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Abstract

Herbicide drift is the movement of herbicide away from its intended
target. The effect of drift on non-target plants is considered in environmental risk
assessments, where the goal of the assessment is to protect plant populations and
communities. The aim of this study was to evaluate the assumption that the single
species tests used in risk assessments are fully protecting wild plant populations,
as they do not account for interspecific interactions. In a greenhouse two-species
competition experiment, it was found that the competitive interactions between
the model species, Centaurea cyanus and Silene noctiflora, were affected by low
doses of glyphosate representing drift. These changes could affect both of their
populations in the long-term, and would not be detected using current test
guidelines. As interspecific competition is an important determinant of plant
community structure, competitive interactions may need to be included in risk
assessment to make more credible predictions on the effects of herbicide drift on

non-target plants.
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Chapter 1: Introduction

Human domination of the natural world has led to unprecedented changes in
biodiversity and environmental quality (Vitousek et al. 1997). For example, agricultural
intensification over the past few decades has been a substantial contributor to
environmental issues. Nearly a quarter of Earth’s land surface has been converted into
agricultural landscape (Millenium Ecosystem Assessment (MEA) 2005), and this
modification can cause major degradation and loss of natural habitats (Lichtenberg 2000).
This has resulted in the need to protect the natural habitats that remain in managed
agroecosystems (Boutin & Jobin 1998). However, modern agriculture is highly
dependent on external inputs such as pesticides (Kleijn & Snoeijing 1997), and this can
compromise the health of these remaining natural habitats and the organisms within

them.

Pesticide drift

When pesticides are sprayed on agricultural fields, some of the particles move
away from the targeted crop area. This process, known as drift, unintentionally exposes
non-target organisms to pesticides (United States Environmental Protection Agency
(USEPA) 2015). Such exposure can be due to drift that occurs as a result of air
movements during application (spray drift) or due to the evaporation of the pesticide
from surfaces after application (vapour drift) (European Food and Safety Authority
(EFSA) 2014). Drift always occurs to some extent, and is affected by factors such as the
equipment (e.g. Davis & Williams 1990; Murphy et al. 2000; Johnson et al. 2006), the
pesticide (e.g. Grover et al. 1972; Hilz & Vermeer 2013), and the weather conditions

around the time of spray (e.g. Elliott & Wilson 1983; Craig et al. 1998). Generally,
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between 1 and 10% of the application rate will drift within 10 metres of the spraying
equipment when ground equipment is used (Boutin & Jobin 1998), but distances of up to
500 meters with aerial applications have been noted (e.g. Maccollom et al. 1986; Davis &
Williams 1990). Although the drift doses may seem low, there are many studies
documenting the direct and indirect effects that pesticide drift has on a variety of non-
target organisms (e.g. Potts 1980; Bhatti et al. 1995; Egan et al. 2014). Most drift deposits
in the field margins (Kleijn & Snoeijing 1997), which are the most common type of
natural habitat remaining in agroecosystems (Boutin & Jobin 1998). Therefore, the
toxicological effects are greatest in the margins (Kleijn & Snoeijing 1997) — the same

natural areas we are aiming to maintain in disturbed agricultural landscapes.

Importance of field margins

Herbicides are the most widely used pesticide worldwide (USEPA 2011), and
their vast use raises concerns about the effects of herbicide drift on non-target organisms,
particularly non-target terrestrial plants (NTTPs) in the field margins. Field margins can
harbor hundreds of plant species (EFSA 2014), and it is in these regions that plant
biodiversity in agricultural landscapes is maintained (e.g. Marshall & Moonen 2002;
Deckers et al. 2004). As plants form the basis of ecosystems, any effects on wild plants
caused by herbicide drift can affect wildlife both directly and indirectly. These plants
support the food web in the agroecosystem and are sources of habitat and shelter for other
organisms (Kleijn & Snoeijing 1997), and can also act as corridors of dispersal (e.g.
Burel 1989; Corbit et al. 1999). Therefore the loss of plants in field margins can cause

overall declines in farmland biodiversity (Boutin et al. 2011).
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The importance of wild plants remaining in field margins can also be stressed in
terms of their importance to ecosystem services, which are the benefits that humans
receive from ecosystems (MEA 2005). Many ecosystem services in agricultural areas are
driven by NTTPs (EFSA 2014), and these services are crucial for all lives on earth,
including humans (MEA 2005). These services include pest control though sheltering
beneficial invertebrates and birds, helping to prevent soil erosion, driving nutrient
cycling, protecting water bodies from agrochemical drift, and increasing pollination of
crops by attracting pollinators to the field, among others (Altieri 1999; Olson & Wackers
2007; Norris 2008; Nicholls & Altieri 2013). The link between ecosystem services, plants
and biodiversity has been established (Hooper et al. 2005), and therefore any negative
effects on biodiversity can have implications on our ability to obtain ecosystem services.
Herbicide use has been identified as a contributing factor in declining plant species
richness, abundance, and diversity in agroecosystems (e.g. Marrs et al. 1989; Aude et al.
2003; Gove et al. 2007; Boutin et al. 2014), and changes in species compositions in field
margins have been noted (Jobin et al. 1997; de Snoo 1999). Therefore, to protect
biodiversity and ecosystem services, it would be useful to be able to predict the impacts

of herbicide drift on plants in field margins (Damgaard et al. 2014).

Environmental Risk Assessment

Due to the potential impacts of herbicides on NTTPs in agroecosystems, the
effects of drift are becoming more important aspects of environmental risk assessment
(ERA) for pesticide registration (Weisser et al. 2002). ERAs are conducted prior to
herbicide marketing, and must demonstrate that the herbicide has no unacceptable effects

on the environment, including NTTPs. The general goal of the ERA for terrestrial plants
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is to maintain species biodiversity in agroecosystems —aiming to protect the abundance
and diversity of non-target plant species, meaning that herbicides should have no long-
term effects (EFSA 2014).

ERA generally follows a three-tiered approach. Tier 1 is a preliminary
assessment, where species are exposed to the highest application rate. If more than a 50%
effect is determined, tier II must be performed, which are the dose response tests. For
herbicides, most often the tier II must be performed. Both Tiers I and II are greenhouse
experiments using individually potted plants or monocultures. These tests are quick,
simple and relatively inexpensive, and they are reproducible (Boutin et al. 1995). Tier I1I
is, however, more realistic, and studies the effects of pesticides under various biotic and
abiotic conditions using microcosms or field studies, or using natural communities
(EFSA 2014). However, no protocol currently exists for this kind of risk assessment.
When the risk from tier II studies can be mitigated, there is no need for higher tier testing
(EFSA 2014). However, due to the importance of plants as the foundations of our
ecosystems, it has been put forth by EFSA (2014) that they should be considered in
higher tiered testing. Further, responses of plants in greenhouses are not always
equivalent to those in the field (e.g. Riemens et al. 2008; Dalton & Boutin 2010).
Individual level or monoculture tests in the greenhouse lack the variable abiotic
conditions of the outdoors, as well as the biotic interactions that occur between members
of a community, such as competition (EFSA 2014). This leaves gaps in lower tiered
testing.

The current ERA test guidelines for NTTPs at tier I and tier II have been

developed by the Organization for Economic Cooperation and Development (OECD
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2006) and the USEPA (USEPA 2012). The phytotoxicity tests are conducted using 6-10
species (normally crops used as proxy), grown individually or in monocultures in the
greenhouse. The plants are sprayed as seedlings or at the 2-6 leaf stage, and assessed
about three weeks after spray at the vegetative stage. However, these guidelines are
currently being questioned in terms of their ability to be fully protective, with many
shortcomings having been demonstrated. For instance, studies aiming to assess whether
using crops as surrogates for wild species is acceptable have been inconclusive, with
some finding crops to be less sensitive than NTTPs (e.g. Boutin et al. 2004; Schmitz et al.
2012), while others finding no differences (e.g. Carpenter & Boutin 2010; White &
Boutin 2007). Another is that wild plants are exposed to herbicides at various
phenological stages, and sensitivity varies depending on timing of exposure (Boutin et al.
2000; Strandberg et al. 2012; Boutin et al. 2014). Further, reproductive endpoints are not
required (Strandberg et al. 2012; EFSA 2014), and the effects of natural plant interactions
combined with the herbicide are not considered (Marrs et al. 1991a; Damgaard et al.

2008).

Herbicides and competition

As the overall protection goal is to preserve biodiversity at the population and
ecosystem level (EFSA 2014), an important question is whether responses of plant
populations are equivalent to the responses of individual plants or single species, as
assumed in ERA test guidelines. Direct consequences of herbicide exposure often include
discoloration, chlorosis, necrosis and poor growth, but plants may also be affected more
indirectly through changes in competitive balances with its neighbours (Marrs et al.

1993). Plant-plant interactions may be important in two ways in terms of herbicide drift:
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herbicide deposition on individual plants can be affected by the structure of its
neighbours, and any adverse effect on the performance of one species can promote the
growth of others (Marrs et al. 1991a). Therefore, the effect of an herbicide may depend
strongly on a plant’s competitors. For instance, an experiment by Damgaard et al. (2008)
predicted that Geranium dissectum L. would outcompete Capsella bursa-pastoris (L.)
Medik. in a competition experiment when exposed to the herbicide mecoprop-P. This was
predicted based on the results of individual level tests, in which G. dissectum was less
sensitive. However this expectation was not met in experiments as the interspecific
competitive abilities of both species increased significantly when exposed to the
herbicide. As phytotoxicity tests in ERA are performed using individually potted plants,
these competitive interactions are not considered and could make individual level and
single species test results less credible.

Neighbouring plants are an important limiting biotic factor for plant growth and
reproduction (Damgaard 2004). Individual plants in a natural community will compete
not only with conspecifics (intraspecific competition) but also with members of other
plant species (interspecific competition) for limited resources (Harper 1977). As a result
of these limited resources, negative interactions between neighbouring plants are
common (Damgaard 2004). The competition that arises is thought to be one of the most
important factors influencing the composition of plant communities (e.g. Rees et al.
1996; Weiher et al. 1998).

As plant species have different sensitivities to herbicides, it can be expected that
herbicide drift will affect competition by inhibiting some plant species more than others

(Damgaard et al. 2014). If herbicide drift is affecting the competitive relationships
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between species, the result can be a community change in the long-term, as more
sensitive species will be outcompeted and displaced by more tolerant ones (Boutin &
Jobin 1998; Petersen et al. 2006; Gove et al. 2007). For instance, a field study by
Damgaard et al. (2014) found that low doses of glyphosate altered the competitive
interactions between two grass species, Agrostis capillaris L. and Festuca ovina L.: with
increasing levels of glyphosate, F. ovina became a better competitor than A. capillaris.
This explained why F. ovina was found to be dominant in field plots treated with higher

levels of glyphosate.

Effects on reproduction

Changes at the population and community levels can also be caused by adverse
effects on reproductive abilities, such as changes in flowering or seed production,
including seed viability. Several studies have shown reductions in flowering caused by
sub-lethal doses of herbicides (e.g. Marrs et al. 1991a; Gove et al. 2007; Boutin et al.
2014; Schmitz et al. 2014; Bohnenblust et al. 2016). Delays in flowering have also been
noted in several wild species (Carpenter et al. 2013; Boutin et al. 2014; Bohnenblust et al.
2016) and crop varieties exposed to a wide range of herbicides (Wall et al. 1995; Pline et
al. 2003a; Pline et al. 2003b; Bohnenblust et al. 2016). Both delays and reductions in
flowering can have subsequent effects on the population by affecting the number of seeds
produced that year. Reductions in the amount of seeds produced by several species have
been documented for many herbicides (Fawcett & Slife 1978; Isaacs et al. 1989; Marrs et
al. 1989; Fletcher et al. 1996; Taylor & Oliver 1997; Riemens et al. 2008; Rokich et al.
2009; Carpenter & Boutin 2010; Carpenter et al. 2013). Fewer seeds produced in a year

also affect the seedbank — the natural store of seeds in the soil (Harper 1977). Declines in
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seed bank diversity have been reported in crop fields experiencing herbicide exposures
(Ball 1992; Rokich et al. 2009), whereas the number of seeds in the seedbank has been
found to increase when changing from conventional to organic farming (Albrecht 2005).
If seedbank contributions continue to decrease, the more sensitive species will greatly
decline or even be replaced by more tolerant ones (Marrs et al. 1991a; Crone et al. 2009).
These effects may be especially detrimental to annual species as they need to reproduce
each year (EFSA 2014).

Herbicides can also be detrimental to seed viability. Several studies have found
that the herbicide glyphosate affects F; seed germination. A literature review by
Blackburn & Boutin (2003) determined that glyphosate inhibited germination, and this
was dependent on the timing of plant exposure and the amount used. They followed up
by performing a new experiment, in which seven of the 11 species tested had their seed
viability decreased by glyphosate.

Detrimental effects on flowering and seeds caused by herbicides can affect the
plant population’s survival in the long-term by decreasing recruitment for the next
generation (EFSA 2014). Further, these reductions can have long-term effects on plant
communities as more tolerant species will not have their reproduction affected as
adversely, and species composition can shift as the more sensitive species are replaced.
Even though adverse effects on reproduction can harm the population and community
dynamics, reproductive endpoints are currently not required in ERA. The most common
endpoints used are biomass and assessments of visible effects such as stunted growth and
chlorosis (EFSA 2014), even though several studies have shown that reproductive

endpoints are more sensitive than the vegetative ones (Fletcher et al. 1993; Riemens et al.
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2009; Carpenter & Boutin 2010; Strandberg et al. 2012; Boutin et al. 2014). One of the
reasons this may be is that while some plants have been noted to be able to recover from
initial losses of biomass (Marrs et al. 1991b; Riemens et al. 2009; Carpenter et al. 2013),
the energy required to do so may alter reproductive success (EFSA 2014). Recovery
could be further hindered by competition, where again more sensitive species get
outcompeted. As such, solely assessing the effects on vegetative structures may be

underestimating the sensitivity of NTTPs (EFSA 2014).

Trophic consequences of changes in plant communities

Since plants form the energetic basis of ecosystems, changes in diversity and
community composition can likely affect other organisms in agricultural ecosystems
(Schmitz et al. 2012). Herbicides causing reductions in flowering plant species (Lagerlof
et al. 1992; Longley & Sotherton 1997; Holzschuh et al. 2007), can have cascading
effects through trophic levels and impact ecosystem services — most notable would be
effects on pollinators. Pollinators cannot be sustained by short-term flowering crop
species, and require food from the wild species surrounding agricultural fields
(Holzschuh et al. 2007). Indeed, increased floral diversity in agroecosystems has been
linked to more pollinators due to greater resource availability (reviewed in Nicholls et al.
2013) and increases pollination of crops (Holzschuh et al. 2012), which is an essential
ecosystem service. Herbicides can affect pollinators through the delays and reductions
in flowering that they may cause. Many pollinators are sensitive to flowering time, and
the delays can cause mismatches with peak pollinator activities (Santandreu & Lloret

1999). This has repercussions for both the pollinators and the plants: pollinators through
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fewer resources when they are needed, and plants through loss of pollination which can
affect reproduction.

Herbicides causing diversity and community changes can also affect other
organisms besides pollinators. Not only are many other arthropod communities indirectly
affected by herbicides through changes in their host plants, but these arthropods are often
food sources for birds and mammals (EFSA 2014). Therefore changes beginning with
plant communities can then have cascading effects up the food chain. One of the best
documented cases of these effects is that of the Grey Partridge (Perdix perdix) in Britain.
The herbicides caused decreased insect abundance due to a lack of host plants, causing a
shortage of food for chicks. The result was higher chick morality, causing population
declines between 1952 and the mid-1980s (Potts 1980). Indeed, chick food insects, and
other beneficial insects and arachnids, have been found to be more common in unsprayed

plots (Taylor et al. 2006).

Including competition in Environmental Risk Assessment

Knowing the impact that plant community changes can have highlights the
importance of being able to predict these changes due to herbicides and other
agrochemicals. However, with current ERA guidelines, we may not be making accurate
predictions of the effects of herbicide drift on non-target plants: by using individual
plants or single species tests, we know little about the long-term effects of drift on plant
populations and communities (EFSA 2014). Due to the importance of interspecific
competition in structuring communities, the competitive forces between species should
be considered to be able to understand and predict plant community formation. One way

to do so is by using two-species competition experiments. Competition experiments
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measure the size, fecundity, and aspects of the F; generation or other ecological measures
at variable densities and proportions of at least two plant species (Damgaard 2004). The
type of competition (interspecific vs. intraspecific), along with density and species
proportions, are key factors in competition (Harper 1977), explaining the need to use at
least two species and manipulate their densities and proportions. For instance, plants may
only be a strong competitor above a certain density threshold, or when another species is
present at lower density (Damgaard 1998).

It is thought that the interactions between species will be affected by herbicides,
but it is difficult to predict in which direction (positive or negative) the change would be
for each species. Density-dependent phytotoxic effects are the differences in inhibition
observed when plants are grown in different densities of soil containing toxins
(Weidenhamer et al. 1989). As density increases, less herbicide is available for uptake by
each plant, and the effect decreases (Weidenhamer et al. 1989). However, this would only
apply to herbicides that can be taken up through the roots or if exposure is through
herbicides in soil via runoff. Higher densities could also result in different effects on the
two species, through an increasing “shielding” effect, whereby smaller plants are
protected from herbicide deposition by larger plants (Riemens et al. 2008). On the
contrary, higher densities could worsen the effect of the herbicide. Herbicide exposure
constitutes a stress, and with more neighbours, the greater the impact of abiotic stressors,
as theorized by Keddy (2001). Both species could be negatively affected, or due to
differences in sensitivities, the levels of stress imposed by the herbicide could be different
for each species. The more stressed plants could then be more easily outcompeted by

more tolerant plants, and this can explain an interaction between competition and
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herbicide (Damgaard et al. 2008). As competitive interactions would be occurring in
nature, considering them in ERA would increase the realism and applicability of

standardized toxicity tests.

Objective

The main objective of this study was to improve ERA by evaluating the effect of
an herbicide on the competitive interactions between two plant species in greenhouse
phytotoxicity tests. Specifically, I tested the hypothesis that the herbicide glyphosate
would influence the competitive interactions between model species Centaurea cyanus L.
(Asteraceae) and Silene noctiflora L. (Caryophyllaceae) by altering one or both of their
competitive effects. I predicted that density effects would exist (with plants in higher
densities performing worse), but there is no way to predict how the herbicide will affect a
plant’s ability to compete with its neighbours, as its response to herbicide may also
depend on the response of the other species. I sprayed two plant species that were planted
individually, in varying densities of monoculture and in different mixtures with each
other with the herbicide glyphosate. By using a Bayesian modelling approach, I
determined if the intra- or interspecific competitive abilities of the two plant species are
affected by small doses of the herbicide. Effectively, I intended to determine if the
current practice in ERA of spraying plants individually or in monoculture is suitable and

can sufficiently protect our wild plant populations.

Chapter 2: Materials and Methods

This work was conducted in collaboration with researchers at Aarhus University,

Denmark. It is part of a larger study entitled “Pesticide effects on non-target terrestrial
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plants at individual, population and ecosystem levels”, which has the goal of improving
ERA and conservation measures for NTTPs. The experimental design was a
collaborative effort, and the same experiment was conducted at both Aarhus University
and Environment Canada and Climate Change. This thesis is the results of the work at

Environment Canada and Climate Change.

Species

Two annual plant species, Centaurea cyanus (Common cornflower) and Silene
noctiflora (Night-flowering catchfly) were chosen as the NTTPs. Both species live in
arable fields, and are commonly found growing together along agricultural field margins
in Europe and to a lesser extent in North America. Both serve as important sources of
food for pollinating insects. The bright blue flowers of C. cyanus emerge between May
and August, and rely on insect pollination as they are self-incompatible (Svensson &
Wigren 1984). S. noctiflora flowers between June and September; its white flowers are
nocturnal, opening at night to release a fragrance to attract nocturnal moths. However, the
species is self-compatible (McNeill 1980). Both are considered weed species in

agricultural areas, and are both in decline in their native habitats (Sutcliffe & Kay 2000).

Herbicide background information

Glyphosate (N-(phosphonomethyl)glycine) is the world’s most commonly used
herbicide in modern agriculture (Woodburn 2000). It has been marketed as the herbicide
Roundup since 1974 by Monsanto (Monsanto 2014). As Monsanto’s patent is now
expired, many companies make their own glyphosate-based herbicides (Woodburn 2000).

It is a post-emergent, systemic and non-selective herbicide used for the control of annual
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and perennial grasses and broad-leaved weeds (Franz et al. 1997). With the introduction
of glyphosate tolerant crops in 1996, its use increased, with glyphosate replacing many
other herbicides (Young 2006). These glyphosate-resistant crops include soybean, maize,
canola, alfalfa, sugar beets and cotton, with wheat under development (Monsanto 2015).
It is estimated that glyphosate use rose to 826 million kilograms worldwide in 2014
(Benbrook 2016).

Glyphosate’s mode of action is the inhibition of the activity of 5-
enolpyruvylshikimate-3-phosphate (EPSP) synthase, an enzyme located primarily in the
chloroplasts. EPSP synthase is involved in the shikimic acid pathway (Liu et al. 1997),
which is used for biosynthesis of several aromatic plant metabolites, including the amino
acids tyrosine, tryptophan and phenylalanine (Franz et al. 1997; Tomlin 2000). The result
is the disruption of protein synthesis and growth, leading to plant death (Monsanto 2014).
Only plants and some microbes use this enzyme — animals and humans do not (Franz et
al. 1997).

Glyphosate is taken up through the leaves, after which it is translocated
primarily through the phloem throughout the entire plant, concentrating in the actively
growing tissues such as meristems (Franz et al. 1997; Tomlin 2000). Glyphosate is
metabolized very little by most plants (Franz et al. 1997), with the major metabolite
being aminomethylphosphonic acid AMPA (Duke et al. 2003; Reddy et al. 2004).
Glyphosate kills the entire plant, including the root system, which prevents the plant from
growing back (Monsanto 2014).

Glyphosate is widely used because it is cheap and effective, and has good

environmental properties such as low volatility, soil binding (low mobility), and low
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bioaccumulation (Baylis 2000; Monsanto 2014). It is also naturally degraded by
microbial activity into AMPA (Franz et al. 1997) and may be further degraded to natural

products, mainly carbon dioxide (Giesy et al. 2000).

General experimental set-up

Experiments were conducted in the greenhouses at Carleton University, in
Ottawa, ON, between January and August 2015. Average temperature ranged from 17.3
+3.5 to 38.0 £7.3°C, average photosynthetically active radiation (PAR) (with no artificial
lighting) ranged from 49 (cloudy day) to 1505 pumol/ms® (sunny day) and average
humidity ranged from 35.1 £16.4 to 74.1 £14.1%. Biological control agents (Predatory
mites Neoseiulus cucumeris, Ladybugs Hippodamia convergens, and mealybug
destroyers Cryptolaemus montrouzieri) were used when necessary to control for
greenhouse pests (fungus gnats, thrips, aphids, and mealybugs), although there were
never any large infestations. Fertilizer was added to pots when nutrient stress was
detected (through discolorations) to ensure they were not limiting (Plant-Prod, 20-20-20
mix of nitrogen, phosphoric acid and soluble potash at a concentration of 2.5mL/L, Plant
Products Co. Ltd., Brampton, ON, Canada). All pots were treated equally with respect to
biological control and nutrient addition.

The experimental set up consisted of 26 plant combinations x 3 doses (including
controls) x 3 replicates. In total, 234 experimental pots were used, containing 7, 416
plants — 3, 672 C. cyanus and 3,744 S. noctiflora. The 26 combinations were chosen
based on a response-surface design (Figure 1). In manipulated plant competition
experiments, this type of design is recommended, whereby both density and proportions

are varied to cover a wide array of realistic conditions in natural populations (Inouye
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2001). Plants of each species were grown individually, in six densities of monoculture,
and in 14 different densities and proportions relative to one another (Table 1).

C. cyanus seeds were obtained from commercial seed suppliers (OSC seeds,
jubilee gem variety of bachelor’s button). S. noctiflora seeds were shipped to
Environment Canada and Climate Change from Denmark, where these seeds were
collected from wild populations in 1995 in Flakkebjerg, Denmark and propagated in the
greenhouses in 2007. All seeds were surface sown in small trays containing enriched soil
(88% Pro-mix BX and 12% sand, plus clay and calcium carbonate) and placed in the
greenhouses. After emergence, seedlings of both species were transplanted following
standardized arrangements for each combination into opaque plastic containers (39L x
28W x 12H cm), containing the same enriched soil mixture. Pots were randomly placed
in the greenhouse units by replicate, with a fourth unit for half a dozen plants of each
replicate which did not fit in the other units. Plants were watered daily.

Plants were sprayed at the juvenile 6-8 leaf stage with Glyphos (active
ingredient glyphosate, formulated as an isopropylamine salt, Cheminova Inc.). Three
doses were used for each combination: control (no herbicide spray) and 14.4 and 72.0 g
a.e/ha. This is equivalent to 1% and 5% of the maximum recommended label rates of
glyphosate in agriculture (1440 g a.e./ha), and simulates herbicide drift. Plants were
sprayed using a track spray booth (DeVries Manufacturing, MN) equipped with a Teejet
8002E flat-fan spray nozzle, which delivers 7.75 mL/m? at a pressure of 206.84 kPa.

Each pot was assigned a numerical ID tag with treatment randomly assigned so
that the observer would be unaware of the dose during assessments in order to prevent

bias. For all combinations except the individual plants, a sample of four plants of each
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species was used to represent the pot for assessments throughout the experiment. These
four plants were chosen randomly before assessments began, but were from positions in
the centre of the pot as to avoid edge effects. This gave a total sample size of 1,387

plants.
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Figure 1. Compositions of the densities and proportions in pots used to study herbicide
drift and competition between C. cyanus and S. noctiflora.
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Table 1. Experimental Design

Species and Pot density Phenological | Herbicide | Doses Endpoints Replicate
mixture type stage at spray Vegetative Reproductive s
Time to first Flower
Duration of flowering
C. cyanus 1 16 Max%mum hgight Number .of flowers
(moﬁocul ture) 4 36 Max1mum diameter | Seed weight
9 64 Visual assessments | Number of seeds
Proportion of seeds
germinated
S. noctiflora 41‘ 16 Vegetative Glyphosate OZA) B1.0mass 3
(monoculture) 36 (6-8 leaf stage) (1440 g 1 OA) Visual assessments /
K 64 a.e/ha) 3%
4/5  32/32
2-species 4/16  10/45 Both species .
. 8/8 16/32 measured using Both species measured
mixtures . . . . .
(C. cyanus/ 8/32  28/20 sp601e§-sp601ﬁc using §p601es-'sp601ﬁc
S. noctiflora) 16/4  45/10 endpoints as listed | endpoints as listed above
' 16/16  43/21 above
32/8  21/43
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Vegetative assessments

Visual symptoms of herbicidal effects were assessed once a week for the
duration of the experiment using a scale ranging from 0 (no effects) to 9 (plant death).
These are commonly used in toxicology to examine effects such as chlorosis or necrosis,
and are quantified in Appendix 1. These assessments were conducted by the same
observer each week. Height and diameter were measured each week, until the majority
(>70%) of the plants were no longer growing. Although these measurements are less
sensitive than biomass, they are non-destructive and can be measured over time. As most
S. noctiflora did not flower over the course of the experiment, these plants were harvested
for above ground biomass after six months, when the C. cyanus plants began dying after
flowering. Although not part of the original experimental design, this was the only data
that could be collected for S. noctiflora. All healthy S. noctiflora plants were cut at the
soil surface and bagged individually. They were then dried in a drying oven at
approximately 70°C for 72 hours prior to weighing. Dry weight was then recorded for

each plant using a precision scale of 0.001 mg accuracy (Denver Instruments, NY).

Reproductive assessments

Reproductive endpoints used during the experiment are listed in Table 1. When
plants began flowering, bumblebee pollinators (Bombus impatience Cr.) were released
into all greenhouse units to pollinate the two species. Plants were examined each day for
the beginning of flowering, and after flowering began the number of flowers and
seedheads were counted twice a week. To prevent seed losses from shedding, ripe
fruit/dried seedheads were cut and counted throughout the experiment and put in labeled

envelopes.
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The seeds from each plant were counted using a seed counter (Elmor Cl,
Switzerland) to give a total seed count for each plant. One hundred seeds from each plant
were then randomly selected and weighed using a precision scale of 0.001 mg accuracy
(Denver Instrument, NY). The germination of the 100 seeds was then tested in the growth
chamber at 20°C, a 16/8 L:D photoperiod and PAR) 189 mol m™ s The 100 seeds were
placed in a labeled 100x15mm petri dish on three pieces of 9.0 cm filter paper (P8
creped, Fisher Scientific, Ottawa, ON) moistened with 4mL of a 0.2% KNOj solution to
break seed dormancy. The petri dishes were checked daily and the seeds that had
germinated were counted and removed from the dish. This was done for only the C.
cyanus plants, as no S. noctiflora plants produced seeds. In cases where a plant had fewer
than 100 seeds, all of the seeds from the plant were used for weighing and germination
tests. After two weeks, if there were four consecutive days with no germination, the test
was concluded for that dish. From this, the proportion of seeds that germinated and the
speed of germination could be determined. Speed of germination was calculated using an
adjusted formula from Allaie et al. (2006): Z(N;/1+N/2+Ns/3+.....+N;;) , where N is
number of seeds germinated on day 1, N, is number of seeds germinated on day 2, etc.

and N; is the number of seeds germinated on day i.

Statistical analysis

Competition model

The competition model was used to determine if the competitive interactions
between species or conspecifics were altered. The values for the four plants sampled were
averaged to give a single value per pot. These pot averages were used for analysis. The

effect of the herbicide doses on the vegetative and reproductive endpoints of the two
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competing species was modelled by a generalization of a discrete hyperbolic competition
model. This type of curve only fits well for the data of three of the endpoints measured,
and therefore only S. noctiflora biomass and C. cyanus flower and seed production could
be modelled. Based on the experimental data, the model predicts the influence of the
herbicide on the competitive interactions between conspecifics as well as possible
changes of the competitive effect that each species has on the other. The hyperbolic
response function is flexible, and has been shown to fit plant competition data well (Law
& Watkinson 1987; Cousens 1991). This type of model is necessary in order to
incorporate the non-linear effects of density (Damgaard 2008). We assume a linear effect
of the herbicide on the competitive interaction and on the biomass and seed production.
For S. noctiflora (sn) biomass, the equation is as follows:

M= { At lsah)+ B Bia) Xt Ceo +yech)xec] )

and for C. cyanus (cc) seed production:

Hec™ { acc+(xcch)+ Ecc+Bcch) [ch+( Csn+'sth)Xsn] ace } e

where p is the predicted response, / is the level of the herbicide treatment, x is the
density of the plant species, and d and f are shape parameters of the response function of
the plant species that are assumed to be independent of the herbicide treatment
(Damgaard 2003; Damgaard et al. 2008).

The biomass/flower-seed production of the species at low density and no
herbicide in monoculture is measured by a, while b is the biomass/flower-seed
production per area at high density in monoculture with no herbicide, with a and
measuring the effect of the herbicide treatment. The competition coefficient with no

herbicide is measured by ¢, and y measures the effect of the herbicide on competitive
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ability. Analogous to the Lotka-Volterra model, the competition coefficient is interpreted
as the effect of species 1 on species 2, measured in species 2 equivalents. This means that
the term c+ yh measures the effect of interspecific competition relative to intraspecific

competition (Damgaard et al. 2008).

For an example, consider the biomass of S. noctiflora. The a+ah is measuring
biomass in low density monoculture, where a is the biomass of the control, and ah
considers the effect of the herbicide. Similarly, /+ph is the biomass in low density
monoculture, where b is the biomass of the control and Bh considers the effect of the
herbicide. The last bracket xs,+(C +yh)x.. looks at interspecific competition, where the x

values are the densities of the two species. If we are looking at the biomass of S.
noctiflora then this is looking at the competitive effect of C. cyanus on the biomass. ¢ the
competitive effect of C. cyanus on S. noctiflora biomass with no herbicide, and yh
considers the effect of the herbicide.

The model was fitted to the average biomass measurements to evaluate effects

on S. noctiflora, and was fitted to the average flower or seed production to evaluate

effects on C. cyanus. The parameters a, b, d and f were reparameterized with the

exponential function in order to avoid negative values. To determine if there was a
significant effect of the herbicide, a, B and y are set to zero in that order (Damgaard et al.

2008). Modelling was performed by Christian Damgaard, Aarhus University, Denmark.

Other endpoints

As the hyperbolic curve of the competition model only fits the biomass and
flower and seed production data, other statistical analyses were explored for the
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remaining endpoints: height, diameter, days to first flower, duration of flowering, seed
weight, and proportion of germinated seeds and speed of germination, using the pot
averages of the four plants sampled. As plants can be tested individually in ERA, these
endpoints were used to examine if plants in competition responded differently than
individually potted plants. Due to the non-linear effects of densities in the combinations
chosen to fit the model a GLM could not be used to determine interacting effects between
dose and density. Instead, ANOVAs and Kruskal-Wallis tests in Systat (version 13) were
used to compare if the degree of difference in response between the plants in competition
and the individual plants vary by dose. This was done by calculating the response of the
plants in competition relative to the response of the individual plant at the same dose.
ANOVAs and Kruskal-Wallis were then used to compare these relative values between
doses. A false discovery rate of 0.1 (using the Benjamini-Hochberg procedure from
Benjamini & Hochberg 1995) was used to correct for multiple comparisonsThis was done

separately for monocultures and two-species mixtures.

Chapter 3: Results

Visual assessments

Glyphosate induced a number of obvious visual changes regardless of density,
but these changes were slightly worse in the more dense pots. The most obvious visual
changes were chlorosis and reductions in size (for instance, refer to Figures 1 and 2 in
Appendix 1). These effects occurred most strongly during the first month after spray, and
more individuals of the 5% dose were affected for both species. However, the damaging

vegetative effects generally decreased over time after the first month, for both species.
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Density effects

For all endpoints, it was evident that density effects occurred. As density
increased, plants were negatively affected, in all three doses: height and diameter
decreased (Figures 2 and 3); time to flowering increased and duration of flowering
decreased (Figures 4 and 5); seed weight, the proportion of germinated seeds, and the
speed of germination decreased (Figures 6-8); biomass decreased (Figure 9); and the
number of flowers (Figure 10) and the number of seeds decreased (Figure 11) with

increasing density. These density effects are not linear.

Height, diameter, duration and time to first flowering, seed weight, and germination

It was found that glyphosate dose had no overall effect on any of the endpoints,
in either individual plants, or monocultures or two-species mixtures (Table 2). However,
for three of these endpoints, there were relative differences in the two-species mixtures:
the responses of plants in competition relative to the individual plants sprayed at the same
dose were different than the responses of the control plants in competition relative to the
individual control plants (Table 3). This was the case for maximum height (Figure 2,
F.123=5.173, p=0.007), days to flowering (Figure 3, v’=37.195, df=2, p<0.001), and for
seed weight (Figure 6, x°=27.068, df=2, p<0.001). However this was only the cases for
the two-species mixtures. C. cyanus plants competing with S. noctiflora did not respond
the same way to herbicides as the individual plants, but those only competing with
conspecifics did respond the same as the individual plants.

The plants in the two-species mixtures were all very similar in height regardless
of density type (individual, monocultures or 2-species mixtures) (Figure 12). This lead to
significant relative differences.. Dosed plants in competition were significantly shorter
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relative to the dosed individual plants when compared to the relative differences between
the controls (Figure 2).

For number of days until flowering, there were differences for the 1% and 5%
doses. The plants in interspecific competition dosed with 1% experience a larger delay in
flowering relative to the individual plants than do the controls (p=0.001, Figure 13). But
for the 5% plants, the controls experience the larger delay in flowering when in
competition — the dosed plants in competition flower around the same time as the dosed
individual plant (p=0.001, Figure 13).

Regarding seed weight, the plants in competition sprayed with 5% glyphosate
produced seeds similar in weight to those produced by the individual plants sprayed with
5%. This did not occur in the control, as plants in competition produced seeds much
lower in weight relative to the individual control, so that again there were relative
differences between individual plants and plants in competition at the same dose

(p<0.001, Figure 14).

Competition model

The hyperbolic curve was fit to biomass measurements and counts of flowers
and seeds in order to understand the effects of glyphosate on competition. The effects of
glyphosate and intra- and interspecific competition on the biomass of S. noctiflora are
shown in Figure 9, the effects on C. cyanus flowering are shown in Figure 10, and the
effects on C. cyanus seed production are shown in Figure 11. The density effects are
evident in both monoculture and the two-species mixtures, as described previously (and

statistically significant, parameters a and b in Tables 4 and 5), but dose effects can be

subtle.
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Both a and  were significant for the seed production of C. cyanus, but not for
flower production nor for the biomass of S. noctiflora (Tables 4 and 5). This
demonstrates that glyphosate affected C. cyanus’s ability to compete with conspecifics at
both low and high densities while producing seeds. However S. noctiflora’s ability to
compete with conspecifics was unaltered.

When examining the two-species mixtures for interspecific competition with no
herbicide (the competition coefficient, c), it is shown that C. cyanus was a stronger
competitor than S. noctiflora— the effect of C. cyanus on S. noctiflora is greater than the
effect of S. noctiflora on itself (tables 4 and 5, c>1), and the effect of S. noctiflora on C.
cyanus 1is less than the effect of C. cyanus on itself (tables 4 and 5, c<1). On the graphs,
this is seen where C. cyanus plants perform more poorly in pots containing more
conspecifics compared to pots of equivalent densities but fewer of its conspecifics (more
S. noctiflora). For instance, comparing combinations 16/0 with 8/8, or 64/0 with 21/43,
32/32 and 43/21 for flower (Figure 9) and seed production (Figure 10).

With herbicide exposure, the competitive interactions between the two species
were altered. The competitive effect of C. cyanus on S. noctiflora (y.) biomass was
weakened by glyphosate (Tables 4 and 5), as was S. noctiflora’s competitive effect on C.
cyanus’s (Ysn) seed production (Table 5). This means that while C. cyanus could not
suppress the growth of S. noctiflora as well when exposed to the herbicide, S. noctiflora
was not able to suppress the seed production of C. cyanus as efficiently either. These
negative impacts on competitive effects were, however, more pronounced for S.

noctiflora, as shown by the more negative parameter values. However, S. noctiflora’s
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ability to suppress the flowering of C. cyanus was unchanged by the herbicide (ys, in

Table 4).

Relationships between endpoints

There were also expected relationships between variables: plants that took
longer to begin flowering flowered for less time (Figure 15); plants that took longer to
begin flowering produced fewer flowers (Figure 16); plants that produced more flowers
produced more seeds (Figure 17); the proportion of seeds germinating increased with
seed weight (Figure 18); and speed of germination increased with seed weight (Figure
19). The differences by density are also seen, with plants in the lower density pots
generally doing better (for instance, less time to begin flowering and more flowers
produced). Many of the relationships do not appear to vary by dose, except for the
relationship between flower and seed production (Figure 17): as dose increases, plants
produce fewer seeds per flower. The trend is approaching significance (F»,175=2.880,

p=0.059).
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Figure 2. Average maximum height with standard error of C. cyanus in
competition with conspecifics and S. noctiflora in various mixtures, sprayed with
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different doses of the herbicide glyphosate. Black is the individually potted plants,
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monocultures and two-species mixtures were calculated relative to the individual
plant. X-axis increases in density towards the right for the groups, but note the

varying proportions of the two species.

38



120 ~ control
100 -
80 -
60 -
40 -

20 A

120 1% glyphosate

100 {4 I I

60 -
40 -

20 -

Relative Diameter (cm)

120 - 5% glyphosate

100 -

60 -

20 -

(o]
~
0

1/0
4/0
9/0
16/0
36/0
64/0
4/5
4/16
16/4
16/
8/32
32/8
16/
28/
10/..
45/
21/
32/
43/

Pot combination (no. of C. cyanus/no. of S. noctiflora)

Figure 3. Average maximum diameter with standard error of C. cyanus in
competition with conspecifics and S. noctiflora in various mixtures, sprayed with
different doses of the herbicide glyphosate. Black is the individually potted plants,
light grey the monocultures, dark grey the two-species mixtures. Values for
monocultures and two-species mixtures were calculated relative to the individual
plant. X-axis increases in density towards the right for the groups, but note the
varying proportions of the two species.
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Figure 4. Average number of days until flowering with standard error of C.
cyanus in competition with conspecifics and S. noctiflora in various mixtures,
sprayed with different doses of the herbicide glyphosate. Black is the individually
potted plants, light grey the monocultures, dark grey the two-species mixtures.
Values for monocultures and two-species mixtures were calculated relative to the
individual plant. X-axis increases in density towards the right for the groups, but
note the varying proportions of the two species. Also note x-acis starts at 80.
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Figure 5. Average duration of flowering with standard error of C. cyanus in
competition with conspecifics and S. noctiflora in various mixtures, sprayed with
different doses of the herbicide glyphosate. Black is the individually potted plants,
light grey the monocultures, dark grey the two-species mixtures. Values for
monocultures and two-species mixtures were calculated relative to the individual
plant. X-axis increases in density towards the right for the groups, but note the
varying proportions of the two species.
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Figure 6. Average seed weight with standard error of C. cyanus in competition
with conspecifics and S. noctiflora in various mixtures, sprayed with different
doses of the herbicide glyphosate. Black is the individually potted plants, light
grey the monocultures, dark grey the two-species mixtures. Values for
monocultures and two-species mixtures were calculated relative to the individual
plant. X-axis increases in density towards the right for the groups, but note the
varying proportions of the two species.
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Figure 7. Average proportion of seeds germinated with standard error of C.
cyanus in competition with conspecifics and S. noctiflora in various mixtures,

sprayed with different doses of the herbicide glyphosate. Black is the individually

potted plants, light grey the monocultures, dark grey the two-species mixtures.

Values for monocultures and two-species mixtures were calculated relative to the
individual plant. X-axis increases in density towards the right for the groups, but

note the varying proportions of the two species.
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monocultures and two-species mixtures were calculated relative to the individual

plant. X-axis increases in density towards the right for the groups, but note the

varying proportions of the two species.
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Figure 9. Average biomass and standard error of S. noctiflora when in
competition with conspecifics and C. cyanus in various mixtures at different doses
of the herbicide glyphosate. Black is the individually potted plants, light grey the
monocultures, dark grey the two-species mixtures. Values for monocultures and
two-species mixtures were calculated relative to the individual plant. X-axis
increases in density towards the right for the groups, but note the varying
proportions of the two species. Values for monocultures and two-species mixtures
were calculated relative to the individual plant.
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Figure 10. Average number of flowers and standard error produced by C. cyanus
when in competition with conspecifics and S. noctiflora in various mixtures at
different doses of the herbicide glyphosate. Black is the individually potted plants,
light grey the monocultures, dark grey the two-species mixtures. Values for
monocultures and two-species mixtures were calculated relative to the individual

plant.
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Figure 11. Average number of seeds and standard error produced by C. cyanus
when in competition with conspecifics and S. noctiflora in various mixtures at
different doses of the herbicide glyphosate. Black is the individually potted plants,
light grey the monocultures, dark grey the two-species mixtures. Values for
monocultures and two-species mixtures were calculated relative to the individual
plant.
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Table 2. Results of statistical analysis for the effect of glyphosate dose on various

endpoints.

Variable pot type KrliE:l)-\\])\;A‘dlI;i/s 2 df p-value

Individual 0.194 2,6 0.828

height monoculture 0.291 2,49 0.749

2-species mix 0.368 2,123 0.693

Individual 0.124 2,6 0.886

diameter monoculture 0.819 2,40 0.448

2-species mix 0.487 2,123 0.616

Individual 3.5 2,6 0.098

days to first flower monoculture 2.859 2 0.239

2-species mix 2.444 2 0.295

Individual 1.770 2 0413

duration of flowering monoculture 0.037 2,49 0.963

2-species mix 0.15 2,123 0.860

Individual 10.99 2,6 0.010

seed weight monoculture 1.646 2,49 0.203

2-species mix 2.012 2 0.366

proportion of seeds Individual 2.217 2 0.345

germinated monoculture 2.626 2 0.269

2-species mix 4.768 2 0.091

Individual 1.083 2,6 0.397

speed of germination monoculture 7.47 2,49 0.479

2-species mix 0.795 2,123 0.545
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Table 3. Results of statistical analysis comparing the relative differences between plants
in competition and the individual plants at the same dose. Significant endpoints are

bolded.
Variable pot type Fiy2 df p-value post-hoc
monoculture 0.865 2,40 0.429 /
. 0<1 0.011
height . )
2-species mix 5.173 2,123 0.007 0<5 0.02
1>5 0.98
. monoculture 0.819 2,40 0.448 /
diameter
2-species mix 0.487 2,123 0.616 /
monoculture 2.204 2,40 0.124 /
days to first 0<1 0.001
flower 2-species mix | 37.195 2 <0.001 0>5 0.001
1>5 <0.001
duration of monoculture 0.78 2,40 0.465 /
flowering 2-species mix | 4.925 2 0.085 /
monoculture 3.662 2,40 0.035 /
. 0>1 0.01
seed weight . )
2-species mix | 27.068 2 <0.001 0>5 <0.001
1>5 0.07
proportion of monoculture 1.991 2 0.369 /
seeds germinated 2-species mix 4.973 2 0.083 /
speed of monoculture 0.503 2,40 0.609 /
germination | 2_gpecies mix | 1.558 2,123 0.215 /
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Table 4. Calculated percentiles of the marginal posterior distribution of parameters of S. noctiflora biomass and C. cyanus
flower production. Bolded numbers indicate parameter significance.

Silene noctiflora Centaurea cyanus
Parameter percentiles
2.5 50 97.5 P(X>0) 2.5 50 97.5 P(X>0)
Parameter and definition
a low density effects in ag,  -50.04 -24.19 -7.399 0 a., -7716 -53.17 -15.93 0
monoculture
b high density effects in by -19.56 -7.842 -5.357 0 b, -48.57 -30.74 -10.26 0
monoculture
¢ competitive effect on other Ca  -2.554 -1.622 -0.969 0 Cee 0.1043  0.442 0.8077  0.9955
species
a herbicide influence on o5, -6.339 -1.388 1.939 0.285 oa. -1.019 4396 7.158 0.8186
competitive effect in low
density monoculture
B herbicide influence on Bsn  -0.043 0.0020  0.0531 0.549 Bee -0.0557 0.094 0.2939  0.9025
competitive effect in high
density monoculture
vy herbicide influence on You  -0.923 -0.093 0.207 0.299 Yoo -0.2654 -0.1282 -0.0093 0.017

competitive effect on other
species
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Table 5. Calculated percentiles of the marginal posterior distribution of parameters of S. noctiflora biomass and C. cyanus
seed production. Bolded numbers indicate parameter significance, with probability values of <0.05 or >0.95 being significant.

Silene noctiflora

Centaurea cyanus

Parameter percentiles
2.5 50 97.5 P(X>0) 2.5 50 97.5 P(X>0)

Parameter and definition

a low density effects in a;, -64.80 -45.79 -14.40 0 a. -111.7 -82.31 -19.74 0
monoculture

p high density effectsin by, -63.97 -48.42 -15.92 0 b, -31.02 -17.79 -7.518 0
monoculture

¢ competitive effect on Csn -4.738 -2.119 -0.9900 0 Cee  0.095 0.454 0.831 0.996
other species

o herbicide influence on oy, -5.366 -1.205 0.7845 0.186 o, -0.098 2.713 5.876 0.972
competitive effect in
low density
monoculture

B herbicide influence on  fs, -0.1572  0.0183 0.2127 0.605 Bee  0.0068 0.0798 0.1987 0.986
competitive effect in
high density
monoculture

vy herbicide influence on vy, -7.799 -5.326 -1.592 0 Yo -0.2734 -0.1333  -0.0074 0.0194

competitive effect on
other species
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Figure 15. Relationship between the number of days until flowering and the duration of
flowering of C. cyanus at different densities and doses of the herbicide glyphosate.
Diamond shapes represent low density pots (1-9 plants), circles medium density (16-40
plants), and triangles high density (48-64 plants).

600

500

400

300

Total no. of flowers

200

100

@8 Control
i 1%
| L 2 m 5%
2
A
] . A
A
RS
. L J O @
‘t) ) o )
|A = T ‘I#A. T T A 1
80 90 100 110 120 130 140

Days until flowering
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of flowers produced by C. cyanus at different densities and doses of the herbicide
glyphosate. Diamond shapes represent low density pots (1-9 plants), circles medium
density (16-40 plants), and triangles high density (48-64 plants).
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Chapter 4: Discussion

Environmental Risk assessments for herbicides are performed to ensure that
there are no unacceptableeffects on the environment and non-target organisms such as
NTTPs, which includes both short and long-term effects. This goal for NTTPs is
considered accomplished not only when populations of non-target species are unaffected,
but also when communities are not negatively impacted (EFSA 2014). These goals are
considered predictable based on the results of individual level or single species tests. The
goal of this research was to evaluate the assumption that regulators are protecting NTTP
species based on the current ERA guideline procedure of spraying individually potted
plants or monocultures. I tested the hypothesis that glyphosate would alter the
competitive interactions between C. cyanus and S. noctiflora. This study found that the
competitive effects of C. cyanus plants on conspecifics increased at both high and low
densities when examining its seed production, but not it’s flowering, and that the
intraspecific competition between S. noctiflora plants was not affected by glyphosate. It
was also determined that there were effects on the interspecific competitive interactions
between C. cyanus and S. noctiflora were significantly affected by low doses of
glyphosate representing drift, confirming the hypothesis. These changes in competitive
abilities can translate to changes in population and community dynamics in the long-

term.

Density effects
The density effects as demonstrated in this experiment were not unexpected —
plant-plant interactions are known to increase with increasing density (Harper 1977),

negatively impacting plant performance. The biomass of S. noctiflora decreased, and the
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height and diameter of C. cyanus decreased as density increased — this negative
relationship between plant size and plant density is probably one of the best studied
aspects in plant ecology (Keddy 2001; Damgaard 2004). Increased density also caused
delays in flowering, shorter flowering periods, and fewer flowers in C. cyanus. A
negative relationship between plant density and seed production was also seen, which can
be explained by seed production often being correlated with the size of the plant
(Damgaard 2004). There were also slight density effects on seed weight and germination,
suggesting that lower quality seeds were produced by plants in high density.
Neighbouring plants limit the growth of each other as they compete for limiting
resources, and as density increases, the per capita supply of resources decreases (Keddy
2001). This explains the poorer performance in higher densities, and it is rare to find a

plant that does not suffer these negative consequences of neighbours (Weiner 1993).

Glyphosate and competition effects on height, time to flower and seed weight

While there were obvious effects of density on plant performance, dose effects
of glyphosate were more subtle. Although the competition model we used here yields
powerful insight into the effects of herbicides on competition, the hyperbolic nature does
not fit all of the endpoints. The model can examine differences in monocultures from
two-species mixtures, but plants in ERA can be tested individually as well. Therefore
differences in responses to herbicide between individual plants and those in mixtures is
relevant to test, and this was done by calculating the responses of the plants in mixtures
relative to the individual plants of the same dose and comparing these relative values

between doses. Height, time to first flower, and seed weight were the endpoints where
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responses of plants in competition varied from individual plants when exposed to
glyphosate.

There was a significant relative difference in height between doses when
comparing the individual plants to those in two-species mixtures. The C. cyanus plants in
mixtures with S. noctiflora were all shorter than the individual plants, but were also all
similar in height, regardless of dose. This suggests that competition is more important for
decreasing height than glyphosate dose. Glyphosate has been documented to decrease
height in some species (e.g Flessner et al. 2012; Pfleeger et al. 2012), but hormetic effects
have also been seen, where lower doses cause stimulation of growth (Wagner et al. 2003;
Cedergreen et al. 2007; Velini et al. 2008). While neither of these situations occurred for
the C. cyanus plants in the two-species mixtures, it is important to note for ERA that
these plants do not respond the same way as individual plants. Height is an important
plant characteristic, related to the plant’s ability to capture light. Taller plants intercept
more light, and can shade those shorter than them (Falster & Westoby 2003). Height has
also been linked to competitive ability (Schamp et al. 2008), and so effects on height
should be predicted accurately in ERA.

There were also significant differences in flowering times between the
individual plants and the two-species mixtures of the same dose. The C. cyanus plants in
competition exposed to 1% glyphosate experienced a larger delay in flowering than did
the controls. Delays in flowering in wild plants have been seen before with sub-lethal
doses of glyphosate (Londo et al. 2014) and other herbicides (e.g. Boutin et al. 2014;
Bohnenblust et al. 2016), but these tests were with individual plants. The 5% dosed plants

though, regardless of density, all flowered around the same time. There was also little
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difference between the three doses of the 2-species mixtures, suggesting that competition
is a larger driver of delays in flowering than herbicide.

Differences in flowering times between individual plants and those in
competition when exposed to glyphosate are important to note as flowering time is
important for plant survival, and as seen in this study, it is correlated to other potential
measures of reproductive success such as duration of flowering and total number of
flowers. Notably, pollinators can be impacted, as they are sensitive to flowering time
(Santandreu & Lloret 1999). Mismatches between flowering time and peak pollinator
activity can be detrimental to both the plant (if animal pollination is required for
reproduction, such as for C. cyanus) and for the survival of pollinators. If there are fewer
flowers available, pollinators may not have enough resources to sustain them when crops
are not available for pollination (Carvalheiro et al. 2010), or they may not be able to
survive solely on crops alone (Holzschuh et al. 2007).

Seed size can influence factors such as likelihood of germination (e.g. Dolan
1984; Vera 1997; Susko 2006), emergence (e.g. Wulff 1986; Winn 1988; Harrison et al.
2007), survivorship (e.g. Vera 1997; Kidson & Westoby 2000; Simons & Johnston 2000),
seedling size (e.g. Dolan 1984, Chacon et al. 1998; Susko 2006) and competitive ability
(e.g. Dolan 1984; Houssard et al. 1991; Susko & Cavers 2008). All of these factors can
be important in recruitment and sustaining the population size. Generally, large seeds
perform better than smaller seeds (reviewed in Ambika et al. 2014), and this was seen in
this study as well — heavier seeds were more likely to germinate, and they germinated
more quickly than the smaller seeds. These relationships did not vary by dose. However,

whether the seedlings of the controls were healthier (for instance examining root length,
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hypocotyl height, wilting, etc.) was not tested. Since seed size can be of such ecological
importance, it is essential to understand the effects of herbicides on it under more realistic
conditions, such as competition, in ERA.

Glyphosate has been documented to cause decreased seed weights (reviewed in
Blackburn & Boutin 2003), and similar effects have also been seen in other herbicides
(e.g. Boutin et al. 2000; Schmitz et al. 2012). In this study, this pattern was observed in
the individual plants and to a lesser extent in plants experiencing both intra- and
interspecific competition, but it was not significant. There were, though, relative
differences between the seed weights of individual plants and those experiencing
interspecific competition. This can be explained by the plants in mixture producing seeds
of more similar weights, regardless of dose, whereas for the individual plants the seed
weights decrease with dose. The dosed seeds were more similar in weight regardless of
density, suggesting that competition was the larger driver of reduced seed weight, and

glyphosate did not do much more damage than competition had already done.

Changes in competitive interactions

The competition model demonstrated that the competitive interactions were
altered between C. cyanus and S. noctiflora when exposed to low doses of glyphosate
representing herbicide drift. As interspecific competition influences plant communities
(e.g. Rees et al. 1996; Weiher et al. 1998), these changes in interspecific interactions can
affect the population dynamics between the two species over time (Damgaard et al.
2008), possibly leading to effects at the community level.

When examining biomass and seed production, both C. cyanus and S. noctiflora

were negatively affected by glyphosate, with both of their competitive effects on the
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other being reduced. S. noctiflora’s competitive effect was, however, more adversely
affected than C. cyanus’s, making C. cyanus the stronger competitor at this time.
However, this was only the case for seed production, and not at the flower production
stage. Therefore glyphosate appears to affect S. noctiflora’s competitive effect
somewhere between C. cyanus’s flower and seed production. There is a time lapse
between flowering and seed production, and seed production is more resource demanding
than flower production (C. cyanus would be taking more resources to produce seeds), but
it would be too speculative to suggest reasons for S. noctiflora’s change in competitive
effect caused by glyphosate during this time period. Changes in competitive effects can
arise due to impacts on either species, and so S. noctiflora’s competitive effect may have
decreased because it was weakened, or because C. cyanus became a stronger competitor
when producing seeds. As C. cyanus was also affected only at the seed stage for
intraspecific competition, this could suggest the change in interspecific interactions is due
to that species, but there is no way to conclusively determine which case occurred in this
experiment. , and there

It is known that different species have different sensitivities to herbicides, with
sensitivities varying from no effect to complete inhibition, as well as permanent or
temporary effects (Damgaard et al. 2014). For instance, monocots are generally more
tolerant to herbicides than dicots (e.g. Boutin & Rogers 2000; McKelvey et al. 2002;
White & Boutin 2007; Riemens et al. 2008). The composition of field margins can be
hundreds of species (EFSA 2014), making it likely there is a range of responses. Even
slight effects can put more sensitive species at greater disadvantages than the more

tolerant ones (EFSA 2014), and these sensitive species can experience increased
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competition from less-affected neighbours (Riemens et al. 2008). This could change the
community composition as the susceptible species can be displace by the more tolerant
ones (Boutin & Jobin 1998; Gove et al. 2007; Petersen et al. 2006).

Changes in communities caused by herbicide drift have been seen in previous
studies (e.g. Marrs et al. 1991a; Kleijn & Snoeijing 1997; Gove et al. 2007; Strandberg et
al. 2012). Watrud et al. (2011) showed that differences in sensitivity to herbicide causes
changes in dominance, by using transgenic oilseed rape which is resistant to glyphosate: a
weed species was dominant in the untreated plots, whereas the oilseed rape became
dominant in the glyphosate treated plots after two years of drift exposure. Boutin & Jobin
(1998) also found changes in community composition due to intensive farming, but the
contributions of just herbicide to the changes could not be determined. Marrs & Frost
(1997) used microcosms to show that the response of a species to herbicide drift depends
on the herbicide used and on which species are present with it in mixture — some species
showed a response to some herbicides but not others, and responses varied depending on
the presence of grasses in the mixture.

This study confirms that herbicides can cause changes in competitive
interactions under experimental conditions. Using the same competition model as this
study, Damgaard et al. (2008) showed that the interspecific competitive abilities of two
weed species were increased at low doses of herbicide mecoprop-P. With a different
competition model examining plant coverage of field quadrats, Damgaard et al. (2014)
found that the competitive effect of one grass increased while the other decreased with
increasing doses of glyphosate. Other studies have also documented differences in

sensitivities between terrestrial plants in different densities or grown individually or in
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monocultures and those grown in mixtures (see Table 6: Humphry et al. 2001; Riemens
et al. 2008; Riemens et al. 2009; Dalton & Boutin 2010), suggesting competition plays a

role in responses to herbicide.
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Table 6. Studies examining the effects of herbicide on competition or plant mixtures.

Study Purpose related to Comparisons Herbicide Doses | Location for | Endpoint Main result related to
density density part density
of study
Dalton & | Compare responses Monocultures Glyphosate Dose- Greenhouse | Biomass | Similar IC25 values between
Boutin of plants grown and multi- and atrazine response | and field single species and
(2010) singly vs in species microcosms, but changes in
microcosms microcosms community structure
observed in microcosms
Damgaard | Examine the Multiple Mecoprop-P Drift Greenhouse | Biomass | Interspecific competitive
et al. (2008) | influence of densities of levels abilities of both species
herbicide on monocultures increased with increasing
competitive and two-species dose
interactions mixtures
Damgaard | Test whether the Plots consisting | Glyphosate Drift Field Cover and | Competitive effect increased
et al. (2014) | growth and of two species levels vertical for one species and decreased
competitive effects density for the other
of two species are
altered by herbicide
Humphrey | Examine if plant One species at 2,4-D amine Dose- Controlled Biomass | Plants grown at high density
et al. (2001) | density affects the densities of two response | environment less sensitive to herbicide
dose-response or 64 room
relationship
Riemens et | Investigate the Monocultures Glufosinate Dose- Greenhouse | Biomass | Doses at which effects were
al. (2008) | effects of herbicide and multi- ammonium response observed differed for species
on vegetation species in mixtures vs species in
assemblages Mesocosms monocultures
Riemens et | Determine the effect | Monocultures Tepraloxydim | Dose- Greenhouse | Biomass | Responses between
al. (2009) | of surrounding and multi- response monocultures and multi-
vegetation on species species mixtures differed —
individual species Mesocosms some species benefited from

after herbicide spray

being in mixtures, others
were harmed.
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Impacts of plant community changes

Plants are the foundations of terrestrial community trophic structure (Gleissman
2006). Scientific studies (e.g. Koricheva et al. 2000; Haddad et al. 2009) and meta-
analyses (see Balvanera et al. 2006; Cardinale et al. 2006) demonstrate that plant
diversity affects the abundance of other organisms such as herbivorous arthropods,
parasitoids and predators (Scherber et al. 2012), as these organisms rely on NTTPs for
food, habitat and shelter. Herbicide use could therefore lead to higher-level cascades of
decline, where the loss of other organisms follows the loss in plant species (Biesmeijer et
al. 2006). Bottom-up effects of herbicides on plant communities have been documented.
For instance, applications of 2,4-D negatively impacted the population densities of
Northern Pocket gophers (Thomomys talpoides) and Least chipmunks (Eutamias
minimus) when their primary food source of forbs were eliminated. However, Montane
Vole (Microtus montanus) populations increased, as this species benefited from the
increased grass cover (Johnson & Hansen 1969). Changes in arthropod communities
have also been noted to be caused indirectly by herbicides, either through loss of host
plants or food (e.g. de Snoo 1999; Taylor et al. 2006). This could be harmful to bird
species that feed on these insects, for example the Grey Patridge (Perdix perdix) (Potts
1980). Indeed, bird numbers have been linked to arthropod numbers in farm systems
(Benton et al. 2002). Therefore, changes in plant communities can affect our ability to
protect other organisms.

As biodiversity is related to ecosystem services (Hooper et al. 2005), losses in
biodiversity can affect our ability to obtain services from our agroecosystems. These

services in agroecosystems go outside the direct benefits such as production of food and
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fibre, but include indirect benefits such as erosion control, nutrient cycling, pollination
and sheltering natural enemies of pests. Perhaps the most studied concern today is the
loss of pollinators in agroecosystems. Approximately 35% of global food production is
affected by pollinators (Klein et al. 2007), either through required animal pollination or
yield and quality is improved with animal pollination (Garratt et al. 2014). Modern
agricultural practices decline the suitability of agroecosystems for pollinators (loss of
habitat, fewer resources), and therefore there are fewer pollinators present to pollinate
crops (Carvell et al. 2006). Plant community composition is important for pollinators —
for instance, flower diversity has been documented to be positively correlated to bee
diversity (Hole et al. 2005), and been linked to moth presence in farmlands (Boutin et al.
2011 and references therein). Studies have shown that herbicides have reduced resources
available to pollinators through changing field margin compositions (Lagerlof et al. 1992;
Holzschuh et al. 2007). Herbicides altering the composition of field margins could
decrease the contributions of pollinators to crop pollination (Blaauw & Isaacs 2014).
Therefore the ecosystem services that are provided to us by NTTPs should be considered

in risk assessment, and this was the new framework presented by EFSA (2014).

Applications to Risk Assessment

Single species tests for protecting the environment are used because they are
inexpensive, quick and simple, while demonstrating clear dose-response patterns that are
relatively straightforward. They are also easily standardized and more practical. However
there is limited evidence that results from single-species tests can be used to make
extrapolations to ecosystem response (Cairns 1984). While further experiments would be

beneficial, this study along with a few others (Table 6) suggest that the ERA guideline of
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testing individually potted plants or monocultures is not appropriate for making
predictions on the effect of herbicides on wild plant populations and communities as
these tests cannot predict possible changes in community structure that may arise as a
consequence of changes in competitive interactions. If species have alterations in their
competitive interactions, this can have long term consequences for their populations if
they are weakened or weakened more than their neighbours, which can lead to the
changes in community structure. Therefore including competitive interactions in ERA
would improve protections of plant populations by predicting ecologically relevant
outcomes of exposure.

Although individual plants or single species tests may not provide ecologically
meaningful results, there are several limitations for requesting higher tier tests to be
performed. Competition experiments using reproductive endpoints are time and resource
consuming, especially if they were to be conducted using perennial species. This would
elevate the costs of performing the tests. Using higher tiered testing would be beneficial
as to increase realism, but the ability to replicate and standardize would decrease (Dalton
& Boutin 2010). There currently exists no standardized protocol for higher tiered testing
involving field studies and multispecies tests (EFSA 2014; Arts et al. 2015). Regulatory
agencies should therefore work to establish guidelines for higher tier testing to improve
risk assessment. While EFSA is currently working towards developing higher tiered
testing, amending extrapolation factors to account for competition would also be useful.
However, there currently exist very few studies on herbicide effects on competition (see
Table 6), and therefore there is not enough information to be able to calculate such a

factor at this time (EFSA 2014).

68



Modelling in Risk Assessment

There is actually very little ecology involved in the ERA assessment process.
With the risks being assessed based on the results of individual and single species tests of
a few species, usually crops used as proxy for wild species, we are missing many
ecological complexities that can affect the risk of the pesticide to populations (Forbes
2009), such as competitive interactions. Therefore, ecological modeling can be a very
valuable tool in ERA. Using models such as this one that allow us to see changes in
competitive interactions can help in understanding the importance of herbicide
applications and their potential influence on populations and communities (Damgaard et
al. 2014). This gives us outputs that are closer to the goals of risk assessment (i.e.

protecting populations, communities, and ecosystems) (Forbes 2009).

Study limitations

Risk assessment tests are conducted under ideal greenhouse conditions because
this allows the tests to be standardized. However there are obvious differences between
greenhouse studies and natural conditions. Climate factors such as temperature and
humidity can vary between greenhouses and the field, and these can affect test outcomes
by varying growing conditions (EFSA 2014). Natural stressors such as wind, drought and
predators are also different, either being absent or controlled in greenhouses (EFSA
2014), and diseases present outdoors could more easily kill plants that have been exposed
and weakened by herbicides (Wang & Freemark 1995). Overall, greenhouse conditions
are considered less variable than the natural conditions of the outdoors (Boutin et al.

2010).
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Contradictory results have been obtained when comparing greenhouse and field
studies, and often there is poor correspondence between the two (Clark et al. 2004). In a
literature review, Fletcher et al. (1990) showed that plants in the field are more sensitive
to herbicides. However, plants in the greenhouse studies have often been found to be
more sensitive (Riemens et al. 2008; Dalton & Boutin 2010). Discrepancies are most
often explained by environmental variability, as well as variation in the physiological
state and plant anatomy (such as growth and cuticle thickness) that arise due to the
different conditions in the field versus a greenhouse (Clark et al. 2004). Specific to this
study, there is also the added limitation that the physical environment can affect
competitive abilities of species (e.g. Eagles & Williams 1969; Clauss & Aarseen 1994;
see Aarssen 1992). Of course, it is impractical to study all of the interacting factors that
occur outdoors (Boutin 2013), but the extent to which all of these conditions affect plant
sensitivity to herbicide needs to be examined further (EFSA 2014).

Another limitation is that the S. noctiflora did not bolt during the experiment. If
they had, this could have changed the dynamic between the two species because of the
demand on resources for seed production. However, as C. cyanus does naturally flower
and likely produce seeds before S. noctiflora, the resulting dynamics may not have
changed if C. cyanus finished producing seeds before S. noctiflora began. The S.
noctiflora plants did remain healthy throughout, and were therefore still using resources.
Species have different growth rates, and if some species begin flowering and producing
seeds earlier than others in the field, a similar situation and result may actually occur.

Although 1 and 5% doses of glyphosate are realistic, they are on the lower end

of the possible amount of drift that occurs. Herbicide drift has been documented to be as
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high as 20-25% for plants in field margins (de Snoo & de Wit 1998; Boutin et al. 2011).
There is also the possibility that repeated exposures to herbicide drift during the season
(Pfleeger et al. 2012) or across years (which can only be studied with perennials) would
result in more damage to plants (Schmitz et al. 2012), and this was not considered in the
present study. Several studies have also documented combined effects of herbicide and
fertilizer applications (Kleijn & Snoeijing 1997; Damgaard et al. 2011; Strandberg et al.

2012; Schmitz et al. 2014).

Future directions

As mentioned, more data is required on the effects of herbicide drift on non-
target plants in order to develop more realistic guidelines for ERA or to calculate an
uncertainty factor to be used. As such, more studies are required. Currently, the same
experiment is being performed in Denmark — same species, but using a different
herbicide, Metsulfuron methyl, an herbicide with a different mode of action than
glyphosate. Herbicides with different modes of action will affect species differently
(sensitivities vary by herbicide), and it is therefore possible the interactions between these
two species may be different with another herbicide. This could provide more insight on
herbicides affecting competitive interactions. It would also be useful to study this in other
species (perennials, different growth patterns and traits) as well in order to demonstrate
the effect is applicable to other species and not limited to a subset of non-target plants.

While this study documented changes in competitive interactions, it did not go
far enough to study the outcome of these changes. Further research, perhaps longer-term
field studies to look at changes in populations over time, would strengthen this area of

research by demonstrating the consequences of the changes in interactions. Even further
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modelling to predict the possibility of each of the four ecological scenarios (stable co-
existence, species 1 outcompeting species 2 or vice versa, or the outcome depends on the
initial abundances of the two species) as a result in the changes in competition

(Damgaard 2003; Damgaard 2008) would be beneficial.

Conclusions

The objective of risk assessment in the context of herbicide registration is to
ensure that the chemical is not causing any unacceptable effects on non-target plants
(EFSA 2014). As concerns arise over the use of off-target fate of herbicides and other
agrochemicals, policy makers must act to protect plant species (Marrs & Frost 1997).
Several studies have demonstrated that many of the current risk assessment test
guidelines are not adequate (e.g Boutin et al. 2004; Strandberg et al. 2012; Boutin et al.
2014), and concluded that the guidelines should be amended. This study demonstrates
that the ecological simplicity of the current test guidelines may be lacking in their ability
to be sufficiently protecting wild plants. If herbicides can alter competitive interactions
between species, single species tests may not be suitable to predict the consequences of
herbicide exposure at the population and community levels. Field margins are crucial to
maintaining biodiversity in agroecosystems, and as plants within them form the base of
our ecosystems, effects on NTTPs can have cascading effects on other organisms and on
our ecosystem services, and therefore we want to ensure that we are being as protective
of wild plants as possible. To do so, competitive interactions may need to be included in
risk assessment to make more credible predictions on the effects of herbicide drift on

non-target plants.
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Appendix 1. Visual Assessments

Table 1. Visual rating system for plants used to assess herbicidal damage each week after exposure to 1 and 5% of the recommended
label rate of glyphosate.

Rank % Size Compared to Controls General Characteristics
0 100% Healthy; Similar to the controls
1 >>100% Plants significantly larger than controls (hormesis)
2 Slightly smaller than controls ~ Minor herbicide effects (chlorosis, discoloration) but no obvious size difference

from controls

3 ~75% Mild herbicide damage resulting in obvious, but minimal, reduced growth
4 >50%, <75% Obvious herbicide damage

5 ~50% Plants stunted, often with significant damage

6 >25%, <50% Plants stunted, severe damage

7 >10%; <25% Severe damage, unlikely to recover

8 <10%, or nearly dead Severe damage, likely to die

9 0% Dead
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Figure 1. Example of chlorosis on a S. noctiflora plant (left) 3 weeks after exposure to
5% of the recommended application rate of glyphosate. This was ranked 4 by the
observer, due to the smaller size of the plant and the obvious chlorosis in comparison to
the control (right).
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Figure 2. Example of chlorosis on a C. cyanus plant (left) 3 weeks after exposure to 5%
of the recommended application rate of glyphosate. This was ranked 5 by the observer

due to the extreme small size of the plant and the significant chlorosis in comparison to
the control (right).

88



