The effects of competition and herbicide drift on non
target plant populations

by

Kaitlyn Montroy, H. B.Sc.

A thesis submitted to the Faculty of Graduate and Postdoctoral
Affairs in partial fulfillment of the requirements for the degree of

Master & Science
in
Biology

Specialization in Chemical and Environmental Toxicology

Carleton University
Ottawa, Ontario

© 2016 Kaitlyn Montroy



Abstract

Herbicide drift is the movement of herbicide away from its intended
target. The effect of drifbon nontarget plants is considered in environmental risk
assessments, where the gokithe assessmert to protect plant populations and
communities. The aim of this study was to evaluate the assumption that the single
species tests used in risk assemsis ardully protectingwild plant populations
asthey do not account for interspecific interactions. In a greenhousep&oies
competition experiment, it was found that the competiinteractions between
the model speciesCentaurea cyanuand Silene noctiflora,were affected by low
doses of glyphosate representing difithese changes could affect both of their
populations in the longerm, and would not be detected using current test
guidelines. As interspecific competition is an important deteramt 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

norttarget plants.



Acknowledgements

My greatest achievement to date is accoshegld with the submission of this
thesis. Yet, it would not have been possible without many others. First and foremost, |
need to extend my gratitude to my supervisor, Dr. Céline Boutin, for her continued
support and enthusiasm throughout these past tens.yehave been extremely fortunate
to be of her grad students, benefitting from her knowledge and constructive criticism.
Also thanks to Dr. Steven Cooke for his helpful comments &sipervisor.

Thanks to David Carpenter for great advice and supghoihg the experiment
and writing of this thesis, and to Simon Grafe and Carly Casey for help in measuring
plant heights and counting tons of flowers over several months! Thanks to them and other
lab mates Anna Lukina, Jane Allison and Danielle Dowd fowiding encouragement
and lots of laughs to help relieve the stress.

This project was the result of international collaboration between Environment
and Climate Chang€anada and Aarhus University in Denmaiflhank you to the
researchers in DenmarkSolvejg Kopp MathiasserDr. Beate Strandberdpr. Christian
Damgaardand the other members of the PENTResticide effects on nemaget
terrestrial plants at individual, population and ecosystem le@ig)ect tearn for
collaborating anddesigningthe PENTAproject with Célineand David Extra special
thanks to Christian for statistics, and for being patient with me over numerous emails and
skype sessions as | tried to understand his competition model used for this research. | also
need to thank B. Andrew 8mons and John Arsan for their insight as my committee
members.Also thanks to Ed Bruggink for help with the greenhouse space, especially

pests.



| also need to thank my very supportive fiancé, Marc Lalonde, for his
encouragement. It would not have bgmssible to remain so uplifted when times were

rough if it were not for him.



Table of Contents

Y 011 =T 2
ACKNOWIEAGEIMENTS ...ttt et e e e e s s e e e e e 3
TabIE Of CONIENTS ...t et e e e e e e s s e e e bbb e e e e eeeaas 5
LISt Of FIQUIES. ..ceiiiiiiiii ettt et e e e e e e s rmmme e nnnnnnneeeeeeeneene ] 6
LISt OF TADIES....ceieeieeeeeeeeeeeeeee e mmme e e e e e e e e e e e e e e e e e e e e e e e 8
IS W0 Y o] 01T o [ Tod = PP 9
List Of ADDIeVIAtioNS .......coooiiiiii e 10
Chapter L: INtrOAUCTION ... eeee e e e e e e e e e eeasn s 11
(LY i oo (=3 | | | OO TP PPPPTR P 11
Importance of field Margins..............oooiii e 12
Environmental RiSK ASSESSIMEIL..........eeiiiiiiiiiiiiieereeie et e et e e e e e e e e e e e eeeeeeeeeeneeeeeeeeeneenne 13
Herbicides and COMPEItIQN..........ooiiiiiiii i ieee e 15
Effects 0N reprodUCHIQN............uiiiiiiiiiiiieee e e e 17
Trophicconsequences of changes in plant communities................coo e eeeevvvvviveviiennnns 19
Including competition in Environmental RisSk ASSESSMENL...........ccoovviiiiieemiiiiieeeeennn. 20
(@] o T=T 11 )= SRS PRRSR 22
Chapter 2: Materials and Methods.............ooovviiiiiiiiiieee e 22
] 0 L=Tol [ PP PPPTP PP 23
Herbicide background informatil....................ooi e 23
General experiMeENtal SED.........c.oviiiiiiiiiiiieeeer et e e e e e eeeeae i ————— 25
VegetatiVe GSSESSIMEINTS ... ..uuiiiiiiieiiiiirrmeaet e e e e e e e s s n e e bbb r e e e e e e e e e s s asnbnnesnnes 29
REPIDAUCHIVE SSESSIMEIIS .....eeiiiieiiiiiiiiitieeesttte e et e e e e e s st eeenas e e e e e e e e e s e snnnne e e e eaenees 29
StatiStiCal ANAIYSIS........coo i 30
Chapter 3: RESUILS......ccviiiiiiiiiiiiiiittirree e e e e e e e e e e e e e e e e e e eeee e mmmreeeeeeeeeeeeeeees 33
ViISUAI ASSESSIMEBNLS.....ciiiiiiiiiiiie e ceee s e e e rmmmr e e e e e e e e e e e e e e e e e e eeesannnsaasaaaseaans 33
DENSItY EffECES.....ciiiiiieeeeeeeeeeeeeee e ————————— e 34
Height, diameter, duration and time to first flowering, seed weight, and germinatior84
ComMPELItIoN MOAEL.......ooiiiiiiiii e e e e e e e 35
Relationships between enNdPOINIS. ..........cooiiiiiiiien e 37
CAPLEr 4 DISCUSSION.....uuuuuiiieiiieieiee s s emee e e e eeeeeeeeeeeeeeessasstrrerassaaaaaeaaaaaaaeaaeaaesannsssrssnsrnnnnes 57
DENSILY EIfECTS. ...eeeiiiiieeei ittt e e e aner e e e e e 57
Glyphosate and competition effects on height, time to flower and seed weight....... 58
Changes in competitive INtEractiQnS........ccoeeevieiiiii i 61
Impacts of plant community Changes..............oooi i ecci e 66
Applications t0 RISK ASSESSIMENL.........ccoiiiiiiiiiiieeeiii et e e eesr e e e e e e Y4
Modelling in RiSK ASSESSMENL...........oiiiiiiiiiiiieeei e 69
Y 000 YA 1T 4T =1 (o] =Y 69
L0 | =30 [ €= o1 1] o - SRR 71
0] 1] 1113 [ o 1= 72
Sy (=T =] o [o =L PP PSSP 73
LY o] 01T o | G P PP PPN P O PP 87



List of Figures

Figure 1. Compositions of the densities and proportions in pots used to study herbicide
drift and competition betwedd. cyanusandS. noctiflora ...............cccoovvviiviieeen e 27

Figure 2. Average maximum height with standard erroCofcyanusn competition with
conspecifics and. noctiflorain various mixtures, sprayed with different doses of the
herbicide glYPhOSALe. ..o 38

Figure 3. Average maximum diameter with standard erroCofcyanusin competition
with conspecifics an&. noctiflorain various mixtures, sprayed with different dosés o
the herbicide glyphoSate.............uuieiiiiii e eeeer e 39

Figure 4. Average number of days until flowering with standard erroCotyanusin
competition with conspecifics an&. noctiflora in various mixtures, sprayewith
different doses of the herbicide glyphosate.............ccooiiiiiiccc e, 40

Figure 5. Average duration of flowering with standard errortGfcyanusn competition
with conspecifics an&. noctiflorain various mixtues, sprayed with different doses of
the herbicide glyphosate...............euuiiiiiiiiceecrie e rreerinse e een e AL

Figure 6. Average seed weight with standard error@fcyanusin competition with
conspecifics and. noctiflorain various mxktures, sprayed with different doses of the
herbicide glyPhOSALE............ooo i 42

Figure 7. Average proportion of seeds germinated with standard err@r. afyanusin
competition with conspecifics an&. natiflora in various mixtures, sprayed with
different doses of the herbicide glyphosate...............coeiiiiiceciiiccce e, 43

Figure 8. Average speed of germination with standard error of C. cyanus in competition
with conspecifts and S. noctiflora in various mixtures, sprayed with different doses of
the herbicide glyphoSate............ccciiiiiiiiicee e A

Figure 9. Average biomass and standard erroSohoctiflorawhen in competition with
corspecifics andC. cyanusin various mixtures at different doses of the herbicide
OIYPNOSALE.... ..o e s amnmrnnn e eeaea 4D

Figure 10.Average number of flowers and standard error producegl loyanusvhen in
competitionwith conspecifics an&. noctiflorain various mixtures at different doses of
the herbicide glyphoSate............cccciiiiiiiiiceeiieeeee e AD

Figure 11. Average number of seeds and standard error produc€d byanusvhen in
competition with conspecifics andl. noctiflorain various mixtures at different doses of
the herbicide glyphoSate...............uuuiiiiiiiieeeccceee e eeeerissee e BT

Figure 12. Height of C. cyanusin monocultures and mixtures witB. noctifbra at
different doses of glyphoSate............coieiiiiiiiiiccei e 48

Figure 13 Days until flowering ofC. cyanusin monocultures and mixtures wit8.
noctifloraat different doses of glyphosate............coooviiiiiiceei e, 48

Figure 14. Seed weight ofC. cyanusseeds in monocultures and mixtures wgh
noctifloraat different doses of glyphosate...........ccoooviiiiiiceei e, 49



Figure 15. Relationship btween the number of days until flowering and the duration of
flowering of C. cyanusat different densities and doses of the herbicide glyphosate.
Diamond shapes represent low density pot8 (lants), circles medium density (46
plants), and triangldsigh density (4854 plants)..........ccccovvieiiiieeeiiiieeeeeieeee e, 54

Figure 16.Relationship between the number of days until flowering and the total number
of flowers produced byC. cyanusat different densities and doses of therbicide
glyphosate. Diamond shapes represent low density pefs plants), circles medium
density (1640 plants), and triangles high density-@8plants).............cccccvvvvvviinnee. 54

Figure 17. Relationship betwee C. cyanusflower and seed production at different
densities and doses of the herbicide glyphosate. Diamond shapes represent low density
pots (19 plants), circles medium density (46 plants), and triangles high density @8

Figure 18.Relationship betwee@. cyanuseed weight and the proportion of germinated
seeds at different densities and doses of the herbicide glyphosate. Diamond shapes
represent low density pots -@lL plans), circles medium density (40 plants), and
triangles high density (484 PlantS).............uiiiiiiiii i erer e 55

Figure 19. Relationship betwee€. cyanusseed weight and the speed of germination at
different densitis and doses of the herbicide glyphosate. Diamond shapes represent low
density pots (P plants), circles medium density (46 plants), and triangles high
denSity (4864 PlANTS).........coieieiieiiii e eernr e e e e e e e e e aeen 56



List of Tables

Table 1.Experimental DeSIgN..........couui it ee e 28

Table 2. Results of statistical analysis for the effect of glyphosate dose on various
endpoints. Significant endpoints are bolded.................ccccoiiiiiee 50

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
o7 ] [0 [= o TP PP UPPUPPPPPPPR 51

Table 4. Calculated percentiles of the marginal posterior distribution of paramet&ts of
noctiflorabiomass andC. cyanudlower production. Bolded numbers indicate parameter
SIGNITICANCE. ..ot eeeea bbbt e e e ettt e e e e s ememr e e e e et e e e eeeeeens 52

Table 5. Calculated percentiles of the marginal posterior distribution of paramet&ts of
noctiflora biomass andC. cyanusseed production. Bolded numbers indicate parameter
][0 [ 1] 07> o = PRSPPI 53

Table 6.Studies examining the effects of herbicide on competition or plant mixtg8s.



List of Appendices

Appendix 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........... 75



List of Abbreviations

a.e.: acid equivalent

AMPA: Aminomethylphosphonic acid

EFSA: European Food and Safétythority
EPSP5-enolpyruvylshikimate3-phosphate

ERA: environmental risk assessment

MEA: millennium Ecosystem Assessment

NTTP: nontarget terrestrial plants

OECD: Organization of Economic €peration and Development
PAR: photosynthetically active radii@n

USEPA: United States Environmental Protection Agency

10



Chapter 1: Introduction

Human domination of the natural world has led to unprecedented changes in
biodiversity and environmental qualifyitousek et al. 1997)For example, agricultural
intensification over the past few decades has been a substantial contributor to
environmental issuedearly a quarteroEar t hé6s | and surface h a
agricultural landscapgMillenium Ecosystem Assessment (MEA) 2005%nd this
modification can cause major degradation and loss of natural hghititeenberg 2000)

This has resulted in the need to protdet natural habitats that remain managed
agroecosystemgBoutin & Jobin 1998) However, modern agriculture is highly
dependent on external inputs such as pestigidietin & Snoeijing 1997) and this can
compromise the health of these remaining natural habitats and the organisms within

them.

Pesticidedrift

When pesticides are sgyed on agricultural fields, some of the particles move
away from the targeted crop area. This process, known as drift, unintentionally exposes
norrtarget organisms to pesticidébnited 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) duwe to the evaporation of the pesticide
from surfaces after application (vapour driffuropean Food and Safety Authority
(EFSA) 2014) Drift always occus to some extent, and is affected by factors such as the
equipment(e.g. Davis & Williams 199; Murphy et al. 2000Johnson et al. 2006)he
pesticide(e.g. Grover et al. 197Hilz & Vermeer 2013) and theweather conditions

around the time of sprafe.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 equipmeésitused(Boutin & Jobin1998) butdistances ofip to

500 meters with aerial applicatiohave been note.g.Maccollom et al. 198@Davis &
Williams 1990) Although the drift dosesmay seem low, ther@are manystudies
documenting the direct and indirect effects that pestidiife has on a variety of nen
target organisms (e.gotts 1980Bhatti et al. 1995Egan et al. 2014Most drift deposits

in the field margingKleijn & Snoeijing 1997) which are the nm&t common type of
natural habitat remaining in agroecosyste(Bsutin & Jobin 1998) Therefore the
toxicological effects are greatest tine margins(Kleijn & Snoeijing 1997)1 the sane

naturalareas we are aiming taintainin disturbedagricultural landscase

Importance of field margins

Herbicides are the most widely used pesticide worldwW{d&SEPA 2011) and
their vast use raises concerns about the effedierbicidedrift on nontargetorganisms,
particularly nortarget terrestrial plants (NTTPsh 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 maintai{edy. Marshall & Moonen 2002;
Deckers et al. 2004As plants form the basis of ecosystems; effects on wild plants
caused by herbicide drift can affewstldlife 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 dispe(sad.
Burel 1989 Corbit et al. 1999)Therefore the loss of plants in field margins can cause

overall declines in farmland biodiversifgoutin 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 behatithumans
receive from ecosystenfsIEA 2005) Many ecosystem services in agtiaual 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 erosiomingrnutrient
cycling, protecting water bodies from agrochemical drift, and increasing pollination of
crops by attracting pollinators to the fielimong othergAltieri 1999; Olson & Wackers
2007;Norris 2008 Nicholls & Altieri 2013) The link between ecosystem services, plants
and biodiversity has been establisi{ethboper et al. 2005)and therefore any negative
effects on biodiversity can have implications on ability to obtain ecosystem services.
Herbicide use has been identified as a contributing factor in declining plant species
richness, abundance, and diversity in agroecosystemsViars et al. 1989Aude et al.

2003 Gove et al. 2007Boutin et al. 2014)and changes in species compositions in field
margins havebeen noted Jobin et al. 1997de 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 margit®amgaard et al. 204

Environmental Risk Assessment

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

on the emironment, including NTTPs. The general goal of the ERA for terrestrial plants
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is to maintain species biodiversity in agroecosysteasiing to protect the abundance
and diversity of noftarget plant species, meaning that herbicides should have no long
term effects(EFSA 2014)

ERA generally follows athreetiered approach. Tier | is a preliminary
assessmentyhere species are exposed to the highest application rate. If more than a 50%
effect is determnmed, tier Il must be performeavhich are the dose response tebts:
herbicidesmost often theiér Il must be performedoth Tieis | and Il are greenhouse
experimentsusing individually potted plantor monocultures These tests are quick,
simple and relatively inexpensive, and they are reprodudatin et al. 199%. Tier IlI
is, however, more realistic, arstudies 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 Il 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 shoutdnselered in
higher tiered testing. Further, responses of plants in greenhouses are not always
equivalent to those in the fiel(e.g. Riemens et al. 200®alton & Boutin 2010)
Individual level or monoculturetests 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 competitiggFSA 2014) This leaves gaps in lower tiered
testing.

The currentERA testguidelines for NTTPsat tier | and tier Ilhave been

deweloped by the Organization for Economic Cooperation asde®pment (OECD
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2006)and the USEPAUSEPA 2012) The phytotoxicity tests are conducted usirf06
species (normally crops used as proxy), gromghividually or in monoculturesn the
greenhouse. The plants are sprayed as seedlings or a6tlkeaPstage, and assessed
aboutthree weeks after spray at the vegetative stdgewever, these guidelines are
currently being questioned in terms of their ability to be fully protective, wigmy
shortcomings having been demonstratéor instance,tadies 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 NTTPsBeugfin et al. 204; Schmitz et al.
2012) while others finding no differences (e.Garpenter & Boutin 20L10White &
Boutin 2007) Another is that wd plants are exposed to herbicides at various
phenological stages, and sensitiwigries depending on timing of exposyB®utin et al.
2000; Strandberg et al. 201Boutin et al. 2014)Further, eprodutive endpointsare not
required(Strandberg et al. 201EFSA 2014)and the effects of natural planteractions
combined with the herbicide are not considefBtarrs et al. 199%aDamgaard et al.

2008.

Herbicides and competition

As the overall protection goal is to preserve biodiversity at the population and
ecosystem leve(EFSA 2014) an important question is whether responses of plant
populations are equivalent to the responses of individual ptangngle speciesas
assumed in EA testguidelines. Direct consequences of herbicide exposure often include
discoloration, chlorosis, necrosis and poor growtt plants may also be affected more
indirectly through changes in competitive balances with its neighb@dasrs et al.

1993) Plant-plant interactions may be important in two wayserms of herbicide drift
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herbicide deposition on individual plants can be affected by the structure of its
neighbours, and any adverse effea the performance of one species can promote the
growth of other{Marrs et al.1991a) Therefore, the effect of an herbicide may depend
strongly on a [ofisstartcd an experimgnebly Damgaard et al. (2008)
predicted thatGeranium dissectumL. would outcompeteCapsella bursapastoris (L.)
Medk. in a competition experimemthen exposed tthe herbicidenecopropP. This was
predictedbased on the results of individual level testswhich G. dissectunwas less
sensitive However tlis expectdon was not metin experimentsas the interspecific
competitive abilities of both species increased significantly when exposed to the
herbicide. A phytotoxicity testsn ERA are performedising individualy pottedplants
thesecompetitiveinteractions e not considere@and could make individual levelnd
single specietest 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 speies (interspecific competition) for limited resour¢emrper1977) As a result
of these limited resources, negative iatdions between neighbouring plants are
common(Damgaard 2004)The competition that arises is thoughtbe one of the most
important factors influencing the composition of plant communifeeg. Rees et al.
1996 Weiheret al.1998)

As plant species have differesgnsitivitiesto herbicides, it can be expected that
herbicide drift will affect competition by inhibitg some plant species more than others

(Damgaard et al. 2014)f herbicide drift is affectig the competitive relationships
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between species, the result can be a community change in théetomgas more
sensitive species will be outcompeted and displaced by more toleran(Bmes &
Jobin 1998 Petersen et al. 200650ve et al. 2007)For instancea field study by
Damgaard et al(2014) found that low doses of glyphosate altered the competitive
interactions between two grass specfggostiscapillaris L. andFestucaovinalL.: with
increasing levels of glyphosateé, ovinabecamea better competitor thaA. capillaris.

This explainedvhy F. ovinawas found to be dominant freld 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
sublethal doses of herbiciddge.g Marrset al. 1991aGove et al. 2007Boutin et al.
2014 Schmitz et al. 20%4Bohrenblust et al. 20d). Delays in flowering have also been
noted in several wild specié8arpenter et al. 201 Boutin et al. 2014Bohnenblust et al.
2016) and crop varieties exposedaavide range ofierbicidegWall et al. 1995Pline et
al. 2003a Pline et al. 2003bBohnenblust et al. 2@). 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 amoursieefls produced by several species have
been documented for many herbicigEawcett & Slife 1978lsaacs et al. 198%jarrs et
al. 1989;Fletcher et al. 1996Faylor & Oliver 1997;Riemens et al. 200&okich et al.
2009; Carpenter & Boutin 20L0Carpenter et al. 2013Fewer seeslproducedn a year

also affect the seedbaiikthe natural store of seeds in the gbirper 1977)Declines in
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seed bank diversithiave 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 farfAlbgecht 2005)
If seedbak contributions continue to decrease, the more sensitive species will greatly
decline or even be replaced by more tolerant Qikasrs et al. 1991aCrone et al. 2009)
These effects may be especially detrimental to annual species as they need txeeprod
each yea(EFSA 2014)

Herbicides can alsbe detrimental t@eedviability. Several studies have fod
that the herbicide glyphosate affects $eed germination. A literature review by
Blackburn & Boutin (2003determined thaglyphosae 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 whisbvenof the 11 species tested had their seed
viability decreased by glyphosate.

Detrimentaleffects onflowering and seexicaused by herbicidesan affect the
plant p o p u | asurvivalnird the longerm by decreasing recruitment for the next
generation (EFSA 2014). Further, these reductions can haveadongeffects on plant
communities as moré¢olerant species will not have their reproduction affected as
adversely, and species composition can stgfthe more sensitive species are replaced
Even though adverse effects on reproduction can harm the population and community
dynamics, reproduate 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 sml studies have shown thatproductive

endpoints are more setige thanthevegetative one@~letcher et al. 199Riemens et al.

18



2009 Carpenter & Boutin 20L0Strandberg et al. 201Boutin 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 biomas@varrs et al. 1991bRiemens et al. 200€arpenter et al. 2013)

the energy required to do so malger reproductivesucces§EFSA 2014).Recovery

could be further hindered by competition, where again more sensitive species get
outcompeted. As such, solely assessing the effects on tregetructures 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 affecth&r organisms in agricultural ecosystems
(Schmitz et al. 2012Herbicides caung reductions in flowering plant specidsagerlof
et al. 1992 Longley & Sotherton 1997Holzschuh et al. 2007)xan have cascading
effects through trophic levels and impacbsystem services most notat# would be
effects on pollinators. Pollinators cannot be sustained by-wdrant flowering crop
species, andrequire food from the wild species surrounding agricultural fields
(Holzschuh et al. 2007)ndeed, increased floral diversity in agroecosystems has been
linked to more pollinatordue to greater resource availabil{tgviewed in Nicholls et al.
2013) and increasepollination of crops(Holzschuhet al. 2012) which is an essential
ecosytem service. Herbicides caraffect 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 actifBestandreu & 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 lpshiration which can
affect reproduction.

Herbicides causing diversity and community changes can also affect other
organisms besides pollinators. Not only are mattmgrarthropod communities indirectly
affected by herbicides through changes in thest 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 thétefGrey PartridgeRerdix perdiy 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 rgBOs(Potts 1980) Indeed, chick foodnsects, and

other beneficial insecsndarachnids, have been found to be more common in unsprayed

plots(Taylor et al.2006)

Including competition in Environmental Risk Assessment

Knowing the impact that pfd community changes can have highlights the
importarce of being able to predict thesshanges due to herbicides and other
agrochemicals. However, with current ERA guidelines, we may not be making accurate
predictions of the effects of herbicide drift omrrarget plants: by usingndividual
plantsor single species tests, we know little about the {targn effects of drift on plant
populations and communities (EFSA 2014). Due to the importance of interspecific
competition in structuring communities, thentpetitive forces between species should
be considered to be able to understand and predict plant community formation. One way

to do so is by using twepecies competition experiments. Competition experiments

20



measurdhesize, fecundityandaspects of th&; generation or other ecological measures
at variable densities and proportions of at least two plant sp@aesgaard2004) The
type of competition iQterspecific vs. intraspecific), along with density and species
proportions, are key factors in competitiiiarper 1977) explaining the need to use at
least two species and manipulate their densities and propof@nsistance, plants may
only be a strong competitor above a certain density threshold, or when anothes speci
present at lower densi{fbamgaard 1998)

It is thought that the interactiongtween species will be affected by herbicides,
but it isdifficult to predict in which directiongositive or negativethe change would be
for each species. Densitiependent phytotoxic effects are the differences in inhibition
observed when plants arerogin in different densities of soil containing toxins
(Weidenhameet al.1989) As density increase less herbicide is available for uptake by
each plant, antheeffectdecreasef/Veidenhamer et al. 198%owever, thisvould only
apply to herbicides that can be taken up through the roots or if expestireough
herbicides in soil via runoff. Higher densitiesuld also result in different effects on the
two species, througla n i ncreasing Ashieldingo effect
protected from herbicide deposition by larger plafReemens et al. 2008)On the
contrary, higher densities could worsen the effect of the herbididbicide exposure
constitutes a stress, and wittore neighbours, the greater ihgactof abiotic stressors,
as theorized byKeddy (2001) Both species could be negatively affected, or thue
differences in sensitivitieshe levels of stress imposed by the herbicide could be different
for each speciesThe more stresseplants could therbe more easily outcopeted by

more tolerant plants, and thisan explain an interaction between competition and
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herbicide (Damgaard et al. 2008As competitive interactions would be occurring in
nature, consideringhem in ERA would increase the realism and pépability of

standardized toxicity tests.

Objective

The main objective of this studyasto improve ERA by evaluating the effect of
an herbicide on the competitive interactions between two plant species in greenhouse
phytotoxicity tests.Specifically, | testedthe hypothess thatthe herbicide glyphosate
would influence thecompetitive interactioneetween model speci€entaurea cyanuks.
(Asteraceaepnd Silene noctifloral. (Caryophyllaceaepy alteringone or both of their
competitive effects | predicied that density effectsvould exist (with plants in higher
densities performing worse), but there is no wagrealicthow the herbicide will affect a
plantés ability to ,cae itsprespoase o iherkicidei mag alsn e i g h
depend on theesponse of the other speciesprayed two plant speciésat were planted
individually, in varying densities of monoculture and infeliént mixtures witheach
other with the herbicideglyphosate.By using a Bayesian modelling approadh,
determind if the intra or interspecific competitivabilities of the two plant species are
affected by small doses of the herbicide. Effectivélyntended to determine ifthe
current practice iiERA of spraying plants individuallpr in monocultures 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,

Denmar k. 't 1 s par tPedgidide effects arr ngazget tesrdsial d y ent
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pl ants at individual, popul ation and ecosy
ERA and conservation measures for NTTPhe experimental design was a

collaborative effort, and the same experiment was conducted at both Aarhus University
andEnvironment Canada and Climate Change. This thesis is the results of the work at

Environment Canada and Climate Change.

Species

Two annual plant specie€entaurea cyanugCommon cornflower) an&ilene
noctiflora (Night-flowering catchfly) were choseas 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 bluewers of C. cyanusemerge between May
and August, and rely on insect pollination as they areisadimpatible(Svensson &
Wigren 1984) S. noctiflora flowers between June and September; its white flowers are
noctunal, opening at night to release a fragrance to attract nocturnal moths. However, the
species is selfompatible (McNeill 1980) Both are considered weed species in

agricultural areas, and are both in decline in their native hatfatsliffe & Kay 2000)

Herbicide background information

Glyphosate (N phosphonomet hyl ) g lost commanly useds t he
herbicide in modern agricultu®oodburn 2000)It has been marketed as the herbicide
Roundup since 1974 by Monsanflonsanto 2014) As Monsantods pa
expired, many companies make their own glyphebated herbicide@Voodburn2000)

It is a postemergent, systemic and nealective herbicide used for the control of annual
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and perennial grasses and bréealved weeds (Franz et al. 199T)ith the introduction

of glyphosag tolerant crops in 199@ts useincreased, with glyphosate replacing many
other herbicidegYoung2006) Theseglyphosateresistanicrops include soybean, maize,
canola, alfalfa, suay beets and cottpmith wheat under development (Monsanto 2015)

It is estimated that glyphosate use rose to 826 million kilograms worldwide in 2014
(Benbrook2016)

Gl yphosateods mo d e of action I - t he
enopyruvylshikimate3-phosphate (EPSP) synthase,emzyme located primarily in the
chloroplasts. EPSP synthase is involved in the shikimic acid patfiwaet al. 1997)
which is used for biosynthesis of several aromatic plant metabolithgdimg the amino
acids tyrosine, tryptophan and phenylalar(f@@nz et al. 1997Tomlin 2000) The result
is the disruption of protein synthesiad growth, leading to plant degttionsanto 2014)

Only plants and some microbes use this enziyraaimalsandhumans do nofFranz 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 nmwtems(Franz et al. 1997; Tomlin 20D0Glyphosate is
metabolized very little by most plan(sranz et al1997) with the major metabolite
being aminomethylphosphonic acidAMPA (Duke et al. 2003 Reddy et al. 2004)
Glyphosatekills 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 bind{tmyv mobility), and low
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bioaccumulation(Baylis 2000 Monsanto 2014) It is also naturally degraded by
microbial activity intoAMPA (Franz et al. 1997) antghay befurther degraded to natural

products, mainly carbon dioxid¢Giesyet al. 2000.

General experimental setup

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 380 £7.3°C, average photosynthetily active radiatior(PAR) (with no artificial
lighting) ranged from 49 (cloudy day) th505 pmol/ms (sunny day) and average
humidity ranged from 35.1 +16.4 to 74.1 £14.1%. Biological control agents (Predatory
mites Neoseiulus cucumerisLadybugs Hippodamia convergensand nealybug
destroyers Cryptolaemus montrouzigriwere used when necessary to control for
greenhouse pests (fungus gnats, thrips, aphids, and mealyhligejugh therewvere
never any large infestationsFertilizer was added to pots when nutrient stress was
detected (through discolorations) to ensure they were not limiting {Ptadt 2020-20
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 sfibctdo
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
plantsi 3, 672C. cyanusand 3,744S. noctiflora The 26 combinations were chosen
based on a responsarface design Hgure 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 rettisconditions in natural populatior(éhouye
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2001) Plants of each species were grown individually, in six ¢tiessof monoculture,
and in 14 different densities and proportions relative to one another (Table 1).

C. cyanusseeds were obtained from commercial seed suppliers (OSC seeds,
jubil ee gem vari et yS. oottiflorh seeds eMereshigped tobut t on
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 soll
(88% Promix 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 en), 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 sprayg at the juvenile 8 leaf stage with Glyphos (active
ingredient glyphosate, formulated as an isopropylamine Gakminovalnc.). Three
doses were used for each combination: control (no herbicide spray) and 14.4Gagd 72
a.e/ha. This is equivalent 9 and 5% of the maximum recommended label rates of
glyphosate in agriculture (1440 g a.e./ha), and simulates herbicide drift. Rlenats
sprayed using a track spray boobe{riesManufacturing MN) equipped with a Teejet
8002E flatfan spray nozzle, whh delivers 7.75 mL/fat 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 timelividual plants, a sample dbur 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 adoedge effects. This gave a total sample size of 1,387

plants.

2

10 ¢
* ¢ . L2

0 — 4 L 4

0 10 20 30 40 50 60 70
Number ofC. cyanugplants per pot

Number ofS. noctifloraplants
per pot

Figure 1. Compositions of the densities and proportions in pots used to study herbicide
drift and competition betwedd. cyanusandS. 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 h_eight Number (_)f flowers
(monoculture) 4 36 M_aX|mum diameter| Seed weight
9 64 Visual assessmenty Number of seeds
Proportion of seeds
germinated
. 1 16 . 0% Biomass
S. noctiflora Vegetative | Glyphosate :
(moriocultie) g 22 (6-8 leaf stage] (1440 g égjz Visual assessment / 3
4/5  32/32 a.6hg)
2-species 4/16  10/45 Both species. _
) 8/8 16/32 measured using Both species measured
mixtures : . : . o
(C. cyanus/ 8/32 28/20 speue_specn‘u_: using ;peues_peuflc
S. noctiflora) 16/4 45/10 endpoints as listed | endpoing 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 expement using a scale ranging from(io effects) to 9 (plant death)
These are commonly used in toxicology to examine effects such as chlorosis or necrosis,
and are quantified in Appendix TThese assessments were conducted by the same
observer each week. lght anddiameter 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 fu@structive and can be measured over titi& most
S ncctiflora did not fower over the course of the experiment, these plants were harvested
for above ground biomass after six months, wherCtheyanusplants began dying after
flowering. Although not part of the original experimental design, this was the only data
that couldbe collected foiS. natiflora. All healthy S. noctifloraplants were cut at the
soil surface and bagged individually. They were then dried in a drying oven at
approxi mately 70eC for 72 hours prior to

each planusing aprecision scalef 0.001mgaccuracy Denver Instrumerst NY).

Reproductive assessments

Reproductive endpoints used during the experiment are listed in Table 1. When
plants began flowering, bumblebee pollinatodB®rbus impatienc€r.) were relased
into all greenhouse units to pollinate tfwe 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 fromeach plant were counted usingseed counte(Elmor C1
Switzerland to give a total seed count for each plant. One hundred seeds fromlaaich
were then randomly selected and weighed usipgeaision scale of 0.001 mg accuracy
(Denver InstrumentNY). The germination of the 100 seeds was then tested in the growth
chamber at 20eC, a PAR)/18 mblm3?2 phe 0D sgseverd od an
placed in a labeled 100x15mm petri dish on three pieces of 9.0 cm filter {per
creped, Fisher Scientifi©ttawa, ON moistened with 4mL of a 0.2% KNGolution to
break seed dormancy. The petri dishes were checked daily and thetlsaedad
germinated were counted and removed from the dish. This was dowalyothe C.
cyanusplants as noS. noctifloraplants produced seeds cases where a plant had fewer
than 100 seeds, all of the seeds from the plant were used for weighing and genminati
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 stedgerminatedand the
speed of germinatiooould be determined®&peed of germinatiowas calculagd using an
adjusted formula fromAllaie et al (2006) B 1+No/2+Ns/ 3 +.€Ni;) , where N is
number of seeds germinated on day 1,j9Nnumber of seeds germinated on day 2, etc.

and N is the number of seeds germinated oniday

Statistical analysis

Competition model

The competition model was used to determine if the ebitnge interactions
between species or conspecifics were altefad.values for théour 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 reprductive 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 thfree of theendpoints measured,

and therefore onl. noctiflorabiomass an®. cyanusflower and seed production could

be modelled. Based on the experimental data, the model predicts the influence of the
herbicide on thecompetitive interactions between conspecifics as well as possible
changes of theompetitive effect that each spesihas on the othefhe hyperbolic
response function is flexible, and has been shown to fit plant competition dataavell

& Watkinson 1987 Cousens 1991)This type of model is necessary in order to
incorporate the naetinear effects of density (Damgaard 2008)e assme 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:

es{@sit SN) st B Xart (Coct ah)xed )"

and forC. cyanugcc) seed prauction:

€cc—{acct Qh)+bcc+ Bh)[XcctH(Corit ah)xsrﬂdcc}-llfcc

where p is the predicted responseis the level of the herbicide treatment,s the
density of the plant species, and d ardd shape parameters of the response function of
the plant speies that are assumed to be independent of the herbicide treatment
(Damgaard 2003; Damgaaetial. 2008)

The biomas$lower-seed production of the species at low density and no
herbicide in monoculture is measured by while b is the biomasflbwer-seed
production per area at high density 1in mo
measuring the effect of the herbicide treatment. The competition coefficient with no

herbicide is measured hy, and 9 measures the efWect of
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ability. Analogous to the Lotk&olterra 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+ o0h measures t he eeftoimraspecificf i nt

competition(Damgaard et al. 2008)

For an example, consider the biomassSohoctiflora Thea+ Uis measuring
biomass in low density monoculture, wheaeis the biomass of the control, amdh
considers the effect of the herbicide. Similady b Is the biomass in low density
monoculture, wherd is the biomass of the control abdhconsiders theeffect of the
herbicide. The ladbracketxs+(C + 0 hc)lorks at interspecific competition, where the x

values are the densities of the two species. If we are looking at the biom&ss of
noctiflorathen this is looking at the competitive effectfcyanuson the biomass the
competitive effect ofC. cyanuson S. noctiflorabiomass with no herbicide, ara h
considers the effect of the herbicide.

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

on S. noctiflora, and was fied to the averag#ower or seed production to evaluate

effects onC. cyanus.The parameters, b, d and f were reparameterized with the

exponential function in order to avoid negative values. To determine if Wasea
significant effect of the herbidie , U, b and o2 ar@®amgaatdetialo zer c

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

Other endpoints

As the hyperbolic curvef the competition modebnly fits the biomass and
flower and seed rpduction datg other statistical analyses were explored for the
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remaining endpointsheight, diametergays tofirst flower, duration of flowering, seed
weight and proportionof germinated seedand speed of germinatipmusing the pot
averages of the foyplants sampledAs plants can be tested individually in ERAgse
endpoints were used to examine if plants in competition responded differently than
individually potted plants. Due to the ntinear effects of densities in the combinations
chosen to fithe model GLM could not be used to determine interacting effects between
dose and density. Instead, ANOVAs and KrusRkalllis testsn Systat (version 3) were

used tocompare if the degree of difference in response between the plants in competition
andthe individual plants vary by dos&his was done by calculating the response of the
plants in competitiorrelative to the response of the individual plant at the same dose.
ANOVAs and KruskaWallis werethenused to compare these relative valbesveen
doses A false discovery rate of 0.1 (using the Benjanrtinichberg procedurérom
Benjamini & Hochberg 1995wvas used to correct for multiple comparisbims was done

separately for monocultures and tspecies mixtures.

Chapter 3: Results

Visual assessmants

Glyphosateinduced a number of obviowssual changegsegardless of density,
but these changewere slightly worse in the more dense pots. The most obvious visual
changeswvere chlorosis and reductions in sifer instance, refer to Figures 1 andr i
Appendix 1).These effects occurred most strongly during the first month after spray, and
more individuals of the 5%dosewere affected for both species. However, the damaging

vegetative effects generally decreased over time after the first montlotHiosecies.
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Density effects

For all endpoints, itwas evident that density effects occurred. As density
increasd, plants were negatively affected, in all three doses: height and diameter
decrease (Figures 2 and 3); time to flowering increadeand duation of flowering
decrease (Figures 4 and 5); seed weight, the proportiohgerminated seeds, and the
speed of germination decreds@~igures 6-8); biomass decreagdFigure 9); and the
number of flowers Kigure 10) and the number of seediscreasd (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 glyplsate doséadno overall effect orany of the endpoints,
in either indvidual plants, or monocultures or tvepecies mixtures (Table.ZHowever,
for three of these endpoints, there were relative differences in thepeates mixtures
the responses of plants in competition relative to the individual plants sprayed an¢he sa
dose were different than the responses of the control plants in competition reldtige to
individual control plants (able 3). This was the case for maximum height (Figure 2,
F,1,55.173, p=0.007), days to floweringi( g u r &37395, df=2, p<0.001), and for
seed wei gh {=27068]diFd, p<®.008However this was only the cases for
the twospecies mixtureC. cyanusplants competing witls. noctifloradid not respond
the same way to herbicides as the wlial plants, but those only competing with
conspecifics did respond the same as the individual plants.

The plants in the twgpecies mixtures were all very similarhimightregardless
of density type (individual, monocultures oisfecies mixturegFigure 12).This lead to
significant relative differencesDosed 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 uittflowering, 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, e controls experience the larger delay in flowering when in
competitioni the dosed plants in competition flower around the same time as the dosed
individual plant (p=0.001, Figure 13).

Regarding seed weighthe plants in competition sprayed with 5%yahosate
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 theeeewelative
differences between individual plants and plants in competition at the same dose

(p<0.001 Figure 14.

Competition model

The hyperbolic curve was fit toidimass measurements and counts of flowers
and seed@ order tounderstand the effecof glyphosate on competition. The effects of
glyphosate and intraand interspecific competition on the biomassSofnoctifloraare
shown inFigure 9, the effects o. cyanusflowering are shown ifrigure 10, and the
effects onC. cyanusseed productio are shown irFigure 11. The density effects are
evident in both monoculture and the tapecies mixtures, as described previously (and

statistically significant, parameteasandb in Tables4 and5), but dose effects can be

subtle.
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Both Uandb were significant for the seed production@f cyanus but not for
flower production nor for the biomass @&. noctiflora (Tables 4 and 5). This
demonstrates that glyphosate affedeccyanué s abi | ity t o compete v
both low andhigh densities while producing seeds. Howe8emoctiflord s abi | i t vy
compete with conspecifics was unaltered.

When examining the twepecies mixtures for interspecific competition with no
herbicide (the competition coefficient, c), it is shown tRatcyanuswas a stronger
competitor thars. noctiflord the effect of C. cyanuson S. noctiflorais greater than the
effect of S. noctifloraon itself(tables 4 and 5,>1), and the effect 06. noctifloraon C.
cyanusis less than the effect &. cyanuson itself(tables 4 and 5, c<1Pn the graphs
this is seen wher&. cyanusplants perform more poorly in pots containing more
conspecifics compared to pots of equivalent densities but fewer of its conspecifics (more
S. noctiflorg. For instance, compaimgncombinations 16/0 with 8/8, or 64/0 with 21/43,

32/32 and 43/21 for flowe{gure 9) and seed productiofdgure 10).

With herbicide exposure, theompetitive interactions between the two species
were altered. The competitive effect o€. cyanuson S. noctiflora (o) biomass was
weakened by glyphosatégbles4 and5), as wasS. noctiflord s compet i €i ve ef
cyanu$ s sp 6emd productionT@ble 5). This means that whil€. cyanuscould not
suppress the growth &. noctifloraas well when expged to the herbicid&. noctiflora
was not able to suppress the seed productioB. afyanusas efficiently either. These
negative impacts on competitive effects were, however, more pronounce8. for

noctiflora, as shown by the more negative parametéwesa HoweversS . nocsti flor
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ability to suppress the flowering &. cyanuswas unchanged by the herbicide,(in

Table4).

Relationships between endpoints

There were also expected relationships between variables: plants that took
longer to begin flowering flowered for less time (Figufs); Jplants that took longer to
begin flowering produced fewer flowe(Bigure 16); plants that produced more flowers
produced more seed§&ifure 17); the proportion of seeds germinating increased with
seed weightKigure 18); and speed of germination inesed with seed weighFigure
19). The differences by densitgre al® 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 prditunc (Figure T): as dose increases, plants
produce fewer seeds per flowdrhe trend is approaching significan¢i, 175=2.880,

p=0.059).
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Figure 2. Average maximum height with standamdor ofC. cyanusn

competition with conspecifics arl noctiflorain various mixtures, sprayed with
different doses of the herbicide glyphos&@kack is the individually potted plants,
light grey the monocultures, dark grey the {syecies mixtures. Mues for
monocultures and twepecies 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 3. Average maximum diameter with standard erro€ o€yanusn
competition with conspecifics arl noctiflorain various mixtures, sprayed with
different doses of the herbicide glyphos&@kack is the individually potted plants,
light grey the monocultusg dark grey the twspecies mixtures. Values for
monocultures and twepecies 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 errdZ.of
cyanusin competition with conspecifics ar®l noctiflorain various mixtures,
sprayed with different doses of the herbicide glypho®&dsek is the individually
potted plants, light grey the monocultures, dark grey thesprezies mixtures.
Values for monocultures and tvapecies mixtures were calculated relative to the
individual plant. Xaxis increases in density towards the right for the grdugs,
note the varying proportions of the two species. Also nateix starts at 80.
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Figure 5. Average duration of flowering with standard erroofcyanusn
competition with conspecifics ar&l noctiflorain various nixtures, sprayed with
different doses of the herbicide glyphos#&lack is the individually potted plants,
light grey the monocultures, dark grey the {8gecies mixtures. Values for
monocultures and twepecies mixtures were calculated relative to théevidual
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 erroCotyanusn competition

with conspedics andS. noctiflorain various mixtures, sprayed with different
doses of the herbicide glyphosaack is the individually potted plants, light
grey the monocultures, dark grey the tsmecies mixtures. Values for
monocultures and twepecies mixturesere 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 gidindard error of.

cyanusin competition with conspecifics ar®l noctiflorain various mixtures,
sprayed with different doses of the herbicide glypho&léek is the individually
potted plants, light grey the monocultures, dark grey thespezies nxtures.
Values for monocultures and tvapecies mixtures were calculated relative to the
individual plant. Xaxis increases in density towards the right for the groups, but
note the varying proportions of the two species.
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Figure 8. Average speed of germination with standard error of C. cyanus in
competition with conspecifics and S. noctiflora in various mixtures, sprayed with
different doses of the herbicide glyphos#&lkack is the individually potted plants,
light grey the monocultures, dark grey the tamecies mixtures. Values for
monocultures and twepecies 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 thtwo species.
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Figure 9. Average biomass and standard erro&ohoctiflorawhen in

competition with conspecifics art@l cyanusn various mixtures at different doses
of the herbicide glyphosatBlack is the individually potted plants, light grey the
monocultures, dark grey the tvepecies mixtures. Values for monocultures and
two-species mixtures were calculated relative to the individual plaakix
increases in density towards the right for the grobpsnote the varying
proportions of the two speciégalues for monocultures and tvapecies mixtures
were calculated relative to the individual plant.
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Figure 10. Average number of flowers and stand error produced b§. cyanus
when in competition with conspecifics aBdnoctiflorain various mixtures at
different doses of the herbicide glyphos#&lack is the individually potted plants,
light grey the monocultures, dark grey the tsygecies mixires. Values for
monocultures and twepecies mixtures were calculated relative to the individual
plant.
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monocultures and twepecies 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 Kruéll:lacl)-\\//(/A\alﬁls G2 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 0.413
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 2217 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 F/ G2 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
diameter monoculture| 0.819 2,40 0.448 /
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 germinate 2-species mix|  4.973 2 0.083 /
speed of monoculture| 0.503 2,40 0.609 /
germination | >_species mix|  1.558 2,123 0.215 /
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Table 4. Calcuated percentiles of the marginal posterior distribution of paramet&snaictiflorabiomass an€. cyanus
flower production. Bolded numbers indicate parameter significance.

Parameter percentiles

Silene noctiflora

Centaurea cyanus

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

Parameter and definition

a low density effects in &, -50.04 -24.19 -7.399 0 a.,c -77.16 -53.1I7 -15.93 0
monoculture

b high density effects in b, -1956 -7.842 -5.357 0 b. -485 -30.74 -10.% 0
monoculture

c competitive effect on other ¢, -2.554 -1.622 -0.969 0 C. 0.108 0.442 0.8077 0.9%5
species

h- herbicide influence on a, -6.339 -1.38 1.939 0.285 U, -1.019 4.396 7.158 0.8186
competitive effect in low
density monoculture

i herbicide influence on bs, -0.043 0.0020 0.0531 0.549 b, -0.0%7 0.094 0.289 0.9®@5
competitive effect in high
density monoculture

1 herbicide influence on 2, -0.923  -0.093 0.207 0.299 2% -0.265% -0.128 -0.008 0.017

competitive effect on other
species
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Table 5. Calculated percentiles of the marginal posterior distribution of paeasnefS. noctiflorabiomass an. cyanus
seed production. Bolded numbers indicate parameter significartheprobability 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 lowdensity effectsin &, -6480 -45.0 -1440 0 ac. -1117 -82.31 -19.74 0
monoculture
b high density effectsin by, -63.97 -48.42 -15.@ 0 b, -31.@ -17.79  -7.518 0
monoculture
¢ competitie effecton ¢, -4.738 -2.119 -0.99® 0 C.c 0.095 0.454 0.831 0.996

other species

h herbicide influence on U,, -5.366 -1.205 0.7345 0.186 U. -0.098 2.713 5.876 0.972
competitive effect in
low density
monoculture

i herbicide influence on by, -0.152 0.018 0.2127 0.605 b, 0.0068 0.0798 0.187 0.986
competitiveeffect in
high density
monoculture

+ herbicide influence on 25, -7.799 -5.326 -1.592 0 % -0.273 -0.1383 -0.004 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
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Figure 18. Relationship betwee@. cyanusseed weight and the proportion of germinated
seeds at different densities and doses of the herbicide glyphosate. Diamond shapes
represent low density pots-@lplants), circles medium density (46 plants), and
triangles high density (484 plants)
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Chapter 4: Discussion

Environmental Risk assessmerits herbicides are performed to ensure that
there are nainacceptableffects on the environment and n@mget organisms sucls a
NTTPs which includes both short and lotgym effects This goal for NTTPs is
considered accomplished not only when populations oftayet species aumaffected
but also when communities are nggativelyimpacted(EFSA 2014) Thesegoalsare
considered predictable based on the results of individual level or single species tests. The
goal of this reseah was to evaluate the assumption tiegfulatorsare protecting NTTP
species based ondlturrent ERA guideline procedure of spraying individually potted
plants or monocultures| tested the hypothesis thajlyphosate would alter the
competitive interactins betweerC. cyanusand S. noctiflora This study found thathe
competitive effects oC. cyanusplants on conspecifics increasatiboth high and low
densities when examinings seed production, but nat t flowering, and that the
intraspecific comption betweenS. noctifloraplants was not affected by glyphosate. It
was also determined that there were effectsheninterspecific competitive interactions
betweenC. cyanusand S. noctiflora were significantly affected by low doses of
glyphosate remsenting drift confirming the hypothesisThese 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
plantplant interactions are known to increase with increasing de(iddayper 1977)

negatively impacting plant performee The biomass @&. noctifloradecreased, and the
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height and diameter oC. cyanusdecreased as density increasiedhis negative
relationship between plant size and plant density is probably one of the best studied
aspects in plant ecologikeddy 2001 Damgaard 2004)increasd density also caused
delays in flowering, shorter flowering periods, and fewer flowergincyanus A
negative relationship between plant density and seed production was also seen, which can
be explained by seed production often being correlated wighsthe of the plant
(Damgaard2004) There were also slight density effects on seed weight and gewninati
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 dgaddges
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 neigfweinsr 1993)

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

While there were ohous effects of density on plant performance, dose effects
of glyphosate were more subtle. Although the competition megelsed here yields
powerful insight into the effects of herbicides on competition, the hyperbolic nature does
not fit all of the engboints 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 testand 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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responsesnf 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 tgameciesnixtures TheC. cyanuglants in
mixtureswith S. noctiflorawere all shorter than the individual plants, but were also all
similar in height, regardless of dose. This suggistt competition is more important for
decreasing height than glyphosate dose. Glyphosate has been documented to decrease
height in some specids.g Flessner et al. 20]1Rfleeger et al. 2012but hormetic effects
have also been seen, where lower doses cause stimulation of dagher €al. 2003
Cedergreen et al. 200Velini et al. 2008) While neither of these situations occurred for
the C. cyanusplants in the twespeciesmixtures, it is important to note for ERA that
these plants do not respond the same way as individual plants. Height is an important
pl ant characteristic, related to the plant
more light, and can shadeose shorter than the(Ralster & Westoby 2003Height has
also been linked to competitive abilifchampet d. 2008) and soeffects on height
shouldbepredicted accurately in ERA.

There were also significant differences in flowering times between the
individual plants and the twspecies mixtures of the same dose. Theyanugplants in
competition exposetb 1% glyphosate experienced a larger delay in flowering than did
the controls. Delays in flowering in wild plants have been seen before witletbiab
doses of glyphosatd.ondo et al. 2014pnd other herbicides (e.goutin et al. 2014
Bohnenblust et al. 2016put these tests were with indlual plants. The 5% dosed plants

though,regardless of density, all floned around the same time. Thenas also little
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difference between the three doses of ttgp@cies mixtures, suggesting that competition
is a larger driver of delays flowering than herbicide.

Differences in flowering times between individual plants and those in
competition when exposed to glyphosatee important to note as flowering time is
important for plant survival, and as seen in this study, it is correlated to othenglotent
measures of reproductive success such as duration of flowering and total number of
flowers. Notably,pollinators can be impaced as they are sensitive to flowering time
(Santandreu & Lloret 1999Mismatches between flowering time and peak pollinator
activity can be detrimental to both the plant (if animal pollination is required for
reproduction, such as f@. cyanu}y and for the survival of pollinater If there are fewer
flowers available, pollinators may not have enough resources to sustain them when crops
are not available for pollinatio(Carvalheiroet al. 2010) or they may not be able to
survive solely on crops alorelolzschuh et al. 2007)

Seed size can influence factors such as likelihood of germingign Dolan
1984 Vera 1997 Susko 2006)energence (e.gWulff 1986, Winn 1988 Harrison et al.

2007) survivorship (e.gvVera 1997 Kidson & Westoby 2000Simons & Johnston 2000)
seedling size (e.dolan 1984 Chacon et al. 199&usko 2006and competitive ability
(e.g.Dolan 1984 Houssard et all991 Susko & Cavers 2008All of these factors can

be important in recruitment and sustaining the population Seeerally, large seeds
perform better than smaller seeds (revieweAnmbika et al. 2014)and this was seen in

this study as well heavier seeds were more likaly germinate, @d they germinated

more quickly than the smaller seeds. These relationships did not vary by dose. However,

whether the seedlings of the controls were heal{fiierinstance examining root length,
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hypocotyl height, wilting, etc.) was not tested. Since stsel can be of such ecological
importance, iis essentiato 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. 2000Schmitz et al. 2012)in this study, thipattern was observed
the individual plants ando a lesser extenin plants experiencing both intrand
interspecific competition but it was not significant There were, though, relative
differences between the seed weights of individual plants and those experiencing
interspecific competition. Thisan beexplained by the plants in mixture producing seeds
of more similar weights, gardless of dose, whereas for the individual plants the seed
weights decrease with dose. The dosed seetdemore similar in weight regardless of
density, suggesting that competitioras the larger driver of reduced seed weight, and

glyphosate di not domuch more damage than competition heady done.

Changes in competitive interactions

The competition model demonstrated that the competitive interactions were
altered betweerC. cyanusand S. noctiflorawhen exposed to low doses of glyphosate
represating herbicide drift. As interspecific competition influences plant communities
(e.g. Rees et al. 199@Veiher et al. 1998these 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 examinig biomass and seed production, bGthcyanusandS. noctiflora

were negatively affected by glyphosate, with both of their competitive effects on the
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other being reduceds. noctiflord s competi ti ve effect was,
affected thanC. cyanusd s , m@. kcyanugthe 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 affectnoctiflorad s competitive
somewhere betwee@. cyanués f | ower and seed productio
between flowering and seed production, and seed production is more resource demanding
than flower production(. cyanusvould be taking more resources to produce seeds), but
it would be too speculativeotsuggest reasons f&. noctifford s change i n com
effect caused by glyphosate during this time pertdlsdanges in competitive effects can
arise due to impacts on either species, ang.soctifforadb s competi ti ve ef f e
decreased becaugevas weakened, or becauSe cyanusecame a stronger competitor
when producing seeds. AS. cyanuswas also affected only at the seed stage for
intraspecific competition, this could suggest the change in interspecific interactions is due
to that specig, 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 vesll permanent or
temporary effect§Damgaard et al2014) For instance, monocots are gergrahore
tolerant to herbicides than dicots (eRputin & Rogers 2000McKelvey et al. 2002
White & Boutin 2007 Riemens et al. 2008he composition of field mangs can be
hundreds of specig&EFSA 2014) making it likely there is a range of responses. Even
slight effed¢s can put more sensitive species at gredieadvantages than the more

tolerant ones(EFSA 2014) and thes sensitive species can experience increased
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competition from lesaffected neighbour@Riemens et al2008) This could change the
community composition as the susceptible species can be displace by the more tolerant
ones(Boutin & Jobin 1998Gove et al. 200Petersen et al. 2006)

Changes in communities caused by herbicide drift have been seen in previous
studies (e.gMarrs et al. 1994; Kleijn & Snoeijing 1997 Gove et al. 2007Strandberg et
al. 2012) Watrud et al. (20113howed that differences in sensitivity to herbicide causes
changes in dominance, by using transgenic oilseed rape which is resistant to glyphosate:
weed species was dominant in the untreated plots, whereas the oilseed rape became
dominant in the glyphosate treated plots after two years of drift exp@uen & Jobin
(1998) also found banges in community composition due to intensive farming, but the
contributions of just herbicide to the changes could not be deternieds & Frost
(1997)used microcosms to show that the response of a species to herbicideperiidsie
on the herbicide used and on which species are present with it in niiganee species
showed a response to some herbicides but not others, and resporesbdepemding 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. (2008howed that the interspecific comipige abilities of two
weed species were increased at low dosekedbicide mecopropP. With a different
competition model examining plant coverage of field quadésngaard 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 documentrenddf in

sensitivities between terrestrial plants in different densities or grown individually or in
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monocultures and those grown in mixtufese Tableés: Humphry et al. 2001Riemens
et al. 2008 Riemens et al. 200®alton & Boutin 2A.0), suggesting competition plays a

role in responses teerbicide.
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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 betweer
Boutin of plarts grown and mult and atrazine | responseg and field single species and
(2010) singly vs in species microcosms, but changes in
microcosms microcosms community structure
observed in microcoss
Damgaard | Examine the Multiple MecopropP Drift Greenhouse | Biomass | Interspecific competitive
et al. (2008) | influence of densities of levels abilities of both species
herbicide on monocultures increased \vth increasing
competitive and twospecies dose
interactions mixtures
Damgaard | Test whether the Plots consisting | Glyphosate Drift Field Cover and| Competitive effect increaseq
et al. (2014) | growth and of two species levels vertical for one species and decreas
competitive effects density for the other
of two species are
altered by herbicide
Humphrey | Examine if plant One species at | 2,4D amine Dose Controlled Biomass | Plants grown at high density
et al. (2001) | density affects the | densities of two responseg environment less sensitive to herbicide
doseresponse or 64 room
relationship
Riemens et | Investigate the Monocultures | Glufosinate Dose Greenhouse | Biomass | Doses at which effects were
al. (2008) | effects of herbicide | and mult ammonium response observed differeddr species
on vegetation species in mixtures vs species in
assemblages Mesocosms monocultures
Riemens et | Determine the effect| Monocultures | Tepraloxydim | Dose Greenhouse | Biomass | Respmses between
al. (2009) | of surrounding and mult response monocultures and mudti
vegetation on species species mixtures differed
individual species Mesocosms some species benefited fron

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 stru(@letissman
2006) Scientific studies (e.gKoricheva et al. 20Q0Haddad et al. 2009and meta
analyses(see Balvanera et al. 2006Cardinale et al. 2006flemonstrate that plant
diversity affects the abundance of other organisms such as hetsvarthropods,
parasitoids and predatofScherber et al. 2012as these organisms rely on NTTPs for
food, habitat and shelteHerbicide use could therefore lead to higlexMel cascades of
decline, where the loss of other organisms follows the loss in plant sfRi@sseijer et
al. 2006) Bottomup effects of herbicides on plant communities have been documented.
For instance, applications of 2% negatively impacted the population densities of
Northern Pocket gopbrs (Thomomystalpoideg and Least chipmunkgEutamias
minimug when their primary food source of forbs were eliminated. However, Montane
Vole (Microtus montanus)opulationsincreased as this speciebenefited from the
increased grass covélohnson & 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.gde Snoo 1999Taylor et al. 2006) This could be harmful to bird
species that feed adhese insects, for example the Grey Patrifferdix perdiy (Potts
1980) Indeed, bird numbers have been linked to arthropod numbers in farm systems
(Bentonet al.2002) Therefore, changes in plant communities can affect our ability to
protect other organisms.

As biodiversity is related to ecosystem servifideoper et al2005) 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, giadhn

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 pollinator¢Klein et al.2007) either through required animal pollination or

yield and quality is improved with animal pollinatiq@arratt 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 positteghglated to bee
diversty (Hole et al.2005) and been linked to moth presence in farmlgiBdaitin et al.
2011and references therein). Studiesdghown that herbicides have reduced resources
available to pollinators through changing field margin compositibagerlof et al. 1992
Holzschuh et al. 2007) Herbicides altering the composition of field margins could
decrease the contributions of pollinators to crop pollinafBlaauw & Isaacs2014)
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 #@vironment are used because they are
inexpensive, quick and simple, while demonstrating clear-ces@nse patterns that are
relatively straightforward. They are also easily standardized and more practical. However
thereis limited evidence that resulttom singlespeciestestscan be used to make
extrapolations to ecosystem respo(Gairns1984) While further experiments would be

beneficial, this study along with a few oth€fable6) suggest that the ERA guideline of
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testing individually potted plants or monocultures is rgpropriate for making
predictions on the effect of hecies on wild plant populations armbmmunities as

these tests cannot predict possible changes in community structure that may arise as a
consequence of changes in competitive interactiinspecies have alterations in their
competitive interactionghis can haveong term consequencésr their populationsif

they are weakened or weakened more than their neighbours, which can lead to the
changes in community structur€herefore including competitive interactions in ERA
would improve protections of pl& 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. Cmpetition 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 toincrease realism, but the ability to replicate and standardize would de(Dadtoa
& Boutin 2010) There currently exists no standardized protocol for higher tiered testing
involving field sudies and multispecies tes(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 wogktowards 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 compg&témn
Table 6), and therefore there is not egbuinformation to be able to calculate such a

factor at this time (EFSA 2014).
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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 individliairmte species tests of
a few speciesusually crops used as proxy for wild specie& are missing many
ecological complexities that can affect the risk of the pesticide to populdtonses
2009) such as competitive interactions. Therefore, ecological modeling can be a very
valuable tool in ERA. Using models such as thie ¢@imat allow us to see changes in
competitive interactions can helpy understanohg the importance of herbicide
applications and their potential influence on populations and commufid@sgaard et
al. 2014) This gives us outputs that are closer to the goals of risk assessment (i.e.

protecting populations, communities, and ecosystértspes 2009)

Study limitations

Risk assessment tests are conducted under ideaihgrese 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,herse tcan 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 k#igilants that have been exposed
and weakened by herbicid@d/ang & Freemark 19950verall, greenhouse conditions
are considered less variable than the natural conditions ofutdears (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 tl{€lanket al.2004) In a
literature reviewFletcher et al. (1993howed 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. 200®alton & Boutin 2010) Discrepancies are most
often exphined byenvironmental variabilityas well asvariation in thephysiological
state and plant anatomy (such as growth and cuticle thickness) that arise due to the
different conditions in the field versus a greenho@eark et al. 2004)Specific to this
study, there is also the added limitation that the physical environment can affect
competitive abilities of species (elgagles & Williams 1969Clauss & Aarseen 1994
seeAarssen 1992)Of course, it is impractical to study all of the interactiagtors that
occur outdoorgBoutin 2013) but the extent to which all of these conditions affect plant
sensitivity to herbicide needs to be examined further (EFSA)20

Another limitation is that th&. noctifloradid 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. Howevet, aganusdoes naturallyléwer
and likely produce seeds befo& noctiflora the resulting dynamics may not have
changed ifC. cyanusfinished producing seeds befof nociflora began. TheS.
noctiflora plants did remain healthy throughout, and were therefore still using cesour
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 teedod

of the possible amount of drift that occurs. Herbicide drift has been documented to be as
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high as 2625% for plants in field margin@e Snoo & de Wit 1998outin et al. 2011)

There is also the possibility that repeated exposures taclikrlarift during the season
(Pfleeger et al2012)or across years (which can only be studied with perennials)woul
result in more damage to plarfchmitz et al2012) and this was not considered in the
present study. Several studies have also documented combined effects of herbicide and
fertilizer applicationgKleijn & Snoeijing 1997 Damgaard et al. 201 Btrandberg et al.

2012 Schmitz et al. 2014)

Future directions

As mentioned, more data is required on the effects of herbicide drift en non
target plants in order to develop more realistic guidelines for ERA or to calculate an
uncertainty factoto be usedAs such, more studies are requir€drrently, the same
experiment is being performed in Denmarkame species, busing adifferent
herbicide Metsulfuron methylan herbicide with a different mode of action than
glyphosateHerbicides with different modes of action will affect species diffeyentl
(sensitivities vary by herbicideand it is therefore possible the interactions between these
two species may be different with another herbicides could provide more insight on
herbicides affecting competitive interactiottsivould alsobe usefuto study this in other
speciegperennials, different growth patterns and traasyvellin orderto demonstrate
the effect isapplicable to other speciasd not limitedo a subset of netarget plants

While this study documented changes in competiitnteractions, it did not go
far enough to study the outcome of these changes. Further research, perhagernonger
field studies to look at changes in populations over time, would strengthen this area of

research by demonstrating the consequenceg ahthnges in interactioriSven further
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modelling to predict the possibilityf each of thdour ecological scenariqstableco-
existence, species 1 outcompeting species 2 or vice vetba, antcome depends on the
initial abundances of the two spegias 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 angcceptablesffects onnontarget plants
(EFSA 2014).As concerns arise over the use of-taffget 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 gsgssaent 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 beaiacking in their ability
to be sufficiently protecting wilghlants. 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 conitgdavels. 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 va@atwo 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

norttarget plants.
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Appendix 1.Visual Assessments

Table 1.Visual rating system for plants used to assess herbicidal daaalyeveek 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 gynificantly larger than controls (hormesis)
2 Slightly smaller than controls Minor herbicide effects (chlorosis, discoloration) but no obvems difference

from controls

3 ~75% Mild herbicide damage resulting in obvious, but minimatlucel 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 damagekkly to die

9 0% Dead
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Figure 1. Example of chlorosis on&. noctifloraplant(left) 3 weeks after exposure to
5% of the recommended application rate of glyphosate. This was réiietthe
observer, due to tremalkr size of the plant and the obvious chlorasisomparison to
the @ntrol (right)

g ! | i o : S t..
Figure 2. Example of chlorosis on@. cyanugplant(left) 3 weeks after exposure to 5%
of the recommended application rate of glyphosate. This was rarikethe observer

due to theextremesmall size of the plant and the sigodéint chlorosisn comparison to
the control (right)
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