. 2018); and may also be associated with
reduced seed viability (Strandberg et al. 2018). Effects on seed production and seed viability
have obvious consequences for plant reproduction. For pollinators, however, flower production
may be of greater immediate consequence. Bohnenblust et al. (2016) recently demonstrated a

causative relationship between herbicide treatment and reduced plant visitation by pollinators.



These authors investigated the effects of low rates of dicamba (a benzoic acid herbicide) on the
floral production, resource quality (pollen protein) and rates of visitation by honeybees and other
pollinators of alfalfa (Medicago sativa L.) and common boneset (Eupatorium perfoliatum L.) in
a field experiment. Dicamba adversely affected flowering in both species (both timing and
number of flowers), and also affected the number of honey bee visitations. Thus, non-lethal
effects of herbicides on flowering can affect pollinator foraging and may affect food availability

and quality.

Glyphosate (N-(phosphonomethyl)glycine) is probably the most widely used pesticide globally
(Benbrook 2016). It is a broad spectrum, non-selective systemic herbicide that was
commercialized in the mid-1970s for pre-plant weed burndown. It is the active ingredient found
in the well-known RoundUp® suite of herbicides. With the advent of glyphosate-resistant
(“RoundUp® Ready”) crop varieties in the mid-1990s its use has rapidly increased; in the US,
from less than 10 million kilograms per year to over 100 million kilograms (Duke, 2018).
Glyphosate inhibits plant growth by impeding the synthesis of aromatic amino acids. It
competitively blocks 5-enolpyruvyl-shikimate-3 phosphate-synthase which initiates the pathway
to chorismate, which is the substrate for the synthesis of the amino acids phenylalanine, tyrosine
and tryptophan. Subsequently, protein synthesis is inhibited. Glyphosate is an acid but is
manufactured in various salt formulations for packaging and handling (Franz et al. 1997).

Terrestrial plant toxicity data are therefore typically expressed in acid equivalent (a.e.) rates.

There have been numerous greenhouse studies conducted to determine the toxicity of glyphosate

to non-target plant emergence and vegetative vigour at early life stage (see collated data



presented in PMRA (2015) and more recently Strandberg et al. 2018). These studies have shown
that vegetative vigour (measured as biomass) is typically a more sensitive measure of adverse
effects of exposure than seedling emergence. The estimated rates causing 25% effect (ER255s)
for seedling emergence reportedly range from 1,570 to >11,210 g a.e./ha, with ER25s >4,480 g
a.e./ha for most species. Whereas the ER25 values for biomass from vegetative vigour studies

range from 3 to 2,136 g a.e./ha, with ER25s >100 g a.e./ha for most species (PMRA 2015).

Fewer studies have examined reproductive effects (Table 1), or the effects of exposure at later
life stages (Marrs et al. 1989; Walker and Oliver, 2008; Guo et al. 2009; Olszyk et al. 2009;
Panigo et al. 2012; Kruger et al. 2012; Strandberg et al. 2012; Londo et al. 2014; Olszyk et al.
2017; Strandberg et al. 2018). Several studies with glyphosate have demonstrated that it can
cause floral and pollen malformations, as well as male-sterility (Pline et al. 2002a,b, 2003;
Thomas et al. 2004; Shimada and Kimura 2006; Shimada and Kimura 2007; Yasour, 2007;
Baucom et al. 2008; Guo 2009; Londo et al. 2014). Many studies examining effects on flowers
and flower parts have either been conducted with glyphosate resistant crops (Pline et al. 2002a,b,
2003; Thomas et al. 2004; Londo et al. 2014) or relatively tolerant weeds (in the context of the
studies; Walker and Oliver, 2008, Guo et al. 2009; Baucom et al. 2008; Panigo et al. 2012) and

were concerned with crop protection or herbicidal efficacy.

At least two studies have examined effects on pollen germination with glyphosate applied to
germination medium. In vitro inhibition of pollen germination in the presence of glyphosate
solution has been demonstrated in Nicotiana sylvestris Speg. & Comes (7.81 to 500 mg/L; Grabe

and Kristen 1997). In this same model species, it was also demonstrated that addition of key



amino acids (phenylalanine, tyrosine and tryptophan) to the germination medium reduced the
inhibitory effects (Grabe and Kristen 1997), suggesting that glyphosate may have induced a
deficit. In a subsequent in vitro pollen germination experiment with Solidago canadensis L.
glyphosate was added to standard germination medium at 220 to 1000 mg/L (Guo et al. 2009).
Pollen germination and tube length declined almost linearly with increasing glyphosate

concentration (Guo et al. 2009).

In glyphosate resistant cotton (Gossypium hirsutum L.) and corn (Zea mays L.), reproductive
effects of glyphosate applications in excess of 700 g a.e./ha have included abnormal flowers,
inhibited elongation of the staminal column, (resulting in reduced pollen deposition to stigma),
non-dehiscent anthers, malformed/immature pollen, non-viable pollen, and in some cases these
effects were negatively correlated with seed production. Effects to female parts (i.e., pistil) were
less pronounced or absent (Table 1). Subtle effects on shape of anthers in Brassica napus L. of
resistant transgenic origin have also been reported at rates as low as 85 g a.e./ha (Londo et al.
2014). Adverse effects in the flowers of glyphosate resistant crops may be due to a lower
expression of the CP4 EPSPS (the gene that gives glyphosate resistance to glyphosate) in the

male reproductive tissue, which has been observed in cotton (Yasuor et al. 2007).

Similar adverse effects on flowers have been reported in Ipomoea purpurea L. Roth and
Commelina erecta L., considered relatively tolerant weed species, exposed to glyphosate at rates
>900 g a.e./ha (Baucom et al. 2008; Panigo et al. 2012, Table 1). Baucom et al. (2008) also
reported that glyphosate-exposed I. purpurea anthers lacked obvious pollen grains. The corollas

of flowers with shrunken anthers were sometimes stunted, but some flowers with stunted corollas



did not have malformed anthers. Gynoecium in flowers with malformed anthers were normal in
appearance. Flowers that had sterile male parts were still able to produce seeds at a comparable
rate to normal flowers when hand pollinated with pollen from untreated plants. However, in the
field, seed production was negatively correlated with anther malformation. In both the field and
greenhouse experiments anther deformation was transient, with malformations declining over
time through the census period of several weeks (Baucom et al. 2008). C. erecta exposed to

glyphosate were observed to abort flowers (Panigo et al. 2012).

Londo et al. (2014) investigated the effects of glyphosate (RoundUp® formulation) exposure on
the flowering phenology of seven different Brassica varieties, including a B. napus cv. RoundUp
Ready® variety, and four wild varieties (Table 1). Greenhouse-grown plants were exposed to
0.177 or 0.234 L/ha of formulation (at 480 g a.e./L, exposure rates would be 85 or 112 g a.e./ha
respectively) four weeks after planting at which time most varieties were pre-bolt or bolting.
Glyphosate caused delays in flowering (except in the transgenic variety), and in some varieties
shortened the duration of flowering. Flowers that formed following treatment were malformed,
sometimes lacking stamens, and having pale petals. Closer examination of male reproductive
parts revealed that treatment resulted in malformed anthers that did not normally dehisce (with
the exception of the transgenic variety). Pistils were observed to be normal; however, their
overall functioning in non-transgenic varieties was found to be sensitive to glyphosate in that
hand pollination of exposed plants was not as successful as it was in control plants. Self-fertility

was also significantly reduced in three varieties examined (Londo et al. 2014).

Effects on reproductive measures including flower production, seed production and seed

germination have been observed at much lower glyphosate application rates (in the range of



14.4-720 g a.e./ha) in greenhouse studies with non-target plants (Table 1). Petunia hybrida D.
Don ex Loudon experienced significant changes in floral symmetry as a result of exposure to 0.5
mM solution (~42 g/ha) of glyphosate sprayed onto leaves and buds three times, at 2-day
intervals, until 45 days after planting (Shimada and Kimura 2007). The symmetry of flowers
was reportedly the zygomorphic type in treated plants as opposed to actinomorphic in untreated
plants (Shimada and Kimura 2006). In a subsequent study by the same authors with the same
model organism, equivalent exposures also resulted in increased free amino acid content of
corollas but had no effect on aromatic amino acids (Shimada and Kimura 2007). Glyphosate
reduced the nitrate content by 45% and RNA by 63% of controls. The authors suggested that
glyphosate at low concentrations may alter the regulation of flower symmetry via effects on

RNA biosynthesis (Shimada and Kimura 2007).

Strandberg et al. (2012) compared effects on seed production of two annuals (Silene noctiflora
L., Geranium molle L.) and two perennials (Silene vulgaris (Moench) Garcke, Geranium
robertianum L.) exposed to glyphosate at a vegetative life stage versus a reproductive (early bud)
stage (Table 1). Reported ER50s for seed production were lower for annual plants exposed at
the early bud stage. ER50s for the perennial plants were similar when treated at the vegetative
and early bud stages. Seed germination was not significantly affected by treatment when tested
in two of the species, and no correlation was found between treatment and seed mass, though
relative seed mass did seem to decline with treatment in both perennial species. ER50s for seed
production of species sprayed at an early bud stage (S. noctiflora, S. vulgaris, G. molle) were less
than 45 g a.e./ha. Most recently Strandberg et al. (2018) carried out a series of experiments that

investigated effects of glyphosate and other herbicides on biomass, competition, seed production



and germinability, and flower production in a suit of non-target and non-crop herbaceous plants.
In paired experiments in Denmark and Canada, significant effects on flowering and seed
production and viability were observed at both test rates (14.4 and 72 g a.e./ha) depending on

species/test combination (Table 1).

Many field experiments have examined the effects of glyphosate on reproductive endpoints
(Table 1). Generally, adverse effects on growth and reproduction were noted in field studies only
at rates > 83 g a.e/ha (Walker and Oliver 2008; Guo et al. 2009; Olsyzk et al. 2017). The
exception to this was two field studies conducted to determine the response in tomato (Solanum
lycopersicum L.) flowering and yield following exposure to glyphosate at a vegetative or early
bloom stage, in which effects were observed at considerably lower rates (%5 effect on flowering
and yield predicted at <5 g .a.e/ha for early bloom application; Kruger et al. 2012; Table 1).
Walker and Oliver (2008) examined weed seed production in a suite of species. Glyphosate
(formulation not reported) was applied 2-3 weeks after transplant, and then also one month later.
Glyphosate induced higher yield losses when sprayed at the early bloom stage. At 43.9 and 8.5 ¢
a.e./ha a 25% reduction in yield was reported for applications at a vegetative stage and early
bloom stage, respectively. Trends in the estimated number of flowers at 48-days post treatment
were in line with these results with ER25s of 51.1 and 7.5 g a.e./ha, respectively (Kruger et al.
2012). Field studies were also carried out over three years to investigate effects of late-season
glyphosate applications on seed production of several weed species, including barnyard grass
(Echinochloa crus-galli (L.) Beauv.), Palmer amaranth (Amaranthus palmeri S. Watson), pitted
morning glory (Ipomoea lacunosa L.), prickly sida (Sida spinosa L.), and sicklepod (Senna

obtusifolia (L.) Irwin & Barneby; AR, USA; Walker and Oliver 2008). Growth stages of the test



species varied at time of application, among species and across years, but all applications were
made when at least one of the species had begun to flower. When only a single application was
used (as opposed to sequential reapplications every 10 days), seed production and plant weight
were generally significantly lower than controls at 840 g a.e./ha, sometimes lower at 420 g
a.e./ha (depending on timing of application), and rarely lower at 210 g a.e./ha (sicklepod). In the
case of sicklepod, plant biomass was not influenced by glyphosate applications. Barnyard grass
did have reductions in seed weigh at and above 210 g a.e./ha, while glyphosate applications did
not elicit changes in seed mass in other species tested. Barnyard grass seeds of treated plant were
reported as being small and not entirely filled. Sequential applications until harvest typically
resulted in significant effects on seed production and plant biomass at the lowest treatment rate

of 110 g a.e./ha (Walker and Oliver 2008).

In China, where Solidago canadensis is considered an invasive weed, researchers investigated
the effects of glyphosate on seed quality in field experiments. Glyphosate was applied at rates
between 300 and 1100 g/ha (formulation not reported) to plants at an early bud stage, or at a full
bloom stage. One month later seeds were collected and used in seed germination tests. Plants
sprayed at an early bud stage were unable to produce viable seeds, even at the lowest glyphosate
application rate. Plants sprayed in full bloom were still able to produce viable seeds; however,
viability decreased with increasing application rates. Subsequently, Olszyk et al. (2017) used
constructed plant communities of grassland perennials (Camassia leichtlinii (Baker) S. Watson,
Elymus glaucus Buckley, Eriophyllum lanatum (Pursh) Forbes, Festuca idahoensis Elmer subsp.
roemeri (Pavlick) S. Aiken, Fragaria virginiana Duchesne, Iris tenax Douglas ex Lindl.,

Potentilla gracilis Douglas ex Hook., Prunella vulgaris L. subsp. lanceolata (W. Bartram)



Hultén, and Ranunculus occidentalis Nutt.) to investigate the effects of glyphosate on growth
and reproduction of these species. Communities were transplanted into two sites and assessed
over two years and measures of land cover, reproductive structures, seed production, and
vegetative biomass were acquired. Herbicide applications were made in late April, when plants
were growing on sites (OR, USA). Significant effects on seed weight and the number of seed
heads were seen in most species that had produced sufficient seeds for assessment, generally at
or above 83 g a.e./ha; effects were not observed at the next lowest rate of 8.3 g a.e./ha. In E.
lanatum an increase in immature seeds was also seen at 83 g a.e./ha glyphosate exposure. In
contrast to the results for reproduction stated above, most species did not experience a significant

effect on either percent cover or vegetative biomass.

Based on downwind drift deposition models for aerial and ground spray applications of
pesticides used in regulatory risk assessment (e.g., AgDrift v2.1.1; Teske et al. 2003), drift
equivalent rates may be considered anything less than approximately 50% of the applied field
rate of a pesticide (estimated deposition at less than 30 cm off-field for both ground and aerial
applications). However, in general, drift declines exponentially with distance from the treated
field. Higher downwind deposition is expected for aerial applications (Teske et al. 2003). Based
on the Canadian label for Roundup WeatherMax® With Transorb 2 Technology Liquid Herbicide
(Monsanto, 2015), glyphosate can be applied at a maximum aerial application rate of 1798 g
a.e./ha, and a maximum ground application of 4320 g a.e./ha. In Canada, buffers of 15 m and
40-70 m are prescribed for sensitive terrestrial habitat, for ground and aerial applications

(Monsanto 2015).
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In an early drift field study conducted by Marrs et al. (1989), effects of glyphosate sprayed in
adjacent fields were tested on a variety of herbaceous plants following fall and/or spring/summer
ground applications. The application rates assessed were 500 and 2200 g a.i./ha, and both rates
were assessed at average windspeeds of 2.5 and 3.5 m/s with four upwind swaths. Plants of
unreported age were placed at setback distances from 0 to 50 m (fall) or 0 to 8 m
(spring/summer). Through observations of the plants following applications (once, but timing not
specified), distances protective of lethal effects, plant damage and flower suppression were
determined to range from 0 to 20 m and varied considerably among species. Protective distances
were also established based on yield and seed production (0-8 m; assessed at harvest; Marrs et al.
1989). At the time the application rates assessed were representative of low and high rates for
glyphosate applied with a ground sprayer. More recently, Strandberg et al. (2018) conducted a
drift experiment in Denmark with a variety of perennial species that had been sown in the field a
year prior to exposure. They examined the effects of downwind glyphosate exposure with a field
application rate of 1440 g a.e./ha. Percent cover did not appear affected by glyphosate
application; however, glyphosate spray drift had an adverse effect on the cumulative number of
flowers produced by Trifolium pratense L. and Lotus corniculatus L., the species with the

greatest covers in the test plot. No significant effects on timing of flowering were detected.

Given glyphosate’s mode of action, and effects observed in the male parts of some resistant and
tolerant species, key amino acids (phenylalanine, tyrosine and tryptophan) may be reduced in the
pollen of plants exposed to sub-lethal levels of glyphosate. In addition to adverse effects on
reproduction, there could be negative consequences for bee nutrition, given that two of the three

amino acids inhibited, phenylalanine and tryptophan, are among the ten amino acids that are
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essential to honey bees (deGroot 1953). Pollen is the primary source of proteins, free amino
acids, starch, sterols, lipids, vitamins and minerals for some pollinators (Alaux et al. 2011;
Forcone et al. 2011; Stanley and Linsken 1974), and for honey bees, is particularly important in

brood rearing (see Brodschneider and Crailsheim 2010).
Hypotheses and Objectives

The purpose of this study was to quantify effects of early bud stage application of glyphosate on
flowering of a small assortment of entomophilous wildflowers that are found in agroecosystems
of North America and to determine if effects include reduced pollen quality or quantity.
Specifically, we aimed to answer two principal questions: (1) to what extent do environmentally
relevant (i.e., drift-equivalent) rates of glyphosate affect flowering when exposure occurs at an
early bud stage? (2) Do such exposures affect pollen quantity or quality? | hypothesized that
glyphosate would delay and inhibit flowering, as has been documented in other species; and, that
pollen quantity and quality would be reduced if effects to male parts manifested in these species,
as has been observed in other species. Addressing these questions is important in supporting

ecological risk assessment for flowering plants and the animals that rely upon them.

Methods

All experiments were carried out at the National Wildlife Research Centre, Environment and
Climate Change Canada, located on Carleton University Campus, Ottawa, Canada. The
greenhouse phases of the definitive experiments were conducted between December 6, 2016 and

August 2, 2017.
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Preliminary assessment of local native or naturalized herbaceous plants was carried out to
determine suitability based on flowering characteristics and value to pollinators as a food source
(qualitative assessment of timing, consistency, number of inflorescences, pollen production;
Appendix A). Three species were selected based on this assessment: black-eyed Susan
(Rudbeckia hirta L.), bachelor’s button (Centaurea cyanus L.), and red clover (Trifolium
pratense L.). These species produced flowers within a suitable time frame from planting, were
relatively consistent in their growth among individuals, and produced sufficient pollen
(Appendix A). All seeds were acquired from Richters Herbs (Goodwood, ON; R. hirta lot

#18653; C. cyanus lot # 19653; T. pratense lot #18388).

Rudbeckia hirta is a native forb from the Asteraceae family that can behave as an annual,
biennial or perennial. In Ontario it is generally found in disturbed upland habitats but can also be
found in wetlands (Oldham et al. 1995). Insects, in particular bees, flies and butterflies, feed on
pollen and nectar from this species (Nuffer 2007, Girard et al. 2012). Centaurea cyanus is a non-
native, but naturalized forb in Ontario that grows in upland habitats. It also belongs to the
Asteracease family. It is primarily pollinated by bees (Carreck and Williams 2002), and both its
pollen and nectar are consumed by them (Hintermier 2011). Trifolium pratense is a member of
the Fabaceae family. It is a non-native but naturalized perennial forb found in fields and
roadsides, occurring in both upland and wetland habitats in Ontario (Oldham et al. 1995). Itis
frequently grown for forage and as a cover crop. It is entirely entomophilous, requiring
pollinators for seed set and its nectar and pollen are known to be readily collected by bees

(Palmer-Jones et al. 1966).
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Two sets of experiments were performed. The first set was conducted to investigate effects of
glyphosate on the timing and extent of flowering, or flowering phenology, in three test species
(the PHEN experiments hereafter). All PHEN experiments had five treatment levels plus
controls. For R. hirta, each treatment group had four replicates of six pots each with two plants
per pot (48 experimental plants per treatment group). For C. cyanus and T. pratense, each
treatment and control had six replicates of six pots each with one plant per pot (36 experimental
plants per treatment group). All species received the same nominal application rates (Table 2).
These rates were selected based on preliminary test results which revealed only subtle effects on
R. hirta and T. pratense at 45 g a.e./ha (Rodney et al. 2015), and no significant effects on
phenylalanine or tyrosine in pollen at these rates (Appendix B). Phenology data were gathered

weekly for eight weeks following spray application.

Data gathered in the PHEN experiments were used to determine appropriate application rates for
subsequent experiments focused on inflorescence characteristics and pollen in two of the test
species (C. cyanus and T. pratense; hereafter referred to as the INFLO experiments). The INFLO
experiments were designed to investigate effects of glyphosate on the extent and mass of
individual inflorescences, as well as the quantity and quality of pollen produced by
inflorescences. The initial intent was to sacrifice 1-2 plants weekly from each replicate to: (1)
measure inflorescence dry weight, (2) count reproductive florets, harvest pollen for (3)
glyphosate analysis, (4) amino acid analysis, (5) in vitro pollen germination testing, and (6)
pollen count. However, shortly after treatment, it was apparent that effects on treated
experimental plants were greater than anticipated based on the preliminary testing and the PHEN

experiment. It was apparent that there would not be sufficient pollen for glyphosate or amino
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acid analyses. For this reason, plants were sacrificed concurrently at 5-weeks post spray. A
component of the phenology experiments was implemented (as described below), so that

outcomes could be compared between the two sets of experiments.

General Methods

Experimental plants were grown in a mixture of 80% (w/w) sand (Humid Sand, S. Boudrias Inc,
Laval, Québec), and 20% (w/w) clay (EPK Pulverized Kaolin, CAS 1332-5807, Edgar Minerals
Inc., Edgar, Florida). A mixture of equal parts (by volume) peat (Premier® Sphagnum Peat
Moss, Canada), sheep manure compost (Ritchie Composted Sheep Manure), and shrimp-peat
compost (Fafard, Canada) was added to achieve 3% (w/w) organic matter, in accordance with
guidelines established by the Organization for Economic Cooperation and Development (OECD,
2006) and the United States Environmental Protection Agency (USEPA, 2012). Organic matter
in these components was determined by muffle furnace (loss on ignition), and density of all soil
components was estimated to allow for mixing by volumes. At planting Plant-Prod SmartCote®
Annual Flower (12-14-12) controlled release fertilizer was applied to the soil surface at a

nominal rate of 0.024 mL/cm?, following label directions.

All plants were sown and grown in 2.84 L cylindrical polypropylene pots. In the day following
test solution application, replicates of six pots each were placed in white weaved polypropylene
Demo Bags®, to accommodate bottom watering. Bags were cut so that the top of a bag would

reach beyond the top of the pots, but not shade the experimental plants. Small holes were made

in the bottoms of the bags to allow for drainage.
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Plants were gradually thinned to two per pot for R. hirta, and one per pot for C. cyanus and T.
pratense in the weeks after emergence and prior to spray. Experimental plants were sprayed
with test solution when >25% of plants had buds, but no florets had opened (Table 2). One
exception to this was the T. pratense INFLO experiment, in which five experimental plants did
have 1-2 blooming inflorescences at the time of spray. These inflorescences were tagged and
excluded from all analyses. Plants were coarsely sorted by size and reproductive status (buds/no
buds). Extremely small and large plants were excluded, and remaining plants were evenly
distributed to replicates. Replicates were then randomly assigned to treatment groups. Post-
spray application replicates were placed randomly in a greenhouse unit. Weekly, locations for
replicates were re-randomized to reduce environmental variability (i.e., light level) due to
placement within the greenhouse. The exception to this was the INFLO experiment for C.
cyanus, where movement of blooming plants could result in loss of pollen and cross-
contamination. Accordingly, C. cyanus were moved only once after spray in the INFLO

experiment but were not rotated thereafter.

Test solutions were prepared either the day prior, or on the day of application. Following
preparation, and prior to application, test solutions were stored in a refrigerator at ~4°C. The
herbicide formulation used in all experiments was Roundup WeatherMax® With Transorb 2
Technology Liquid Herbicide (Monsanto Canada Inc., Winnipeg, Manitoba) containing 540 g
acid equivalent (a.e.) glyphosate per litre, as a potassium salt. Test solutions were prepared with
tap water in 500 mL polypropylene bottles. Following the herbicide label recommendations to

enhance efficacy of the herbicide, a surfactant was added to all test solutions. Agral 90° (Norac
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Concepts Inc., Guelph, ON, Canada), a non-ionic solution containing nonyl phenol ethoxylate,

was added at a rate of 4.17 mL per 500 mL spray solution bottle.

Test solutions were applied to experimental plants using a track-spray booth (de Vries
Manufacturing, Hollandale, MN, USA) with TeeJet 8002E flat-fan spray nozzle (Spraying
Systems, Wheaton, IL, USA; as in Dalton and Boutin 2010, Carpenter et al. 2013; Boutin et al.
2014). Three to eight experimental plants were treated with each active pass of the sprayer.
Timing and rates are provided in Table 2. Rates were selected based on subtle effects observed

in R. hirta and T. pratense in preliminary testing at 10 and 45 g a.e./ha (Rodney et al. 2015).

To verify sprayer application rates, test solution was captured on 11 cm-diameter filter papers
placed on clean over-turned pots in the spray-booth, alongside experimental plants, during
glyphosate application. Three filter paper samples were collected for each treatment level, for
each experiment. Samples were placed in polypropylene test tubes and stored in a freezer at
approximately -21°C, until they were analysed by liquid chromatography-mass spectrometry

(LC-MS) in the National Wildlife Research Centre laboratory.

Throughout all experiments a 16:8 h day: night light cycle was maintained with sunlight and
supplementary greenhouse lighting. All plants were top-watered (over canopy) as needed until
test substance application. Following application plants were not watered for at least 24 hours in
accordance with label instructions (i.e., “Do not apply if rainfall is forecast for the time of
application.”). The first watering after test substance application was a top watering performed

at the base of the soil (below canopy). Plants were bottom-watered as needed for the remainder
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of experiments to avoid test substance wash-off. Minimum and maximum temperature, and
humidity were recorded daily. Photosynthetic active radiation (PAR) was recorded every 3-5

days, between 10 and 2 pm using a Li-Cor L1 6400XT portable photosynthesis system.

To control thrips the predatory mites Neoseiulus cucumeris Oudemans and Hypoaspis miles
Berlese (Applied Bio-Nomics Ltd., B.C., Canada) were applied as needed. Convergent lady
beetles (Hippodamia convergens Guérin-Méneville) were also released in the greenhouse units
containing T. pratense experiments to control aphids and spider mites. T. pratense plants were
treated with Green Earth Garden Sulphur Fungicide-Miticide, 15 mL/L spray, one week prior to
glyphosate treatment in order to inhibit the growth of powdery mildew, as well as to aid in spider
mite control. In the INFLO experiment, another application was made the day before

termination to remove spider mites prior to harvest.

Weekly observations in all experiments included phytotoxicity scoring and counting of
inflorescences on plants from each replicate. The phytotoxicity scoring scale was 0-5, with 0
being no signs of toxicity, 1 indicating slight adverse effect effects restricted to one part of the
plant (e.g. one leaf), 2 indicating moderate adverse effects not restricted to one area (e.g., mild
chlorosis), 3 indicating a severe adverse effect (e.g., severe leaf desiccation), 4 indicating severe
adverse effects to the entire plant, and 5 being mortality. Inflorescences were counted if at least
one reproductive floret was open (or in the case of T. pratense, could be opened). At termination
of the experiments, all above ground biomass of each replicate was placed into paper bags and

oven dried at ~70°C for a minimum of one week. Dried bags with and without contents were
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3.2

3.3

weighed in triplicate on a Mettler PC4400 scale to the nearest 0.001 g. Average bag mass was

subtracted from average total mass to produce a measure of replicate above ground biomass.

Phenology Experiments (PHEN)

In addition to phytotoxicity score, and newly identified inflorescences, each week the following
was recorded for each plant in the PHEN experiment: the number of inflorescences in bloom (at
least one open reproductive floret, with no indication of senescence (drying, browning or
wilting)) and the number of observed malformed inflorescences (observed marked asymmetry,
auxiliary parts, underdeveloped parts). One pot of each replicate was used to track bloom
duration for R. hirta and T. pratense. Newly identified inflorescences were tagged and their
status was updated weekly (blooming or senescing). C. cyanus inflorescences rarely lasted more

than one week, and therefore was not assessed for this measure of effect.

Inflorescence and Pollen Experiments (INFLO)

At five weeks post spray, three inflorescences from each replicate bearing sufficient blooms were
taken for dry weight measurement. The number of reproductive florets on each inflorescence

was counted, and the inflorescences were placed in a brown paper bag for oven drying at ~70°C.

Following methods developed by the Plant Research Team at the National Wildlife Research
Centre in vitro pollen germination tests were carried out at 5-weeks post-spray in the INFLO
experiment (based on Brewbaker and Kwack 1963). Information on the pollen germination
media are provided in Appendix C. Pollen was collected from C. cyanus and T. pratense

blooming inflorescences. Reproductive florets were removed, one from each C. cyanus replicate,
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two from each T. pratense replicate, and introduced to germination medium (15 uL droplet on
gridded microscope slides). The slides were placed in petri dishes on moistened filter paper,
covered with a lid to maintain humidity, and left at room temperature for five hours to allow for
pollen germination. After five hours slides were removed from the petri dishes. Coverslips were
then placed on top of the droplets and photos were taken with a Zeiss microscope (Zeiss Axio
Imager.A2). Four photos of 4 mm? grid squares were taken per droplet. Subsequently,
germinated and ungerminated pollen grains were counted. A germinated grain was one that
clearly had an attached pollen tube that exceeded its own width in length (following Pline et al.

2002a).

In the INFLO experiment, at 5-week post spray, pollen was also collected to estimate the number
of grains available from reproductive florets. From C. cyanus and T. pratense blooming
inflorescences, 10 and 20 florets were collected, respectively per replicate. For T. pratense, the
wings and keel of the floret were removed at collection to ensure no trapping of pollen. Samples
were place in 2 mL microcentrifuge tubes. Tubes were left open and were placed in an incubator
(Precision Scientific Mechanical Conventional Incubator Economy Model 4EM) at ~30°C for 24
hours to allow for complete pollen release. After 24 hours in the incubator 100 and 50 pL of
90% lactic acid solution (Acros Organics) was added per floret, for C. cyanus and T. pratense
respectively, to preserve the samples for subsequent photographing and counting. Tubes were
closed and stored in a standard refrigerator at ~4°C. Prior to sampling the mixture tubes were
shaken to distribute pollen in the solution. Two 10 mL aliquots were taken from each sample
tube with a micropipette and introduced to each side of a gridded Neubauer counting chamber

(following Albuquerque et al. 2010 and Silva 2015). Photos were taken of each of nine 1 mm?
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square grids on each side of the chamber (18 photos per replicate). Each square represented 0.1

pL of sample solution. Accordingly, the number of grains per floret was estimated.

3.4 Data Processing and Statistical Methods

Binary Measures of Effects

Binary response variables included: plant mortality, the proportion of surviving plants producing
inflorescences, the proportion of aborted buds, the proportion of malformed inflorescences, and

the proportion of ungerminated pollen grains.

If monotonic rate-response was suggested by examination of the plotted data, the PROBIT
procedure in SAS Software® (SAS 9.3, SAS/STAT 12.1) was used to estimate rate-response
curves and estimated rates causing 10, 25 and 50% effect (ER10, ER25 and ER50) assuming
normal/probit, logisitic or Gompertz cumulative distribution functions, the latter of which is
sigmoidal like the probit and logistic but is not restricted to being symmetrical (SAS Institute
2010). A Pearson scaling parameter was calculated to account for any over-dispersion of
assumed binomial response. In addition, where control response was non-zero, a threshold
response was estimated. If the model with the highest Pearson-Chi-square goodness of fit value,
had an associated p value > 0.10, the model was accepted as best-fitting. Otherwise, non-
parametric estimates for ERx values were generated using the GAM procedure in SAS with

spline interpolation over rate.

If rate-response was not marked in the observation of the plotted data, a step-down Cochran-

Armitage test for trend was carried out. In advance of this, data were tested for binomial

21



3411

response with Tarone’s test (Tarone 1979). If the binary response data were found to not follow
a binomial distribution (typically due to over-dispersion), they were adjusted for design effect
following Rao and Scott (1992). These calculations were carried out in MS Excel® 2016. The
Cochran-Armitage test was conducted on adjusted, or unadjusted data using the FREQ procedure

in SAS Software®. If a trend was detected, rate-response was modeled as described above.

Where data were observed to be non-monotone, Fisher exact test was conducted with pairwise
comparisons of control and treatment groups (with Bonferroni correction for the family-wise

error rate), using the FREQ procedure in SAS.

Continuous Measures of Effects

Continuous response variables included: replicate average above ground biomass; average time
to first bloom; average bloom-weeks per plant (calculated as the count of total number of
inflorescences in bloom over all weeks of observation divided by the number of plants — serves
as an indicator of floral resource availability); average number of blooms per plant; and average
number of reproductive florets and pollen count (treated as continuous). Where appropriate both
(1) experimental and surviving plants, or (2) experimental and reproductive plants (that survived)
were considered separately in the measures of effects. Here experimental plants are all the plants
that were treated, whereas surviving, and reproductive plants may be a subset of the experimental
unit. This treatment of the data was done to account for both aggregated and isolated effects on
individuals (e.g., the sum of mortality and reproductive effects on overall reproductive endpoint,

versus strictly effects of mortality or reproduction). These differences have important
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implications for risk assessment (i.e., whether or not zeros are included in rate-response curves;

Rodney et al. 2013).

The average cumulative number of inflorescences in the PHEN experiment was analysed at both
five weeks and 8 weeks (termination), so that the five-week data could be compared qualitatively

with the results of the INFLO experiment (which was terminated five weeks after applications).

For average time to first bloom, which is not appropriately expressed as a percentage of controls,
PROC GLM was used to estimated rate-response, if appropriate, following Bailer and Oris

(1997). For all other continuous variables the statistical methods are described below.

If monotonic rate-response was observed in the plotted data, linear and nonlinear models were fit
in the NLMIXED procedure in SAS Software®. This procedure estimates model parameters by
maximum likelihood estimation methods and provides information criterion to compare
goodness of fit across models. In addition, this procedure allows for both fitting and
specification of the error distribution, providing a means of accounting for collapse in variance
that is often seen in non-target plant testing, and other toxicity tests since variables such as mass
and height approach zero (Bruce and Versteeg, 1992). Here an error distribution was specified,
such that it could be a function of the response variable. Error distributions were specified as
normal (Y, Y'"@*\V/AR) following (Dmitrienko et al. 2007) where Y is the response and theta
and VAR are error distribution parameters that are estimated. If theta is O then VAR is estimated
homogenous and is the common variance through the model range of the data, otherwise the

error distribution changes with Y. The models fit to the continuous data included: linear,
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exponential, lognormal, log logistic and log Gompertz models based on approaches to estimating
ERX covered in the open literature and available in standard toxicity testing statistical software
(Bruce and Versteeg, 1992; Stephenson et al. 2000; Environment Canada 2005; Tidepool 2013).

The models that were used are specified in Equations 1 through 5.

Linear (Environment Canada 2005):

—Yo *P
Yy =Yg +( ER, )rate
Equation 1
where:
y = The dependent variable (units of measure)
Yo = The y-intercept (estimated control response; units of measure)
ER, = The rate at which x% effect is estimated (g a.e./ha)
p = Proportion associated with x%
rate = Application rate (g a.e./ha)
Exponential (Stephenson et al. 2000):
t
g =y, » (MO
Equation 2
where:
y = The dependent variable (units of measure)
Yo = They-intercept (estimated control response; units of measure)
ER, = The rate at which x% effect is estimated (g a.e./ha)
p = Proportion associated with x%
rate = Application rate (g a.e./ha)
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Log logistic (Stephenson et al. 2000):

Yo

1+ (25) (7))

y:

Equation 3
where:
y = The dependent variable (units of measure)
Yo = The y-intercept (estimated control response; units of measure)
ER, = The rate at which x% effect is estimated (g a.e./ha)
p = Proportion associated with x%
rate = Application rate (g a.e./ha)
o = scale parameter
Log Gompertz (Environment Canada 2005):
[ln(l_p)*(rate)”]
Yy=Yo*e FRa
Equation 4
where:
y = The dependent variable (units of measure)
Yo = The y-intercept (estimated control response; units of measure)
ER, = The rate at which x% effect is estimated (g a.e./ha)
p = Proportion associated with x%
rate = Application rate (g a.e./ha)
o = scale parameter
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Lognormal (Bruce and Versteeg 1992):

log(ER,) —1 t
0g(ERy) — log(rate)

= D
Y=DYo* . x
Equation 5
where:

y = The dependent variable (units of measure)

Yo = They-intercept (estimated control response; units of measure)
ER, = The rate at which x% effect is estimated (g a.e./ha)

p = Proportion associated with x%
rate = Application rate (g a.e./ha)

o = scale parameter

Z, = The standard normal deviate above which the area under the normal distribution is

X.

Normality (Shapiro-Wilk test) and homogeneity of variance (Levene and Brown-Forsythe tests)
were assessed using the UNIVARIATE and GLM procedures in SAS®. Residual plots were
examined to rule out any systematic departures from the model. The converging model that
conformed to model assumptions with the lowest AIC was selected as best-fitting. If there were
substantial departures from model assumptions, or models did not converge, or convergence was
questionable, even with adequate starting parameter values, a nonparametric approach was taken

using the GAM procedure in SAS® with spline interpolation over rate to estimate ERx values.

If data were non-monotonic based on observation of the plotted data, or rate-response was

not evident in the plotted data, ANOVAs were carried out. If ANOVA assumptions were met,
and the F-test was significant, Williams (monotone) or Dunnett’s test (non-monotone) were
conducted. If the data were monotone but did not meet the ANOVA assumptions Jonckheere-
Terpestra step-down tests were conducted using the FREQ procedure in SAS®. If rate-response
was significant, it was modeled as specified above. If the data were non-monotonic and ANOVA
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assumptions were not met, the Wilcoxon (Mann-Whitney U) test was conducted on pairwise
comparisons with controls (with Bonferroni correction for the family-wise error rate) using the
NPARIWAY procedure in SAS®. Example SAS code for all procedures is provided in

Appendix D.

Results

Measured Application Rates

The method detection limit for glyphosate was 0.61 g/ha, and the method reporting limit was 3.0
g/ha. Measured application rates ranged from 92.0 to 138.9% of the anticipated nominal rates on
individual filter samples. In the R. hirta PHEN experiment average measured rates were 114.0
(£6.6) % of nominal. In the C. cyanus experiments, the average measured rates were 110.3
(£5.4) and 101.5 (+4.0) %, for the PHEN and INFLO experiments respectively. Inthe T.
pratense experiments, the average measured rates were 109.2 (+3.3) and 120.8 (x4.9) % of
nominal rates for the PHEN and INFLO experiments, respectively. All subsequent analyses

were carried out with measured application rates. Chemical results are presented in Appendix E.

Environmental Conditions

Temperature, humidity and PAR data are summarized in Appendix F. Average maximum daily
temperature and maximum daily humidity was markedly higher during the INFLO experiments
than during the PHEN experiments. In the PHEN experiments average maximum temperatures
ranged from 29.4 to 31.1°C; average maximum relative humidity ranged from 57.7 to 60.4%. In
the INFLO experiments average maximum temperatures ranged from 40.0 to 41.8°C; average

maximum relative humidity ranged from 81.6 to 81.8%.
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4.3 Effects on Test Species

The following sections describe results by species, beginning with effects to survival and growth,
and then presenting effects on flowering phenology and inflorescence characteristics. Details of

the statistical analyses performed on each dataset are provided in Appendix G.

4.3.1 Rudbeckia hirta Survival and Growth
There were no R. hirta mortalities in controls or treatment groups up to and including the 52.8 g
a.e./ha dose. However, there were significant mortalities at and above the 74.2 g a.e./ha
treatment group (Cochran-Armitage step-down trend test, p < 0.0254; Figure 1). The highest
observed mortality was 41.7% in a replicate at the 74.2 g a.e./ha treatment group. Average
mortality in affected treatment groups was less than 20%. Efforts to model rate-response were
unsuccessful. Application rate was a significant predictor of above ground biomass at test
termination for all experimental plants (p<0.0001), and also for surviving plants (p<0.0001;

Figure 2; Table 3), with biomass reduced with increasing glyphosate exposure.

4.3.2 Rudbeckia hirta Flowering Phenology
For R. hirta, application rate was a significant predictor of average time to first bloom (which
increased with increasing application rate; p<0.0001; Figure 3) and the proportion of plants
producing inflorescences (which decreased with increasing rate; p<0.0001; Figure 4 and Table
3). There were significant trends (p<0.0464) of increasing proportion of aborted buds with
increasing application rate which were sustained in the Cochran-Armitage step-down test until

the highest treatment level included was 52.8 g a.e./ha (Figures 5). None of the parametric
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models applied fit the data well (Pearson Chi-Square, p<0.0001). Accordingly, a nonparametric
model was fit, and used to estimate ERx values (Figure 6, Table 3; p<0.0001 for rate as
predictor). Glyphosate application rate was a significant predictor of average bloom-weeks per
experimental plant, and also per surviving and reproductive plant (p<0.0001; Figure 7 and Table
3). Rate was also a significant predictor of the average number of inflorescences per
experimental plant (p=0.006; Figure 8 and Table 3); however, there was no significant difference
in the average number of inflorescences per surviving and reproductive plant (p=0.4055).
Glyphosate application rate was a significant predictor of bloom duration (p<0.0001; Figure 9

and Table 3).

Rudbeckia hirta Inflorescence Characteristics

Observed malformations in R. hirta inflorescences included missing sterile ray floret petals,
curled sterile floret petals, rumpled/bumpy surface to the inflorescence head and sterile ray floret
petals emerging from near centre of the inflorescence head (Figure 10). There was a significant
increasing trend of proportion of malformed inflorescences with glyphosate rate at all treatment
levels using the Cochran-Armitage step-down trend test (p<0.0068; Figure 11). Since the
parametric models applied did not provide good fit (Pearson- Chi-Square; p=0.0037), a
nonparametric model was fit by spline interpolation over rate to estimate ERx values (Figure 12

and Table 3).

Centaurea cyanus Survival and Growth
In both the PHEN experiment and the INFLO experiment there were no C. cyanus mortalities in
the controls. In both experiments application rate was a significant predictor of mortality (with

mortality increasing with rate; p<0.0001 and p=0.008, respectively; Figure 13). In the PHEN
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experiment, a single mortality occurred at the 31.4 g a.e./ha treatment level, otherwise all
mortalities occurred at or above 77.9 g a.e./ha, with four whole replicates lost at 167.6 g a.e./ha.
In the INFLO experiment, mortalities occurred at all treatment levels, with up to five of six
plants being lost from one replicate in the highest treatment group (74.7 g a.e./ha). Predicted
ER10, ER25 values for mortality were higher for the shorter INFLO experiment, with no overlap
of 95% confidence limits (Table 3). In both experiments rate was also a significant predictor of
above ground biomass, for experimental plants and surviving plants (p<0.0001; Figures 14 and
15, and Table 3). In the INFLO experiment, ER10, ER25 and ER50 estimates exceeded those

from the PHEN experiment (Table 3).

Centaurea cyanus Flowering Phenology

For C. cyanus, application rate was a significant predictor of the average time to first bloom
(p<0.0001; Figure 16), with duration to first bloom increasing with glyphosate application rate.
The proportion of surviving plants producing inflorescences was 100% in controls and all
treatment groups except the 47.4 and 117.2 g a.e./ha treatments. Only the latter was significantly
different from controls (Fisher exact p<0.0001; Figure 17). With no clear indication of rate-
response, no models were fit to these data. The proportion of buds aborted increased with
increasing application rate. Parametric models applied to these data did not provide good fit
(Pearson Chi-Square; p <0.0001). Accordingly, a nonparametric model was fit (Figure 18). In
this model rate was a significant predictor of the proportion of aborted buds (p<0.0001).
Glyphosate application rate was also a significant predictor of average bloom-weeks per
experimental plant (p<0.0001), and surviving and reproductive plant (p<0.0001; Figure 19). In
the PHEN experiment rate was again found to be a significant predictor of cumulative average

number of blooms per experimental plant (p<0.0001), and per surviving and reproductive plant
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at both 5- and 8-weeks (p<0.0001; Figures 20 and 21). In the INFLO experiment, at 5-weeks the
cumulative average number of inflorescence per experiment and surviving and reproductive
plants were also predicted by rate (p<0.0001; Figure 22). However, in the INFLO experiment
ER10, 25 and 50 values for these measures of effects were all approximately three to eight times

greater than in the PHEN experiment, with no overlap of confidence limit (Table 3).

Centaurea cyanus Inflorescence Characteristics

Observed malformations in C. cyanus inflorescences included primarily incomplete opening and
absent reproductive florets (Figure 23). There was an increasing trend in the proportion of
malformed C. cyanus inflorescences with rate in the PHEN experiment that was sustained
through all steps down in the Cochran-Armitage test (p<0.0063; Figure 24). Parametric models
applied did not fit the data well (Pearson Chi-Square; p<0.0042). Accordingly, a nonparametric
model was fit to estimated ERx values (Figure 25; Table 3; p<0.0001 for rate as a predictor in
this model). The average mass of C. cyanus inflorescences decreased with increasing application
rate (Figure 26). Due to some apparent attenuation of effects, the parametric models applied did
not provide good fit. Accordingly, a nonparametric model was fit by spline interpolation over
rate to estimated ERx values (Figure 27; Table 3; p<0.0001 for rate as a predictor in this model).
There was a significant decreasing trend in the average number of reproductive florets found on
C. cyanus inflorescences in the INFLO experiment (Jonckheere-Terpestra; p<0.0145; Figure 28)
that was sustained between controls and the lowest treatment level. Parametric models did not fit
the data well, and accordingly, again a nonparametric model was fit by spline interpolation over
rate in order to estimated ERx values (Figure 29; Table 3; p = 0.0005 for rate as a predictor in the

model). There was no significant trend in pollen count per reproductive floret across treatment
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groups (Jonckheere-Terpstra; p=0.4387). However, there was a trend of decreasing in vitro
pollen germination with increasing rate (Cochran-Armitage p=0.0425). This trend extended to
the 54.2 g a.e./ha treatment group (p=0.0333; Figures 30 and 31, and Table 3) but was no longer
significant when this group was excluded. A nonparametric model was fit to the data, with rate

as a significant predictor of germination rate (p<0.0001).

Trifolium pratense Survival and Growth

In both the PHEN and INFLO experiments, there were no mortalities in the control groups.
Despite mortalities at all treatment levels in the PHEN experiment, there was no significant trend
in mortality with application rate (Cochran-Armitage; p=0.3679). In all but one case, replicates
experiencing mortality had one of six plants die; one replicate at the 51.6 g a.e./ha treatment
level had two mortalities. In the INFLO experiment there were no T. pratense mortalities. In
both the PHEN and INFLO experiments, glyphosate application rate was a significant predictor
of above-ground biomass at test termination for both experimental plants and surviving plants

(p<0.0001; Figures 32 and 33; Table 3).

Trifolium pratense Flowering Phenology

Glyphosate application rate was a significant predictor of the proportion of surviving T. pratense
plants producing inflorescences (p<0.0001; Figures 34; Table 3). The average time to first
bloom was longer than controls for all treatment groups except the highest treatment; however,
only the first treatment group was significantly different from controls (Exact Wilcoxon
p=0.0043; Figure 35). Application rate was also a significant predictor of the number of aborted
buds, average-bloom weeks, the cumulative average number of inflorescences produced by T.

pratense experimental plants and surviving and reproductive plants at 8-weeks and 5-weeks
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(p<0.0001; Figures 36 through 39; Table 3). Glyphosate application rate was also a significant
predictor of cumulative average number of inflorescences in the INFLO experiment (p<0.0001;
Figure 40), with more pronounced effects and no overlap of the 95% confidence limits on ER50

estimates (Table 3).

Trifolium pratense Inflorescence Characteristics

Glyphosate application rate was a significant predictor of bloom duration for T. pratense in the
PHEN experiment (p<0.0001; Figure 41 and Table 3). Observed malformations in T. pratense
inflorescences included apparent lack of florets, and stunted petals with protruding filaments and
anthers (Figure 42). The proportion of malformed inflorescences generally seemed to increase
from controls to the 108.3 g a.e./ha treatment group. However, there were only three
inflorescences at the highest treatment group, none of which were observed to be malformed. All
treatment levels had significantly higher proportions of malformed inflorescences than the
control, other than this highest treatment group (p<0.0001; Figure 43). In the INFLO experiment
the average dry weight of inflorescences decreased with application rate up to and including the
35.7 g a.e./ha treatment level. At the next and highest treatment level (50.7 g a.e./ha) there was
only one replicate available and this mean fell within the range of controls: The F-test from the
associated ANOVA was not significant (p=0.517). The average number of florets per
inflorescence decreased linearly with glyphosate application rate (p<0.0001; Figure 44).
However, there was no significant trend in pollen count per floret (Jonckheere-Terpestra;
p=0.2875), or the proportion of ungerminated pollen grains (Cochran-Armitage; p=0.1669) with

glyphosate application rate.
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Discussion

Glyphosate at drift-equivalent rates had severe effects on flowering in three entomophilous
plants when applied at an early bud stage. These effects included delayed flowering, reduced
bloom duration, inhibition of flower production and increased bud abortion and floral
malformations. With respect to the degree of effects, there were apparent differences between
species, endpoints, and experiments. Although the amount of pollen per floret was not
significantly reduced by glyphosate exposure, the number of reproductive florets per
inflorescence was, in both C. cyanus and T. pratense. In C. cyanus, inflorescence dry weight
was also affected. In vitro pollen germination was also impacted in, C. cyanus, but not in T.

pratense.

A recent study (Strandberg et al. 2018) has also demonstrated effects on reproductive measures,
including flowering, in C. cyanus and T. pratense exposed to glyphosate (Table 1). However, the
present study was more extensive in its examination of effects on flowering in these species (e.g.,
plants producing inflorescences, aborted buds, bloom-weeks, duration of blooms). More than
two (five) treatment levels were assessed, rate-response relationships were established, and
importantly, inflorescence characteristics were examined including pollen quantity and quality,

malformations, and number of reproductive florets.

Survival and Growth

With respect to survival, C. cyanus was the most sensitive in both the PHEN and INFLO
experiments, followed by R. hirta (PHEN), while T. pratense did not experience any significant

effects on survival in either experiment (Tables 3 and 4). However, with respect to above ground
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biomass the PHEN experiments suggest that T. pratense was the most sensitive species for this
endpoint followed by R. hirta and C. cyanus. In the shorter INFLO experiments C. cyanus was
considerably more sensitive, with the lowest ERx values across all species and experiments for
above ground biomass, while T. pratense had a response that was comparable to the PHEN

experiment (Tables 3 and 4).

Boutin et al. (2004) reported ER50 values for 21-day above ground biomass for R. hirta and C.
cyanus of 24.7 (95% CI: 15.86-29.98) and 29.2 (95% ClI: 23.3-27.3) g a.e./ha, respectively with
glyphosate applications at the 4-8 leaf stage in those experiments. Results for C. cyanus were
replicated later by Strandberg et al. (2012), who reported an ER50 of 32.7 (26.5, 38.8) for plants
exposed at the 4-leaf stage. These ER50s are lower than those derived in the present study for
plants eight weeks following application at an early bud-stage (Table 3). However, the ER50s
for biomass of C. cyanus are comparable with results presented here for plants harvested five
weeks after spray at an early bud stage (INFLO experiment; Table 3). Strandberg et al. (2018)
recently investigated the effects of glyphosate on above ground biomass of C. cyanus and T.
pratense exposed at a 6-8 leaf stage or at an early bud stage to 14.4 or 72 g a.e./ha. Significant
effects were observed when plants were sprayed at 72 g a.e./ha at the 6-8 leaf stage (in the
Canadian experiment only), and at both 14.4 and 72 g a.e./ha at the early bud stage (Danish
experiment only). Differences in results may be attributed in part to differences in greenhouse
conditions, and herbicide application system (Strandberg et al. 2018). By comparison in this
study ER50s for above ground biomass of 27.2 (95% CI:16.6, 44,6; INFLO) and 77.6 (95% CI:
67.4, 89.4; PHEN) g a.e./ha for experimental plants were estimated, which is similar to effects on

biomass observed in the Danish experiments.
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In Strandberg et al. (2018) T. pratense above ground biomass was significantly affected at the
highest of two treatment levels, 72 g a.e./ha, with both early and late stage applications, but not
at 14.4 g a.e./ha. By comparison, in the current study the ER10s of above ground biomass of
experimental plants were close to the lower treatment level in Strandberg et al. (2018), and a
decreasing trend was observed through 72 g a.e./ha. In an early greenhouse study Sergura et al.
(1978) applied 100-400 g a.e./ha of glyphosate on two-month-old red clover plants (stage not
specified, but likely close to bud or early flowering). Glyphosate significantly lowered above
ground dry weight at 200 g/ha and higher at the time of the first harvest (15 days post treatment);
for the second harvest at 30 days post-treatment, significant reductions were only detected in the
highest treatment group of 400 g/ha. No significant effects were found at 100 g a.e./ha. In
contrast the present study predicts effects on biomass at concentrations almost an order of
magnitude lower (12.5 g a.e./ha PHEN ER10 for T. pratense above ground biomass per
experimental plant, Table 3). Unfortunately, environmental conditions were not reported by

Sergura et al. (1978).

Above ground biomass results for other species exposed to glyphosate suggest that early life
stages are generally more sensitive to effects on above ground biomass. Strandberg et al. (2012)
in another set of experiments compared effects of glyphosate on above ground biomass in three
annuals (Tripleurosperum inodorum (L.) Sch.Bip., S. noctiflora, G. molle) and three perennials
(Achillea millefolium L., Silene vulgaris (Moench) Garcke, G. robertianum) exposed at a

vegetative stage versus a reproductive stage. In all cases, ER50 values were greater for plants
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treated at a reproductive stage, and there was no trend in terms of annuals or perennials being

more or less sensitive (Strandberg et al. 2012).

Effects on Flowering Phenology

For measures of effects to flowering, including the time to first bloom in surviving plants, the
percent of aborted buds, the average bloom-weeks and average cumulative number of
inflorescences (per experimental and surviving and reproductive plant), and the average bloom
duration (assessed for T. pratense and R. hirta only), T. pratense was generally more sensitive
than C. cyanus, which was more sensitive than R. hirta (Table 4). That T. pratense was more
sensitive to effects on flowering may in part be a function of its life cycle and associated
differential responses to stress. C. cyanus is a strict determinate annual. Under stress, such short-
lived species may increase reproductive efforts to improve the likelihood of establishing
offspring (Grime 2006). T. pratense is more flexible in its life cycle, and generally behaves as a
perennial, and as such perhaps can afford the time to recover from exposure before significant
reproductive efforts are made. R. hirta was least sensitive to effects on flowering. Although this
species is also flexible in its life cycle, and is known to behave as an annual, biennial or
perennial, it is possible that R. hirta was simply less sensitive that the other species to exposure
possibly due to the presence of trichomes over the surface of its leaves and stems. These
structures may suspend spray droplets above the leaf surface, limiting absorption (Whitford et al.
2014). When assessing seed production in annuals and perennials exposed to various herbicides,

Strandberg et al. (2018) found that annuals were generally more sensitive.
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Effects on the average cumulative number of flowers produced at five weeks was much more
pronounced in the INFLO experiments than the PHEN experiments for C. cyanus and T.
pratense. This could be due to variable environmental conditions, though for T. pratense pest

pressures may have also been a factor (see discussion of study limitations further below).

In the recent Canadian experiments from Strandberg et al. (2018), T. pratense experienced
approximately a 50% reduction in flower production when treated with 72 g a.e./ha at an early
bud stage, with no significant effects of application at 14.4 or 72 g a.e./ha when application
occurred at the 6-8 leaf stage. For C. cyanus two seed lots were tested in Canada (one lot sourced
in Canada, and the other in Denmark). The Danish C. cyanus seed lot was also tested in
Denmark, while the Canadian seed lot was not tested in Denmark. Results for C. cyanus in the
Danish and Canadian experiments of Strandberg et al. (2018) were mixed, with no effects in the
Canadian experiment with Danish seed stock, and at or close to 100% reduction in flower
production at 72 g a.e/ha when applications occurred at both the 6-8 leaf stage and early bud
stage in the Danish experiment with Danish seed stock. Canadian seed stock was tested in
Canada, and effects were only seen with application at the 6-8 leaf stage, and 72 g a.e./ha
(approximately 40% reduction in flower production). For C. cyanus these results bracket the
current PHEN experiment, from which ER50s of 70.9 and 77.3 are reported for five and eight
weeks post spray, respectively (Table 3). Differences may in part be attributed to seed sources,
glyphosate formulation, differences in growing conditions and pest pressures. Notably,
differences between Danish and Canadian experiments in Strandberg et al. (2018) were
attributed to differences in growing conditions and methods of herbicide application (seeds were

from the same source). Flower production for T. pratense was also assessed in a drift study
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conducted by Strandberg et al. (2018). Flower production was found to be significantly affected
in a 20x100 m plot that had been established with a mix of perennials one year prior to
conducting the drift exposure with glyphosate (application rate of 1440 g a.e./ha). The authors
reported that 2.8% of the application rate was the highest measured in the plot, however, this
deposition was measured on plastic hair curlers. Thus, the estimates in this case reflects
deposition on this particular shape, as opposed to vertical deposition on a flat horizontal surface.
The latter is used to determine exposure in standard toxicity studies and to estimate drift

exposure (e.g., units of g/ha or Ib/A).

For both R. hirta and C. cyanus (PHEN) glyphosate rate was found to be a significant predictor
of average time to first bloom. By comparison, Strandberg et al. (2018) found that peak bloom
was also delayed in C. cyanus treated with 72 g a.e./ha both at the 6-8 leaf stage and at the early
bud stage, in both the Canadian and Danish experiments. In the present study T. pratense only
showed a significant delay in flowering at the lowest treatment level; an anomalous result. In
Strandberg et al. (2018), T. pratense did not experience any significant delay in peak flowering
when exposed at the early bud stage, though plants exposed at the 6-8 leaf stage to 72 g a.e./ha

did experience a delay.

No other studies were found examining flowering in the same test species used in the present
study. However, significant effects of glyphosate on flower production have been reported for
Solanum lycopersicum (field study; Kruger et al. 2012), E. montanum, T. officinale, V. arvensis.,
Cerastium arvense and K. arvensis (greenhouse studies; Strandberg et al. 2018), at drift-

equivalent rates; also, in the glyphosate-tolerant C. erecta (Panigo et al. 2012). Delays in
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flowering (measured as either time to first bloom, or time of peak bloom) have been observed in
Brassica spp. (greenhouse; Londo et al. 2014), E. montanum, S. notiflora, Cirsium arvense, T.
officinale and Ceratium arvense (greenhouse; Strandberg et al. 2018),), and in glyphosate-

resistant cotton (Pline et al. 2003).

In the current study both cumulative average number of inflorescences as well as average bloom-
weeks (average of sum of flower in bloom, counted weekly) were measured. Bloom-weeks is
considered here an indicator of overall floral resource availability, because in theory the same
number of flowers can be produced, but if treated flowers are not lasting as long, then resources
are limited for pollination and pollinators. For C. cyanus rate-response for average-bloom weeks
per experimental plant and average cumulative number of inflorescences were comparable
(Table 3), suggesting a lack of reduced bloom duration (not assessed in this species) and or
negligible reduction in the number of living experimental plants not producing flowers, which
was demonstrated (except at 117.2 g a.e./ha; Figure 17). In both R. hirta and T. pratense
average bloom-weeks was slightly more sensitive than the average cumulative number of
inflorescences per experimental plant (Table 3), suggesting reduced bloom durations and/or
reduced number of surviving plants producing blooms, both of which were demonstrated to some
extent in both species (Table 3). When considering surviving and reproductive plants only,
response of average bloom-weeks was similar to average cumulative number of inflorescences
for again, C. cyanus, but also for T. pratense. This suggests that bloom duration was perhaps a
less important factor in overall floral availability than surviving plants not producing flowers for
T. pratense. Correspondingly the ER25 and ER50 were both higher for bloom duration than for

the number of living plants not producing inflorescences. Interestingly, for R. hirta there was no

40



5.3

significant effect on average cumulative number of inflorescences, but there was a rate-response
relationship for average bloom-weeks for surviving and reproductive plants. Thus, we can
conclude that the observed reductions in bloom duration in R. hirta (Table 3) has a considerable
impact on floral resource availability, despite no significant reduction in overall flower

production per reproducing plant.

Aborted buds were observed in all test species and increased with glyphosate rate. Bud abortion
is seen as a mechanism for adjusting reproductive output to meet the resources available (see
Mooney et al. 1991 and references therein). Aborted buds have not been reported for these test
species elsewhere; however, aborted buds have been reported in at least one other species
exposed to glyphosate, C. erecta (considered a weed in some agricultural contexts; Panigo et al.

2012). It is perhaps a common effect that is not typically documented in toxicity tests.

Effects on Inflorescence Characteristics

Malformation of R. hirta, C. cyanus and T. pratense inflorescences were documented as a result
of drift-equivalent exposure rates of glyphosate application. Malformations in these test species
were seen in the preliminary testing with R. hirta and T. pratense (Rodney et al. 2015) but have
not been reported elsewhere. These changes to floral morphology are consistent with reports of
floral malformation in other species including P. hybrida treated three times with approximately
42 g/ha at two-day intervals when budding (Shimada and Kimura 2007), glyphosate-resistant
annual |. purpurea treated with 1121 g a.e./ha 1-2 months from planting (Baucom et al. 2008),
and Brassica spp. treated with estimated rates of 85 or 112 g a.e./ha exposed four weeks after

planting (Londo et al. 2014). A common observed malformity in the INFLO experiments was
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clearly reduced number of reproductive florets in both C. cyanus and T. pratense. This translated
into significant effects in the number of reproductive florets in both species; however,
inflorescence dry weight was only significantly reduced for C. cyanus. No studies appear to have

examined effects of glyphosate on floral mass.

Pollen

Pollen gquantity was not significantly reduced for either C. cyanus or T. pratense on a per
reproductive floret basis. However, given the effect to the number of reproductive florets we can
deduce that inflorescences of plants treated with glyphosate produced less pollen. In vitro pollen
germination tests were used to assess potential effects of glyphosate exposure on pollen
germination. Significant negative effects on germination were found for C. cyanus only. Effects
of glyphosate on pollen have not been reported for these test species elsewhere; however, non-
viable (or non-germinating) pollen has been reported in glyphosate-resistant cotton and corn
treated with glyphosate (Thomas et al. 2004; Yasour et al. 2007); and in in vitro experiments
with N. sylvestris (Grabe and Kristen 1997) and S. canadensis (Guo et al. 2009). Baucom et al.

(2014) reported decreased pollen production in Ipomoea purpurea treated with glyphosate.

With respect to the aromatic amino acids inhibited by glyphosate (phenylalanine, tyrosine and
tryptophan), | found no effects on the phenylalanine or tyrosine concentrations in pollen of R.
hirta and T. pratense treated at 10 and 45 g a.e./ha (see Appendix B) in preliminary testing.
Tryptophan requires a separate analysis that we intended on employing in the INFLO
experiment. Unfortunately, flower production was not sufficient to collect enough pollen for

amino acid analyses. Although to my knowledge there are no published results examining amino
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acids in pollen of glyphosate treated plants, Shimada and Kimura (2007) did investigate the
aromatic amino acid content of corollas of glyphosate treated P. hybrida. They found no

significant effects of glyphosate treatment but did report an increase in the amino acid proline.

Implications for Agroecosystems

In the current study all tested rates can be considered drift-equivalent, in that they are less than
50% of the highest recommended label rates. The highest measured application rate in the
current study was 167.6 g a.e./ha which is approximately 62% of the lowest recommended
application rate on the Roundup WeatherMax® With Transorb 2 Technology Liquid Herbicide
label of 270 g a.e./ha (Monsanto, 2015). Using AgDrift v 2.1.1 | estimated downwind deposition
(Teske et al. 2003); using the Tier | aerial model with the maximum aerial application rate (1798
g a.e./ha), and assuming coarse to very coarse droplet size, gives a deposition of 740 g a.e./ha at
1 m downwind, and 35 g a.e./ha at 50 m downwind. With the lowest aerial application rate of
300 g/ha | estimated a deposition of 125 g a.e./ha at 1 m downwind, and 5.8 g a.e./ha at 50 m
downwind. For ground application the maximum allowable application rate is 4320 g a.e./ha
(Monsanto 2015). For this rate by ground spray with a low boom (0.5 m) | estimated a median
deposition of 361 g a.e./ha at 1 m downwind and 6.8 g a.e./ha at 50 m downwind. With a high
boom (1.27 m) the estimates increase to 665 and 12.1 g a.e./ha, respectively. In these rate ranges
severe effects to survival, growth and flowering would be anticipated given the results of this
study. Potential effects on nontarget plant reproduction may extend beyond 50 m downwind

from application based on ER10 estimates (Table 3).
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As reviewed by Boutin and Jobin (1998), islands and corridors of uncultivated land in
agroecosystems are recognized as being important to the conservation of plant species. These
refuges are vulnerable to and affected by their proximity to managed agricultural land. Plant
species distribution and richness in hedgerows have been found to be best predicted by adjacent
land use, environmental conditions and management practices (de Blois et al. 2002, Decker et al.
2004). Herbaceous plants associated with forests, and a tolerance for shade, have been positively
correlated with less intensive agricultural practices (de Bois et al. 2002, Bratli et al. 2006). Short-
lived grasses, introduced and weedy species have been associated with managed agricultural land
(Boutin and Jobin 1998; Bratli et al. 2006). Freemark et al. (2002) found that native plant species
richness was higher in eastern Ontario agricultural landscapes that contained marshes, woodlots
and wooded fence rows, than those that did not. In southeastern Norway, researchers found that
plant species frequencies were strongly right skewed in patches within agroecosystems,
suggesting that rareness was common (Bratli et al. 2006). In many agroecosystems, the relatively

small margins between fields are practically the only unmanaged fractions of the landscape.

The width of many hedgerows is small enough that protection from effects of glyphosate may
not be attainable for some species given current application methods. Aude et al. (2003)
measured 26 hedgerows in agricultural regions of Denmark, and the documented mean hedgerow
width was 5.2 £ 0.19 m. In the St. Lawrence lowlands ecoregion of Quebec, Roy and de Blois
(2008) measured the width of 117 hedgerows and reported a range of 1.5 to 32.7 m. These
authors also found that hedgerow width was the principal predictor of plant richness, abundance
and diversity at the study sites, with these variables increasing with width. In Germany, of 130

studied hedgerows, Wehling and Diekmann (2009) reported widths of 3.5 to 5 m. Even a large
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hedgerow of 35 m, based on the samples described above, with aerial application and a 70 m
buffer, at the far downwind edge we still might expect approximately 13.7 g a.e./ha deposition
(not accounting for interception), which exceeds many of the ER10s estimated here for T.

pratense and C. cyanus for both growth and reproductive measures of effects.

These findings are important because non-target plants are already under considerable pressures
in agroecosystems due to loss of habitat, and other elements of intensive agriculture including
the use of fertilizers, which in combination with herbicide and other pesticide exposures can lead
to greater adverse outcomes (e.g., Gove et al. 2007; Schmidt et al., 2013). With climate change
projections estimating increasing summer mean and high temperatures (IPCC, 2014), effects of
glyphosate on non-target plants may be exacerbated (see discussion of study limitations below).
Further, effects on flowering in plants are likely to lead to effects on pollinators, which for
entomophilous plants could incite an adverse positive feedback loop of degraded floral resources
—> low pollination = low reproduction - further degraded floral resources, and so on. In such a
scenario, pollinators may be adversely affected if alternative adequate forage is scarce (see

Bohnenblust et al. 2016).

Further, the malformation of inflorescences observed in the current study, and by others (Gove et
al. 2007; Baucom et al. 2008), may also affect pollination. Flowers lure pollinators with sensory
stimuli that include their shape. Flower shape has been demonstrated to affect pollinator
visitation (McCall and Primack 1992; Dafni and Kevan 1997; Cepero et al. 2015).
Malformations may obscure intended signals, and impede successful foraging by pollinators, and

reproduction of affected plants. This warrants further investigation.
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5.6 Regulatory Implications

Generally, ER25 or ER50 values for growth (e.g., height or above ground biomass) are used in
regulatory risk assessment to inform risk management decisions regarding pesticide registrations.
Results presented here are in accordance with those presented in the literature (Rotchés-Ribalta
et al. 2012; Strandberg et al., 2012; Carpenter et al. 2013): ERx values for reproductive measures
may be lower or higher than standard ERx values for growth depending on the species, herbicide
and test conditions. The current regulatory paradigm does not account for the full life-cycle of
potentially exposed plants. Enough data has been amassed to demonstrate that no one
assessment endpoint or toxicity endpoint can be reliably used to ensure protection of non-target
plants. Effects of herbicide exposure are aggregated in individuals (e.g., an exposed plant does
not only experience an ERx for biomass, it also experiences concurrently an ERx for survival,
reproduction, and other potential adverse effects), and these effects are modified by both biotic
and abiotic factors in the surrounding environment. Clearly defined protection goals should lead
to suitable assessment endpoints. However, regulatory protection goals are generally equivocal
(e.g., no unacceptable risks to the environment; U.S. Federal Insecticide, Fungicide, and

Rodenticide Act), leading to correspondingly equivocal risk assessments.

If risks to plants are to be considered, in accordance with standard assessment of effects to
wildlife, survival, growth and reproduction should be assessed. Reproductive endpoints, whether
lower or higher than vegetative growth endpoints, should be considered in the context of

protection goals in risk assessment and risk management decision-making.
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5.7 Limitations of the Current Study

In this study it was not possible to completely eliminate pests, which can be difficult to control in
the greenhouse. Effects of aphids and spider mites on T. pratense could not be precluded,
particularly in the INFLO experiment. The presence of these pests was noted in many replicates,
with no apparent trend with treatment. It is possible that glyphosate exposure with concurrent
pest pressure led to more severe effects than would have been predicted with glyphosate
exposure alone, and this could in part explain the lower ERx values obtained in this experiment,

compared to other (e.g., Strandberg et al. 2018).

Although statistical comparisons were not appropriate due to differences in timing of application
and sizes of experimental units, sensitivity of both C. cyanus and T. pratense average cumulative
flower production by five weeks post-spray was greater in the INFLO experiment than in the
PHEN experiment. C. cyanus survival at five-weeks was also more sensitive in the INFLO
experiment than at 8-weeks in the PHEN experiment. These differences may be attributed in
part to differences in absorption and translocation of glyphosate under different environmental
conditions, given the higher average maximum temperature and humidity in the INFLO sets of
experiments. With Bermuda grass (Cynodon dactylon L.), it was found that 24-hours after
treatment with 560 g/ha, greater translocation of radiolabelled glyphosate was observed with
higher temperature and humidity. Fresh weight data 8-weeks post-treatment indicated that at
40% relative humidity and 32°C glyphosate (at 560 g/ha) was more toxic to Bermuda grass than
at 22°C; the greatest effects to fresh weight were observed at 100% humidity (Jordan 1977).
Effects on above ground biomass, node viability and translocation of glyphosate in Elymus

repens L. generally increased with light, temperature and humidity treatments in the 48 hours
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following application, demonstrating the importance of environmental conditions following
applications (Couplant 1983). It is in this time frame immediately after application that the
herbicide is making direct contact with the plant and it has the potential for absorption and
translocation to sites of toxic action (Coupland 1983). Similarly, Ganie et al. (2017) found that
efficacy (represented by 21-day above ground dry weight) was improved with high temperature
(29°C day/17°C night) over low temperature (20°C day/11°C night) in Ambrosia spp. with the
difference attributed to greater translocation. In field studies, time of day of glyphosate
application appears to influence efficacy (measured as % weed control), with midday application
being most efficacious. This result has been attributed to increased air temperature and may also
be related to presence of dew and diurnal leaf movement (Stopps et al. 2013). The
environmental conditions in the greenhouse, particularly during the INFLO experiment, were
likely not representative of expected conditions in many agroecosystems of the northern
hemisphere. In particular, an average maximum temperature of 40°C or more may only be
comparable to growing conditions in some locations in the southwestern United States, North

Africa and South Asia.

Another limitation of this study is that glyphosate exposures were not exactly reflective of drift
exposures in the field. In this experiment plants were sprayed directly (from above) in a spray
booth. However, actual exposure (i.e., the true dose and pattern of interception of that dose) in
the field due to drift from treated fields will differ even at equivalent deposition rates to the spray
booth. This may be attributed to changes in droplet size spectrum (due to evaporation and
deposition), the orientation of the plant relative to the drift cloud, as well as interception by

surrounding vegetation. In field drift studies with test organisms, researchers have found that
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effects are less than expected based on direct spray test results (e.g., Strandberg et al. 2012; Brain
et al. 2017); however, it has been hypothesized that differences may also be attributed in part to
the physical properties of the pots in which plants were exposed (Strandberg et al. 2012).
Nevertheless, exposure will evidently differ between direct overhead spray and primarily
horizontal drift. Thus, a limitation of the current study, is that effects in test species may not be
representative of field exposures due to differences in actual dosing and administration among

spray booth and drift exposures at the same deposition rates.

The effects of plant species interactions were not accounted for in this study. Test organisms
were grown with one (T. pratense and C. cyanus) or two (R. hirta) per pot. However, under real
world exposure conditions exposed plants will be part of a community with interspecies
competition. It has been demonstrated that these more realistic exposure scenarios can alter the

outcome for individuals exposed to glyphosate (Dalton and Boutin 2010; Strandberg et al. 2018).

Conclusion

Glyphosate is extensively used globally to control weeds in agricultural fields. In this study, |
demonstrated that drift-equivalent deposition rates can cause severe effects to flowering of
entomophilous herbaceous plants when applied at an early bud stage. If effects of this degree
occur in field margins, other adverse repercussions may ensue. Inhibition of flowering can
reduce pollinator visits (Bohnenblust et al. 2016), and is expected to reduce seed production, and
limit contributions to the seed bank (reserve of seeds stored in soil for future propagation). In
turn this may alter plant community structure and composition, and further reduce forage for

higher trophic levels. Demonstrating the potential long-term effects of herbicide use in
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agroecosystems is constructive to the discussion of acceptable risk. If risks from herbicides to
plant species (and the taxa that rely on them) are to be appropriately managed, risk managers
require inclusive risk characterizations that include reproductive assessment endpoints. Future
research should continue to examine effects to floral resources, potential indirect effects on

mutualistic species, population- and community-level endpoints.

50



6 References

Alaux C, Dantec C, Parrinello H,Le Conte Y. 2011. Nutrigenomics in honey bees: digital gene
expression analysis of pollen’s nutritive effects on health and varroa-parasitized bees.
BMC Genomics 12: 496. http://www.biomedcentral.com/1471-2164/12/496

Aude E, Tybirk K, Bruss Pedersen M. 2003. Vegetation diversity of conventional and organic
hedgerows in Denmark. Agriculture, Ecosystems and Environment 99: 135-147.

Albuquerque CL Jr, Denardi F, Dantas ACM, Nodari RO. 2010. Number of anthers per flower,
pollen grains per anther and germination of pollen from different apple cultivars.
Revista Brasileira de Fruticultura.32(4):
Http://dx.doi.org/10.1590/S010029452010005000129

Bailer AJ, Oris JT. 1997. Estimating inhibition concentrations for different response scales using
generalized linear models. Environmental Toxicology and Chemistry 16(7): 1554-
1559.

Baucom RS, Mauricio R, Chang S-M. 2008. Glyphosate induces transient male sterility in
Ipomoea purpurea. Botany 86: 587-594.

Benbrook CM. 2016. Trends in glyphosate herbicide use in the United States and globally.
Environmental Sciences Europe. 28:3.

Biesmeijer JC, Roberts SPM, Reemer M, Ohlembller R, Edwards M, Peeters T, Schaffers AP,
Potts SG, Kleukers R, Thomas CD, Settele J, Kunin WE. 2006. Parallel declines in
pollinators and insect-pollinated plants in Britain and the Netherlands. Science 313:
351-354.

Bohnenblust EW, Vaudo AD, Egan F, Mortensen DA, Tooker JF. 2016. Effects of the herbicide
dicamba on nontarget plants and pollinator visitations. Environmental Toxicology
and Chemistry 35(1): 144-151.

Boutin C, Jobin B. 1998. Intensity of agricultural practices and effects on adjacent habitats.
Ecological Applications 8(2): 544-557.

Boutin C, Lee H-B, Peart ET, Bachelor PS, Maguire RJ. 2000. Effects of the sulfonylurea
herbicide metsulfuron methyl on growth and reproduction of five wetland and
terrestrial plant species. Environmental Toxicology and Chemistry 19(10): 2532-
2541.

Boutin C, Elmegaard N, Kjaer C. 2004. Toxicity testing of fifteen non-crop plant species with

six herbicides in a greenhouse experiment: Implications for risk assessment.
Ecotoxicology 13: 349-369.

51


http://www.biomedcentral.com/1471-2164/12/496
http://dx.doi.org/10.1590/S010029452010005000129

Boutin C, Standberg B, Carpenter D, Mathiassen SK and Thomas, PJ. 2014. Herbicide impact on
non-target plant reproduction: what are the toxicological and ecological
implications? Environmental Pollution 185: 295-306.

Bratli H, @kland T, @kland RH, Dramstad WE, Elven R, Engan G, Fjellstad W, Heegaard E,
Pedersen O, Solstad H. 2006. Patterns of variation in vascular plant species richness
and composition in SE Norwegian agricultural landscapes. Agriculture, Ecosystems
and Environment 114: 270-286.

Brain RA, Perine J, Cooke C, Butler Ellis C, Harrington P, Lane A, O Sullivan C, Ledson M.
2017. Evaluationg the effects of herbicide drift on nontarget terrestrial plants: A case
study with mesotrione. Environmental Toxicology and Chemistry 36(9): 2465-2475.

Brewbaker JL, Kwack BH. 1963. The essential role of calcium ion in pollen germination and
pollen tube growth. American Journal of Botany 50(9): 859-865.

Brodschneider R, Crailsheim K. 2010. Nutrition and health in honey bees. Apidologie 41:278-
294.

Bruce R, Versteeg D. 1992. A statistical procedure for modeling continuous toxicity data.
Environmental Toxicology and Chemistry 11: 1485-1494.

Carpenter D, Boutin C, Allison J. 2013. Effects of chlorimuron ethyl on terrestrial and wetland
plants: levels of, and time to recovery following sublethal exposure.Environmental
Pollution. 172: 275e282.

Carreck, NL, Williams I1H. 2002. Food for insect pollinators on farmland: insect visits to flowers
of annual seed mixtures. Journal of Insect Conservation 6: 13-23.

Carvell C, Roy DB, Smart SM, Pywell RF, Preston CD and Goulson D. 2006. Declines in forage
available for bumblebees at a national scale. Biological Conservation 132: 481-489.

Cepero LC, Rosenwald, LC, Weiss MR. 2015. The relative importance of flower color and shape
for the foraging monarch butterfly (Lepidoptera: Nymphalidae). Journal of Insect
Behavior 28: 499-511.

Chagnon M. 2008. Causes and effects of the worldwide decline in pollinators and corrective
measures. Prepared for the Quebec Regional Office of the Canadian Wildlife
Federation. December 2008.

Cooper J, Dobson H. 2007. The benefits of pesticides to mankind and the environment. Crop
Protection 26: 1337-1348.

52



Coupland D. 1983. Influence of light, temperature and humidity on the translocation and activity
of glyphosate in Elymus repens (= Agropyron repens). Weed Research 23: 347-355.

Dafni A, Kevan PG. 1997. Flower size and shape: implications in pollination. Israel Journal of
Plant Sciences 45: 201-211.

De Bois S, Domo G, Bouchard A. 2002. Factors affecting plant species distribution in hedgerows
of souther Quebec. Biological Conservation 105: 355-367.

Deckers B, Hermy M, Muys B. 2004. Factors affecting plant species composition of hedgerows:
relative importance and hierarchy. Acta Oecologica 26: 23-37.

de Groot AP. 1953. Protein and amino acid requirements of the honeybee (Apis mellifica L.),
Physiologia Comparata et Oecologia 3: 197-285.

de Snoo GR, van der Poll RJ. 1999. Effect of herbicide drift on adjacent boundary vegetation.
1999. Agriculture, Ecosystems and Environment 73: 1-6.

Duke SO. 2018. The history and current status of glyphosate. Pest Management Science 74:
1027-1034.

Dmitrienko A, Chuang-Stein C, D’Agostino R. 2007. Pharmaceutical Statistics Using SAS: A
Practical Guide. SAS Institute, Cary, NC.

Environment Canada. 2005. Guidance Document on Statistical Methods for Environmental
Toxicity Tests. Reports EPS 1/RM/46, Ottawa (with June 2007 amendments).

Erickson AM, Lym RG, Kirby D. 2006. Effect of herbicides for leafy spurge control on the
western prairie fringed orchid. Rangeland Ecology and Management 59: 462-467.

Forcone A, Aloisi PV, Ruppel S, Mufjoz M. 2011. Botanical composition and protein content of
pollen collected by Apis mellifera L. in the north-west of Santa Cruz (Argentinean
Patagonia). Grana 50(1): 30-39.

Fletcher JS, Pfleeger TG, Ratsch HC, Hayes R. 1996. Potential impact of low levels of
chlorsulfuron and other herbicides on growth and yield of nontarget plants.
Environmental Toxicology and Chemistry 15(7): 1189-1196.

Franz JE, Mao MK, Sikorski JA. 1997. Glyphosate: A Unique Global Herbicide. ACS
Monograph 189. American Chemical Society, Washington, DC.

Freemark, KE, Boutin C, Keddy CJ. 2002. Importance of farmland habitats for conservation of
plant species. Conservation Biology 16(2): 399-412.

Ganie, Z, Jugulam M, Jhala A. 2017. Temperature influences efficacy, absorption, and
translocation of 2,4-D or glyphosate in glyphosate-resistant and glyphosate-

53



susceptible common ragweed (Ambrosia artemisiifolia) and giant ragweed
(Ambrosia trifida). Weed Science 65: 588-602.

Girard, M., M. Chagnon and V. Fournier. 2012. Pollen diversity collected by honey bees in the
vicinity of Vaccinium spp. crops and its importance for colony development. Botany
90: 545-555.

Gove B, Power SA, Buckley GP, Ghazoul J. 2007. Effects of herbicide spray drift and fertilizer
overspread on selected species of woodland ground flora: comparison between short-
term and long-term impact assessments and field surveys. Journal of Applied
Ecology 44: 374-384.

Guo SL, Jiang HW, Fang F, Chen GQ. 2009. Influences of herbicides, uprooting and use as cut
flowers on sexual reproduction of Solidago canadensis. Weed Research 49: 291-299.

Grabe A, Kristen U. 1997. Growth inhibition of pollen tubes by blocking the aromatic branched-
chain amino acid pathways of biosynthesis. Physiologia Plantarum 101: 577-582.

Grime, JP. Plant Strategies, Vegetation Processes, and Ecosystem Properties, Second Edition.
John Wiley & Sons, West Sussex, England. 419 pp.

Hintermeir, H. 2011. For Our Bees — the Cornflower. Current Concerns 7. Available on-line at:
http://www.currentconcerns.ch/index.php?id=1203

Huang, Z. 2012. Pollen nutrition affects honey bee stress resistance. Terrestrial Arthropod
Reviews 5: 175-189.

IPCC (Intergovernmental Panel on Climate Change). 2014. Climate Change 2014 : Synthesis
Report. Contribution of Working Groups I, 1l and 111 to the Fifth Assessment Report
of the Intergovernmental Panel on Climate Change [Core Writing Team, R.K.
Pachauri and L.A. Meyer (eds.)]. IPCC, Geneva, Switzerland, 151 pp.

Jordan T. 1977. Effects of temperature and relative humidity on the toxicity of glyphosate to
bermudagrass (Cynodon dactylon). Weed Science 25(5): 448-451.

Klein, A-M, Vaissiere BE, Cane JH, Steffan-Dewneter I, Cunningham SA, Kremen C,
Tscharntke, T. 2007. Importance of pollinators in changing landscapes for world
crops. Proceedings of the Royal Society B 274: 303-313.

Kruger GR, Johnson WG, Doohan DJ, Weller SC. 2012. Dose response of glyphosate and
dicamba on tomato (Lycopersicon esculentum) injury. Weed Technology 26: 256-
260.

Londo JP, McKinney J, Schwartz M, Bollman M, Sagers C, Watrud L. 2014. Sub-lethal
glyphosate exposure alters flowering phenology and causes transient male-sterility in
Brassica spp. BMC Plant Biology 14: 70.

Marrs RH, Williams CT, Frost AJ, Plant RA. 1989. Assessment of the effects of herbicide spray

drift on a range of plant species of conservation interest. Environmental Pollution 59:
71-86.

54


http://www.currentconcerns.ch/index.php?id=1203

McCall C, Primack RB. 1992. Influence of flower characteristics, weather, time of day, and
season on insect visitation rates in three plant communities. American Journal of
Botany 79(4): 434-442.

Mikkelson JR, Lym RG. 2013. Effect of aminopyralid on desirable forb species. Invasive Plant
Science and Management 6:30-35.

Monsanto (Monsanto Canada Inc.). 2015. Roundup WeatherMAX® With Transorb 2
Technology Liquid Herbicide Label. Monsaton Canada Inc., Winnipeg, Manitoba.

Mooney HA, Winner WE, Pell EJ. 1991. Response of Plants to Multiple Stresses. Academic
Press, Inc., San Diego, California.

Naug, D. 2009. Nutritional stress due to habitat loss may explain recent honeybee colony
collapse. Biological Conservation 142: 2369-2372.

Nuffer, B. 2007. Black-eyed Susan, Rudbeckia hirta. New York State Conservationist, August
2007, page 24.

Norberg-King T. 1993. A linear interpolation method for sublethal toxicity: the inhibition
concentration (ICp) approach (version 2.0). Environmental Research Laboratory,
U.S. Environmental Protection Agency Duluth, MN. Technical Report 03-93

Organisation for Economic Co-operation and Development (OERD). 2006a. Terrestrial plants
test: seedling emergence and seedling growth test (No. 208) and vegetative vigour
test (No. 227). OERD Guidelines for Testing Chemicals, Paris.

OECD (Organization for Economic Co-operation and Development). 2006a. OECD Guidelines
for the Testing of Chemicals: Terrestrial Plant Test: Seedling Emergence and
Seedling Growth Test. OECD 208.

OECD (Organization for Economic Co-operation and Development). 2006b. OECD Guidelines
for the Testing of Chemicals: Terrestrial Plant Test: Vegetative Vigour Test. OECD
227.

Oldham, M.J., Bakowsky, W.D., Sutherland, D.A. 1995. Floristic Quality Assessment System
for Southern Ontario. Natural Heritage Information Center, Ontario Ministry of
Natural Resources, Peterborough, Ontario. 70p.

Olszyk D, Pfleeger T, Lee EH, Plocher M. 2009. Pea (Pisum sativum) seed production as an
assay for reproductive effects due to herbicides. Environmental Toxicology and
Chemistry 28(9): 1920-1929.

55



Olszyk D, Pfleeger T, Shiroyama T, Blakeley-Smith M, Lee EH, Plocher M. 2017. Plant
reproduction is altered by simulated herbicide drift to constructed plant communities.
Environmental Toxicology 36(10): 2799-2813.

Palmer-Jones, T., .W. Forster and P.G. Clinch. 1966. Observation on the pollination of
Montgomery red clover (Trifolium pretense L.). New Zealand Journal of Agricultural
Research 9:738-747.

Panigo ES, Dellaferrera IM, Acosta JM, Bender AG, Garetto JI, Perreta MG. 2012. Glyphosate-
induced structural variations in Commelina erecta L. (Commelinaceae).
Ecotoxicology and Environmental Safety 76: 135-142.

Pleasants JM, Oberhauser KS. 2012. Milkweed loss in agricultural fields because of herbicide
use: effect on the monarch butterfly population. Insect Conservation and Diversity
doi: 10.1111/5.1752-4598.2012.00196.x

Pline WA, Edmisten KL, Oliver T, Wilcut JW, Wells R, Allen NS. 2002a. Use of digital image
analysis, viability stains, and germination assays to estimate conventional and
glyphosate-resistant cotton viability. Crop Science 42: 2193-2200.

Pline WA, Viator R, Wilcut JW, Edmisten KL, Thomas J, Wells R. 2002b. Reproductive
abnormalities in glyphosate-resistant cotton caused by lower CP4-EPSPS levels in
the male reproductive tissue. Weed Science 50(4): 438-447.

Pline WA, Wells R, Little G, Edmisten KL, Wilcut JW. 2003. Glyphosate and water-stress
effects on fruiting and carbohydrates in glyphosate-resistant cotton. Crop Science 43:
879-885.

PMRA (Pest Management Regulatory Agency). 2015. Proposed Re-evaluation Decision for
Glyphosate. PRVD2015-01. Health Canada Pest Management Regulatory Agency,
Ottawa, ON. 13 April 2015.

Qian H, Li Y, Sun C, Lavoie M, Xie J, Bai X, Fu Z. 2015. Trace concentrations of imazethapyr
(IM) affect floral organs development and reproduction in Arabidopsis thaliana: IM-
induced inhibition of key genes regulating anther and pollen biosynthesis.

Rao J, Scott A. 1992. A simple method for the analysis of clustered binary data. Biometrics
48(2): 577-585.

Riemens M, Dueck T, Kempenaar C. 2008. Predicting sublethal effects of herbicides on
terrestrial non-crop plant species in the field from greenhouse data. Environmental
Pollution 155: 141-149.

Rodney S, Whitfield Aslund ML, Manning G, Teed RS, Breton R. 2013. Inconsistencies in the
Estimation of Terrestrial Plant Endpoints used in Pesticide Risk Assessments. Poster

56



presented at 34" Annual Society of Environmental Toxicology and Chemistry North
American Meeting, Nashville, Tennessee, 17-21 November, 2013.

Rodney S, Boutin C, Pick F. 2015. Effects of a glyphosate end-use product on the flower
phenology of black-eyed Susan (Rudbeckia hirta) and red clover (Trifolium
pratense). Poster presented at 36" Annual Society of Environmental Toxicology and
Chemistry North American Meeting, Salt Lake City, Utah, 1-5 November, 2015.

Rotchés-Ribalta R, Boutin C, Blanco-Moreno JM, Carpenter, DJ, Sans, XF. 2012. Effects of
herbicide use on ecological patterns of characteristic and rare arable weeds. Poster
presented at British Ecological Society Meeting, Birmingham, UK.

Roy V, de Blois S. 2008. Evaluating hedgerow corridors for the conservation of native forest
herb diversity. Biological Conservation 141: 298-307.

SAS Institute Inc. 2010. SAS/STAT® 9.22 User’s Guide: The Probit Procedure.
https://support.sas.com/documentation/cdl/en/statuq/63347/HTML/default/viewer.ht
m#probit toc.htm

Segura J, Bingham S, Foy C. 1978. Phytotoxicity of glyphosate to Italian ryegrass (Lolium
multiflorum) and red clover (Trifolium pratense). Weed Science 26(1): 32-36.

Schmitz J, Schéifer K, Brhl CA. 2013. Agrochemicals in field margins — assessing the impacts
of herbicides, insecticides, and fertilizers on the common buttercup (Ranunuculus
acris). Environmental Toxicology and Chemistry 32(5): 1124-1131.

Schmitz J, Schifer K, Brbhl CA. 2014. Agrochemicals in field margins — Field evaluation of
plant reproduction effects. Agriculture, Ecosystems and Environment 189: 82-91.

Shimada A, Kimura Y. 2006. Influence of glyphosate on flower morphogenesis and
pigmentation in Petunia hybrida. Z. Naturforsch 61c: 578-582.

Shimada A, Kimura Y. 2007. Nitrogen metabolism and flower symmetry of Petunia corollas
treated with glyphosate. Z. Naturforsch. 62c: 849-856.

Silva LFO. 2015. Establishment of growth medium and gquantification of pollen grains of olive
cultivars in Brazil’s subtropical areas. Bragantia 75(1):
http://dx.doi.org/10.1590/16784499.213

Stanley RG, Linsken HF. 1974. Pollen: Biology, Biochemistry, Management. Springer-Verlag
Berlin, Heidelberg, Germany.

Stephenson G, Koper N, Atkinson G, Solomon K, Scroggins R. 2000. Use of nonlinear
regression techniques for describing concentration-response relationships of plant

57


https://support.sas.com/documentation/cdl/en/statug/63347/HTML/default/viewer.htm#probit_toc.htm
https://support.sas.com/documentation/cdl/en/statug/63347/HTML/default/viewer.htm#probit_toc.htm
http://dx.doi.org/10.1590/16784499.213

species exposed to contaminated site soil. Environmental Toxicology and Chemistry
19(12): 2968-2981.

Stopps GJ, Nurse RE, Sikkema PH. 2013. The effect of time of day on the activity of post
emergence soybean herbicides. Weed Technology 27(4): 690-695.

Strandberg B, Mathiassen SK, Bruus M, Kjaer C, Damgaard C, Andersen HV, Bossi R,
Lafstram P, Larsen SE, Bak J, Kudsk P. 2012. Effects of Herbicides on Non-target
Plants: How Do Effects in Standard Plant Tests Relate to Effects in Natural Habitats?
Pesticide Research No 137 Danish Ministry of the Environment, EPA. 114 pp.

Strandberg B, Boutin C, Carpenter D, Mathiassen SK, Damgaard CF, Sgrensen PB, Bruus M,
Dupont YL, Bossi R, Andersen DK, Baattrup-Pedersen A, Larsen SE. 2018.
Pesticide effects on non-target terrestrial plants at individual, population and
ecosystem level (PENTA). Ministry of Environment and Food of Denmark,
Environmental Protection Agency. 126 pp.

Taken K. 2016. Stress-induced flowering: the third category of flowering response. Journal of
Experimental Botany 67(17): 4925-4934.

Tarone R. 1979. Testing the goodness of fit of the binomial distribution. Biometrika 66(3): 585-
590.

Teske, ME, Bird SL, Esterly DM, Ray SL, Perry SG. 2003. A User’s Guide for AgDrift® 2.0.07:
A Tiered Approach for the Assessment of Spray Drift of Pesticides. Public Use
Version. CDI Report No. 01-01. Prepared for the Spray Drift Task Force. February,
2003. [This Manual also accompanied the 2.1.1 version of the model]

Thomann M, Imbert E, Devaux C, Cheptou P-O. 2013. Flowering plants under global pollinator
decline. Trends in Plant Science 18(7): 354-359.

Thomas WE, Pline-Srni¢ WA, Thomas JF, Edmisten KE, Wells R, Wilcut JW. 2004. Glyphosate
negatively affects pollen viability but not pollination and seed set in glyphosate-
resistant corn. Weed Science 52: 725-734.

Thomas WE, Pline-Srni¢ WA, Viator RP, Wilcut JW. 2005. Effects of glyphosate application
timing and rate on sicklepod (Senna obtusifolia) fecundity. Weed Technology 19: 55-
61.

Tidepool (Tidepool Scientific, LLC). 2013. Comprehensive Environmental Toxicity Information
System (CETIS) User’s Manual. McKinleyville, CA.

U.S. EPA (U.S. Environmental Protection Agency). 1996. Ecological effects test guidelines.

OPPTS 850.4150 Terrestrial Plant Toxicity, Tier | (Vegetative Vigor). EPA 712-C-
96-163. Washington, DC.

58



U.S. EPA (United States Environmental Protection Agency). 2012. Ecological effects test
guidelines: vegetative vigor OCSPP 850.4150, EPA 712-C-011; early seedling
growth toxicity test OCSPP 850.4230, EPA 712-C-010; seedling emergence and
seedling growth OCSPP 850.4100, EPA 712-C-012. Washington DC.

Walker ER, Oliver, LR. 2008. Weed seed production as influenced by glyphosate applications at
flowering across a weed complex. Weed technology 2008: 318-325.

Wehling S, Diekmann M. 2009. Importance of hedgerows as habitat corridors for forest plants in
agricultural landscapes. Biological Conservation 142: 2522-2530.

Whitford F, Lindner G, Young B, Penner D, Deveau J, Linscott D, Zhu H, Zolling R, Spandl E,
Johnson B, Wilse K, Patton A, Champoin C, Harre N, Wagoner N, Smith KL. 2014.
Adjuvants and the Power of the Spray Droplet. Purdue Extension PP-107. Accessed
on-line: https://ppp.purdue.edu/wp-content/uploads/2016/08/PPP-107.pdf

Yasuor H, Riov J, Rubin B. 2007. Glyphosate-induced male sterility in glyphosate-resistant
cotton (Gossypium hisutum L.) is associated with inhibition of anther dehiscence and
reduced pollen viability. Crop Protection 26: 363-369.

Yu C-Y, Dong J-G, Hu S-W, Xu A-X. 2017. Exposure to trace amounts of sulfonylurea

herbicide tribenuron-methyl causes male sterility in 17 species or subspecies of
cruciferous plants. BMC Plant Biology 17:95.

59


https://ppp.purdue.edu/wp-content/uploads/2016/08/PPP-107.pdf

7 Tables

Table 1. Summary of reviewed studies reporting on adverse effects of direct application of glyphosate on reproductive measures in

terrestrial plants®
Targe . . .
_ Crop/ Tolerant/ tor _ End Use Dlr_ect_ Rates Timing of Slngle Measure Observ_apons/
Species Non- Location Applicatio L2 species/ of Toxicity Study
Non- Non- Product . (g/ha) | Application .
tolerant n/drift complex | Effects Endpoints
crop target
14 or 15 days
after
0, 0.833, NOEL =8.33g
Pea, Pisum Cro Non- Non- Green- I?)c;?niiglp Direct 1.666, 2?;%2?? 31[ Single Seed dry a.i./ha; ER25=8 Olszyk et al.
sativum L. P tolerant target house ginal, application 8.33, at opening species weight +1.06 (SE) g 2009
Monsanto first flowers(18 -
83.3 a.i./ha
to 21 days after
emergence)
Early vegetative
application:
ER25=511¢g
Tomato 0,0.64, vegetative or ae/ha, ERS0 =
.’ Non- Non- . Direct 2.1, 6.4, g Single Flower 67.0ga.e./ha; Kruger et al.
Lycopersicon Crop | Field Not reported licati 21 64 early bloom . ducti Earlv bl 2012
esculentum L. tolerant target application , 64, stage species production arly bloom
210 application:
ER25=75¢g
a.e./ha, ER50 =
13.6 ga.e./ha
Early vegetative
application:
Tomato 0,0.64, vegetative or ER25=43.9 g
c! Non- Non- . Direct 2.1,6.4, g Single Fruit a.e./ha; Early Kruger et al.
Lycopersicon Crop Field Not reported S early bloom . .
tolerant target application 21, 64, species production bloom 2012
esculentum L. stage o
210 application:
ER25=85¢g
a.e./ha
Tolerant DK 662RR:
: V6, V10, and Significant
(Resistant . . .
Corn, Zea mays culitvar: Non- Green- Roundup Direct V6 and V10, Single Pollen reductions with Thomas et al
‘ L Crop DK 662IR;R target house UltraMax, application 0,1120 | DKCBA410RR: species viability applications after 2004 .
’ Monsanto V4,V8, Vi V6 for both
and DKC "
6410RR) and V8, V4 varieties.
and V10
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Targe

_ Crop/ Tolerant/ tor _ End Use D|r_ect_ Rates Timing of Smgle Measure Observ_apons/
Species Non- Location Applicatio L2 species/ of Toxicity Study
Non- Non- Product . (g/ha) | Application .
tolerant n/drift complex | Effects Endpoints
crop target
Tolerant DK 662RR: Pollen and anther
(Resistant V6, V10, and production were
o Roundup . V6 and V10; . Pollen and significantly
Corn, Zea mays Crop culitvar: Non- Green- UltraMax, D|_rec_t 0, 1120 DKC 6410RR: Slngle anther adversely Thomas et al.
L. DK 662RR target house M application VA4 V8. V4 species ducti ffected b 2004
and DKC onsanto , V8, production affected by
6410RR) and V8, V4 glyphosate
and V10 application.
Tolerant DK 662RR:
(Resistant Roundup \\//% Xwﬁovir(])d No significant
Corn, Zea mays culitvar: Non- Green- Direct . Single Kernel set Thomas et al.
L. Crop DK 662RR target house UltraMax, application 0,1120 | DKC 6410RR: species and weight adverse effects of 2004
Monsanto V4, V8, V4 treatment.
and DKC
6410RR) and V8, V4
and V10
Tolerant
(Resistant Significantly
Corn, Zea mays culitvar: Non- . Roundup Direct V4, V8, va Single Pollen reduced when Thomas et al.
Crop Field UltraMax, L 0, 1120 and V8, V4 g L S
L. DK 687RR target Monsanto application and V10 species viability application 2004
and DKC occurred after V4
6410RR)
Tolerant
(Resistant
R Roundup . V4,V8, V4 . .
Corn, Zea mays Crop culitvar: Non- Field UltraMax, D|_recj[ 0, 1120 and V8, V4 Slng_le grain yield No significant Thomas et al.
L. DK 687RR target application species effects. 2004
Monsanto and V10
and DKC
6410RR)
Detected in
plants treated at
8 leaf stage and
2-3 leaf stage older.
(early), 4-5 Abnormalities
Tolerant leaf stage included:
Cotton, (Resistant Roundup - 0, 720, (medium), 8- . partially
Gossypium Crop culitvar: t’::)r:e-t Field Ultra, a DI:::Z(;iton 1080, 10 leaf stage sSI:(?ilees ﬁtl]g\?vrer?sal developed Yas;g(;?et al
hirsutum L. DP 9 Monsanto PP 1444 (late), 12-13 P anthers (non-
5415RR) leaf stage (very dehischent),

late) or early
and late (split)

undeveloped

pollen, stigma
protruding above

stament, some
style elongation
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Targe

_ Crop/ Tolerant/ tor _ End Use Direct Rates Timing of Smgle Measure Observ_apons/
Species Non- Location Applicatio " species/ of Toxicity Study
Non- 14 ojerant | NOM- Product n/drift (9/ha) | Application complex | Effects Endpoints
crop target P
2-3 leaf stage
(early), 4-5 .
All pollen grains
Tolerant leaf stage
Cotton, (Resistant Roundup . 0, 720, (medium), 8- . from treated
- oo Non- . Direct Single Pollen plants collapsed, Yasuor et al.
Gossypium Crop culitvar: target Field Ultra, application 1080, 10 leaf stage species viability were deemed 2007
hirsutum L. DP Monsanto 1444 (late), 12-13 non-viable with
5415RR) leaf stage (very L
late) or early staining method.
and late (split)
2-3 leaf stage
Tolerant ((Ia:.';ll‘);)tégf Significantly
: : reduced with
Cotton, (Resistant Roundup . 0, 720, (medium), 8- . i L
. o Non- . Direct Single Boll split application Yasuor et al.
Gossypium Crop culitvar: Field Ultra, licati 1080, 10 leaf stage . iah - ial of 2007
hirsutum L. DP target Monsanto application 1444 (late), 12-13 Species weight ]!n onet tlr:& 40
our al g
5415RR) leaf stage (very
late) or early ae/ha.
and late (split)
2-3 leaf stage
(early), 4-5
Cotton (Eg!s?;?;r:t Roundup ; 0,720 (n:i?jfitjﬁ?es- ; No significant
! Lo Non- . Direct ! ! ' Single . effect of Yasuor et al.
Gossypium Crop culitvar: Field Ultra, L 1080, 10 leaf stage . Seed yield
hirsutum L DP target Monsanto application 1444 (late), 12-13 species glypl)_hos_ate 2007
' ' application
5415RR) leaf stage (very
late) or early
and late (split)
pollen
viability
(Alexander
Tolerant 's stain, Significant
(Resistant fluorochro reductions in
Cotton culitvars: Roundu matic viability for three
. ’ Non- Green- P Direct 4- and 8-leaf Single reaction, of four methods Pline et al.
Gossypium Crop DP Ultra, L 0, 1120 : .
hirsutum L 5415RR target house Monsanto application stages species Brewbacke of assessing 2002a
asC o, |y
125RR) Brewbacke treatment.
rand
Kwack
with
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Targe

Tolerant/ Direct I Single Measure rvation
. Crop/ tor . End Use o Rates Timing of g Obse atio sf
Species Non- Location Applicatio L2 species/ of Toxicity Study
Non- Non- Product . (o/ha) | Application .
tolerant n/drift complex | Effects Endpoints
crop target
aniline
blue)
Significant
increase in
abnormal pollen
Tolerant ollen with glyphosate
(Resistant P . treatment.
) . abnormalit
Cotton, culitvars: Non- Green- Roundup Direct 4- and 8-leaf Single ies Pollen of treated Pline et al
Gossypium Crop DP target house Ultra, application 0,1120 stages S ec?ies (fluorochro plants was 2002a .
hirsutum L. 5415RR g Monsanto PP 9 P - malformed and
matic
and SG reaction) presumed to be
125RR) at an immature
developmental
stage or aborted
at anthesis.
Tolerant Significant
(Resistant decrease in seeds
Cotton, culitvars: Roundup . : per boll for DP .
Gospun | cop | De | NG U | D o | miEl | snde | b | chigng e | PR
hirsutum L. 5415RR g Monsanto PP g P for SG 125RR
and SG with glyphosate
125RR) treatment.
Tolerant Slgnlflcant
- decrease in
(Resistant .
Cotton culitvars: Roundup . . Staminal stamlnal_col_umn .

. ’ Non- Green- Direct 4- and 8-leaf Single height in first Pline et al.

Gossypium Crop DP Ultra, L 0, 1120 . column
- target house application stages species . two weeks of 2002b
hirsutum L. 5415RR Monsanto height .
flowering, but
and SG not in weeks
125RR) three or four.
Stigma height
TOIe.rant significantly
(Resistant A
Cotton culitvars: Roundup . . . greater in SG .

. ' Non- Green- Direct 4- and 8-leaf Single Stigma 125RR treated Pline et al.
Gossypium Crop DP target house Ultra, application 0, 1120 stages species height lants. No 2002b
hirsutum L. 5415RR g Monsanto PP 9 P 9 piants.

and SG . signficant
125RR) difference for DP
5415RR.
Cotton Tolerant Roundu Significant
i (Resistant Non- Green- P Direct 4- and 8-leaf Single Anther decrease in Pline et al.
Gossypium Crop - . Ultra, L 0, 1120 g
- culitvars: target house application stages species length anther length 2002b
hirsutum L. Monsanto .
DP with glyphosate

63




Targe

_ Crop/ Tolerant/ tor _ End Use D|r_ect_ Rates Timing of Smgle Measure Observ_apons/
Species Non- Location Applicatio " species/ of Toxicity Study
Non- Non- Product . (g/ha) | Application .
tolerant n/drift complex | Effects Endpoints
crop target
5415RR treatment in both
and SG cultivars
125RR)
Significant
increase in anther
to stigma
distance in first
three weeks of
Tolerant flowering of both
(Resistant cultivars. In
Cotton, culitvars: Roundup . . Anther to forth week .
Gossypium Crop DP t’:rogr:a-t (E]Lilig' Ultra, ap;li)lli::i(;iton 0, 1120 4 asr:ggiz-sleaf sSpI:(?ilees stigma distance Pllzn(()-:‘oztbal.
hirsutum L. 5415RR Monsanto distance remained on
and SG average greater
125RR) in flowers of
treated plants,
but was only
significantly
different for DP
5415RR.
Tolerant Significant
(Resistant reduction in
Cotton, culitvars: N G Roundup Direct 4- and 8-leaf Sinal LOI(I)SE loose pollen Pline et al
Gossypium Crop DP tafgne-t hgeuesl:a- Ultra, applli::eaiion 0,1120 ] a:;rt]age-sea spI:cgiees grg?nseger grains per stigma IZnSOZba .
hirsutum L. 5415RR Monsanto stigma with glyphosate
and SG treatment of both
125RR) cultivars.
Tolerant Greater average
(Resistant time to first
Cotton, culitvars: Roundup . . bloom in treated .
Gospun | cop | pp | Mo | G| Um | D g | st | snge | Buse | Toas | el
hirsutum L. 5415RR Monsanto Difference
and SG significant for
125RR) SG 125RR only.
Tolerant Lower average
(Resistant number of bolls
Cotton, culitvars: Roundup . . for treated .
Gossypium Crop DP t’::)gtt (E];izg' Ultra, ap;?lli::z(;iton 0, 1120 4 e;r:ggSe-sleaf ssplgglees Bolls cultivars, but Pllgggé al.
hirsutum L. 5415RR Monsanto difference not
and SG statistically
125RR) significant.
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Targe

Tolerant/ Direct I Single Measure rvation
. Crop/ tor . End Use o Rates Timing of g Obse atio sf
Species Non- Non- Non- Location Product Applicatio (g/ha) | Application species/ of Toxicity Study
crop tolerant target n/drift g bp complex | Effects Endpoints
Tolerant Lower average
(Resistant number of
Cotton, culitvars: Roundup . . squares for .
Gossypium Crop DP t’:ror:a-t (E];izg' Ultra, a DI:::?;iton 0, 1120 4 asrt]g 8e-sleaf SSIQ(ﬂIees Squares treated cultivars, Pllgggé al.
hirsutum L. 5415RR g Monsanto PP g P but diffence not
and SG statistically
125RR) significant.
Tolerant Increased
. average number
(Re_s Istant of aborted
Catton, culitvars: Non- Green- Roundup Direct 4- and 8-leaf Single Aborted positions for Pline et al.
Gossypium Crop DP Ultra, L 0, 1120 . o .
- target house application stages species positions treated cultivars, 2003
hirsutum L. 5415RR Monsanto :
and SG but dn‘fer_ence
125RR) not statistically
significant.
Tolerant
Cotton (ci?lstl\jzflarlgt Roundup - . Attached .
Gossypiu’m Crop DP ' Non- Green- Ultra Direct 0. 1120 4- and 8-leaf Single dead None Pline et al.
hirsutum L. 5415RR target house Monsanto application stages species bollsé:quar 2003
and SG
125RR)
Tolerant
(Resistant
Cotton, culitvars: Roundup . - No significant .
. Non- Green- Direct 4- and 8-leaf Single A Pline et al.
Gossypium Crop DP Ultra, L 0, 1120 . Boll starch effect in either
hirsutum L. 5415RR target house Monsanto application stages species cultivar. 2003
and SG
125RR)
Tolerant
(Resistant Significant
Cotton, culitvars: Roundup . . reduction in boll .
Gossypium Crop DP t’z\alrone_t ?\Lﬁ;— Ultra, a Dllirc?;iton 0,1120 4 asr:g Sejeaf SS':(gLi Boll sugars | tissue fructose of Pllggg:t% al.
hirsutum L. 5415RR g Monsanto PP g P treated SG
and SG 125RR only.
125RR)
;-nodler:sm Significant
Brai;?:;'ﬁi‘ us Cro tolerant Non- Green- RoundU Direct 0, 85, Pre- Single Days to Ef;%ﬁ_str(gslx)i:n Londo et al.
L P P (Three crop | target house P application 112 bolt/bolting species flowering varieties a?t both 2014
varieties: treatment levels.
cv. RR
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Species

Crop/
Non-
crop

Tolerant/
Non-
tolerant

Targe
tor
Non-
target

Location

End Use
Product

Direct
Applicatio
n/drift

Rates
(g/ha)

Timing of
Application

Single
species/
complex

Measure
of
Effects

Observations/
Toxicity
Endpoints

Study

(resistant),
cv. Null
(non-
transgenic),
cv. Sponsor
(non-
transgenic))

Brassica,
Brassica napus
L.

Crop

Tolerant
and non-
tolerant
(Three crop
varieties:
cv. RR
(resistant),
cv. Null
(non-
transgenic),
cv. Sponsor
(non-
transgenic))

Non-
target

Green-
house

RoundUp

Direct
application

0, 85,
112

Pre-
bolt/bolting

Single
species

Flower
attempt

Significant
increase in non-
transgenic
varieties at low
rate.

Londo et al.
2014

Brassica,
Brassica napus
L.

Crop

Tolerant
and non-
tolerant
(Three crop
varieties:
cv. RR
(resistant),
cv. Null
(non-
transgenic),
cv. Sponsor
(non-
transgenic))

Non-
target

Green-
house

RoundUp

Direct
application

0, 85,
112

Pre-
bolt/bolting

Single
species

Duration
of
flowering

No significant
effect.

Londo et al.
2014

Brassica,
Brassica napus
L.

Crop

Tolerant
and non-
tolerant
(Three crop
varieties:
cv. RR
(resistant),
cv. Null
(non-

Non-
target

Green-
house

RoundUp

Direct
application

0, 85,
112

Pre-
bolt/bolting

Single
species

Anther
length

Significant
decrease in all
but the resistant
variety.

Londo et al.
2014
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Species

Crop/
Non-
crop

Tolerant/
Non-
tolerant

Targe
tor
Non-
target

Location

End Use
Product

Direct
Applicatio
n/drift

Rates
(9/ha)

Timing of
Application

Single
species/
complex

Measure
of
Effects

Observations/
Toxicity
Endpoints

Study

transgenic),

cv. Sponsor
(non-

transgenic))

Brassica,
Brassica napus
L.

Crop

Tolerant
and non-
tolerant
(Three crop
varieties:
cv. RR
(resistant),
cv. Null
(non-
transgenic),
cv. Sponsor
(non-
transgenic))

Non-
target

Green-
house

RoundUp

Direct
application

0, 85,
112

Pre-
bolt/bolting

Single
species

Anther
width

No significant
effect.

Londo et al.
2014

Brassica,
Brassica napus
L.

Crop

Tolerant
and non-
tolerant
(Three crop
varieties:
cv. RR
(resistant),
cv. Null
(non-
transgenic),
Ccv. Sponsor
(non-
transgenic))

Non-
target

Green-
house

RoundUp

Direct
application

0, 85,
112

Pre-
bolt/bolting

Single
species

Anther
ratio

Significant
change.

Londo et al.
2014

Brassica,
Brassica napus
L.

Crop

Tolerant
and non-
tolerant
(Three crop
varieties:
cv. RR
(resistant),
cv. Null
(non-
transgenic),
cv. Sponsor

Non-
target

Green-
house

RoundUp

Direct
application

0, 85,
112

Pre-
bolt/bolting

Single
species

Pistil
function

Significant
decrease. Only
null variety
assessed.

Londo et al.
2014
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Targe

_ Crop/ Tolerant/ tor _ End Use D|r_ect_ Rates Timing of Smgle Measure Observ_apons/
Species Non- Location Applicatio L2 species/ of Toxicity Study
Non- Non- Product . (o/ha) | Application .
tolerant n/drift complex | Effects Endpoints
crop target
(non-
transgenic))
Denmark:
significant
Denmark reductions at 72
experiments: g a.e./ha for both
Clpogn et
button, Non- Non- Non- Green- - Direct 0, 14.4, 6-8 leaf or Single Seed ' stag . Strandberg et
Canadian L . - application;
Centaurea crop tolerant target house - . application 72.0 early bud stage species production . al. 2018
experiments: Canada:
cyanus L. .
Glyphos® significant
Cheminova, reduction at 14.4
Canada ga.e./haat6-8
leaf stage
application
Denmark:
significant
Denmark reductions at 72
experiments: g a.e./ha for both
o et ey
button, Non- Non- Non- Green- ! Direct 0, 14.4, 6-8 leaf or Single Germinabl ' stag . Strandberg et
Canadian S . application;
Centaurea crop tolerant target house - . application 72.0 early bud stage species e seeds Canada: al. 2018
cyanus L. experiments: Canada:
Glyphos® significant
Cheminova, reduction at 14.4
Canada g a.e./haat 6-8
leaf stage
application
Denmark
experiments: .
Bachelor’s Glyphogan, S_Car}?_da.
button (sourced Adama; . . ignificant
in Canada) Non- Non- Non- Green- Canadia’n Direct 0, 14.4, 6-8 leaf or Single Flower effectsat 72 g Strandberg et
C ' crop tolerant target house - . application 72.0 early bud stage species production a.e./ha for 6-8 al. 2018
entaurea experiments:
leaf stage
cyanus L. Glyphos® application only
Cheminova, ’
Canada
Bachelor’s Denmark Denmark:
bytton (sourced Non- Non- Non- Green- experiments: Direct 0, 14.4, 6-8 leaf or Single Flower Significant Strandberg et
in Denmark), crop tolerant target house Glyphogan, application 72.0 early bud stage species production effects at 729 al. 2018
Centaurea Adama; ' a.e./ha for 6-8 '
cyanus L. Canadian leaf and early
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Targe

_ Crop/ Tolerant/ tor _ End Use D|r_ect_ Rates Timing of Smgle Measure Observ_apons/
Species Non- Location Applicatio L2 species/ of Toxicity Study
Non- Non- Product . (o/ha) | Application .
tolerant n/drift complex | Effects Endpoints
crop target
experiments: bud stage
Glyphos® application;
Cheminova, Canada: No
Canada significant
effects.
6-10 leaf ER50 =
0,225, 37.6 (17.7-57.4)
camBilsgdgirlene Non- Non- Non- Green- ROEFOdUp Direct 45, 90, 6-10 leaf or Single Seed g a.i./ha; early Strandberg et
pion, 5 crop tolerant target house ' application 180, early bud stage species production bud ER50 al. 2012
vulgaris Monsanto -
360, 720 approximately
11-45ga.i./ha
% cover,
Blue wildrye reproducti
Elvmus Iarlilctis Non- Non- Non- Field Roundup Direct 0, 8.3, Late April of Complex ve No significant Olszyk et al.
y g crop tolerant target Original application 83.0 2010 P structures, effects. 2017
Buckley
total seed
dry weight
Blue wildrye % Significant
Ye, Non- Non- Non- . Roundup Direct 0,8.3, Late April of immature g Olszyk et al.
Elymus glaucus Field . L Complex effects at 83.0
crop tolerant target Original application 83.0 2010 seed dry 2017
Buckley . g/ha
weight
Blue wildrye . . Reproducti Significant
’ Non- Non- Non- . Roundup Direct 0, 83.0, Late April of effects at 166 Olszyk et al.
Elymus glaucus Field - L Complex ve
crop tolerant target Original application 166 2011 g/ha across 2017
Buckley structures .
locations.
Common
woolly No significant
sunflower, Non- Non- Non- . Roundup Direct 0,8.3, Late April of g Olszyk et al.
. Field - S Complex % cover effects across
Eriophyllum crop tolerant target Original application 83.0 2010 locati 2017
ocations.
lanatum (Pursh)
Forbes
Common
woolly % Significant
sunflower, Non- Non- Non- Field Roundup Direct 0, 8.3, Late April of Complex immature effects at 83.0 Olszyk et al.
Eriophyllum crop tolerant target Original application 83.0 2010 P seed dry g/ha at one of 2017
lanatum (Pursh) weight two sites.
Forbes
Common Reproducti Significant
woolly Non- Non- Non- Field Roundup Direct 0,8.3, Late April of Complex pve effects at 83.0 Olszyk et al.
sunflower, crop tolerant target Original application 83.0 2010 P g/ha at one of 2017
. structures :
Eriophyllum two sites.
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Tolerant/ Direct I Single Measure | Observations/
Species Crop/ Non- tor Location End Use Applicatio Rates T|m_|ng 0 f species/ of Toxicity Study
Non- Non- Product . (g/ha) | Application .
tolerant n/drift complex | Effects Endpoints
crop target
lanatum (Pursh)
Forbes
Common
woolly . . Significant
sunflower, Non- Non- Non- . Roundup Direct 0,8.3, Late April of Total seed Olszyk et al.
. Field - S Complex . effects at 83.0
Eriophyllum crop tolerant target Original application 83.0 2010 dry weight . 2017
g/ha across sites
lanatum (Pursh) '
Forbes
Common % cover,
woolly reproducti No significant
sunflower, Non- Non- Non- Field Roundup Direct 0, 83.0, Late April of Complex ve effects of Olszyk et al.
Eriophyllum crop tolerant target Original application 166 2011 P structures, glyphosate 2017
lanatum (Pursh) total seed across sites.
Forbes dry weight
Common
woolly % Significant
sunflower, Non- Non- Non- Field Roundup Direct 0, 83.0, Late April of Complex immature effects at 166 Olszyk et al.
Eriophyllum crop tolerant target Original application 166 2011 P seed dry g/ha across 2017
lanatum (Pursh) weight locations.
Forbes
Denmark
experiments:
Glyphogan,
. Creep_lng_ Non- Non- Non- Green- Adam_a; Direct 0,14.4, 6-8 leaf or Single Seed De_nm_a_rk: No Strandberg et
thistle, Cirsium Canadian L . - significant
crop tolerant target house ] . application 72.0 early bud stage species production al. 2018
arvense experiments: effects.
Glyphos®
Cheminova,
Canada
Denmark
experiments:
Glyphogan,
. Creep_lng Non- Non- Non- Green- Adam_a; Direct 0,14.4, 6-8 leaf or Single Germinabl De_nm_a_rk: No Strandberg et
thistle, Cirsium Canadian L . significant
crop tolerant target house - . application 72.0 early bud stage species e seeds al. 2018
arvense experiments: effects.
Glyphos®
Cheminova,
Canada
Creepin Denmark Denmark:
thistle girs%um Non- Non- Non- Green- experiments: Direct 0, 14.4, 6-8 leaf or Single Flower Significant Strandberg et
ar\'/ense crop tolerant target house Glyphogan, application 72.0 early bud stage species production effectsat 72 g al. 2018
Adama; a.e./ha for the 6-
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_ Crop/ Tolerant/ tor _ End Use D|r_ect_ Rates Timing of Smgle Measure Observ_apons/
Species Non- Location Applicatio L2 species/ of Toxicity Study
Non- Non- Product . (o/ha) | Application .
tolerant n/drift complex | Effects Endpoints
crop target
Canadian 8 leaf stage
experiments: application only.
Glyphos®
Cheminova,
Canada
Denmark:
Gprhogan ’ reduction at 72 g
Dandelion Adama: a.e/ha for the 6-
! Non- Non- Non- Green- 2 Direct 0, 14.4, 6-8 leaf or Single Seed 8 leaf and early Strandberg et
Taraxacum Canadian L . -
L crop tolerant target house - . application 72.0 early bud stage species production bud stage al. 2018
officinale experiments: applications
Cigrg?r?j\(z only; Canada: no
, significant
Canada effects
Denmark Denmark:
experiments: signi fican.t
Dandelion stgr?]%a}n’ reduction at 72 g
' Non- Non- Non- Green- 2 Direct 0, 14.4, 6-8 leaf or Single Germinabl | a.e./ha for the 6- Strandberg et
Taraxacum Canadian L . .
S crop tolerant target house ] . application 72.0 early bud stage species e seeds 8 leaf only; al. 2018
officinale experiments: Canada: no
Glyphos® significant
Cheminova, offects
Canada '
Denmark:
Den_mark . Significant
experiments: effects at 72 g
Dandelion stgr?]%a}n’ a.e./ha for 6-8
' Non- Non- Non- Green- 2 Direct 0, 14.4, 6-8 leaf or Single Flower leaf and early Strandberg et
Taraxacum Canadian L . -
e crop tolerant target house - . application 72.0 early bud stage species production bud stage al. 2018
officinale experiments: application:
Glyphos® Canada: Nc;
Cheminova, significant
Canada offects
6-10 leaf ER50
0.225 approximately
Dovesfoot Non- Non- Non- Green- Roundup Direct 45, 90, 6-10 leaf or Single Seed .22‘9'45'0 g Strandberg et
Geranium, crop tolerant target house Bio, application 180 early bud stage species production a.i./ha; early bud al. 2012
Geranium molle Monsanto 360 7’20 ER50 '
' approximately 0-
22.0ga.i./ha
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_ Crop/ Tolerant/ tor _ End Use D|r_ect_ Rates Timing of Smgle Measure Observ_apons/
Species Non Non- Non Location Product Applicatio (g/ha) | Application species/ of Toxicity Study
tolerant u n/drift g pplicatl complex | Effects Endpoints
crop target
Denmark:
significant
Denmark reductions at 72
experiments: g a.e./ha for both
Glyphogan, 6-8 leaf and early
Eg;’gs;a\r}igf;d Non- Non- Non- Green- (g ?}22}2}] Direct 0, 14.4, 6-8 leaf or Single Seed app?i%c;tsiz)ar?ean q Strandberg et
arvensis Murray crop tolerant target house experiments: application 72.0 early bud stage species production at14.4 g ae/ha al. 2018
Glyphos® for the early bud
Cheminova, stage application;
Canada Canada: no
significant
effects
Denmark I?en_rpark.
experiments: significant
Glyphogan, reductions at 72
European field Adama; . . . g a.e./ha for both
pansy, Viola Non- Non- Non- Green- Canadia,n Direct 0, 14.4, 6-8 leaf or Slng_le Germinabl | 6-8 leaf and early | Strandberg et
- crop tolerant target house - . application 72.0 early bud stage species e seeds bud stage al. 2018
arvensis Murray experiments: P
Glyphos® appllcat_lon,
Cheminova, C_ana}d_a. no
Canada significant
effects
Denmark:
Significant
Denmark effectsat 72 g
experiments: a.e./ha for 6-8
Glyphogan, leaf and early
Eu;rc])sea\r}igleélld Non- Non- Non- Green- (g ?}ZZ}Z’n Direct 0, 14.4, 6-8 leaf or Single Flower a lI)iLclgt?éigealso Strandberg et
pansy, crop tolerant target house - . application 72.0 early bud stage species production pp ’ al. 2018
arvensis Murray experiments: at14.4 g a.e./ha
Glyphos® for early bud
Cheminova, stage application;
Canada Canada: No
significant
effects.
Denmark
field experiments: Denmark: No
chickweed, Non- Non- Non- Green- Glyphogan, Direct 0, 14.4, 6-8 leaf or Single Seed significént Strandberg et
Cerastium crop tolerant target house Adama; application 72.0 early bud stage species production offects al. 2018
arvense L. Canadian '

experiments:
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_ Crop/ Tolerant/ tor _ End Use D|r_ect_ Rates Timing of Smgle Measure Observ_apons/
Species Non- Location Applicatio L2 species/ of Toxicity Study
Non- Non- Product . (g/ha) | Application .
tolerant n/drift complex | Effects Endpoints
crop target
Glyphos®
Cheminova,
Canada
Denmark
experiments:
field Glyphogan,
chickweed, Non- Non- Non- Green- Adam_a, Direct 0, 14.4, 6-8 leaf or Single Germinabl De_nm_a_rk. No Strandberg et
Cerastium crop tolerant target house Can_a dian application 72.0 early bud stage species e seeds significant al. 2018
experiments: ' effects. '
arvense L.
Glyphos®
Cheminova,
Canada
Denmark:
engriﬂzrnktS' Significant
GF ho an. effectsat 72 g
field pacil a.e./ha for 6-8
chickweed, Non- Non- Non- Green- Canadia}\ Direct 0, 14.4, 6-8 leaf or Single Flower leaf and early Strandberg et
Cerastium crop tolerant target house experiments: application 72.0 early bud stage species production bud stage al. 2018
arvense L. p ’ application;
Glyphos® Canada: N
Cheminova anaca. N0
! significant
Canada offects
Denmark
experiments: Denmark:
field scabiosa Glxggr?%?n, . . sigr_1ificant
Knautia ' Non- Non- Non- Green- Canadia}\ Direct 0,14.4, 6-8 leaf or Single Seed reduction at 72 g Strandberg et
arvensis crop tolerant target house experiments: application 72.0 early bud stage species production a.eé/r;:a;osrt;gi 6- al. 2018
Glyphos® o
Cheminova, application only
Canada
Denmark
experiments: Denmark:
field scabiosa GIKSQ%?-“’ significant
Knautia ' Non- Non- Non- Green- Canadia,n Direct 0, 14.4, 6-8 leaf or Single Germinabl | reductionat72 g Strandberg et
. crop tolerant target house ] . application 72.0 early bud stage species e seeds a.e./ha for the 6- al. 2018
arvensis experiments: 8 leaf stage
Glyphos® application only
Cheminova,
Canada
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Tolerant/ Direct I Single Measure rvation
. Crop/ tor . End Use o Rates Timing of g Obse atio sf
Species Non- Location Applicatio " species/ of Toxicity Study
Non- Non- Product . (o/ha) | Application .
tolerant n/drift complex | Effects Endpoints
crop target
Denmark
experiments: Denmark:
field scabiosa stgr?]%a}n’ Significant
AR Non- Non- Non- Green- 2 Direct 0, 14.4, 6-8 leaf or Single Flower effectsat 72 g Strandberg et
Knautia Canadian S . -
. crop tolerant target house ] . application 72.0 early bud stage species production a.e./ha for 6-8 al. 2018
arvensis experiments: leaf stage
Glyphos® M
Cheminova, application only.
Canada
Lance selfheal, % cover,
Prunella reproducti -
vulgaris L. Non- Non- Non- Field Roundup Direct 0,8.3, Late April of Complex ve l:i?fesé'?snallgfc?slt Olszyk et al.
subsp. crop tolerant target Original application 83.0 2010 P structures, locations 2017
lanceolata (W. total seed '
Bartram) Hultén dry weight
Lance selfheal,
Prunella
vulgaris L. Non- Non- Non- Field Roundup Direct 0, 83.0, Late April of Complex % cover No significant Olszyk et al.
subsp. crop tolerant target Original application 166 2011 P 0 effects 2017
lanceolata (W.
Bartram) Hultén
Lance selfheal,
Prunella Reproducti
vulgaris L. Non- Non- Non- . Roundup Direct 0, 83.0, Late April of P No significant Olszyk et al.
Field - S Complex ve
subsp. crop tolerant target Original application 166 2011 effects 2017
structures
lanceolata (W.
Bartram) Hultén
% cover,
%
Large camas, 'Sn;gja:jur;e
Cz_:lmasfs[a_l Non- Non- Non- . Roundup Direct 0,8.3, Late April of weight, No significant Olszyk et al.
leichtlinii | Field iqinal licati 2 Complex ducti P 5
(Baker) S. crop tolerant target Origina application 83.0 010 reproducti effects. 017
Watson ve
structures,
total seed
dry weight
Laggfngzg?g& Significant
leichtlinii Non- l\llon- Non- Field Réoyn_du;lj Dll_rec_t Ose?g Latezg‘f(r)" of Complex % cover effﬁ]cts at 166 Olszz)g(l?t al.
(Baker) S. crop tolerant target rigina application . g/ha across
Watson locations.
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Tolerant/ Direct I Single Measure | Observations/
Species Crop/ Non- tor Location End Use Applicatio Rates T|m_|ng 0 f species/ of Toxicity Study
Non- Non- Product . (o/ha) | Application .
tolerant n/drift complex | Effects Endpoints
crop target
Large camas Reproducti
Cgmassia ! ve Significant
leichtlinii Non- Non- Non- Field Roundup Direct 0, 8.3, Late April of Complex structures effects at 83.0 Olszyk et al.
(Baker) S crop tolerant target Original application 83.0 2010 P and total and 166 g/ha 2017
W ' seed dry across sites.
atson weight
6-10 leaf ER50 =
Nightflowerin Roundu 0,22.5, 87.2 (51.7-122.7)
si?ene Sileneg Non- Non- Non- Green- Bio P Direct 45, 90, 6-10 leaf or Single Seed g a.i./ha; early Strandberg et
noct{flora crop tolerant target house Monsa{nto application 180, early bud stage species production | bud ER50 =43.1 al. 2012
360, 720 (20.9-65.4) g
a.i./ha
Denmark
experiments:
Glyphogan,
nightrlowering Non- Non- Non- Green- Adama Direct 0,14.4, 6-8 leaf or Single Seed Denmark: No Strandberg et
silene , Silene Canadian L . - significant
; crop tolerant target house ] . application 72.0 early bud stage species production al. 2018
noctiflora experiments: effects.
Glyphos®
Cheminova,
Canada
Denmark
experiments:
Glyphogan,
';'i?:r?:ovsvﬁg:g Non- Non- Non- Green- (g ?]Z?iz;n Direct 0,14.4, 6-8 leaf or Single Germinabl D:inTiefui’EE:ml\tlo Strandberg et
; crop tolerant target house : . | application 72.0 early bud stage species e seeds g al. 2018
noctiflora experiments: effects.
Glyphos®
Cheminova,
Canada
Denmark
experiments:
Glyphogan,
n|_ghtflow_er|ng Non- Non- Non- Green- Adam_a; Direct 0, 14.4, 6-8 leaf or Single Flower De_nm_a_rk: No Strandberg et
silene , Silene cro tolerant target house Canadian application 72.0 early bud stage species roduction significant al. 2018
noctiflora P g experiments: PP ' y 9 P P effects. '
Glyphos®
Cheminova,
Canada
. . . Free amino Not significant .
Petunia, Non- Non- Non- Green- Direct 45 days from Single L - Shimada and
Petunia hybrida crop tolerant target house Not reported application 0,42 planting species gglr((j);;; %'Ei;izt;;ri:g Kimura 2007
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Tolerant/ Direct I Single Measure rvation
. Crop/ tor . End Use o Rates Timing of g Obse atio sf
Species Non- Location Applicatio " species/ of Toxicity Study
Non- Non- Product . (g/ha) | Application .
tolerant n/drift complex | Effects Endpoints
crop target
D. Don ex acids (Proline
Loudon increased,
Methionine
decreased).
Soluble
protein,
Petunia, soluble
Petunia hybrida Non- Non- Non- Green- Not reported Direct 0. 42 45 days from Single phenols, No significant Shimada and
D. Don ex crop tolerant target house P application ' planting species lignin, difference Kimura 2007
Loudon indole-3-
acetic acid
in corollas
Petunia,
Petunia hybrida Non- Non- Non- Green- Not reported Direct 0 42 45 days from Single Nitrate in Significantly Shimada and
D. Don ex crop tolerant target house P application ' planting species corollas reduced Kimura 2007
Loudon
Petunia,
Petunia hybrida Non- Non- Non- Green- Not reported Direct 0 42 45 days from Single RNA in Significantly Shimada and
D. Don ex crop tolerant target house P application ' planting species corollas reduced Kimura 2007
Loudon
Petunia,
Petunia hybrida Non- Non- Non- Green- Not reported Direct 0 42 45 days from Single DNAin No significantly Shimada and
D. Don ex crop tolerant target house P application ' planting species corollas different Kimura 2007
Loudon
Petunia, Number of
Petunia hybrida Non- Non- Non- Green- Direct 45 days from Single Not significantly Shimada and
Not reported L 0, 42 - . flower . -
D. Don ex crop tolerant target house application planting species buds different Kimura 2006
Loudon
Denmark
experiments: Canada:
Glyphogan, —elere.
Red clover Adama; . . Significant
N Non- Non- Non- Green- ! Direct 0, 14.4, 6-8 leaf or Single Seed effectsat 72 g Strandberg et
Trifolium Canadian S : -
crop tolerant target house ] . application 72.0 early bud stage species production a.e./ha for the al. 2018
pratense experiments:
early bud stage
Glyphos® application onl
Cheminova, pp y:
Canada
D k
Red clover expgl:inn:irnts . . . _Car)qda:
P Non- Non- Non- Green- ’ Direct 0, 14.4, 6-8 leaf or Single Germinabl Significant Strandberg et
Trifolium Glyphogan, L ’
crop tolerant target house . application 72.0 early bud stage species e seeds effectsat 72 g al. 2018
pratense Adama; a.e/ha for the
Canadian h
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Tolerant/ Direct I Single Measure | Observations/
Species Crop/ Non- tor Location End Use Applicatio Rates T|m_|ng 0 f species/ of Toxicity Study
Non- Non- Product . (g/ha) | Application .
tolerant n/drift complex | Effects Endpoints
crop target
experiments: early bud stage
Glyphos® application only.
Cheminova,
Canada
Denmark
eé(Ferlhn;eg:]s: Canada:
Red clover XSam%’ ’ Significant
P Non- Non- Non- Green- ! Direct 0, 14.4, 6-8 leaf or Single Flower effectsat 72 g Strandberg et
Trifolium Canadian L : .
crop tolerant target house ] . application 72.0 early bud stage species production a.e./ha for the al. 2018
pratense experiments:
early bud stage
Glyphos® application onl
Cheminova, PP y
Canada
6-10 leaf ER50
Robert Roundu 0,22.5, approximately
geranium, Non- Non- Non- Green- Bio P Direct 45, 90, 6-10 leaf or Single Seed 110 g a.i./ha; Strandberg et
Geranium crop tolerant target house Monsa{nto application 180, early bud stage species production | early bud ER50 al. 2012
robertianum 360, 720 approximately
120 g a.i./ha
Roemer’s
fescue, Festuca
idahoensis . . No significant
Elmer subsp. Non- Non- Non- Field Roundup Direct 0,83, Late April of Complex % cover effects across Olszyk etal.
. crop tolerant target Original application 83.0 2010 - 2017
roemeri locations.
(Pavlick) S.
Aiken
Roemer’s
fescue, Festuca %
idahoensis - . - Significant
Elmer subsp. Non- Non- Non- Field Rot_m_dup D|_rec_t 0,8.3, Late April of Complex immature effects at 83.0 Olszyk et al.
. crop tolerant target Original application 83.0 2010 seed dry - 2017
roemeri weight g/ha across sites.
(Pavlick) S.
Aiken
Roemer’s
fescue, Festuca
E'ﬂ?g:’:ﬂé': Non- Non- Non- Field Roundup Direct 0, 8.3, Late April of Complex Rep:?eductl ’;‘ffesé,?sn;]gf:;t Olszyk et al.
Sp.- crop tolerant target Original application 83.0 2010 P - 2017
roemeri structures locations.
(Pavlick) S.
Aiken
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Tolerant/ Direct I Single Measure rvation
. Crop/ tor . End Use o Rates Timing of g Obse atio sf
Species Non- Location Applicatio L2 species/ of Toxicity Study
Non- Non- Product . (o/ha) | Application .
tolerant n/drift complex | Effects Endpoints
crop target
Roemer’s
fescue, Festuca
idahoensis Non- Non- Non- . Roundup Direct 0, 8.3, Late April of Total seed No significant Olszyk et al.
Elmer subsp. Field . L Complex . effects across
. crop tolerant target Original application 83.0 2010 dry weight - 2017
roemeri locations.
(Pavlick) S.
Aiken
Roemer’s o
% cover,
fescue, Festuca dqucti anifi
idahoensis _ _ reproducti No significant
Elmer subs Non- Non- Non- Field Roundup Direct 0, 83.0, Late April of Complex ve effects of Olszyk et al.
roemeri P- crop tolerant target Original application 166 2011 P structures, glyphosate 2017
- total seed across sites.
(Pavlick) S. d iah
Aiken ry weight
Roemer’s
fesigl;eh,OIZﬁsstil;ca % Significant
Elmer subs Non- Non- Non- Field Roundup Direct 0, 83.0, Late April of Complex immature effects at 166 Olszyk et al.
roemeri P crop tolerant target Original application 166 2011 P seed dry g/ha at one of 2017
(Pavlick) S. weight two sites only.
Aiken
Slender
cmquef_on, . . No significant
Potentilla Non- Non- Non- . Roundup Direct 0,8.3, Late April of Olszyk et al.
. Field - S Complex % cover effects across
gracilis crop tolerant target Original application 83.0 2010 locations 2017
Douglas ex '
Hook.
Slender % cover,
cinquefpil, . . reproducti No significant
Potentilla Non- Non- Non- . Roundup Direct 0, 83.0, Late April of ve Olszyk et al.
. Field . L Complex effects across
gracilis crop tolerant target Original application 166 2011 structures, locations 2017
Douglas ex total seed ’
Hook. dry weight
Toughleaf iris, I
Iris tenax Non- Non- Non- Field Roundup Direct 0,8.3, Late April of Complex % cover l;lffesé'?sn:::lfc?slt Olszyk et al.
Douglas ex crop tolerant target Original application 83.0 2010 p 0 locations 2017
Lindl )
Toughleaf iris, . I
Iris tenax Non- Non- Non- Field Roundup Direct 0,8.3, Late April of Complex Replc)eductl ’;‘ffesé,?sn;]gf:;t Olszyk et al.
Douglas ex crop tolerant target Original application 83.0 2010 P locati 2017
Lindl structures ocations.
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_ Crop/ Tolerant/ tor _ End Use D|r_ect_ Rates Timing of Smgle Measure Observ_apons/
Species Non- Location Applicatio " species/ of Toxicity Study
Non- Non- Product . (g/ha) | Application .
tolerant n/drift complex | Effects Endpoints
crop target
Toughleaf iris, No significant
Iris tenax Non- Non- Non- . Roundup Direct 0,83, Late April of Total seed g Olszyk et al.
Field . L Complex . effects across
Douglas ex crop tolerant target Original application 83.0 2010 dry weight locati 2017
Lindl ocations.
Toughleaf iris, Significant
Iris tenax Non- Non- Non- Field Roundup Direct 0, 83.0, Late April of Complex Total seed effects at 83.0 Olszyk et al.
Douglas ex crop tolerant target Original application 166 2011 P dry weight and 166 g/ha 2017
Lindl across sites.
Virginia
stgerl\;vb::ig, Non- Non- Non- Field Roundup Direct 0, 8.3, Late April of Complex % cover l;lffesé'?sn:::lfc?slt Olszyk et al.
~raga crop tolerant target Original application 83.0 2010 P 0 - 2017
virginiana locations.
Duchesne
Virginia
strawber_ry, Non- Non- Non- . Roundup Direct 0, 83.0, Late April of No significant Olszyk et al.
Fragaria Field . L Complex % cover effects across
L2 crop tolerant target Original application 166 2011 - 2017
virginiana locations.
Duchesne
Denmark Denmark:
experiments: significant
Glyphogan, reduction at 72 g
Wlll_owherb, Non- Non- Non- Greenhous Adam_a; Direct 0,14.4, 6-8 leaf or Single Seed a.¢./ha for the 6- Strandberg et
Epilobium Canadian S . . 8 leaf stage
crop tolerant target e - . application 72.0 early bud stage species production - . al. 2018
montanum experiments: application only;
Glyphos® Canada: no
Cheminova, significant
Canada effects.
Denmark Denmark:
experiments: significant
Glyphogan, reductionat 72 g
willowherb, Non- Non- Non- | Greenhous Adama Direct 0,14.4, 6-8 leaf or Single Germinabl | *©/hafor the 6- Strandberg et
Epilobium Canadian L . 8 leaf stage
crop tolerant target e ] . application 72.0 early bud stage species e seeds S . al. 2018
montanum experiments: application only;
Glyphos® Canada: no
Cheminova, significant
Canada effects.
Denmark Denmark:
willowherb experiments: Significant
E ilobium’ Non- Non- Non- Greenhous | Glyphogan, Direct 0, 14.4, 6-8 leaf or Single Flower effectsat 72 g Strandberg et
P crop tolerant target e Adama; application 72.0 early bud stage species production a.e./ha for 6-8 al. 2018
montanum -
Canadian leaf and early

experiments:

bud stage
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_ Crop/ Tolerant/ tor _ End Use D|r_ect_ Rates Timing of Smgle Measure Observ_apons/
Species Non- Location Applicatio " species/ of Toxicity Study
Non- Non- Product . (g/ha) | Application .
tolerant n/drift complex | Effects Endpoints
crop target
Glyphos® application;
Cheminova, Canada: No
Canada significant
effects.
"once when
barnyardgrass,
Palmer
amaranth,
pitted
morningglory,
prickly sida, or
sicklepod
flowered,
determined
a :gr;:ie of Significant
bp reduction for all
open blooms, L
. timings of
Barnyard grass, 0 110 or sequentially aplication at
Echinochloa Non- Non- Target Field Not reported Direct ’210 ! every 10 d, Complex Seed 84Bp ae/ha as Walker and
crus-galli L. crop tolerant g P application y initiated when P production g a.c./na, Oliver 2008
420, 840 ) well as for
Beauv. the first weed -
o sequential
species in the AN
applications from
complex 210 g a.e./ha
flowered, T
and continued
until
maturation or
desiccation of
all species in
the plot when
no further
reproductive
growth
occurred"
"once when
barnyardgrass, Significant
Barnyard grass, 0.110 Palmer reduction for all
Echinochloa Non- Non- . Direct : ! amaranth, Seed timings of Walker and
. Target Field Not reported L 210, - Complex . e .
crus-galli L. crop tolerant application 420840 pitted weight application at Oliver 2008
Beauv. ' morningglory, 210, 420 and 840

prickly sida, or
sicklepod

ga.e./ha.
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Species

Crop/
Non-
crop

Tolerant/
Non-
tolerant

Targe
tor
Non-

target

Location

End Use
Product

Direct
Applicatio
n/drift

Rates
(9/ha)

Timing of
Application

Single
species/
complex

Measure
of
Effects

Observations/
Toxicity
Endpoints

Study

flowered,
determined
by the
appearance of
open blooms,
or sequentially
every 10 d,
initiated when
the first weed
species in the
complex
flowered,
and continued
until
maturation or
desiccation of
all species in
the plot when
no further
reproductive
growth
occurred"

Palmer
amaranth ,
Amaranthus
palmeri S.
Watson

Non-
crop

Non-
tolerant

Target

Field

Not reported

Direct
application

0, 110,
210,
420, 840

"once when
barnyardgrass,
Palmer
amaranth,
pitted
morningglory,
prickly sida, or
sicklepod
flowered,
determined
by the
appearance of
open blooms,
or sequentially
every 10 d,
initiated when
the first weed
species in the
complex
flowered,
and continued

Complex

Seed
production

Significant
reduction for all
timings of
application at
210, 420 and 840
ga.e./ha.

Walker and
Oliver 2008
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Species

Crop/
Non-
crop

Tolerant/
Non-
tolerant

Targe
tor
Non-
target

Location

End Use
Product

Direct
Applicatio
n/drift

Rates
(9/ha)

Timing of
Application

Single
species/
complex

Measure
of
Effects

Observations/
Toxicity
Endpoints

Study

until

maturation or
desiccation of
all species in
the plot when

no further
reproductive

growth
occurred”

Palmer
amaranth ,
Amaranthus
palmeri S.
Watson

Non-
crop

Non-
tolerant

Target

Field

Not reported

Direct
application

0, 110,
210,
420, 840

"once when
barnyardgrass,
Palmer
amaranth,
pitted
morningglory,
prickly sida, or
sicklepod
flowered,
determined
by the
appearance of
open blooms,
or sequentially
every 10 d,
initiated when
the first weed
species in the
complex
flowered,
and continued
until
maturation or
desiccation of
all species in
the plot when
no further
reproductive
growth
occurred”

Complex

Seed
weight

No significant
effect.

Walker and
Oliver 2008

Pitted morning
glory, Ipomoea
lacunosa L.

Non-
crop

Non-
tolerant

Target

Field

Not reported

Direct
application

0, 110,
210,
420, 840

"once when
barnyardgrass,
Palmer

Complex

Seed
production

Significant
effects at all
timings at 840 g

Walker and
Oliver 2008
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Species

Crop/
Non-
crop

Tolerant/
Non-
tolerant

Targe
tor
Non-
target

Location

End Use
Product

Direct
Applicatio
n/drift

Rates
(9/ha)

Timing of
Application

Single
species/
complex

Measure
of
Effects

Observations/

Toxicity
Endpoints

Study

amaranth,
pitted
morningglory,
prickly sida, or
sicklepod
flowered,
determined
by the
appearance of
open blooms,
or sequentially
every 10 d,
initiated when
the first weed
species in the
complex
flowered,
and continued
until
maturation or
desiccation of
all species in
the plot when
no further
reproductive
growth
occurred”

a.e./ha, and at all

rates for
sequential
application.
Significant

reductions at 420

g a.e./ha for
applications at
pitted morning

glory and prickly

sida flowering.

Pitted morning
glory, Ipomoea
lacunosa L.

Non-
crop

Non-
tolerant

Target

Field

Not reported

Direct
application

0, 110,
210,
420, 840

"once when
barnyardgrass,
Palmer
amaranth,
pitted
morningglory,
prickly sida, or
sicklepod
flowered,
determined
by the
appearance of
open blooms,
or sequentially
every 10 d,
initiated when

Complex

Seed
weight

No significant
effect.

Walker and
Oliver 2008
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Targe

_ Crop/ Tolerant/ tor _ End Use D|r_ect_ Rates Timing of Smgle Measure Observ_apons/
Species Non- Location Applicatio " species/ of Toxicity Study
Non- Non- Product . (g/ha) | Application .
tolerant n/drift complex | Effects Endpoints
crop target
the first weed
species in the
complex
flowered,
and continued
until
maturation or
desiccation of
all species in
the plot when
no further
reproductive
growth
occurred”
"once when
barnyardgrass,
Palmer
amaranth, For most
pitted application
morningglory, timings 840 g
prickly sida, or a.e./haresulted in
sicklepod significant
flowered, reductions in
determined seed production.
by the 420 ga.e./ha
appearance of resulted in
0 110 open blooms, significant
Prickly sida, Non- Non- Taraet Field Not ted Direct ’210 ! or sequentially c I Seed reductions when Walker and
Sida spinosa L. crop tolerant arge e ot reporte application y every 10 d, ompiex production application Oliver 2008
420, 840

initiated when
the first weed
species in the
complex
flowered,
and continued
until
maturation or
desiccation of
all species in
the plot when
no further
reproductive

occurred when
prickly sida was
flowering.
Sequential
applications at
and above 110 g
a.e./ha
significantly
reduced seed
production.
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Targe

_ Crop/ Tolerant/ tor _ End Use Dir_ect_ Rates Timing of Single Measure Observ_ations/
Species Non- Location Applicatio L2 species/ of Toxicity Study
Non- Non- Product . (o/ha) | Application .
crop tolerant target n/drift complex | Effects Endpoints
growth
occurred”
4 leaf stage, 8 N
. ! Significant
Sicklepod, Non- Non- Green- Roundup Direct 0,112, leaf stage, 4 Single Flowers effects of split Thomas et al.
Senna cro tolerant Target house UltraMax, application 280 and 8 leaf species er plant and 12 leaf stage 2005
obtusifolia L. P Monsanto PP stage, 12 leaf P Perp - leat stag
stage applications.
Sicklepod, 4 leaf stage, 8
Senna ) ) ) Roundup . leaf stage, 4 . Significant
obtusifolia L. ':r%n to'\ll;r;m Target thifsr; UltraMax, a Dlli:)ea(t:;[on 0’2%3%2’ and 8 leaf SSIQ(?iIeeS No. pods | adverse effects at Thorgggse tal.
P Monsanto PP stage, 12 leaf P 280 g/ha
stage
Sicklepod, 4 leaf stage, 8
Senna ) ) ) Roundup : leaf stage, 4 ; Significant
obtusifolia L. ’(\:llfz)n to’\ll(;)rgnt Target thifsr; UltraMax, a DI:::Z(;iton 0’2%3%2’ and 8 leaf sSI:(?iLes No. seeds | adverse effects at Thoggg; tal.
P Monsanto PP stage, 12 leaf P 280 g/ha
stage
Sicklepod, 4 leaf stage, 8
Senna Roundup . leaf stage, 4 . Significant
obtusifolia L. l(\:l%n- to’\lleorght Target Gh;iig' UltraMax, a DI:::Z(;iton 0’2}3%)2’ and 8 leaf sSI:cgi!ees T?/\tlzli Sﬁfd adverse effects at Thor;ggse tal.
P Monsanto PP stage, 12 leaf P g 280 g/ha
stage
Sicklepod, 4 leaf stage, 8
Senna ) ) ) Roundup . leaf stage, 4 . R
obtusifolia L. Non Non Target Green UltraMax, D|_rec_t 0,112, and 8 leaf Slng_le Pod lenth No significant Thomas et al.
crop tolerant house application 280 species effects. 2005
Monsanto stage, 12 leaf
stage
Sicklepod, 4 leaf stage, 8
obtt?sei?cljl?a L Non- Non- Target Green- SI?;T\?IZE Direct 0,112, IZE::‘dstsa?:éﬁ Single 50-seed No significant Thomas et al.
’ crop tolerant g house ! application 280 species weight effects. 2005
Monsanto stage, 12 leaf
stage
Sicklepod, 4 leaf stage, 8
Senna Roundup . leaf stage, 4 . Seed R
obtusifolia L. Non- Non- Target Green- UltraMax, D|_rec_t 0,112, and 8 leaf Slngle germinatio No significant Thomas et al.
crop tolerant house application 280 species effects. 2005
Monsanto stage, 12 leaf n
stage
"once when N
Sicklepod, . 0, 110, barnyardgrass, Slg.nlflcant
Non- Non- . Direct Seed reductions across Walker and
senna cro tolerant Target Field Not reported application 210, Palmer Complex roduction all rates when Oliver 2008
obtusifolia L. P PP 420, 840 amaranth, P d
pitted averaged across
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Species

Crop/
Non-
crop

Tolerant/
Non-
tolerant

Targe
tor
Non-
target

Location

End Use
Product

Direct
Applicatio
n/drift

Rates
(g/ha)

Timing of
Application

Single
species/
complex

Measure
of
Effects

Observations/
Toxicity
Endpoints

Study

morningglory,
prickly sida, or
sicklepod
flowered,
determined
by the
appearance of
open blooms,
or sequentially
every 10 d,
initiated when
the first weed
species in the
complex
flowered,
and continued
until
maturation or
desiccation of
all species in
the plot when
no further
reproductive
growth
occurred”

application
timings.

Sicklepod,
Senna
obtusifolia L.

Non-
crop

Non-
tolerant

Target

Field

Not reported

Direct
application

0, 110,
210,
420, 840

"once when
barnyardgrass,
Palmer
amaranth,
pitted
morningglory,
prickly sida, or
sicklepod
flowered,
determined
by the
appearance of
open blooms,
or sequentially
every 10 d,
initiated when
the first weed
species in the

Complex

Seed
weight

Significant
reductions across
all rates.

Walker and
Oliver 2008
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Targe

Croo/ Tolerant/ tor End Use Direct Rate Timina of Single Measure | Observations/
Species P Non- Location S Applicatio N Iming | species/ of Toxicity Study
Non- Non- Product . (g/ha) | Application .
tolerant n/drift complex | Effects Endpoints
crop target
complex
flowered,
and continued
until
maturation or
desiccation of
all species in
the plot when
no further
reproductive
growth
occurred"
0, 300,
Canada 500 L
. ' flower bud . Seed Both application
gOId.enrOd’ Non- Non- Target Field Not reported Direct 560, stage or Smg.le germinatio timingEFI)_OEL = | Guo etal. 2009
Solidago crop tolerant application 780, flowerin species 300 o/h
. g n g/ha
canadensis 900,
1100
Non-
tolerant
Brassica (Tw_o yvild _ _ Significant
Brassica raipa Non- varieties: Non- Green- RoundUp D|_recj[ 0, 85, Pre- _ Slng_le Days to effects (delay) at Londo et al.
L crop OR, CA; target house application 112 bolt/bolting species flowering both treatment 2014
' not known levels.
to be
tolerant)
Non-
tolerant
Brassica, (TW.O \.N"d . . A
Brassica reipa Non- varieties: Non- Green- RoundUp Direct 0, 85, Pre- Single Flower No significant Londo et al.
L crop OR, CA; target house application 112 bolt/bolting species attempt effect. 2014
' not known
to be
tolerant)
Non-
tolerant
- (Two wild . Significant
BraBsrsaiscsallcripa Non- varieties: Non- Green- RoundUp Di_recj[ 0, 85, Pre- _ Sing_le Durc‘;“on decr_ease for OR Londo et al.
L crop OR, CA; target house application 112 bolt/bolting species flowering variety at both 2014
’ not known treatment levels.
to be
tolerant)
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Targe

_ Crop/ Tolerant/ tor _ End Use Direct Rates Timing of Smgle Measure Observ_apons/
Species Non- Location Applicatio " species/ of Toxicity Study
Non- Non- Product . (g/ha) | Application .
tolerant n/drift complex | Effects Endpoints
crop target
Non-
tolerant
Brassica, (TW.O YV"d . . -
Brassica reipa Non- varieties: Non- Green- RoundUp D!recj[ 0, 85, Pre- _ Slng_le Anther Significant Londo et al.
L crop OR, CA; target house application 112 bolt/bolting species length decrease. 2014
' not known
to be
tolerant)
Non-
