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ABSTRACT

The loss of natural and sematural habitatsesulting fromhuman activitiess aglobal
driver of wild pollinator declines andisruption of mutualistic plarpollinator networksDespite
the negative effects of landscape conversion onibkedity, green spaces within anthropogenic
systems including road verges, powerline easements, crop margins, and cityipar&g be
managed tcserve as refuge habitats for insgollinators Road and powerline rightef-way
(ROWSs) are widespread, long linear areas that connect and intersect multiple habitats, and are
composed of vegetation thatagntinuouslymaintained in an eadguccessional stat8uccessful
management requireetailedecological information, but significant gapsist in understanding
howROWSs can benefplantpollinator communities and interactiomsnvestigated the effects of
various local and landscagevel variables on pollinator camunities andplantpollinator
networks within ROWsicross sultaiga Manitoba, Canagdio inform management fazonserving
wild pollinators and networkunctionality.Over twoyears| recorde®,190 bees, flies, and wasps
foraging onflowers within 18 roadverges and along 300 km section of a majarorth-south
powerline easementJsing generalized linear mixezffects modelsl found thatbloomingplant
richness and abundance had positive effects on pollinator biodivierfity powerline, but not in
theroadsides, gssiblydue to the weedy natuoé the latter ROWSs located within landscapestiwi
a greater proportion of natural or semaitural lanchostedgreateiodiversity.l found contrasting
effects of landscape diversity, whi had positive effects on pollinator biodiversity in the road
verges, but negative effects in the powerlifige latter effectvasregiondependentprobablydue
to the different identity of the dominant larzbver typs between ecoclimatic regionBinally, |
found thaintegrated vegetation management allowed the powerline ROW tmbosbiodiverse
and robust pollination networkbly results show that roadside verges and powerline easements
in Manitoba ardnarbouringsignificant biodiversity of insegiollinators, including several rare or
uncommon speciethat were previously unknown from the province, ané which had never
been described beforbly findings confirm that these ROWsave a considerable conservation
potential, as they can host biodiserand resilient plasgollinator communitiesvi t hi n Mani t ok

disturbed and homogeneous landscapes
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INTRODUCTION

In this thesisl investigate theole of roadside verges and transmission line eas&sas
habitas for insect pollinators in Manitoba, Canadaand evaluate theipotential for the
conservation ofhese animaland the ecosystem service they providg.thesis is composed of
four chaptersThe first chapter is a literature revievinere lexploreinsights from past publications
on the relationships that inse€tath particular attention wwardspollinators) have with roadnd
powerlinerights-of-way (ROWSs) The second chapter is a research manustrgitfocuses on
guantifying the pollinator biodiversity that is found along roadside vergesoutheastern
Manitoba. In this chaptel explorethe effects of local (flowering plant richness and abundance)
and landscapkevel (.9, forestedarea, disturbed areandlandscape diveity) variables on the
pollinator biodiversity within the verge€oncurrently, this manuscript focuses on testang
evaluatingaroadside survey methodology that could be appliedagescalefor the monitoring
of pollinator populatios. Chapter three is theecond research manuscripthich focuses on
measuringhe pollinator biodiversityfound within a major powerlineorridor in Manitoba. In this
chapterl explore the effects that local and landscape variables have both on polliodieeisity
as well as on the size, structymnnectance, nestedness, modulaatyd specialization)and
stability (using plant extinction simulation®)f pollination networksn the easementinally,
chapter four, consists of a general conclusiomé¢cthesisvhere | explore the implications of my

findings.

The obectives of this thesis are:
I. Document the biodiversity of flowersisiting bees, waspand flieswithin roadside verges

and powerline easementssnbtaigaManitoba.



ii. Determinewhat envirmmental variables at the local alamhdscapescaleare affecting
pollinator biodiversity angblantpollinator network structure and stability in these rights
of-way (ROWSs).

iii. Gather insightdrom my findings as well as from past research to provide informed

suggestions for ROWegetation managemeiar pollinator conservation.

Based on the published literature reviewed in chapter one, | expect teigméicant
pollinator biodiversity within theurveyed ROWSd.predict that pollinator abundance and rarefied
richness will respongbositively to increased flowering plant biodiversity as well asldwer-
intensity management strategies such as integrated vegetation management @xfdit that
landscape effectsn pollinators will be weakehowever | predicta positive effect of landscape
heterogeneity on insect biodiversity. | also predict that the amount of natural area in the
surrounding landscape (forestd meadow) will positively influence the pollinatdundance and
richness in the ROW&:inally, | predict that vegetation management strategy will lras&ong

impact on pollination networks, with IVM sites hosting larger and more robust webs.

Xi



CHAPTER 1. LIT ERATURE REVIEW

1.1 Pollination Ecology of BeesWasps and Flies

Bees HymenopteraApoidea: Anthophilagre a monophyletimsect cladehat originated
approximately 123 million years agoost likelyfrom within the apoid wasp family Crabronidae
coinciding with the diversification of flowering plan{®ichener 2007; Cardinal and Danforth
2013). Bees aredependenbn floral resources (pollen, nectamnd for some speciesils) for
nutrition. Nectarcontains sugarandis themainsource of carbohydrates for bekss an energy
source for adulteindis mixed with pollen to make larval foo@Michener 2007)For the vat
majority of bees, pollen is the main protein soultes carried to the nesb be used as larval food
and is alsaconsumedoy eggproducingadult females(Michener 2007)Nestbuilding females
have morphological and behavioural adaptationscfadtecting and transportingpollen from
flowers to their nestincluding hairs (usually plumoseyvhich cover theihead,bodies and legs
that are used fopollen trarsport (Portman et al. 2039 While foraging, beeslisperse pollen
between intraspecific flowersaiding plant sexual reproductiompproximately 87% of all
angiosperm specieeproduce with the aid of insectse majority and most effective of which are
bees(Ollerton et al. 2011)Bees pollinate grden flowers, fruits, vegetabldire cropssuch as
flax and cottonandforage crops including alfalfa and clov@vlichener 2007) These insects
providea hugeglobal ecosystem servicealued atabout(i153 billion (~$170 billion) (Gallai et
al. 2009)

Over 20,000 bee specidmve beemecordedwvorldwide (Orr et al. 2021 and over 800 in
CanadgCanadian Endangered Species Conservation Council .28ik&)f the severextant bee
families have been recordedn Manitoba Andrenidae, Apidae, Colletidae, Halictidae,
Megachilidae and Melittidae Only a singlemelittid speciesMacropis nuda(Provanchey, has
been observedin Manitoba (Gibbs et al. 2021)Bees have a great varietf nestirg and
provisioning behavioursas well as social structuresll nestbuilding bees are cemtrplace
foragersreturningrepeatedlyto their nestso provisionenough pollen and nectar for their larvae
(Michener 2007)The vast majorityof speciesdurrow into the ground to build their nestshers
nest in cavitie®r stems or build nests attached to various surf@dehener 2007; Packer et al.

2007) In terms of sociality, st bes aresolitary, with single femalsindividually laying eggs in



ness built by themselvesreplenishinghemwith nectar and polle(Michener 1974Danforth et
al. 2019) Solitarynests can be found in aggregations. Communal livisigad involves multiple
femdes independently laying eg@gsd provisioningcells in a common neshat is defended
collectively. Subsociality occursvhen the species produdesvaethatrequire parental care, but
there is no division of labouEusocialityinvolvesthe production of worker daughters bysiagle
fertile queen The workers provision and defend thest andend to their queeand hatching
siblings.Some bee lineagesich as the geneNomadaandSphecodeperformbrood parasitism
(kleptoparasitism)laying their eggs in solitary bee nestghile social parasitesuch aBombus
(Psithyru3 bumblebeeday their eggs insocial colonieswhich are subsequently taken over
(Michener 2007)

Nestbuilding beesstock their nestsiith pollen and nectar frora diversity offlowering
plants Some specieare generalisisisiting flowers of many species, while othepecializeon
pollen fromone (monolecticpr a few (oligolectic) plant speci¢Backer et al. 2007; Sheffield et
al. 2014) Generalist bee specisach asApisandBombusspeciesnay show abehaviourcalled
ofl or al c 0 n slurirgnacsyngle tripwoh arextendedperiod of time individuals
preferentiallyvisit flowers of the same speciéslichener 2007, Brosi 2016Bee foral lecty
(specializatioh may be due td¢ h e s premoiogical @r morphological constraints, floral
constancyon the other handanvary betweenindividuals of the sam speciesat the same time
and locationandmay change based on floral resource availability and distrib(Bimsi 2016)
The most likely determinant of floral constancy the quality of the reward, whetsees will
repeatedly visiflowers with ahigh level of reward investigating alternativesnly as the reward
decreasegGruter and Ratnieks 2011)

Nestbuilding bees can only reproducetifeir habitat contains sitable nesting sits,
specific nesbuilding materials (for certain speciegnd sufficient floral resourcegWestrich
1996) Given these requirements) temperate regionsost bee species thrive in moderately
disturbed, early successional habitats dominated by herbaceous plants or perenniajgrshrubs
young treegRussell et al. 2018Habitats such agrairies, pastures and meadows berefasby
providing floral resources over much of the growing season as wellvasiety of nesting
substrateqlbbe et al. 2011; Tonietto et al. 201 As centratplace foragersbee foraging is
constrained to a certain distance from their negtsch islimited by their relative body size and
the metabolic demandsd flight (Greenleaf et al. 2007)his distance can bmibstantiglespecially



for largebodied beegup to 1400m) (Zurbuchen et al. 2010)n fragmented landscapekeentire
home range od speciesancoveran areaconsisting of several habitatach ofvhichmaycontain
only one of the requireesourcegWestrich 1996)The loss of one partial habitat may lead to the
local extrpation of bee populationgGenerally, landscape heterogeneity and proximitgeimi
natural habitatbenefit bee biodiversityMurray et al. 2009; Kennedy et al. 2018) highly
modified landscapes, bee pogitibns maybe highly dependenbn marginal habitats such as road
verges, ditcheand powerline easemer{tialkotzy et al. 1997; Michener 2007)

Bees are the predominant pollinatbescausehey are obligate florivoresvith both larval
and adult stagefeedingon floral productswhereador otherinsectpollinatorstaxa florivory is
often facultativeandis mostlyconfined to the adult stageVinfree et al. 2011)lies(Diptera) are
generallythe second most frequefibral visitors (Larson et al. 2001)and often become the
dominant pollinatorsn low-temperatureand/or wetenvironments suchsaat high latitudes and
altitudes (Elberling and Olsen 1999; Inouye et al. 201%jor instance, fliegonsisted of up to
60% of allfloral visitorsin the Manitoba tallgrass prair{&obsn 2008) There are over 150,000
specief flies globally, andin North America speciesom over 70 families have be@fentified
as floral visitorqLarson et al. 2001)'he frequent flower visitors araainly fromthree families:
Syrphidae (hoverflies or flower flies), Bowylbdae (bee flies), and Tachinidadearly dl syrphid
specieduse flowers aan adultfood sourcePollenprovides egdaying females with proteins and
sterols,while both sexedeed on nectar foenergyfor flight (Moquet et al. 2018)Although
specializationlevels vary between species, syrphids tend tofdmdy generalizedforagers
compared to other pollinator groups such as ljg&cka et al. 2018)Symphids can be important
pollinators for many plant speciaader varying environmental conditignscludingmanycrops
(Jauker and Wadtrs 2008; Orford et al. 2015; Hodgkiss et al. 20$8)phidshave beeshown to
carrypollen loads comparable to honeybard some bumblebee speceesd significantly greater
thanthose oflepidoptea andColeoptergKendall and Solomon 1973; Free et al. 1975; Orford et
al. 2015) Syrphid larvae aresaprophagous omsectivorous providing additional waste
decomposition and pest contsarvicefMoquet et al. 2018)rhe different resource requirements
betveen the larval and adult stage of syrphidsans that in fragmented landscaplesir
biodiversity is relianton complementarypartial habitad (Moquet et al. 2018)Finally, wasps
(HymenopteraApocrita excluding bees and ahtse carnivorous buhayforage on flowers for

nectar as a sugar soummed pollinate plants as they do(¥dojcik and Buchmann 2012)



1.2Linear Rights-of-Way as Early-Successional Habitats

Linear rightsof-way (ROWSs)cover an expansivearea across the glohesedfor the
transportatiorof people, goodsand energyThe greenareaassociated withioads, powerlines,
pipelines and railwaysneedsto be continuously manageday the authority orthe adjacent
landownerto meet regulatory and safety standa(dgensing and Environmert#ssessment
Department 2019ROWs havebeen identified apotential habitat foearly-successiongblants
(Maclellan and Stewart 1986; Rubino et al. 2002; Leston and Koper 2016; Eldegard et al. 2017;
Vanneste et al. 2020birds (Jalkotzy et al. 1997; King and Byers 2002; Yahner 2004; Berger
2010; Tryjanowski et al. 2014nammalgJohnson et al. 1979; Yahner 2004; Clarke et al. 2006)
and insectgFree et al. 1975; Munguira and Thomas 1992; Eversham and Telfer 1994; Smallidge
et al. 1996; Swengel 1996; Lanham and Nichols 2000; Russell et al. 2005; Wagner et al. 2019)
ROWs areuniquelyinfluential because they are widespreéuhg linearareas that connect and
intersectmultiple habitats and containvegetation that ikeptin an earlysuccessionaktage
(Berger 2010; Wojcik and Buchmann 2012; Gardiner et al. 2018)

ROWs are corridorsvith a high edgdo-area ratb, and mayhave various effects on
wildlife (Jalkotzy et al. 1997)n general, the creation of edgausessariation in microclimag,
shifts inthe composition of plant and animal communities, ahdnges in biotic interactions
including predation, parasitisncompetition, herbivoryand seed dispers@\illyard et al. 2004)
ROWSs may act ag habitatsfor wildlife by providingrequisites for survival such as food and
shelter( Hopwood et al . 2010; Schaffers et al . 20
Villemey et al. 2018; Wagner et al. 2018) conduits, when wildlife moves along th€Eversham
and Telfer 1994; Zink et al. 1995; Bizel et al. 2004; Villemey et al. 2018; Nelson et al. 2021)
iii) filters or barriers when wildlife movement across them is hindered or bld&ladier et al.
2004; Muiioz et al. 2015; Andersson et al. 20iw) sourceswhenwildlife reproducingn the
corridor moves out into the surroundilagd (Berg et al. 2016)and v) sinksif wildlife is attracted
to the corridor and diesr fails to reprduceas a resulfJalkotzy et al. 1997; McKenna et al. 2001,
Willyard et al. 2004; Mufioz et al. 2018/hether ROWSs are beneficial or detrimental to wildlife
is highy dependenbn the type otorridor, how it is managedhe surounding environmengnd
the specied t (Gatas 1991; Willyard et al. 2004; Villemey et al. 20y instancethe species

richness ofhabitat generalist and ephabitat specialist spiders and teg increased with
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proximity to a highway ROWn both forested and open habitats, while forggecialist beetle
species were negatively impact@¢happ et al. 2013)Similar patterns emerge many ROW
biodiversity studiesasthe climatic and vegetational variationsoughtby the corridors tend to
favouredge and habitaeneralistso the detriment of habitat speciadishat relyon undisturbed
landscapéJalkotzy et al. 1997; Berger 2010; Vanneste et al. 2020; Nelson et al. 3DRilarly,
whether a ROW acts as a condfiiter or barriedepends othe nobility and dispersal capabilities
of the observedrganism(Mufioz et al. 2015; Andersson et al. 2017)

Most highincome nations across the globe have leegreriencing a dramatic decrease in
the amount of earkguccessiondiabitat for the pasew centuriesn both agricultural and forested
landscapesAgricultural expansion irmany prairie regionshas caused the almost complete
collapse of natural grassld ecosystemsSamson and Knopf 1994)Furthermore,the
intensification of production practicas the pastlecadegannualmonocultureplantations made
possible with the use of pesticides and fertilizées)reduced the mountof extensively farmed
land which includes meadows, pastures, loeign setaside, and field margir{f8rown et al. 2005;
Stoate et al. 2009; Vickruck 2021At the same time, other regiolsve been experiencing
significant farmland abandonmentith a decrease the number ofural farms azommunities
have migated towards more populatactkagBrown et al. 2005; Stoate et al. 2009; Queiroz et al.
2014) With the removal ofecurring disturbance regimes such as livesigrazing,haying and
controlled burnslarge areas that were previously managed as medaavesexperienced rapid
vegetational succession and returned to a forested(Bibte et al. 2011; Queiroz et al. 2014)
Furthermoreforest management practidesm logging activities in northern Europe and Canada
havereduced forest heterogenefling and Schlossberg 2014; Rodriguez and Kouki 200rée
plantationsand fire suppressiomctivities have decresed forest biodiversity, reducing the
provisionof important ecosystem servicegluding pollination (Brown et al. 2005; Nilsson and
Wardle 2005; Rodriguez and Kouki 2015, 20 of theseevents have caused a significant loss
of early-successional habitatsxda homogenization dandscapedeading to a global declinef
manyopenrthabitatspecies(Willyard et al. 2004; Forrester et al. 2005; Winfree et al. 2009; Potts
et al. 2010; Cameron et al. 2011; King and Schlossberg 2014)

Within thesehighly modified landscapes, marginal habitats such as roadside verges and
powerline easements can become an important tool for the conservairseaibiodiversity.

Linear ROWSs areommonly seen as detrimental to local ecosystems, agidnefragmenhatural



habitats into smaller patchékeller et al. 2004; Willyard et al. 2004However, inlandscapes

lacking sufficient quality earhsuccessional habitats due to reforestation agricultural
intensification,this land can become a valuable resource for nsamoving insectspeciesin

these landscapes, ROWSs nieymanagedtact as O r e mlang strips oseminatiral o r s 6 :
habitat in an otherwisdisturbancedominated are@lalkotzy et al. 1997ROWSscan act as habitat

and ecological refugifor early-successionahsectswithin agricultural(Munguira and Thomas
1992; Raemakers et al . 220041Cole ktalp20ld;cCdriveale0ad. ; Mo
2019; Phillips et al. 2019)rban(Baldock et al. 2015, 2019; Leston and Koper 2016, 2017; Twerd

et al. 2021)and forested landscap@&/agner et al. 2014a, 2019; Hill and Bartomeus 2016; Riva

et al. 2018a; Nelson et al. 202Eyvenrare and stenotopihabitat specialistypecies have been
observed usinghe corridors(Eversham and Telfer 1994; Forrester et al. 2005; Noordijk et al.

2008 Schaffers et al. 2012; Wagner et al. 2014pWs add heterogeneityo modified
landscapesa key driver ofbeneficial insect diversitgMurray et al. 2009; Kennedy et al. 2%)

Moquet et al. 2018; Neumidiller et al. 202BurthermoreROWSs mayincrease connectivitgnd

link habitat patchesogethey potentially acting as dispersal routes fmsects and plantand
promoting community interactiorecross the landscag@&ewksbury et al. 2002; Willyard et al.

2004; Thiele et al. 2018; Nelson et al. 2021)

1.3 Effects of roads on insects

Roads ar@ubiquitousinfrastructure thagxtendsor over64 million kilometres across the
globe(Central Intelligence Agency 202The United States of Americanks £'in terms of total
road network length, with over six million kitwetres while Canada is in'6position with just
over 1 million kilanetregWojcik and Buchmann 2012Road verges are strips of grasel other
plants, sometimes also tresguatecbetween rods and sidewalk, hedgs, crop fields, foress, or
other This land is usually puid property with maintenance being a municipal responsibility.
North America,roadside maintenance usually involves frequent mowing thadccasional
application of herbicidet uphold motorist safetfHopwood 2008)Roadside vergesccupy an
estimated 4 million and 0.6 milliohectaresf landin the USA and Canada respectivedyvast
amount oflandthatmay potentially act agoodhabitatfor insects(Wojcik and Buchmann 2012)
Of all ROW corridors, roadprobably have thgreatest impact on wildlifeThe most important

negative effectare mortality due to trafficand theloss of habitat effectiveness as a result of



wildlife avoiding lands in the vicinity of roadsue tocontinuousdisturbancglight andnoise)
(Jalkotzy et al. 1997However,unlike agriculturalfields, roadsides aneot disturbed by heavy
equipmentnor are theyplowed, and therefore may be an important conservation resource for
insectsin farmedlandscape despite thenherent negative aspects fads(Hopwood 2008)
Furthermore in forested landscapesad vergescan represent much of the managed early
successional habitavhich, unlike forest cleatuts, is continuously maintained in that g&

providingresources to open habitat species through ¢ithélips et al. 2020)

Detrimental EffectsFilters and Sinks

Whether roads act as filters or barriers is higigpendenont he speci es o
capabilities.Roads do not seem to act filters tolargescale movements by insects (such as
migration) whichtend to covefarge distanceat heights of up to hundreds mktres(Phillips et
al. 2020) However,smallscale movemennight be affected especially for smaller, less mobile
speciesA studyfound that species composition of bees and wasps difterédo sides of avide
highway i a relationshipthat strengthenedhen larger species were excluded from analyses
(Andersson et al. 201.7%ince both sides of the road rsinhilar vegetatiorand equivalenbee and
wasp species richnesthese results suggest that the highwaas acting as a barrier to the
movement othe insectsparticdarly sofor smaller specieddopwood et al(2010)found that
fewerbumblebees crossed roatian would be expected ifélroads had no effect on movement
however the authorsotethatthe highsite fidelity of the insects confounded the iss8amilarly,
another studguggestthat roads can act as a filter to the movemesbofe butterfly species, but
found thathe range of species and proportions of populations crossing the busy widgreaelys
exce@edthe threshold that geneticists believe is necessary for gene flmntaintained between
isolated population@Munguira and Thomas 1992)essmobile insects such as flightless beetles
might be more severely impacted tne barrier effect of roads, leading to genetic differentiation
and possibly local extinctior{althoughless likelyfor species with large population sizéseller
et al. 2004)Mufioz et al(2015)establishedh their literature review thabads wereconsiderable
barriers for small or flightless insect spe¢cwhile theeffect on flying speciewvarned

Among the different types of ROWSs, roads are thosehidnat the greatest direct effect on
wildlife due to light noise and chemicapollution and, most importantly, traffic collisionin

general, there seems to be a positive correlation between roadiiaifisityandthe amount of



insect collisiondMufioz et al. 2015)However,studies on the magnitudend ®verity of insect
mortality due to collisionsalong roadshave varying conclusion§Somestudies have reported
negligible mortality of flying insects such as bedritterflies moths and flies(Munguira and
Thomas 1992; Hopwood et al. 201@thers, however, haveeportedhigh levels of insect
mortality, especiallyif scaled tdarge geographical rangeBased on collected data, one study
estimatedhatthe number of Lepidoptefalled along roadin all of lllinois (United Statesduring

a single weekvas greatethan 20 millionindividuals(McKenna et al. 2001Pata extrapolations
from astudy conducte@long theTransCanadaHighway in Ontario showthe possibleloss of
hundreds of thousand®n the sirveyedhighway) to hundreds of billions (across all North
America)of pollinating butterflies,moths,bees, waspsnd flieseach summeBaxterGilbert et

al. 2015) For certainnsect groupsthereseems to be a relationship betwésatype of habitat in
the vergeand bordering landind mortality on the road\ study conducteth Northeastern USA
found that insect mortalitin general, and in particulaf bees and butterflies, was consistently
lower when roaddes were bordered by woodlothan when they were bordered by lawn or
meadowgKeilsohn et al. 2018)Regardles®f the bordering habitathe authorsleemed insect
mortality unacceptably high for areas being considered for conseniatamtherstudy, tracking
butterflies revealed that they were less likely to exit prairiesidadverges compared to weealy
nortnative grasvergessuggestingthatthe mortality ratemay be lowein higherquality verges
(Ries et al. 2001)rhe proportion of butterflies killed by traffic (compared to the abundance in the
verges) was also shown to be negatively correlatthdthe richness of plants in the roadsides and
with the amount of grassland area in the surrounding landé8&peka et al. 2013)I'his indicates
that the verges whicarevaluable for butterfly conservatiare less impacted bpad mortaliy.
Finally, the high site filelity of bumblebees in road vergesspotentially limiting their mortality
rate(Hopwood et al. 2010Another potential threat to insects in roadside verges ishmical
pollution caused by vehicles am#-icing salt (Muiioz et al. 2015)Soil in road vergesand
consequently the plants growimgthemcan have relatively high concentrations of lead, cadmium
and nckel, however there is no evidence of this affectimgects in the verg€duskett and Jones
1980; Swaileh et al. 2004)



Beneficial EffectsHabitat, Conduits, and Sources

Roadside verges are usualtharacterizedby a rich and abundant flowering plant
community, often more biodiverse than the surrounding lands¢Bpéolz and Mandelik 2013;
Hanley and Wilkins 2015; Cole et al. 2017; Phillips et al. 2019, 2020; Vanneste et al. 21626
benefit from rainwater harvesting on the pagedace anadhannellingto the verges, as well as
abundant light, nutrients, and reduced competition from trees and §Waofusk and Buchmann
2012) These communities can include grassland specialists, and can overall be very similar in
species composition to local natural grasslands, especially if managed accordindly éaging
native seed mixegHopwood D08; Vanneste et al. 2020 oadsides can also have high richness
and cover ofintroducedplant species, which thrive along the verges due to theurfable
conditions and reduced competitibraltonen et al. 2006; Hopwood 2008; Hopwood et al. 2015;
Cariveau etl. 2019) Whether by native or exotic species, roadside verges accommodate rich
plant communities that provide suitable habitat for a wide variety of insect species. Roadside
verges have been shown to attract many beneficial insects including pallisatth as bees,
butterflies, waspsand flies by providing ample floral resources that are often lacking in modified
landscapegFree et al. 1975; Munguira and Thomas 1992; Ries et al. 2@@m#&kers et al. 2001;
Saarinen et al. 2005; Hopwood 2008; Hopwood et al. 2010; Hanley and Wilkins 2015; Cole et al.
2017; Heneberg et al. 2017; Riva et al. 2018aMade et al. 2018; Cariveau et al. 2019; Phillips
et al. 2019)Road verges are alsbaracterizedby relatively high levels of exposed ground, which
can benefigrounddwelling or nesting arthropods such as many bee sp@dmsvood 2008;
Heneberg et al. 2017)

The habitat quality of roadside verges can be enhanced with relatively low effort through
specific management strategies. These include reducing mowing to once or twice during the
growing season (preferentially avoiding redason mowing), using targeted herbicidal treatment
rather than untargeted spraying, and planting native forbs and gissest al. 2001; Hopwood
2008; Noordijk et al. 2009, 2010; Hopwood et al. 2015; Jakobsson et al. 2018; Phillips et al. 2020)
Higherquality road verge habitats, defined by the high density and richness of flowers and larval
host plantshost greater pollinator richness and abundaaed,tend to benefit a greater number
of stenotopic specie@Munguira and Thomas 1992; Ries et al. 2001; Saarinen et al. 2005;
Hopwood 2008; Noordijk et al. 2009; Andersson et al. 2017; Cole et al. 2017; Phillips et al. 2020)

Verge width seems to contribute towards greater butterfly biodivgiditjwguira and Thomas



1992; Saarinen et al. 2005; Phillips et al. 20BQj this effect was not found for other insect groups
(Samways et al. 1997; Raemakers et al. 2001; Hopwood .2008je does not seem to be a
consensus on the effect of road width and traffic volume on insect biodiversity within the verges.
Sone authors have reported no negative effects on the richness and abundance of certain insect
groups(Munguira and Thomas 1992; Saarinen et al. 2005; Hopwood .2868)ver Villemey
et al.(2018)in their metaanalysis did find that pollinator and primary consumer abundance was
higher in norhighway verges compared to landscapes away from ROWSs, whereas there was no
difference in abundance betarehighway verges and the controls. The authors suggest that this
might be due to a greater number of insect collisions in highways as well as a greater edge effect
that lowers the carrying capacity of the verges. Another study found that road traffic did
significantly reduce the abundance of insect pollinators within the verges, suggesting that
management for pollinators shoultgetwide road vergealong roads with less traffi@hillips
et al. 2019) Finally, multiple studies have shown that road verges that are near natural habitats,
such as grasslands anddsts, tend to have greater insect richness and abun@aareen et al.
2005; Villemey et al. 2018; Cariveau et al. 2019; Phillips et al. 2628)ever, beneficial insects
such as pollinators atikely more dependent on road verges in landscapes lackinggbaghy
habitats, where the vegetated corridors might be one of the few remaining sources of forage and
nesting resourcd®hillips et al. 2020)

Roadside verges could act as conduits for plants and insects in fragmented landscapes,
however the current knowledge is still too limited twaw general conclusior(®hillips et al.
2020) Carabid beetles, includirwabitat specialistanay use road verges as corridors to a certain
extent, howeverthis behaviouns speciesdependen{Eversham and Telfer 1994; Vermeulen
1994) An analysis of landscape features in western Germany revealed that théaCimoth
Tyria jacolaeae(L.) used valleys with roads and sparsely plamtered verges to lay eggs and
disperse to higher altitudes in the study gi@aunzel et al. 2004)A markrecapture study on
bumblebeesevealedthat they moved within roadsides an average of 132 m, while the maximum
distance moved was 900 wihich is withinknown bumblebee flight rangédopwood ¢al. 2010)
However, lees that were marked and recaptured on the same day were most often found within 50
m from the original location. The dispersal of plants along roadside verges, on the other hand, is
well-established. Roadsides are oftiespersaktorridors forinvasiveplant speciesaccelerated by

long-distance seettansportby vehiclesand can enabliheir spreadnto adjacent habitatd/on
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Der Lippe and Kowarik 2007)These invasive plants can alter the plamhmunity in the verge
and subsequently negatively impact pollinators via bottipreffects(Valtonen et al. 2006)
However, some alien plant species suchrédslium pratense.., commonly found along roadsides
of North America, are highly attractive to pollinatgrtopwood et al. 2010)

Despite the inherent risks that roads pose to arthropods, quality habitat within the verges
can support breeding populations of many ingeotups and therefore can act as sources in the
landscape. Many carabid, mo#nd butterfly species have been found to breed in roadside verges
(Eversham and Telfer 1994; Vermeulen 1994; Brunzel et al. 2004 the range of breeding
habitats within vages seems to be an important driver of the butterfly biodiversity wiitieim
(Munguira and Thomas 1992)1any insect species seem to be overwinteringauside verges
as well. Schaffers et g2012)in the Netherlands found that for certain insect groups there was a
high overlap between species found in the summer and those in the winter: up to 88% for
Carabidae. For Apidaand Syrphidagthe overlap was rather low at 20%, howeteis might be
explained by their high dispersal ranges, clustered overwintering, or absence of adult
overwintering for many specig¢Schaffers et al. 2012The authors conclude that their studg s
provided resources for the persistencaeéctspecies and functioned as yeaund habitat.

Overall, most of the evidendedicateshat the benefito insects from the management of
suitable habitat on roagergesoutweigh the risks from poteatiimpacts with vehicleHopwood
et al. 2015)However, more research needs to be done to be céttsindy in Sweden looking at
landscapescale effects of linear infrastructure habitlitnot find anegative effect of road density
on plant and pollinator biodiversiffpanietFerreira et al. 2020)his suggsts that any negative
effectsof roadvayson insect populations are probably being countered by the increased grassland

area frontheverges.

1.3 Effects of powerlineson insects

Electric power transmission lis@re ubiquitous andecessary for the traportationand
distribution of electricity.The Canadian transmission network extends ovef0D80km and is
characterizednostly by major powerlineswhich transport electricity fronblarge hydropower
projects inmid/northern Canada to the populous citieshe soutl{International Energy Agency
2009) Transmission lines consistff towers(made of wooderpoles or stee])and conductors

(wires)designed to carry specific electrical voltagBsrger 2010) This infrastructure is located
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within a cleared strip of land (ROWhich is generally 480 m wideard is continuously managed
by the utility authority (usuallfCrown-owned companiedp ensurehat electricity is supplied
safely and reliablyBerger 2010)The vegtationcommunity within the powerline easement needs
to be kepfat a low stature to avoid contact of 1glbwing plants with the conductorGenerally,

this is achieved through either mechanicahtrol {ia drum or rotary cuttersnulcher, feller
bunches, bulldozers with modified brush bladesywers.etc), herbicidesmanual contro{chain
saws, brush sawsand axes)or a combination of the thref@icensing and Environmental
Assessment Department 201Bpwerline ROWshare many similarities with roads in how they
affect biodiversityhowevera maor differenceexists withtheabsence o direct threat posed by
moving traffic The biggest negative impacts that powesimaay have onwildlife are
fragmentation and edge effects brought thg creation and maintenance of the ROW
previouslyundisturbed landscap@d/illyard et al. 2004; Wojcik and Buchmann 2013jmilar to
road verges, howevepowerline ROWSs calbe managed as remnant corridors and act as-early
successional habitaend canduits for many insect species in agricultural, urban and forested

landscapegwWojcik and Buchmann 2@).

Detrimental EffectsFilters and Sinks

Filtering effects of powerline ROWSs are less severe than those of roads, haweser
corridors can still impede the movement of wildlife across them, particularly where they intersect
forested areafGates 1991; Willyard et al. 20048 owerlines probably do not act as filters to the
largescale movements of bigger, more mobile species. However-doakd movements of
smaller, less mobile species may be affected, especially for many plants, insects, reptiles and
amphibians(Willyard et al. 2004; Berger 2010Unfortunately, researchon filtering and
fragmentation effects of powerlines on insdstsacking In general, it seems that width has a
major influence on wildlife movements: the wider the corridor and the greater the contrast between
the corridor and djacent habitat, the stronger its filtering effect and more likely the interior will
have a distinct community compositig@ates 1991)Overall, Willyard et al(2004)conclude in
their literature review thgtowerline ROWSs are likely isolating only a small numbespécie.
Forest specialists may lawerseo crossng powerline ROV¢ and risk being exposed pmtential
dangers that exist in the op@willyard et al. 2004) However, the filtering effect of powerline

ROWs can be mitigated by keeping the width of the corridor to a minimum, reducing or buffering
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the habitat contrast between the interior and exterior of the corridoreavidd uncleared forest
strips where treesodnotpose a threat to the conductors (dfghe powerline crosses a valley or
depressionjBerger 2010)

Researclon sink and source effects of powerline ROWSs on insect populasdimsited.
In general, due to the absence of traffie expect powerlines to pose less of a direct mortality
threat to insects when compared to roads. In contrast, fragmentation andfedigecah cause
indirect insect mortality through changes in biotic interactions such as increased predation,
parasitism and competitigiVillyard et al. 2004) Furthermore, the abundant exotic plants found
in ROWSs can potentially diminish the reproductive success of natives by reducing their pollinator
visitation rates and increasing heterospecific pollinatigjerknes et al. 2007)n terms of direct
threats, @ouple of studiefound that the electromagnetic fields from higtitage wiresan lower
the productivity and increase the aggression of honeypWellenstein1973 Lee and Reiner
1983, however these results are far from identifying this as a potential cause of mortality to

insects nesting within powerline ROWSs.

Beneficial EffectsHabitats, Conduits and Sources

The creation and management of powerline ROpisduces habitats dominated by
graminoids, herhsand shrubsvhich can support many earbpccessional insect spec{®gagner
et al. 2014h)Similar to roadside verges, powerliROWshave been shown twstdistinctplant
communities that are often more biodiverse than the surrounding land@Rapmo et al. 2002;
Wagner et al. 2014b; Eldegard et al. 2015, 201¢se communitiemay include native grassland
species andct assubstituteprairie habitatswithin agricultural land¢Leston and Koper 2016
forested landscapeROWsmaintain open areas in various successional stages. In these clearings
there is a fall irevaporation and shadipgnd an increase moisture, light intensityand openness
favouring earlysuccessinal plantand animal specigtensu et al. 2011)New powerline ROV¢
in forests are structurally simildo clearcuts, which have beertomprehensively studiein
regards to their effects on wildlifdohnson et al. 1979%owever ROWSs are continuously kept
in an early-successional statand over time they develop into a novel halihatis qualitatively
different from clearcuts (Eldegard et al. 2017Within the ROW itself, the plant community
compasition can vary between the centfdhe corridorand the edgggldegard et al. 2015Plant

richness can be much greater in the corridor centre compared to th€Eldggard et al. 2015)
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PowerlineROWSsconstitute a large portiasf the managed eaHsuccessional habitat theforests

of the United States and Canada and therefore glegluablerole in preservingoiodiversity in

these region&ing and Schlossberg 2014; Wagner et al. 203Bpilar to road verges, powere
ROWsmay alsohosthigh richness and cover of exotic plant spe¢i@gbino et al. 2002; Leston

and Koper 2016, 2017However this is not always the caseith somestudiedinding low cover

of exoticscompared to that of native planfé/agner et al. 2014b; Eldegard et al. 20IIHe
percentagef exotic speciemay increasedilowing vegetation management lbenhds to decrease

over time as woody cover increagé®rrester et al. 2005 he biodiverse plant communities
within powerline easement corridors provataple food and shelter resources for wildlife and act

as refuges fomany beneficialinsecs including rare and stenotopic speciéSwengel 1996;
Smallidge et al. 1996; Lanham and Nichols 2000; Forrester et al. 2005; Russell et al. 2005, 2018;
Lensu et al. 2011; Wagner et al. 2014a, 2019; Hill and Bartomeus 2016; Leston and Koper 2016,
2017; Steinert et al. 2020)

Managemenstrategiegimed at improving the habitat quality within powerline ROWSs can
increase the biodiversity of insects dnmhefit a greater number of native stenotopic spetiese
strategiesnclude reducing the frequency of mowing and herbicidal apphicativoiding using
only manual control (ineffective in minimizing tree growtkkpmbining mowing with selective
herbicidal treatmenr(rather than mowingnly), and promahg the growth of floral and larvaidost
plantsto benefit insect§Swengel 1996; Bramble et al. 1999; Forrester et al. 2005; Wagner et al.
2014b, 2019; Leston and Kop2016, 2017; Russo et al. 202$pme authors note however that
the impact of management practicesimsects can be dependent on the environmental context
and therefore treatment selection should refleceétiveronmental conditions within the ROW and
surrounding landscafg8ydenham et al. 2016; Russell et al. 2018; Steinert et al..20&8petive
of managementiowever,an abundance and diversity of flowering plaseéem to be the major
factor affecting butterfly and bee biodiversity within powerlR@Ws(Yahner 2004; Berg et al.
2013; Steindret al. 2020; Russo et al. 2021; Twerd et al. 202iggrated vegetation management
strategies(IVM) for powerline ROV$ have been receiving increasing attentias theyare
effective in reducing longerm management costs while albenefiting biodversity in the
corridors(Licensing and Environmental Assessment Department 2028) practices involve
selectively targetingtall-growing woody plant species wita combination of manual and

herbicidal treatments whilgromoting a stable community nétivelow or mediumstature plants
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thatinhibit the establishment and spreadtiué undesirable speci¢Russell et al. 2018)These
methodsdeally reault in alastingmosaic of meadow and scrub halsfatedominated by native
forbs and shrub@ussell et al. 2018; Licensing and Environmental Assessment Depar®iéint 2
Powerline ROWsthat have already experiencedhultiple decadef IVM managemenhave
significantly greater floral richness and abundacm®pared tanowingonly sites andchew VM
sites(Russell et al. 20187 his allowsthese td IVM sites to hosa significantly greater abundance
and diversity of beesncludingkleptoparasitesvhich areconsidered indicator specigSheffield

et al. 2013; Russell et al. 2018)

PowerlineROWSshave the potential to act as conduits for many plant and insect species
between habitat patches, which can be particularly flodsleto biodiversity in fragmented
landscapegWillyard et al. 2004) Research on insect movements within pdiwerROWSis
unfortunately still lackingStudieshave found thatumblebees and butterfli@s the boreal forest
of Alberta used seismic linésarrow corridors used for the transportation of geophysical survey
equipment)s dispersal corrido(Riva et al. 2018b; Nelson et al. 202A)Jthough these studies
were not ontransmission lingsthe close structural similarity between the twges of
infrastructure allows us to gather some insiglo ithe potential role ofpowerline ROWSs as
conduits for insects in forested landscaf&milar insights can be gathered frdhe roadside
verge studies reviewegreviously Overall, howeverthe limited research prevents us from
drawing general conclusiomms theuse of powerline ROWSs as conduits by inse&tdhough the
increased connectivity brought by powerline ROWSs imagyst the movement of natiweldlife in
the landscape, it also allows for theesgut ofexoticspeciesn previously uninvadedreasThisis
particularlyrelevant foralien plantswith ROWSs often acting as conduits for the invasion of weedy
speciednto previously unavailable sites such as the northern forests of Cévadgellan and
Stewart 1986)This is facilitated bythe removal of forest, whichidsthe wind dispersal gollen
and seedgMaclellan and Stewart 1986)his ease of dispersahuses powerline ROWSs to have
relatively high richness and cover of exotic plant spedfedino et al. 2002; Leston and Koper
2016, 2017)and couldfacilitate the invasiorof adjacent natural habita{Zink et al. 1995)
However, Rubino et al.(2002) found thatthe majority ofinvasive plant speciespresentin
powerline corridors were shadl®olerantand absent from adjacent riparian foreats] therefore
argueghatin forested areas powerline ROWsould not serve as invasion fdor exotic plants.
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By hosting a healthy diversity of food and nesting resoutc@ssmission line easements
can allow the establishment of stable breedimsgect populations.Management an help this
establishmentPowerline ROWSs that have been managed IVM for an extensive periodre
characterizedby greater floral biodiversity as well as a larger amourdeddwoody stemsand
live and deadvoody cover(Russell et al. 2018)This increase in nesting resoasallows these
sites to contain a higher proportion of cawuiysting bees, suggesting ttia¢y harbour breeding
bee populationsFurthermorethese IVM sites alsbosta greater number of small beeghich
c a nrével long distances to forage and must nest near floral resotlileess interpretecs a
indicationthatsome ofthese beeareresidentof the easementather than simplyoragers from
the surroundingandscapé€Russell et al. 2018Finally, butterflyabundance andafiness iriorest
roads and pastures were negatively related to distance from powerline ROW habitatginear
relationship thatevelledoff at 500 mfrom the powerline¢Berg et al. 2016)This supported the
hypothesis thapowerline ROV act as source habitats for butterflidd the landscapscale
Déniel-Ferreiraet al.(2020)did not find an effecof the amount of linear infrastructure habitats
(including powerline ROW)n butterfly or bumblebee richness in the landscapey also found
that landscapes with powerlibad on average &2.36 SD) more plant species than landscapes
without them The authors suggest that tieisuld be due to the greater amount of grassland area
in the landscapddllowing the speciesrea relationship), drecause the additional argi@en by
powerlines is slowing down the extinction rate of plantganing that these landscapes have an
extinction debtDanietlFerreira et al. 2020)

1.4 Pollination Networks

Biotic interactions play an essential role in the organization and persistence of biodiversity
(Ferreira et al. 2020By describing interactionbetween speciescelogical netverks reveal
community structure and the function and stability of ecosys(@m&bault and Fontaine 2010)
By studying networks, we caevaluatethe effects of human activities on complex ecological
interactions(Memmott et al. 2007; Evans et al. 2013; Tylianakis and Morris 20H&bitat
managemertanhave cascading effects within ecological networks, affecting multiple speaes
interactionssimultaneously across trophic/éds (Tylianakis et al. 2008)'he study of mutualistic
interaction networks pushes ecdlay knowledge beyond species diversity studies to assess the

impacts ofenvironmentathangeon ecological processes, such as pollinatieorup et al. 2008;
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Ferreira et al. 2020)n recent yearthis has been increasingly recognize@amservation policy
which is moving away from targetingindividual vulnerable species to managing entire
communities, particularly if they providEosystem servicg3ylianakis et al. 2010; Evans et al.
2013)

Network Structure

Pollination networks are the most biodiverse of all mutualsggtemsinvolving 8% of
all flowering plant specie®verone million insecspeciesand several bird, mammal and lizard
speciegHagen et al. 2012Plantpollinatorcommunitiescan begraphedasbipartite (two-node)
networks wherepollinators and plants are connected matualistic links (Figure 1). These
networksaredefinedby their size (humber of species) and structirezmjlency and pattern of the
links). Network structure has important implicatioios the stability and coexistence of species
(Bascompte and Jordano 20Gf)d can be describeghrough various metricbormann et al.
2009) Despiterelationshipsexisting between many metricshey can provide complementary
information onthe organization of interactioii§hébault and Fontaine 20168)utualisticsystems
such aspollination networksare norrandomly assembledand sharesome general structural
propertiesjncluding a skewedink distribution (mostspecieshavefew interactions while few
specieshave many, a nested organization of the interaction matamd the frequent occurrence
of asymmetric irgractions(Vazquez et al. 2009A nested networKFigure 1) is one where
specialist species interagith a core of linked generalist species wifd#ing to interactfrequently
with other specialist¢Bascompte et al. 2003Nested networks are hiyhcohesive generalist
species interaavith each otheand generata dense core of interactions to which the rest of the
community is attache@Bascompte et al. 2003)his structure makgsollination networks highly
asymmetricso that if a pllinator species depends strongly onlam the pant depends weakly
on the pllinator. This facilitates species coexistence in the community, reduces interspecific
competition andpromoteshe maingnance of biodiversitiBascompte et al. 2006; Bastolla et al.
2009) A nestedstructureand lower mutual dependeiespromote functional robustness to local
species loss demporalpopulation declines and facilitate the persistenaaraf species with few
links (Bascompte et al. 2003; Tylianakis et al. 2010; Kaianbury et al. 2017)This occurs
because, inthe face of species loss, a nested structure alidi@snative routes in response to

disturbance, reducing the spread of secondary extinction cag@asepmpte et al. 2003f.or
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instance if a specialist pollinator goes extinct from a nested netwokk ptant species that it
interacted withwill still be pollinated by other morgeneralist species (Tylianales al.2010)

Besides nestedness and interaction asymmetry, network structure can be dbgatied
connectaneand modularityConnectance ia binary metrichatindicates the fraction of links in
the network that anealizedcompared to the total possible number of liffigurel). For a given
network size, l[yher connectance indicates higher generalization levels and redundancy within the
network(Nielsen and Totland 2014lt is commonly suggested theahigher connectanggomotes
the rate of ecosystem procesgeg, increased seed set in plgrdllinator networks due ta higher
functional complementari}y andstabilizesthemthrough time undefluctuating environmental
conditions(Tylianakis et al. 2010)or instance, higher connectamoay provide a buffer in the
responses of pollinators to fluctuations in plapecies abundances, and wesa since
generalists can rely on other partners to maintain their populafiofignakis et al. 2010).
However,connectance idependent on network size, decreasing exponentialiyhe number of
speciesn the wehincreasegven though the absolute number of established interactions increases
(Jordano 1987) Therefore although network connectance can be consideredositive
characteristidt is not positive when resulting from species or interaction lsgmplified system
is not desirable evahmorestable or resilienfFerreira et al. 2020Plantpollinator communities
also tend to be divided into modul@sgure 1), which aresubsets of thenteractionnetworkin
which species interact frequently with oasother, bulittle with other species outside of the
compartmen(Olesen et al. 2007Modularity may be reslt of co-evolution(e.g, tubular flowers
and longtongued beeskyndit tends toincrease the stability of interaction netwotks slowing
down the spread of disturbance across the (aihoughdisturbancemight spread quicklyvithin
single compartmerd) (Tylianakis et al. 2010)Generally, producefresourcespecies at lower
trophic levels (e.g. plants)tend to be more compartmentalized across habitats, while mobile

consumerdink them togethe(Rooney et al2008).

18



il il v v vi viiviil il il iv v vi viiviii

Nestedness
h

Modularity
h a b ¢ d e f g h

Figure 1. Visualization of three network metricsbased on hypothetical qualitative
(presene/absence) networks of equal size. Letters indicate pollinator species; roman numerals
indicate flowering plant species. Black boxes in the matrices inditateresence of an
interaction.

Pollination network modularityis brought by reciprocabpecialeation arising from
biological constraintgncluding flowersymmetry, pollinator size, and socialityaitsthatlead to
morphological or phenological mismatching between sp€¥idialobos et al. 2019)Generalist
speciesre importanfor linking individuals within modules and keeping compartments connected
in a network.These generalists connect subsets of the network, ance#tigiction may lead to
community fragmentatioriBiella et al. 2017) These species are therefore vitalthe overall

network structure, functioning and resiliencgromoting the cohesiveness of pollination
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communities beyond what would be expected by numbertefactions alonéMartin Gonzéez
et al. 2010) They have the potential to alter the abundance of ethed the state of the
community and are the onesost responsible for thstable coexistence of species in their
communitiesmaking them keystones the networkCagua et al. 2019Keystone species may
play different roles in the network, based on how tlkepnect the rest of the community
(Tylianakis et al. 2010)Highly connected species withimaoduleareknowna s fimodal e hul
andarevery important for thecoherence of their compartme8pecieghatlink several modules
toget her ar e oc adrelsmpbnsibi®rahe coleesidn of the whole network. Finally,
Anet wor k h u bhastare laothreghlyscpnmexrtedeirstheir comparent, and whichink
different malules togethemproviding stability to the entire systefihese keystone species have
high conservation importancas their extinctiortan lead to the fragmentation of compartments
or entire networkswith cascading extiions ensuing A loss of module hubs increases the
probabilityof secondary extinctions withitcompartmentgreducing web stability), whila loss of
connectors decreases thmbability of trophic cascades across compartments (increasing web
stability), butmay leado network fragmentatiofTylianakis et al. 2010)hereforejf the goal is
to maintain ecosystem function and services, or overall diversityservation efforts should be
directed towards the preservation of keystone speetesreas ithe goal igo retain rae species
of concernefforts should bdocused on the species of interest and its few interaction partners
(Zografou et al. 2020)

Mutualistic networks may disassemble through a mewéere specialists, which are more
vulnerable to extinction, are lost from a network before generalist sg&aiese 2) (Spiesman
and Inouye 2013).ow interaction frequency and high specialization between mutualistic partners
contribute additivelyin increasing the vulnerability of interactions to disrupti{@izen et al.
2012) This implies thatin most casesynly the most generalized species will remairsmmall
networks. The disassembly of ecological networks leada tbresholdwhereupon the web
collapses. Here, the consequences of species extinctions are amplified arthfesting as
speciexontinue to bdostfrom the systenfBascompte and Stouffer 200%urthermore, in real
|l ife an increased mortality rate and reduced
functional extinction well before it is truly extin¢®aterberg et ak013) Functional extinction
occurs when the abundance of a species is too low to fulfill its interactive role in the ecosystem,

leading to the true extinction of other specdigllman et al. 2016Hence, the extinction of
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ecologi@l interactions can occur well before tdinction of the organisms themselvidetwork
robustnessneasures theesistancef the webto secondary extinctions followintpe sequential
removal of individual specieand has been used to understand theathoé species loss to
ecosystem functioning and serviq¢€rass et al. 2018; Sritongchuay et al. 2019)general, the
heterogeneous distribution of interactions and the nested structure of mutualistic networks confer
them high robustnego the random extinction of species, alsb increase wekensitivityto the
extinction of generalist (Bascompte and Stouffer 2009yWhen calculating robustness of
pollination networks, most studies assume bottgreffects of species loss at the lower trophic
level (flowering plants), justified bthe strong #ects that resources have on consumers in plant
pollinator interaction§Weiner et al. 2014; Goulson et al. 2015)r instancepollinatorsare more
sensitive to the loss of their plant partners due to climate change than vicé&Sehisaning et al.
2016)

Flowering Plant Species
increasing nectar tube length

-

A| Observed Links

Forbidden Links

increasing tongue length

Pollinator Species

Figure2. Pollination networkdisassemblyAs networks disassemble in response to environmental
changepollinator specialists (bottom left) and plant specialists (top righ®@xtinct due to their
low abundancelLinks are lost following the concave curve inwards. As the matrix shrihk
links concentrate in the upper left cora@d only generalist species persist.
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Sampling & Analysis

The high generalization of ecological netwqrks well as a high temporal and spatial
turnover and complexity ofinteraction patterns, makesdemate sampling of ecological
interactions challengingndcalls for alarge sampling efforfJordano 2016)nteraction etwork
studies always have a high inherent degree of uncertairgyto the stochasticity of ecological
communitiesand to the variatiogenerated by finite samplirggfort (Cirtwill et al. 2019) Number
of partner species detectedymber oflinks, and somemetricsdescribing network patterns are
sensitiveto sampling biagJordano 2016)The majority of potential interactions in a network are
usuwally not observedand this could be due &ither thenactually not existing i f or bi d,d en
existing butnot occuring during sampling, or existing amaccurring during samplingut not
beingdetectedCirtwill et al. 2019) Forbidden linksare poéntial pairwise interactiortbatdo not
exist because dfiological constraintssuch as spatitemporal uncouplingforaging constraints
and physiological or biochemical constraifdsrdano 2016)Forbidden linkscan explain much
of the unobserverklationships potentially up to 809%6f missinginteractiongOlesen et al. 2011)
Nonethelesssampling of interactions requirerong and eveaffort. Heterogeneity in sampling
effort per speciesr network carinfluence the estimation ofostmetrics howeverthe sensitivity
varies among therfRiveraHutinel et al. 2012)Nestedness and modularity, for example, seem to
be less influenced by insufficient sampling compared to connectamtthe number of species
and links in the networkNielsen and Bascompte 2007; Rivétatinel et al. 2012)Overall, it
seems thaqjualitative descriptoraiietrics based on binary data, i.e. presaalzsence ofpecies
andinteraction} are highly sensitive to varying levels of sampling efftantitative metrics
(which describe both the pattern and frequency of interactieere) found to be much more robust
against variable sampling effoend therefore able tbetter represeninteraction networks
( B a n-Rightek et al. 2004)Moreover, in binary networkeommon and rare species are
attributed with the same weighheaning that differences in partner availability are not taken into
accouniMiranda et al. 2019)Thereforenetwork ecologistgendto agree that quantitative data is
best for networkepresentation and analyseven though theoretical treatméntess established
than it is for bimry networks.

Isolated networks are the result of ecologar@lersincluding forbidden links, functional
composition, abundance, morphology, and phylogé&hg.interaction matriXY) of a mutualistic

network is a functiomf the relative species abuma® (N), temporal (T) and spatial overlap, (S)
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and phenotypic traits of interacting species (K). The effects of these factors are constrained by the
phylogenetic relationships among plants (Pp) and animals \(fth) detection probabilities of
interactiongresulting from sampling effects (B)so playing a rol¢Vazquez et al. 2009)

@ "QOAYO D Ao do
The task of comparingollinator diversity estimates among different networks based on raw
species countss susceptibleto the same samplingitfalls and biase®f plant and animal
biodiversity studés Without adequately accounting fovariation in pollinator activity or
aburdance comparisons of pollinator species richnéssven wherbased on similar sampling
efforts (such as a similar duration of observation intervatsay be biase(Herrera 2005)Hence
Herrera (2005) suggestsusing samplédased rarefaion curves toestimate pollinator species
richness for individual flower species patchesif his caseshrubs).Network metricssuffer a
similar fate due toelationshipdetween network properties atié underlying variation in species
abundanceand richness This means thathe comparison of raw metrids largely flawed
(Bluthgen et al. 2008)The raw values ofmostnetwork metrics depeni avarying degree on
network size and@onnectanc€Grass et al. 2018 herefore null modelsarefrequently used to
standardize network metridsy controlling for networksize and connectanctgcilitating the
interpretation oWvariatiors in structuralpropertiegPellissier et al. 2018Null models allowus to
evaluatewhether structural noperies may be the result of chance alone in the absence of any
ecologicalconstraint. Theaw value of the network metric is roparedto expected values from
the null models, where links within each network are randomizaddomization can be
constraired, for example by fixing network size and connecta(Rellissier et al. 2018)

Most pollination network studiesoncentrateon the quantitative component dfe
mutualistic relationship andiocus on sampling thepatterni and sometimes frequendy of
interactions between plants and animhiscontrast, he quéitative component is oftenot taken
into consideration due to the high effort requiredbtairing such dataTl his component represents
the qualitative differences amopgllinator or plant species in their effect on the fitness of their
partners irrepective of interaction frequendBchleuning et al. 2015Examples include the
amount of pollen deposited on a flowley a pollinatorin a single visitor the nutritional value of
the pollenor nectar made available by the plartie quantitative and qualitativeontributions of

a species to the ecosystem function (pollinateggregéely definether functional mutualistic

i mportance through t H{e&Nedddma20pOeScodaning ettlf2e18)t i v en
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Somepollination studies take into consideration bihta quantitative and qualitative components

by buildingzoo-centric networkviat he anal ysis of pollen sampl es
body (pollentransportnetworks) (LopezaraizaMikel et al. 2007; Forup et al. 2008; Alarcon

2010) These contrast thphyto-centric method which involves taking samples of focal plant
species and recording which animatsive to pollinatechem (Jordano 2016)Overal,i t 6 s been
shown thavisitation frequency antbtal pollen depositiorare correlateat the communityevel,

and thereforghere is good supporbehind the use of visitation as a surrogate for pollinator
importance in the network/azquez et al. 2005,022; Ballantyne et al. 2017This positive
relationship between interaction frequency totdl effect(total pollen deposited) occudespite

no general relationship between visitatiand petvisit effect pollen deposition per visit).
Differences imperinteraction effects among animal mutualiststaresoverriddenby differences

in their visitation frequencies Highly frequent flower visitors usually contribute

di sproportionately t o . Lteheaiftheirplhnatiorseffectieepessoid uct i v
relatively low (Vazquez et al. 2005 he correlation between visitation and pollen depositgon

rarely present at the individulavel, with some frequent visitors being poor pollen depositioies

to poor morphological matching with the flowensthe sole collectionf nectar(Ballantyne et al.

2017) For a gven flowering plant species, up to 78% of visitors may be ineffective pollinators
meaning that plarpollinator relationships are substantially more specialized thaavealed by

visitation alone(King et al. 2013; Ballantyne et al. 2017his has been confirmed Ippllen

transport studiesevealing a more specialized network compared to the visitation counterpart
(Alarcén 2010)

Response to Environmental Drivers
1. Disturbarce

A major goal ofecologicalresearch iso understand howmteraction networkare affected
by disturbance and howbiodiversity loss affectecosystem functioningWeiner et al. 2014)
Habitat dsturbanceand degradationan haveprofoundeffects on networks at the speclesel,
causing the local extinction pfant and pollinator speciels generalyare species and specialist
specialist interactions areore susceptible tenvironmental changand arequickly lost from the
network followingdisturbancgSpiesman and Inouye 2013; Soares et al. 2043 changes the

topdogy of the networks, with plantpollinator interactionsin disturbed sites consisting of
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generalized nodes connecting modulesilst interactions in less disturbed sitase more
specialized and symmetrig@hinohara et al. 2019; Villalobos et al. 2019)jus, disturbanceads
to a concentration of interactions by generalist speciesomsdf interactionbetween reciprocal
specialistscausingan increase in interaction asymmeinythe network(Soares et al. 2017A
large study conducted in Germany found that {agd intensificatioririggeredlosses in flower
diversity, leading to nomandom, resourecmediated losses pollinators(Weiner et al. 2014)he
study also confirmed that intensification had a disproportioeéfect on the abundance of
specialist pollinators, however this effect wast true for specialist plant specieghere are
situationswhereintermediatedisturbancanay increase network link diversit¢Shinohara et al.
2019) However disturbedhabitats were found to have a lower link turna¥am natural habitats,
indicating a homogenization of plapollinator netwaoks as a result of degradatigNielsen and
Totland 2014) Many network propertiesare (to varying exterd) conserved after perturbation
however metrics such as interaction asymmetry amatwork specialization(H2), as well as
speciedevel specializatiofd)a n d s jfuectiona relés in the web, can be greatly influenced
by habitat disturbance due to the extinctiorpopulationsand interations(Nielsen and Totland
2014; Soares et al. 2017; Villalobos et al. 202@)ditionally, as disturbance increaséise loss
of specialist species and the concentration of links among generalistgodunsion networks

to become more nesteahd less modulgivillalobos et al. 2019; Morrison et al. 2020)

2. Habitat Loss & Landscape Configuration

Habitat loss and fragmentation poseimportant threat to pollination networksith the
expansiorand intensificatiorof human activitieslecreasindand and resourcesvailableto wild
pollinators(Kearns et al. 1998Jollowing the speciearea relationship, smaller habitat patches
have been shown twost a reducedumberof flowering plantand pollinatorspecieqGrass et al.
2018; Jauker et al. 201Plantpollinator networks in smaller habitat patclsé®wan increased
standardized connectancstandardized for network sizepnd a decrease in standardized
specialization (H2 (Hagen et al. 2012; Jker et al. 2019)indicating a more generalized system
Impoverished communities in small habitat patclaéso show a shift towards functional
homogenization, with opportunistic interacticarmonggeneralists replacinthe lostspecialized
links (Hagen et h2012; Jauker et al. 2019/hile these networks are structurally rohtisty are

usually characterized by reduced visitation frequeacyl increased heterospecific pollen
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deposition(Jauker et al. 2019)eading to a lossf ecosystem functionin@/Vilcock and Neiland
2002) At the landscapscale, habitat losis associatedvith lower species richnesabundance
and number of interactior{&vans et al. 2013; Spiesman and Inouye 2013; Ferreira et al. 2020)
Pollination networksvithin landscapes with reduced habhate lowerrawnestedness and higher
connectance and molarity, however no effect of habitat losswas foundon standardized
nestedness and modulari§piesman and Inouye 2013his indicates that the changes in network
structurefollowing habitat lossare mostly brought by the decrease network size.Network
nestednessicreass infragmentedlessconnectedandscapesyhile network specialization (HR

is positively influenced both by natural habitat coagmell as landscape connectiiBerreira et

al. 2020) These effectsmay be related to the loss gbexialist speciesanda shift towards
generalist foraging behawio of pollinators due to lower resource availability and diversity
(Ferreira et al. 2020)Enhanced landscape connecfivinay rescue habitat specialists from
extinction and increase resource availability for generalj&gass et al. 2018 Corridors that
connect habitat patches in the landsdageefitpollination networks by increasing habitat area in
the landscape sawell asfacilitating interpatch movement and maintaining kayeractions
(Tewksbury et al. 2002)Finally, poximity to natural habitain the landscape wsashown to
enhance planApollinator networksby increasing the number of interactions dmbsting both
interaction evenness and network robustrigsisongchuay et al. 2019nteraction richness and
evenness of pollination networks were also shown gréater in more heterogeneous landscapes,
which offer a greater variety of foraging and nesting resources fogiolis(MartinezNufiez et

al. 2019)

3. InvasivePlantSpecies

Invasive species are one of the major drivers in global environmental cramean
significantlyimpact local ecological interactions and network structumeasive flowering plant
species are often highly attractive to pollinators because they tend to havandrgolarful
flowering displaysaccessiblélower morphologyprolific nectar productiorhigh generalization,
andare often highly abundadtie toan absence of eevolved enemiefBjerknes et al. 2007; Stout
and Morales 2009; Aslan 201#)t small spatial and temporal scales, invasive plants may compete
for interactionsand potentially redue the reproductive output of nativ@saiserBunbury et al.

2017; Tylianakis and Morris 20L®ollen transport networks of invadplantpollinator systems
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were shown to be dominated by aligollen grainsmeaning that native plants may experience
greater levels of heterospecific pollinatiand thus reduced reproductive outplubpezaraiza
Mikel et al. 2007)However,invasive plants may bring loAgrm benefit4o natives by attracting
more pollinators with theifloral displays, and supporting larger pollinator communities in the
landscape through their high abundance and defijigyknes et al. 2007; Tylianakis and Morris
2017) For the most part, invasive plamtiee more generalizedith respect to their pollinators than
natives(Albrecht et al. 2014)Plantinvaders attracting pollinators into invaded modules tend to
play important topological rolesiétwork or module hubs, connectorsjeating &rger modules
that are more connected among each otrat cause role shifts in native specigkbrecht et al.
2014) Thesesupergeneralist speciesvhich play important network roles in their native ranges
are likelyto play similar rolesn the networks they invad&mer et al. 2016)nvaded networks
tend to have lowemodularity, but more links on averagéigher generalityas well as higher
visitor richness, abundance, aftower visitation (LopezaraizeMikel et al. 2007; Hagen et al.
2012; Aslan 2019)Invasive plats, therefore,enhance the functional redundanwythin
pollination networks andanay bolster thepersistence of ecosystefunctioning in the face of
disturbancégAslan 2019) The altered interaction structure of invaded networks makes them more
robustto therandom extinctiorof species but also vulnerableto the extinction of the highly
connected invasivg®lbrecht et al. 2014)invasive plants, however, are unlikelygartner with
native specialist pollinatorgndthus fail tosupport bhe resilience of native species assemblages
(Aslan 2019) Even though the integration of alien species may not alter overall network
connectivity, a transferral of links from native species to alien sigsreralistscan cause
significant declines in the connectivity among nativesnvaded webgAizen et al. 2008)
Therefore, althouglecological functionalityis maintaineg taxonomic diversity may decline as
alien species become established in networks world@Adé&an 2019) Removing alien plant
specis can havemportant desirable effects in plapsollinator communitiegCarvalheiro et al.
2008; KaiseiBunbury et al. 2017)but should be done with cautidih.can be very difficult to
predict the direction in which the systemil change, and some communities may be extremely
vulnerable to the eradication of core spe¢i@arvalheiro et al. 2008; Cagua et al. 200Mhen
considering ecosystem managemémdre may therefore be tension between the desieeadicate
invasive specieand the need to maintain robust pollination networks resiteisturbance,

climate change, and otheerturbationgLarson et al. 2014)
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4. Time and Space

Pollination networks tend to exhilmbnsiderable spatial and temporal stability in several
macroscopic featurgmetwork structure), while microscopic featuresaghas opol ogy, Spec
roles and individual specializatiorshow strong variabilitfTrgjelsgaard and Olesen 2013}
finer temporal scales(days to months), mutualistic interactions are highly dynamic, with
considerable variation in network structunghile at intermediate scaleye@rsto decades)
interactions are still highly dynamic, btgnd to influence network propertiesilp weakly
(CaraDonna et al. 20213 patiotemporalstudies of mutualistic networksveal a general pattern
of high species and interaction turnovacross space and timbut low variation in network
structure(Dupont et al. 2009; Zografou et aD2D; CaraDonna et al. 202The low interannual
variationin network structure malge partlydue tothe relatively low turnoveamong generalist
species forming the network coneith high turnover rates mainly occurring amaspgecialist
species at the network periphéBpgrafou et al. 2020; CaraDonna et al. 202Bspite high levels
of interactionturnover,highly generalist species tend to bery stable and can be reliably found
across spacand timeunlike specialist¢Zografou et al. 2020Nonethelesss peci es 6 r ol es
networks are atsprone to temporal variabilitfherefore management actions should not be based
on data from a single yefirarson et al. 2014)Rather, thesuggestion isto identify themodule
hubs and connectors over several yeaus prioritizetheir conservatioto producemoreresilient
pollination systemgqLarson et al. 2014)At broader temporal scalgslecades tacenturies)
continued shifts in interactions reshape network structaegling to significanthanges in the
community including the loss of species and functbty (CaraDonna et al. 2021)/Vhen
comparing data from the late 1800s to 2009 and 2Bikle et al.(2013)found that modern
networks were less nestetad redced redundancy, weaked interaction strengt) and a
declined quantity and quality of pollinator sengc®easons for shifts in interactions included the
extirpation of speciefparticularly of specialists, parasites, cawviggstersand those involveth
weak historic interactionsabsencef spatial ceoccurrencalue to landscape fragmentati@mnd
changes in phenologwbundance, behavior or physiology that alter the propensity for particular

interactions to occuiBurkle et al. 2013)
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1.5Conclusion

The potentialof roadside verges and powerline easemenfsolimator habitat is being
increasingly exploredbut remainsa controversial topicAs natural habitats continue to decline
worldwide, all opportunities forthe conservatiorof wildlife and ecosystem functioningithin
anthropogenic systemsust be explored. Degpithis, there is still little informadn on howlinear
infrastructureROWSs affect pollinators andheir mutualistic interactions with flowering plants.
Existing studies havenly focused on measuring the richness and abundaniceseaxfts within
ROWSs, and powerline easemsiudieshave so famostly beenestricted to bees and butterflies.
To properly evaluate the conservation potential of ROWSs for pollinategsmustdetermine
whether these linear systems can host heaigctpollinatorcommunities a well asstableplant

pollinator networks
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CHAPTER 2. ASSESSING POLLINATOR BIODIVERSITY AND
COMMUNITY COMPOSITION WITHIN ROADSIDE VERGES OF
SOUTH-EASTERN MANITOBA

2.0 Abstract

Roadsideverges occupy a huggeaof land that is continuously maintainedan early
successional sy is not disturbed by heavy equipnbeis not plowed,andis precluded from
further developmentThesevergesprovide diverse foraging and nesting resourceswitnl
pollinators andthus havea high conservation potentidl surveyed roadsideis southeastern
Manitobg Canadato quantify the biodiversityf insectpollinatorsandevaluate the potential for
thesehabtats tobe used fopollinatormonitoring and conservatian the regionFlowervisiting
bees, flies, and waspgere sampledlong 18routesused for the North American Breeding Bird
Survey across an area encompassing three ecozomséspped ten times along each route to
sample pollinatorgia ten minutes of targeted nettingised atellite imagery and ground surveys
to model howenvironmental variables affepbllinator biodiversity irthe vergesl sampled and
identified 4,232 insectbelonging to 221 species or morphospeciRsadside planpollinator
communities were characterized by the dominaoic@ few eusocial generalist bee species
foraging onfloral assemblages dominated mtroduced generalist plant specié&erges with
greater plant biodiversity did not hatrgreater pollinator biodiversity, probably due to the weedy
nature of the surveyed roadsidest being attractive to specialisRoad verges surrounded by
landscapes ith greater patch diversignd with a greater proportion of open habitats hasiect
abundant and rich pollinator communitiéwever, pollinator populationshouldbenefit more
from roadsides in homogeneous, disturbed landscapes \Wwhbrat resourceare lacking.l
determinghat roadside wges are acting as habitats fasignificant insect pollinator biodiversity
and may be a good tool for conservatstrategies in anthropogenic systems. Based on my results
and previous studiessuggest thamanagement of road vergessoutheastern Manitobahould
involve the restoration obriginal habitatvia the sowing of native forbs and grassesoadsides

located withinheavily modified homogeneous landscapes.
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2.1 Introduction

Marginal habitats sicas hedgerows, roadside verges, powerline easements and crop
margins become especially important for biodiversity conservatidnighly humarimpacted
landscapes lacking quality early successional.|l&whdside verges can be important habitat for
benefcial insects including pollinating bees, butterflies, wasps and (kese et al. 1975;
Munguira and Thomas 1992; Ries et al. 2001; Raemakers et al. 2001; Saarinen et al. 2005;
Hopwood 2008; Hopwaod et al. 2010; Hanley and Wilkins 2015; Cole et al. 2017; Heneberg et al.
2017; Riva et al. 2018; Stdarie et al. 2018; Cariveau et al. 2019; Phillips et al. 20R6adside
verges are ubiquitous, occupying an estimated 4 million and 0.6 millioarbsatf land in the
United States and Canada respectiv@yojcik and Buchmann 2012)Jnlike clearcuts or
abandoned fields, they are constantly maintained in an early successional state for the sake of
driver and pedestrian safety and to provide a buffer to adjacent land. Furthermore, unlike
agricultural fields, roadsides avaly moderately disturbdaly heavyequipment n d  loweed 6 t
They are a permanent early successional hathigdtis only moderately disturbed and usually
precluded from further development. Roads tend to be considered ecologically negative since they
can act as filters to anirhmovement, and have direct negative effestsvildlife through light,
noise chemical pollution, ad traffic collisions(Muskett and Jones 1980; Munguira and Thomas
1992; McKenna et al. 2001; Keller et al. 2004; Bax@dbert et al. 2015; Mufioz et al. 2015;
Andersson et al. 201 Monetheless, the increased landscape heterogeneity brought by road verges
may boost popalions of beneficial insects due to an increased diversity of habitat resources
within dispersal rangéKennedy et al. 2013; Steckel et al. 2014; Cole et al. 2017; Moquet et al.
2018) Road verges can benefiollinators by providing abundant and diverse floral resources
(Rotholz and Mandelik 2013; Hanley and Wilkins 2015; Cole et al. 2017; Phillips et al. 2019,
2020; Vannestet al. 2020)shelter and nesting sité@glunguira and Thomas 1992; Brunzel et al.
2004; Schaffers et al. 20129nd connectivity in fragmented landscagBsunzel et al. 2004,
Hopwood et al. 2010, 2015; Phillips et al. 2020)

Various roadside vegetation management regimes have been shown to enhance habitat
quality for pollinators. In North America, conventional roadside maintenarvedvesplanting
nontnative grasses and legumes, frequent mowing, and herbicidal treatment to control noxious
weedg(Hopwood 2008)Howe\er, roadside verges may host greater pollinator biodiversity and a

greater number of stenotopic (habitat specialist) species when mowing is kept to a minimum,
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herbicidal treatment is targeted (as opposed to untargeted spraying), and when native forbs and
grasses are plantéRies et al. 2001; Hopveal 2008; Noordijk et al. 2009, 2010; Hopwood et al.
2015; Jakobsson et al. 2018; Phillips et al. 20Rgnagement strategies resulting in higher
density and richness of flowers and larval host plants, especially natives, positively relates to
pollinatar biodiversity and benefits more stenotopic spefsnguira and Thomas 1992; Ries et

al. 2001; Saarinen et al. 2005; Hopwood 2008; Noordijk et al. 2009; Andersson et al. 2017; Cole
et al. 2017; Phillips et al. 20). Landscape context also plays a role in determining roadside
pollinator biodiversity. Road verges surrounded by more natural habitat, such as grassland and
forest, tend to host a greater insect richness and abun(&amenen et al. 2005; Villemey et al.

2018 Cariveau et al. 2019; Phillips et al. 2020)

Increased awareness of the importance of wild insect pollinators and their global decline
highlights the necessity for accurate distribution and population estimates. Unfortunately, rigorous
pollinator manitoring projectsin North Americaare lackingwith effortsdirected towards species
inventories(Kearns 2001; Woodard et al. 2020Yith this study | set out to test a roadside
pollinator survey design and evaluate its potential to be used for the monitoring of pollinator
popuhktions. My objective was to quantify the pollinator biodiversity within roadside verges in
southeastern Manitoba to determine their potential for pollinator conservation in the region. | also
aimed to investigate what environmental factors within the gesigd surrounding habitats might
be affecting the pollinator biodiversity. | predict that the plant richness and abundance within the
verges will have strong positive impacts on pollinator biodiversity. | also predict that landscape
heterogeneity and themmunt of natural land surrounding the verges will positively affect
biodiversity, but to a lesser extent than lo@aiables Beyond assessing the viability of this survey
design for largescale pollinator monitoring, the primary goal of this study igather insights
from my data as well as previous research to provide informed suggestions on roadside vegetation

management for pollinator conservation.

2.2 Methods
Study Area

The study was carried out along 18 roadside verges scattemedjhout soutieastern
Manitoba, located below 5N and betweenr95.2W and-98.6°W (Figure 3). The climate in

this area is moderately dry, with an average annual precipitation ef@b0m(Smith et al.
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1998) Average monthly air temperatures span frdi®C in the winter to 27C in the summer,
but can reach extremes e40°C and 38C respectively, and snow covers the ground from
November to Apri{Government of Canada 2021)

The roadsid verges | surveyed were locateihin five ofMani t oba o s(Snetlt or eg i
et al. 1998)which vary greatly in their dominant soil typasd vegetation: the Lac Seul Upland,
Lake of the Woods, MidBoreal Lowland, Interlake Plain, and Lake Manitoba Plain ecoregions.
The Lac Seul Upl and and Lake of the Woods ec
ecozone. The Boreal Shield is mostbywered in dense foreststfick andwhite spruce jackpine,
andbalsamfir, mixed with innumerable bogs, marshes, lakes and other wetlagdsulture and
Agri-Food Canada 1993roadleaf trees such paperbirch, tremblingaspen, angboplar can be
found in thesouthern range of this ecozorEhe Mid-Boreal Lowland and Interlakeldn
ecoregions are part of the Boreal Plains ecozone. This ecozone is a section of the flat Interior Plains
of Canada and is largely covered by forestwbite andblack spruce,balsamfir, jack pine and
tamarack, as well aspen angboplar(Agriculture and AgrAFood Canada 1999)nlike the boreal
shield, it is also partially covered by swathes of mixed prédtiilly, the Lake Manitoba Plain
ecoregion is part of Ca nomnhaes the Hairspdovering ab@ait o z o n e
94% of the land and leaving little of the natural vegetation. Less than 1% of th@rdsdl Prairie,
18% of the ShorGrass Prairie, and 24% of the Mix&dass Prairie remaii\griculture and Agr
Food Canada 1995)

Study Sites

Study sites were located in verges along 18 established routes from the North American
Breeding Bird Survey (BBS) prografdSGS Patuxent Wildlife Research Center 20I8gse are
routes that have been surveyed repeatedly for breeding bird popsilat Manitoba through a
communitysciencebased project. | used the BBS website to select routes for my study, targeting
those that already had some baseline bird data (more than five years of surveys) and making sure
that the routes were spread oubtighout the study area to encompass different landscape types
(agricultural, naturaland semnatural land) Figure 3). To sample pollinators throughout the
whole route | drove along the road and stopped 10 times dvelym (road distance)with the
first stop located at thstart of the BBS rout&ince | was sampling pollinators, site selection was

also depeneht on the dstribution of floral resources. If there were little to no flowers at a stop, |
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would continue driving until |1 reached the closest floral patch along the mdatetandardized
methodology was used tletermine suitability of sitelsased on floral densitgnd distribution]
prioritized locationswith abundant floral resourceand high pollinator activity.These
observations were madehile slowly driving along the road. had 10 sampling sites for every
survey route, totéing 180 sampling sites. My rowgédiad a mearoadlength of 37.5 km (range =

31.271 43 km) from the first site to the lasthe draightline distance between sites of a route
varied based on road topography (whether the road was straight or meandering) and floral patch
distribution. Theaveragestraightline distancebetween two consecutive sites of the same route
was 3.81 km (range = 0.9449.437 km). The minimum distance is smaller than the maximum
flight distance of most bee speci@altherHellwig and Frankl 2000Q)and within reach of the
maximum observed distance trded by bumblebees along roadside verfjdspwood et al.

2010) A study by Hopwood et a{2010)revealed that bees in roadside verges showed high site
fidelity, moving an average of 132 m across several days and 50 m or less in a single day, returning
frequently to the flower patch where they were originally caugimcluded route as a random
factor in my models to account for relationships betwees.gitést of the surveyed BBS routes

and individual site coordinates is shownTiable S of the Appendix.All 18 routes (180 sites)

were sampled once during the 2019 summer season, from July to August.
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Figure3. Breeding Bird Survey (BBS) routesedfor poIIinatr sampling. Yellow lines indicate
the routes, white text indicates the route name as givéime BBS websiteMaps created with
SimpleMappr(Shorthouse 201@nd Google EartfGoogle Earth 7.3.4.8248 2021)

Sampling Procedure

At each of the 10 sites along a route, | set out a 50 m transect parallel to the road in the
verge, at aninimum of 2 m away from the roadside. | would then conduct 10 minutes of active
pollinator sampling using an insect net, collecting all bees, wasps, and flies (Hymenoptera and
Diptera) that visited flowers located within 2 m of the transect on both (@ffestively sampling
a 50by 4 m plot). Pollinator handling time was excluded from the 10 minutes of sampling. Multiple
researcher§maximum of three, in this studyjould sample pollinators along the transect
providing thatthe combined sampling time tdieed 10 minutes. All pollinators caught at a site
were pooled together in a container with the route name and site number written on it. All routes
were sampled between 0900 h and 1700 h during days without precipitaticantgmperatures

greater than IC andwith low to moderate win@gbelow 15 km/h averag®ased on daily weather
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reports) When arriving at the first site of a route, | recorded the air temperature and estimated the
windspeed using the Beaufort wind formeale. At each site, | noted the sampling start and end
time and recorded the coordinates using a Garmin GPS.

At each site, | gathered local flowering plant diversity data using 1 m sampling lines
perpendicular to the road. The 50 m transect used to sgpgfiinators was divided into 10
sections of fivemetreseach, and within each section | placed a 1 m trans#aeg a 15 random
numbers tableThis method of stratified random sampling allowed me to gather plant diversity
data along the entire transegtile avoiding any potential bias. The 1 m sampling lines were placed
perpendicular to the pollinatsampling transectn the side facing away from the roathch 1
m sampling line was divided into five 20 by 20 cm squaFegufe4), and for each squarthe
presence of all flowering plant species was recorded. Thusdavidualplant species could have
a maximum presence count of 5 per sampling line, and 50 fartble transectFlowering plants
were identified in the fi el1889)insambigatiohlwitthe® mb 6 s
plantidentifying iNaturalist phone applicatidiNaturalist 2021) If | was uncertain of any plant
identification, | would take several pices of the plant as well as sample some flowering branches
for | ater identification in the | abo(@l9%®ory wi
Vegetation was sampled along all routes except for the first one (Sandilands), therefore only 17

routes (170 sites) were used in our models.
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Figure4. Vegetation sampling procedure. For eactb@0 cm square a researcher recorded the
presence of flowering plant species. For each sampling line, a plant species could have a maximum
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presence count of 5, and therefore aximmum of 50 counts along the whole trans&gatial
arrangement of sampling lines along the trangedhe figure is nb intended to accurately
representhe stratifieddesign used

Pollinator and Plant Community

| identified pollinators to the lowepbssible taxonomic level using published identification
keys(Cockerell 1903; Sandhouse 1939; Stephen 1954; LaBerge 1956b, 1956a, 1961, 1969, 1971,
1973, 1977, 1980, 1985, 1987, 1989; Mitchell 1962; Ribble 1968, 1974; LaBerge and Bouseman
1970; LaBerge ahRibble 1972, 1975; Baker 1975; Laverty and Harder 1988; Michener et al.
1994; Romankova 2003, 2007; Coelho 2004; Michener 2007; Packer et al. 2007; Rightmyer 2008;
Kits et al.2008;Buck et al. 2008; Arduser 2009a, 2009c, 2009b, 2009d; Gibbs 2011; Raghtm
et al. 2010; Gibbs 2010; Sheffield et al. 2011; Gibbs et al. 2012, 2013; Dumesh and Sheffield 2012;
Miranda et al. 201,3Skevington et al. 20)@s well as reference materials (specimens frond.the
B. Wallis/R. E. Roughley Museum of Entomology at Uversity of Manitoba The collected
bees belonged to the famili@pidae, Andrenidae, Colletidae, HalictigamdMegachilidae and
were all identified to species. For flies and wasps, only individuals from the most abundant
families, and for which could make confident identifications (based arailability of updated
dichotomous keys and of reference specimens in the musewarg identified to species or
morphospecies and included in the analyses. Therefore, only flies in the fdboitdsylidae,
Conopidae, Stratiomyidaeand Syrphidae; and only wasps in the familieBraconidae,
Crabronidae, Gasteruptiidae, Leucospidae, Perilampidae, Sphecidae, and \Wespddentified
to species or morphospecidgis melliferal. individuals were not included in the biodiversity
models, since their presence and abundameelepenént on the existence of beehives in the
vicinity of study siteslnsect vouchers were deposited in the J. B. Wallis/R. E. Roughley Museum
of Entomology at the University of Manitoba.

| used distancbased redundancy analy§ikbRDA) tocomparehepollinator community
composition across the threeozones (Prairie, Boreal Plaemd Boreal Shieldyvith the Bray
Curtis index. The dbRDAs were performed on the relationship betwweémspecific community
composition anegecozoness si ng t he oO0capscaledé function and
functionfromthe6 v e gan 6 p @ksknarget al. 2019) IRed permutational muliviate
analysis of variance (perMANOVA) to test fthire effect ofecozoneon pollinator communities
usingthe BrayCur t i s i ndex iion (Qkbaren ét ald2010)f the effdctuwas t
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significant( p O I0usedl $¢6,pai r wi s e. ad o n ipairiiseAdondpdckagen o f
(Arbizu 2017)to perform a poshoc test| thentested for the betdispersion amongcozones
using the 06b e(©Oksahen®tmle2018) determinetwhether thiree goups were
equally dispers# Identical analyses were conducted to compare the flowering plant community

composition across ecozones.

Land-use Variables

| extracted laneuse datarbm six circular buffers of increasing size around all 180 sites
(250, 500 750, 1000, 1500, and 2000 m radi). used the 6l andscapeme
(Hesselbarth et al. 20219 extract lanelse data from the Agriculture Canada Crop Inventory
GEOTIFF layergAgriculture and AgrFood Canad2020) These layers have a resolution of 30
i and include 72 cover types. In Manitoba, they are at least 94% accurate for crop cover types

and at least 70% accuedafor norcrop cover. | measured five landscape variables for each site at

each buffer sizeTablel) : (i) 6open |l andbdb is the combined
|l and, shrubl and, grassl and, and fall ow; (i)
coniferousand mixedwod f or est s combined; (iii) oO6disturb

anthropogenic development (buildings, roads, greenhouses, and other) and crops; (iv) the Shannon
Landscape Diversity Index (SHDI), derived from the Shannon en{i®pgnnon 1948)yetains

the original landcover classifications and weighs each one by the number of patches in the
landscape; and (v) the total Edge Density (ED). SHDI is a unitless metric that is only useful to

compae landscapes with each otl{dtcgarigal 2A5). Edge density is calculated:as
.. O .
00 5 p mmm
E is the edge length (m) of the various patches combined, and A is the total area in the buffer (ha).

SinceED representsotal edge length per unit area (m/h&canbe used to compare landscape

atdiffering spatial scalegMcgarigal2015)

Data Analysis
| ran separate models gollinator abundance and rarefied species richness. Rarefied
richnessaccounts fodifferencesn richness estimatehie to variation in species abundangéif

1973; Chao et al. 2014} o calculate rarefied richness | useddtaeefydfunction from thedvegard
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R packaggOksaren et al. 2019)I used generalized lineanixed-effectsmodels (GLMMSs) to
analyze the effects of environmental variables on the pollinator communities, sitEagas
individual data units and route as a random effdcadels for abundance were fittemla negative
binomial distribution using a letink function, while those for rarefied richness were fitted to a
Gaussian distributiorModel assumptions were evaluated through descriptive statistics and the
visualization of residual distributions usingantilequantile plots and histograrnis. addition to
running abundance and rarefied richness models on the whole pollinator community, | also ran the
same models separately for bees, fliasd wasps. This allowed me to determine whether
environmental vaables had differing effects on the three insect grgd@sker et al. 2019)

Landscape models for sigpecific data includethe main effects of dagf-year,ecozone,
landscape (open land, forested land, disturbed land, SHDI and ED), and the intechetozsne
with landscape (e.gvith SHDI); and includedouteasarandom efiect. The same model was run
for each buffer size, and théselected the besitting model with the lowest AICc sco(@kaike
1998) If the model of bestit had norsignificant interactiond, excluded them and ran the model
again, removing nosignificant interactions until only significant ones remained or none.dt all
also removed main effects that were correlated with otRersinstance, amount of fested and
disturbed land were correlated with each other and with ecozone, therefore they were excluded
from the final modelFinally, the local variables flowering plant abundance and richnéssere
added to run a final, global model. Only results fribve global model are shown and reviewed.
made sure thaty data met the model assumptions by checking the descriptive statistics and
visualizing the distribution of residualss i ng t he 6check @uadodnaricdR f unct
packagdLidecke et al. 2021)

Tablel. Environmental variables at the local daddscape scale. Vegetation data was gathered
through five 1 m sampling lines per site perpendicular to the verge transect. Landscape data was
gathered at six buffer sizes (250, 500, 750, 1000, 1500, 2000).

Variable Description

Local

Floralrichness Total number of flowering plant species across all 1 m sampling
per site.

Floral abundance Total flowering plant presence across all 1 m sampling lines per

Landscape
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Open land Area covered by exposed or barren land, shrublandslgras and

fallow (%)
Forested land Area covered by forest (%)
Disturbed land Area covered by anthropogenic development and crops (%)

Shannon6s | Ameasure of landcover diversity, where cover types are weight
Diversity Index their relative patch abundance (unitless)

(SHDI)
Total edge density Sum of all edge lengths divided by the total landscape(arie)
(ED)

2.3 Results

Pollinator & Plant Biodiversity and Community Composition

| collected a total of 5,334 insects and subsetiyédentified 4,232 individuals to either
species or morphospecidaple ). These insects consisted of 221 species within the three major
pollinator groups Table 2). Bees accounted for approximately 75% of the total pollinator
abundance and 50% of the total richnésgyre5). All collected bees were identified, consisting
of 109 species. My total bee count represents just under 30% of the 369 species found in Manitoba,
23 out of 37 known genera, and five out of families present in the province. Apids were
dominant in terms of abundance (74% of all bee individuals, includlingelliferal.) and ce
dominant withhalictids in terms of richness (29% of all bee species were eithitae or
Halictidae).Bombuswvasby far the most abundant genus, with 1,844 individuals sampled (58.6%
of all bee individuals and 43.5% of all identified insects). Flies were the second most abundant
and rich pollinator groupHigure5), with 839 individuals sampled and identified, consisting of 65
species (19.8% and 29% of the total pollinator abundance and richness respectively). Syrphids
were the most abundant fly family with 607 individuals samm@ad were overall the most
speciose family of all with 45 species identified (20% of all identified insects). Finally, 47 wasp
species belonging to 7 families were identified from 247 individuals. Wasps only represented 5.8%
of the total pollinator abundaa but 21% of the total richnesEaple2). Overall, most pollinator
species were rardl40 species were represented by five individuals o),legsle a few were
highly abundant Figure6). The ten most abundant species were, in descending datde B):

Bombus ternariusSay (25.9% of all insects caught and identifiedpis melliferalL. (9.8%),
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Bombus sandersonFranklin (5.9%), Bombus vagansSmith (5.2%), Eristalis dimidiata
Wiedemanr(3.3%),Villa fulviana (Say)(3.1%), ToxomerusnarginatugSay)(3.1%),Megachile
relativa Cresson(2.1%), Bombus rufocinctu€resson(2%), andHeriades carinataCresson
(1.8%).Fourapidspecies, all generalists and eusocial, accounted for 46.8% of individuals captured
in this study Table3).

Table 2. Families with individuals identified to species or morphospedsss melliferais
included.

Family Total abundance Gernera Species|
Bees 3146 23 109
Andrenidae 105 3 10
Apidae 2336 8 32
Colletidae 128 2 11
Halictidae 217 5 32
Megachilidae 360 5 24
Flies 839 31 65
Bombyliidae 203 5 11
Conopidae 11 1 2
Stratiomyidae 18 2 7
Syrphidae 607 23 45
Wasps 247 29 47
Braconidae 41 1 3
Crabronidae 76 15 24
Gasteruptiidae 1 1 1
Leucospidae 1 1 1
Perilampidae 11 1 1
Sphecidae 16 3 4
Vespidae 101 7 13
Total 4232 83 221

Table3. Twentyfive most abundant pollinators sampled in roadside verges amo#dseastern
Manitoba, Canada.

Species Family Abundance % Of Cumulative

total %
Bombus ternariuSay Apidae 1096 25.9 25.9
Apis melliferal. Apidae 415 9.8 35.7
Bombus sandersofiranklin Apidae 249 5.9 41.6
Bombus vaganSmith Apidae 221 5.2 46.8
Eristalis dimidiatawiedemann Syrphidae 139 3.3 50.1
Villa fulviana (Say) Bombyliidae 133 3.1 53.2
Toxomerus marginatySay) Syrphidae 131 3.1 56.3
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Megachile relativaCresson Megachilidae 90 2.1 58.4
Bombus rufocinctu€resson Apidae 85 2.0 60.4
Heriades carinataCresson Megachilidae 77 1.8 62.2
Eristalis stipatorOsten Sacken Syrphidae 63 15 63.7
Bombus terricol&irby Apidae 59 1.4 65.1
Eristalis tenax_. Syrphidae 57 1.3 66.4
Megachile latimanuSay Megachilidae 44 1.0 67.4
Halictus rubicundugChrist) Halictidae 44 1.0 68.4
Megachile rotundatdFabricius) Megachilidae 43 1.0 69.4
Andrena lupinorunCockerell Andrenidae 40 0.94 70.3
Hylaeus mesilla¢Cockerell) Colletidae 39 0.92 71.3
Chelonus sp.ChA Braconidae 38 0.9 72.2
Bombus borealiKirby Apidae 34 0.8 73.0
Bombus perplexuSresson Apidae 30 0.71 73.7
Eupeodes americanifg/iedemann) @ Syrphidae 30 0.71 74.4
Halictus confusu$mith Halictidae 29 0.68 75.1
Systoechus vulgarlsoew Bombyliidae 28 0.66 75.7
Megachile inermisrovancher Megachilidae 27 0.64 76.4
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Figure5. Total pollinator biodiversity sampled and identified to species or morphospecies.
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Figure 6. Pollinator rankabundance curve fall combined routes, showing species in order of
numerical dominance. Abundance axis is scaled logarithmically with base 10.

TheBoreal Plainhadthe lowest average pollinator abundance per sB®§ with 19.9+
13.9 individuals/site, but the greatestege richness (8.6 + 4.1 species/site). Richness per site
was equal in the Boreal Shield (8.6 + 4.1 species/site), but sites in this ecozone had a greater mean
abundance (26.9 * 14 individuals/site). The Prairie ecozone hosted the lowest pollinagssrichn
per site at 7.9 + 4.8 species/site, with a mean pollinator abundance of 21.5 + 16.4 individuals/site.
Comparing the relative abundances of the three major pollinator groups (begantliegasps)
reveals a variation between ecozoriéigire 7). In the Prairie and Boreal Plain ecozones, bees
consisted of approximately 65% of the total insect abundance while flies were about 30% of the
total. However,in the Boreal Sield, bees consisted of 83% of the total pollinator abundance while
flies were at 12%. Despite this large difference in relative abundance, the relative richness of the
three pollinator groups remained more stable throughout the three ecdzigoes™®). Pollinator
community composition was significantly different among the three ecozdabkd), with no

overlap in ordination spac€ifure8). The posthoc test revealed that the Prairie and Boreal Plain
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ecozones6 pol | i naigndocanthcddfenenufrom that af the Beoreal ®hield and

were different from one another, although this last relationship was wgake0.057). The
abundance and richness of the three pollinator groups also changed throughout the summer season,
particdarly for bees and fliesHjgure9). Bee abundance and richness both increased throughout
July, with richness then slowly decreasing throughout August. Bee abundamdellals early

August but started rising again as the month progressed, reaching a second peak in mid/late
August. Following a different pattern, fly abundance and richness remained relatively constant
throughout the first month, only increasing in latéyJand reaching a peak in early August

Prairie Boreal Plain Boreal Shield
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Figure7. Pollinator biodiversity sampled and identified from each ecozone. Numbers inside the
coloured bars show the raw abundance and richness values for each pollinator group.
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Figure8. Ordination plot othe dbRDAof all pollinator communities. Each point represents the
community within a whole BBS route (18 total). Ecozaignificantly affectedthe pollinator
community compositionperMANOVA, F = 4.38,'Y = 0.36,p = 0.001), resulting from a
significant difference between the Boreal Shield and both the Prairie and Boreal Plain ecozones
( Tuk e y-bos tesp with & Bonferroni correctigm= 0.015 ang = 0.003 for the relationship
between Boreal Shield and, respectively, Boreal Plain and Prairie). Boreal Plain and Prairie
ecozone communities weaésodifferent although not statisticallfadjusted = 0.057).Singleton
species were excluded from thisadysis.
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Figure9. Abundance and richness of the three pollinator groups per samplingtienmrghout
the sampling season. Shaded area represents 0.95 confidence interval.
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| sampled 93 flowering plant species within the radelyerges, 61 of which were native
to Manitoba while 32 were invasive. Although native species outnumbered invasives in terms of
richness, alien plants were by far the most abun(f&gtre 10). The ten most abundant plant
species were, in descending orddelilotus albusMedikus (18.9% of total vegetation counts),
Cirsium arvense(L.) (12.1%), Medicago sativaL. (10.6%), Medicago lupulinaL. (7.3%),
Trifolium hybridumL. (7.3%), Trifolium pratense.. (4.5%),Sonchus arvensis. (3.6%),Lotus
corniculatusL. (3%), Melilotus officinalis(L.) (2.6%), andGalium boreald_. (1.9%). Only one
species within the ten most abundd®alium borealeis native to Manitob&aSites in the Prairie
ecozone hosted the lowest averagfel) flowering plant richness with 3:61.7 species/site, with
an average plant abundance of 3615.7 counts/site. The Boreal Plain ecozone hosted the lowest
average plant abundance at 30.2 £31&unts/site but hosted the secdmghest mean plant
species richness (5.5 + 2 species/site). Finally, the Boreal Shield ecozone hosted both the greatest
mean plant abundance (42.1 + 16.7 counts/site) and richness (6.2 + 1.8 species/site) out®f the thre
ecozones. Flowering plant community composition was significantly different among the three
ecozonesTabled), although there was overlap in ordination sp&eguiel1). Plant communities
in the Boreal Plain and Prairie were significantly different from each qtlve®(033), while there
were no significant differences with the community in the Boreal Shietd@.228 angb = 0.249
respectively). Finally, flowering plant abundance and richness varied throughout the sampling
seasonKigure12). Overall, there was a decrease in the abundance of plants that were in bloom
per site throughout the summer. Abundance started high in early July and steadily decreased
throughout the monthin late July it started increasing, reaching a peak in early August, after which
it once again decreased at a steady rate for the rest of the sampling season. Falloppogite
patternploomingplant richness increased throughout the sumfigufel2). Richness increased
during July, reaching a first peak towards the end of the month. Richness then decreased during
the first days of August, and then increased rgfmll the rest of the season, reaching its highest

point at the very end.
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Figure 10. Plant ankabundance curve for all combined routes, showing species in order of
numerical dominancd&.he dundance axis is scaled logarithmigallith base 10.
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Figure 11. Ordination plot of thedbRDA of all plant communities. Each point represents the
community within a whole BBS route (17 total). Ecozone had a significant effect on the plant
community compositionTable4, perMANOVA, F = 1.80}Y = 0.205, p=0.012, resulting from

a significant difference between t hehoBtest e al S
with a Bonferroni correctiop = 0.033). Singleton species were excluded from this analysis.

Table4. Summary of prMANOVA performed on the Bragurtis distance of the pollinator and
plant communities. Pos$toc columnshowsthe results of Tukey's pekbc test with a Bonferroni

correction. BS = 'Boreal Shield', BP = "Bor e
Community F model =| p-value BS-BP BSP BP-P
Posthoc | Posthoc | Posthoc
Pollinators 4.234 0.3608 0.001 0.015 0.003 0.057
Flowering 1.801 0.2046 0.012 0.228 0.249 0.033
Plants
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Figurel2. Flowering plant richness and abundatiweughouthe sampling season.

Pollinator Abundance and Species Richness Modelling

The global models included lantse variables extracted from 500 m buffers around all
sites, as this distance produced the lowest AICc scores in my landscape mioeédidcover
within the 500 m radius around all 180 sites was on average 23.8% opé€ralaye= 687.4%),
34.4% forest (range =93.3%), and 32.4% disturbed land (range =100%). At the local scale,
the average flowering plant abundance across all sites was 34.3 present9-98 counts)
while the mean richness was 4.6 specie9 fbecies). Both pollinator abundance and rarefied
richness significantly increased throughout the sampling se@ableb). This trend was however
moderated by ecozon&i@ure 15, Figure 16), which also had a significant effect on the two
response variable§&igurel3D, Figure14D). Pollinator rarefied richness was negatively affected
by wind speed, while abundance was negatively affected both by increased wind speed and
temperatureKigure14B, Figure13B-C). Plant abundance did not affect pollinator abundance and
rarefied richness, whalplant richness had enall negative effect on pollinator abundanEg(re
13F). Landscapacale variables did not seem to affect pollinator biodiversity exceptHbd,S
which had a significant positive effect on pollinator rarefied richrieiggife 14G).

Building the same global models separately on bees, flies and wasps diffedlsy
trends between the three major pollinator groups. The abundance and richness of all three
pollinator groups (rarefied richness for bees and flies) significantly increased over the sampling

season, but for bees this trend was moderated by ecdzahke 6). The interaction between
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ecozone and Julian date was not significant in the fly and wasp models and was therefore excluded.
Wind speed hadsignificant negative effect on bee abundance and rarefied richness, but a positive
effect on flies Table7). Wasps were not affected by wind speed. Temperature delsted bee
abundance, causing a slight but significant decrease in individuals safplad §). At the
landscapescale, fly abundance was negatively affected by eegsity but responded positively

to the amount of open land dble 7). Besides Julian date, wasps were only affected by the

landscape SHDI, with both abundance and ms&isiresponding positivelf#ble8).
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Table5. Results of the global GLMMs performed on pollimraabundance and rarefied richness per site. BBS route was included as a
random effect. Landscape variables are based on landcover surrounding each site within a 500 m radius bufferthdtwabées
correlated with others are excluded from the modelntidands” route is excluded due to lack of vegetation data.

Pollinator Abundance Pollinator Rarefied Richness
Pseudo-4 u 0.09 0.152
PSGUdO—=| . 0.092 0.152
Predictor b SE z p b SE z p
Intercept -7.310 1.969 -3.71 0.0002 -23.1 9.511 -2.43 0.0151
Julian Date 0.0557 0.0094 5.94 <0.0001 |0.1554 0.0457 3.4 0.0007
Beaufort Windspeed -0.1639 0.0532 -3.08 0.0021 -0.6386 0.2597 -2.46 0.0139
Temperature -0.0606 0.0193 -3.15 0.0017 -0.1476 0.0939 -1.57 0.116
Plant Abundance 0.001 0.0028 0.35 0.723 0.0041 0.0155 0.26 0.7917
Plant Richness -0.0534 0.0253 -2.11 0.0346 -0.104 0.1393 -0.75 0.4557
SHDI 0.2031 0.1743 1.17 0.2439 1.742 0.8816 1.98 0.0481
Edge Density (m/ha) 0.0005 0.0008 0.62 0.5354 0.0011 0.0046 0.25 0.8052
Open Land 0.0031 0.003 1.04 0.2961 -0.006 0.0156 -0.39 0.6992
Ecozond Boreal Plain 5.561 2.665 2.09 0.0369 15.8 13.05 1.21 0.226
Ecozond Boreal Shield | 13.54 2.628 5.15 <0.0001 |47.94 13.03 3.68 0.0002
Boreal Plain : Julian Date| -0.0271 0.0097 -2.13 0.0332 -0.0711 0.0626 -1.14 0.2559
BorealShield : Julian Datg -0.0625 0.0127 -4.88 <0.0001 |-0.2277 0.0636 -3.58 0.0003

68



Ai00] <0000 Boole o p=0.002 Coode .
° 8 8
501e
3 8,048
g 5
< = 304
2 2
< < 207
104
T T T T T L] T T 0 L L] T T T L]
200 210 220 1 2 3 4 5 20.0 225 250 275 30.0
Julian Date Wind Temperature (C)
Doo{ e . . E 60 F 0]
e ¢ " , 501
S 40 8 e 3] o o
§ 40 8 -‘E _cg 40
< 301 < = 301
2 2 E
104 101
: i
0 A T T T L) 1 T T 0 L : T L] T L]
P BP BS 25 50 75 100 2.5 5.0 7.5 10.0
Ecozone Plant Abundance Plant Richness
Goo °* o H 60 o ° | 60
'Y ° e, o
501e % .° o0 501e ° e © 0 50 1
S ] ° dme 3 0® 0@, S °° 3,
< 40 40 = 40
= o @ § o = ee ® %o 2B 0w, g
2307 e @ ..o.. 301 40 o8 e, 'f.; o 307
2204, e * J 2 20{ R = 2 20+
< e < £‘ <
101 104 © ° % 101
R LT AT -,tb.glr‘ oo
() A T . T . ' T ‘ () L T T . .I L] 0 L
1.0 1.5 2.0 100 200 300 400
SHDI Edge Density

Figure13. Effects of environmental variables on roadside pollinator abundance. Points represent
observation per sampling event. Regression lines represent predicted values from the GLMM.
Shaded area shows the 95% confidence intervals. Significant effects arengtiolwid pvalues.
Significant effects of categorical variables are indicated with a star, anevtiiegs are shown in
Table5. Landscape variables were calculatedbfm 500 m buf fers around
Prairie, O0BPO6 = Boreal Pl ain, 6BS6 = Boreal
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Figure 14. Effects of environmental variables on roadside pollinataxr ef i ed r i chnes
Ri ¢ h n Bants cepresent observation per sampling eXRagression lines represent predicted

values from the GLMM. Shaded area shows the 95% confidence intervals. Significant effects are
shown with bold pvalues. Significant effects of categorical variables are indicated with a star, and

the pvalues are showin Table5. Landscape variables were calculated from 500 m buffers around
each site. Ecozone O6P6 = Prairie, 0O0BPO6 = Bore
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Pollinator Richness

Figure 15. Pollinator abundance and
confidence intervals.
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Figure 16. Ecozonedependent effects of Julian date on pollinator abundance. Points represent
observatios per sampling event. Regression lines represent predicted values from GLMM. Shaded
areas represent 95% confidence intervals. Significant effects are shown in bold.
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Table6. Results of global GLMMs performed on bdmiadance and rarefied richness. BBS route is included as a random effect.

BeeAbundance Bee Rarefied Richness
Pseudo-4 0.167 0.166
Pseudo-=| - 0.167 0.166
Predictor b SE z p b SE z p
Intercept -4.08 2.408 -1.69 0.0901 -8.542 7.234 -1.18 0.2377
Julian Date 0.0356 0.0114 3.12 0.0018 0.0724 0.0347 2.09 0.0369
Beaufort Windspeed -0.2919 0.0641 -4.55 <0.0001 |-0.7612 0.1975 -3.85 0.00012
Temperature -0.0518 0.0237 -2.19 0.0286 -0.1293 0.0714 -1.81 0.0702
Plant Abundance 0.0035 0.0035 1.00 0.3165 0.0166 0.0117 1.41 0.1582
Plant Richness -0.0425 0.0315 -1.35 0.1777 -0.0027 0.106 -0.03 0.9799
SHDI 0.2544 0.2089 1.22 0.2234 0.9414 0.6704 1.40 0.1602
Edge Density (m/ha) 0.0017 0.001 1.65 0.0988 0.0008 0.0035 0.24 0.8125
Open Land -0.0014 0.0039 -0.37 0.7145 -0.0052 0.0119 -0.44 0.6595
Ecozoné Boreal Plain 4.937 3.177 1.55 0.1201 16.62 9.93 1.67 0.0943
Ecozond Boreal Shield |12.11 3.143 3.85 0.00012 | 35.89 9.91 3.62 0.0003
Boreal Plain : Julian Date| -0.0217 0.0152 -1.42 0.1543 -0.0725 0.0476 -1.52 0.1278
Boreal Shield : Julian Dat{ -0.0538 0.0153 -3.51 0.00045 |-0.1698 0.0483 -3.51 0.00044
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Table7. Results of global GLMMs performed on fly abundance and rarefied richness. BBS route is includetas factor.

Boreal Plain : Julian Date

Boreal Shield : Julian Dat

Fly Abundance Fly Rarefied Richness
Pseudo-4 0.362 0.216
PSGUdO—=| . 0.395 0.216
Predictor b SE z p
Intercept -10.14 2.524 -4.02 <0.0001 |-7.54 2.296 -3.28 0.001
Julian Date 0.0637 0.0097 6.55 <0.0001 |0.0477 0.0088 5.42 <0.0001
BeaufortWindspeed 0.3 0.1098 2.73 0.0063 0.2811 0.0968 2.90 0.0037
Temperature -0.0563 0.0383 -1.47 0.1419 -0.0389 0.0355 -1.09 0.2736
Plant Abundance -0.0085 0.0062 -1.37 0.1698 -0.005 0.0062 -0.81 0.42
Plant Richness -0.0608 0.052 -1.17 0.2426 -0.0711 0.056 -1.27 0.204
SHDI -0.0117 0.3473 -0.03 0.9731 0.1454 0.3433 0.42 0.672
Edge Density (m/ha) -0.00354 0.0016 -2.16 0.0312 0.0001 0.0018 0.08 0.9369
Open Land 0.0123 0.0057 2.15 0.0312 0.0018 0.0063 0.29 0.7709
Ecozond Boreal Plain -1.035 0.3822 -2.71 0.0068 -0.7515 0.3592 -2.09 0.0364
Ecozond Boreal Shield | -0.1125 0.328 -0.34 0.7316 0.0112 0.3092 0.04 0.9711
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Table8. Results of global GLMMs performed on wasp abundance and richness. BBS route is incaudeatlam factor.

Boreal Plain : Julian Date

Boreal Shield : Julian Dat

Wasp Abundance Wasp Richness

Pseudo-4 0.198 0.117

PSGUdO—=| . 0.4 0.163

Predictor b SE z p b SE z p
Intercept -10.32 4.609 -2.24 0.025 -7.334 3.298 -2.22 0.026
Julian Date 0.0363 0.0176 2.06 0.039 0.0258 0.0125 2.06 0.04
Beaufort Windspeed -0.013 0.172 -0.08 0.94 -0.0567 0.1334 -0.42 0.671
Temperature 0.0614 0.0665 0.92 0.356 0.0399 0.0485 0.82 0.411
Plant Abundance -0.0011 0.009 -0.12 0.902 -0.0107 0.0078 -1.37 0.171
Plant Richness -0.0596 0.0812 -0.73 0.463 -0.0553 0.0656 -0.84 0.399
SHDI 1.103 0.559 1.97 0.048 0.9431 0.4466 2.11 0.035
Edge Density (m/ha) -0.0014 0.0027 -0.51 0.61 0.0005 0.0021 0.23 0.816
Open Land 0.0099 0.0085 1.16 0.245 0.0009 0.0073 0.12 0.901
Ecozond Boreal Plain 0.0654 0.6443 0.1 0.919 0.1331 0.4871 0.27 0.785
Ecozond Boreal Shield | 0.1158 0.5647 0.21 0.838 0.0017 0.4253 0.00 0.997
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2.4 Discussion

Pollinator Fauna

The roadside verges | surveyed in seedistern Manitoba were acting as partial habitats
for a rich and abundant insect pollinator fauna. | identified 221 species of beegnitlasasps
that were using the roadside verges as foraging sites for pollen and/or nectar resources. The 109
bee species observed constitute almost 14% of all bees recorded from Canada, and approximately
30% of the known fauna in the province of Manit@¢@abbs et al. unpublishedPrevious studies
have also recordeghigh richness of pollinator species in roadside verges, although differances i
sampling effort and methodology make direct comparisons diffiEvée et al. 1975; Raemakers
et al. 2001; Hopwood 2008; Heneberg et al. 2017; Cariveau et al. 2019; Phillips et al.l 2019)
expect that increasing the sampling effort & tbadside surveys would result in an even greater
number of observed species. Increasing netting time per site and sampling each site multiple times
throughout the summer season, for instance, may allow us to capture greater pollinator
biodiversity. Samphg each site only once did not allow us to capture local variation in pollinator
populations due to seasonal emergence. Adding passive sampling methods such as bee bowls and
blue vane traps would also be helpful given that certain pollinator taxa caveb@rounder
represented depending on sampling methodo{Bgytman et al. 2020; Prendergast et al. 2020)
Generally, a combination of active and passive sampling methods is ideal to sample a proper
representation of the pollinator communifyrendergast et al. 2020owever, targeted net
sampling outperforms passive sampling methods in terms of the pollinator abundance and richness
captured(Prendergast et al. 202Mletting enabled me to specifically target insetbtst were
actively visiting flowers in the road verge, allowing me to be certain that they siegghe floral
resources on the ROW. Furthermore, passarapling methods are not ideal for the nature of this
communityscience survey due to the high effort and time required to implement them.
Biodiversity data from traps also tends to have unexpected interactions with floral variables
(Portman et al. 2020yvhich are eliminated when we only use targeted netting.

The vast majorityof the sampled pollinator species were native to Canada, but a few
introduced species were observed in relatively high abundances. These incléaergda
wilkella (Kirby) individuals, a mining bee originally from Europe, and 43 individuaMedgachile

rotundata (Fabricius) the alfalfa leafcutter bee purposefully imported from Europe for the
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pollination of alfalfa anacanolacrop fields. Furthermoréipis melliferal.. was the second most
abundant pollinator within the roadside verges with 415 indivickaaispled.

With 109 species sampled, bees accounted for almost 50% of the total insect richness in
the roadside verges. Among the bees foraging in the verges, | report several rare or uncommon
species. | observed regionally uncommon species sudielssales trinodisRobertsonand
Colletes hyalinu®rovancherwhich have only recently been addedMa ni t obadés pr ovi n
species recor{iGibbs et al. unpublished)ust under 60 individualsf Bombugerricola Kirby, a
species in decline across North Ameri€Calla and Packer 2008; Cameron et al. 20iEYe also
observed foraging the vergesOneof the most interesting finds was thatG#lliopsis australior
Cockerell a new national record for Canada. Additionally, | also found several kleptoparasitic bee
species which have only been recently adetthe provincial record. Tése includelriepeolus
helianthi(RobertsonandT. obliteratusGraenicherCoelioxys modesti&mith, and the blood bees
Sphecodes confert&ay, S. coronudMitchell, S. dichrousSmith,andS. prosphorut.ovell and
Cockerell Parasitic pollinators are considered indicator species of quality habitat, as they are
thought to persist only where populations of their hosts reach a stable thr&inefiteld et al.

2013; Russell et al. 2018yurthermorekleptoparasiteare expected to spend less time foraging

and more time near theho st s 6 n dRussellnegal. 2003)Hesce, the presence of
kleptoparasitic bees in the roadside verges may be an indication that their hostgateusrges

for nesting, beyond simply foraging. Several insect clades such as butterflies, carabids and moths
have been observed breeding in roadside veiigesrsham and Telfer 1994; Vermeulen 1994;
Brunzel et al. 2004)and manyincluding beesuseroadside verges to overwint&chaffers et al.

2012) Although my sampling methodology precludes us from determining whether a sampled
individual was nesting in the verge or simply passing by, | did have the occasion to observe many
bee and wasp groumests in the verges throughout the season. Furthermore, thdram#éd

sandy soil of many of the surveyed roadsides made them ideal spots for-gesting species. |
presume that several of the sampled species were nesting in the verges. Howeper, stymy
designed to explore this matter is necessary to confirm this.

Bees were overwhelmingly dominant in terms of abundance (75% of all the collected
insects), but this was mostly brought by a few highly abundant, generalist eusocial species in the
Apidae family. These wer&pis melliferal., Bombus ternariu$ay, B. sandesoni Franklin, and

B. vagansSmith, which were the four most abundant species overall. Combined, these species
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encompassed almost 47% of the total insect abundance sampiedusternarius alone, the
orangebelted bumblebee, consisted of 25% of all aifld insects. Species evenness in the
roadside verges was therefore quite low, with most species being rare or uncommon and a few
species being disproportionately abundant. Similar results were found in a previous roadside
pollinator biodiversity study fim Europe, where a single bee speciasioglossunpauxillum
(Schenck) comprised almost 20% of captured individugleneberg et al. 2017Cariveau et al.
(2019)als found that common species dominated roadside bumblebee communities in Minnesota
(U.S.A).In general, large habitat fragments are characterizechigh proportional abundance of
habitat and resource specialists due to elevated resource heterogeneirorates species
coexistencgWiens 1989; Marini et al. 2014Pn the other hand, small habitat patches tend to be
dominated by generalis{slarini et al. 2014)Despite their considerable length, road verges are a
small habitat patch due to being very narrow, therefore dominance of a&f@nralist species in

the pollinator community was to be expected. ROW biodiversity studies confirm that the biotic
and abiotic characteristics of these long, narrow corridors tend tarfaabitat generalists to the
detriment of specialists that rely oardge areas of undisturbed landsc@pedkotzy et al. 1997,

Berger 2010; Knapp et al. 2013; Vanneste et al. 2020; Nelson et al. 3p2tjes evennessetis

the shape of speciesea relationships: more species are found in a defined area if the assemblage
has higher evenneg¢de and Legendre 200Z)hereforedominance by a fewpid species in the
community may bdimiting the polinator richness within the roadside verges. This effect of
evenness can potentially be explained by competition. Increasing domateamgeshe relative
importance of intraspecific vs. interspecific interactions, which in turn can significantly alter
population dynamics. In uneven communities, species dominance generally leads $pecies
experiencing grater importane of interspecific interactions, while thdominant species
experiene greater importance of intraspecifomes(Hillebrand et al. 2008)Assuming species
compete for the same resource (pollen and/or nectar for pollinators), popukatyahg regulated

by intraspecific interactions exhibit dynamics predicted by logistic growth magtelsingto a

certain carrying capacity. Those experiencing stronger interspecific interactions, on the other hand,
are kept atlower abundanceg¢Hillebrand et al. 2008; Wignall et al. 2020)he increased
interspecific competition experienced by rare species in the roadside verges might thus be keeping
their abundances at lower levels than if evenness had no effect. For the dominant species in my

system, however, the importance of intraspecific interactions is mediated by their eusocial
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behaviour. At any given site, individuals®dmbus ternariugiere most likely workers originating
from one or a few colonies established within or in the vicinftthe road verge. Solitary bee
individuals represent single reproductive units working independently for the continuation of their
lineages while competing with individuals from the same species and from others. The individual
is the unit of evolutionaryedection. In contrast, eusocial bee individuals from the same colony
represent cooperating units which contribute aggregately to the survival and reproduction of a
Asuperorgani smo. Individuals are intesgtthal par:
level of the colony(Moritz and Fuchs 1998)Eusocial beestherefore,do not experience
intraspecific competition at the individul@vel, but only at the colony level. In eusocial groups,
resources for survival are shdramong entities, allowing for the survival of the colony (reduced
variance in resource supply for survival). At the same timere is an increase in variance in
resource supply for reproduction, as these resources are destined only for a small number of
individuals (the queens). When resources are scarce, these two methods of resource allocation
allow both for the survival of a larger number of individuals as well as for reprod(Etimmhofer
et al. 2018) In most environmental situations, this dramatic increase in resource use efficiency
leads to supersaturatidra strong increase in carrying capa¢fyonhofer et al. 2018 herefore,
the marked dominance of sorapid beesn my system was initially brought by favouring of
resource and hiht generalists due to habitat characteristics of roadside verges, and further
elevated by the high resource use efficiency associated with their eusocial behaviour. The
combination of these competitive advantages over solitary and specialist speaiesiesthese
apids to thrive within the roadside verges and supersaturate the habitat.

Vey little is known about theffectsof dominancenaggregate community properties and
ecosystem processes. Theoreticaflyhe dominant species perform plant lpwtion better than
the mean of the community, this process will increase, andveisa if the dominants perform
below averagéHillebrand et al. 2008)Since specialist pollinators possess inherent physiological,
behavioural, and morphological adaptations to particular plant taxa, one might hypothesize that
specialists should demonstrate higher-ysit pollinaton effectiveness (g., number of
monospecific pollen grains deposited per visit) compared to generalists foraging on the same plant
source(Larsson 2005)Since all dominant species in the road verges were generalists, it could be
inferred that the reduction of species evenness is having negative effects on overall plant

reproduction irthis system. The higher peisit pollination effectiveness of specialized visitors
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on unspecialized plants has been demonsti@imsgson 2005)howevey this is not a universal
rule (Motten et al. 1981)Furthermore, despite specialists being more effective pollinators during
single floral visits, generalist species tend to contribute more to overall pollen flow due to a greater
abundance and more frequent floral visitatigharsson 2005)Visitation frequency has been
shown to be so important for plant pollination that it overriddsmdihces in peinteraction effects
(Vazquez et al. 2005, 2012; Ballantyne et al. 20MYy study does not allow me to draw
conclusions on the effect that an overwhelming dominance of a few generalist, eusocial species
have on the rest of the pollinator community and on pollination within the roadside verges. |
hypothesize that these dominant species are boosting overalafioti rates through their high
abundance and frequent floral visits, however at the same time they may be limiting the richness
and abundance of other pollinators through high competitive pressures. As a result, specialist plant
pollinator interactions mabe limited in the verges.

Flies were also important pollinators in the roadside verges. Flies accounted for almost
30% of the total insect richness sampled, and Syrphidae was the most speciose family of any
pollinator group. Additionally, a few fly spees were very abundanEristalis dimidiata
WiedemannVilla fulviana (Say) andToxomerus marginatu$Say)together comprised 9.5% of
the total insect abundance. Flies are the second most frequent floral visitors, after bees, and a huge
diversity ofdipteran species are known to visit flowétarson et al. 2001 B5yrphidsin particular
visit flowers often to consume nectar and pollen for flight and reprodu@floguet et al. 208).
Several species within this clade have been shown to carry significant pollen loads comparable to
certain bee specig¢&endall and Solomon 1973; Free et al. 1975; Orford et al. 2&id)an be
important pollinators for many plant speciglauker and Wolters 2008; Orford et al. 2015)
Syrphids have also been found to carry significant amounts of pollen while foraging in a roadside
verge (Free et al. 1975)My results therefore,suggest that flies are significantly contributing
towards the provisioning of pollination services within the roadside verges. The verges also hosted
a relaively high wasp diversity, consisting of 21% of the total richness. Abundance, however, was
low at just under 6%. All recorded wasp species were observed in low abundance, with no
individual wasp species representing more than 1% of the total insect abeind@st wasps have
carnivorous diets and only occasionally visit flowéPatt et al. 1997)This explains the
underrepresentation of wasps and tiser@pancy between richness and abundance: many wasp

species visited flowers, but none of them were frequent visitors.
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Pollinator biodiversity and community composition in the roadside verges varied
significantly between the three ecozones. BbeealShield hosted the greatest overall pollinator
biodiversity as well as the greatest average richness and abundance per site. Average richness per
site was equivalent in thBoreal Plain despite these sites hosting the lowest mean abundance,
while verges inHhe Prairie ecozonehosted the least number of species. Sites withirBtreal
Shield were surrounded by a reduced proportion of disturbed land, such as agricultural fields and
urban development, and a greater proportion of forested land compared o gigesther two
ecozones. Furthermore, sites in Bareal Shield had the greatest average plant abundance and
richness. Pollinators respond positively to increased abundance and diversity of floral resources at
the local scaléHulsmann et al. 2015; Cole et al. 2017; Rollin et al. 2@b@)benefit from a higher
amount of natural and sematural land at the landscapeale (Kennedy et al. 2013)A
combimation of these beneficial factors may be what is driving higher pollinator diversity in the
roadside verges within tigorealShield. The pollinator community composition in the roadsides
was significantly different between the three ecozones, indicatagthe different landscape
characteristics and environmental conditions found in each ecozone influenced the pool of
pollinator species available to forage and nest in the roadsides. The differences were particularly
large between thBorealShield and tle other two ecozones. The plant community composition in
the boreal shield roadsides however was not different frorBdineal Plain or Prairie, meaning
that it was not what drove the difference in pollinator community composition.

Contrary to my expectans, relative bee abundance was greatest in road verges within the
boreal shield ecozone. This ecozone is characterized by an abundant and dense distribution of
wetlands such as lakes, bogs and marghgsculture and AgriFood Canada 1995and bees
(especially groundhester3 tend to favar xeric areagMichener 2007; Orr et al. 2021Pn the
other handdipterans can thrive in the vicinity of wetlands, and seystaih as those in the genus
Eristalis, require freshwater environmentor reproduction. Therefore, | expected flies to be the
dominant pollinator group in this ecozone, however this was not the case. Raw bee richness was
also greatest in road verges within the boreal shield, how#werrelative richness of bees
comparedo the other two clades was constant throughout all three ecozones. There was therefore
a discrepancy in the variation between relative richness and abundance among ecozones. The
increased abundance in the boreal shield was primarily brought by socspldoges in the genus

Bombus Over 1400Bombusindividuals were sampled in the boreal shield (~20 individuals per
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site), while 297 bumblebees were collected in the boreal plains ecozone (~6 individuals per site),
and only 97 in the prairie ecozone (~2 piéz,sa terfold decrease). | am unsure as to why there

was this marked increase in bumblebee abundance in the boreal shield. Potentially, there might
have been a greater concentration of bees in these roadside vergeshdudigproportionate
attractiveness of the habitat compared to the surrounding environment. The landscape surrounding
the verges in the boreal shield consisted mainly of forest or wetland, which tend to lack the plentiful
floral resources and dry sandy soidich characterized the roadsides and are favoured by
bumblebees. Being less depemidon these resources compared to bees, flies and wasps may have
experienced less attractiveness towards the verges and remained more dispersed in the landscape.
Furthermoe, verges in the boreal shield ecozone hosted on average a greater flowering plant
richness and abundance, and were surrounded by more forested area and less agratulture
factors which have been shown to boost bumblebee abundance in roadsidéGamigeau et al.

2019) Additionally, a couple of my boreal shield routes were situated wittenSandilands
Moraine, an area characterized by its predominantly sandy soil which is favoured by-ground
nesters such as bumblebéglchener 2007)

Biodiversity Models

Greater flowering plant cover and richness generally boost poltibaidiversity through
greater availability and diversity of foraging resour@d@lsmann et al. 2015; Cole et al. 2017)
However, contrary to my original expectations, | found that blooming plant abundance (measured
as presence counts in my sampling lines) had no effect on roadside pollinator biodnhikaty,
blooming plant richness had a small but significant negative effect on pollinator abundance.
Flower abundance and richness in the road verges were not related, meaning that some sites with
high floral abundance were dominated by a few plant spe&sewith pollinators, although to a
lesser extent, | found that the overall plant community within the verges was highly uneven, with
a few species being highly abundant while the majority were uncommon. The most abundant plant,
Melilotus albusMedikus conprised just under 20% of the total presence counts across all sites.
Together with the next four most abundant pla@issium arvens€L.), Medicago sativd.., M.
lupulina L. and Trifolium hybridumL., these plants amounted to 56% of the total abundance
sampled. Flowering plant community evenness can have significant effepwllimation rates.

Target plants can experience facilitative effects from greater species diversity since it tends to
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attract a greater number and diversity of pollinat@kazoul 2006)However, these facilitative
effects are conditional on the evenness of the floral mixture and can shift to competitive sffects a
relative abundances of dominant species incré@sazoul 2006) Furthermore, the dominant
plants in the verges were mostly invasweeds. Other studies have also reported high richness
and cover of invasive plants in roadside ver@&sdtonen et al. 2006; Hopwood 2008; Hopwood

et al. 2015; Cariveau et al. 2019hich is aggravated by seed dispersal from veh{ses Der

Lippe and Kowarik 2007)With their large and coloful floral displays, accessible flower
morphology and prolific nectar production, invasive plants can compete for interactions with
pollinators and consequently reduce the reproductive output of néesserBunbury et al.

2017; Tylianakis and Morris 2017Rare or uncommon native flowering plants in the roadside
verges may therefore be experiencing high competitive pressures as the activity of pollinators is
diverted away from them and towartdh&e more attractive dominant species. The invasive nature
of the dominant plants might be the reason why | found no relationship between plant abundance
and pollinator biodiversity. In a similar roadside survey, Hopw@@8)found positive effects

of floral abundancenbee richness in restored roadsidssiyedwith native forb and graseeds
However, this elationship was no longer significant in weedy roadsides, where the primarily
invasiveflowers attracted a less diverse lassemblageompared to theative floral communities

of the restored verges. Weedy roadsides were characterized by the presemasati/a grasses
and>50% cover of nomative forbs, includingvelilotus speciegHopwood 2008) The author
suggests that this differemeright be explained by a reduced attraction of native insects by exotic
flowers compared to native floweflslemmott and Waser 2002; Frankie et al. 200&)tonen et

al. (2006 found that roadside verges invaded by the invasive plapihus polyphyllud.indley
harbouredfewer butterflies due to bottorap effects of changes in plant assemblages and a
reduction of flowering plant richness and cover. Increased floral abundaihie the surveyed
roadsides was brought mainly by a few dominant,-mative species which are visited by
generalists such as bumblebébemmott and Waser 2002The dominance of these invasive
generalist plants may have limited the growth of more specialist, native flowers in the verges.
Furthermore, invasive plants are unlikely to partner with native specialist pollijastas 2019)

The resulting plant community was therefore highly attractive to common generalist pollinators,
but not to specialists. | hypothesize that this is the reasonl Wiy not observe a relationship

between flowering plant abundance and pollinator biodiversity. | am unsure as to what might

82



explain the small but significant negative effect that plant richness had on pollinator abundance.
Perhaps sites with greater flb@iversity, hosting more native plants, promoted a more even
pollinator community and hence a reduced dominance of eusocial spebiee may have
resulted in an overall reduced abundance.

Following my original predictions, landscape diversity had a positive effect on pollinator
rarefied richness. This indicates that more heterogeneous landscapes, containing more numerous
and diverse patch types, provided various partial habitats contahenfpraging and nesting
resources necessary to host rich pollinator communities. These results are in line with other studies
reporting positive effects of landscape heterogeneity on pollinator biodivéksitpedy et al.

2013; Steckel et al. 2014; Cole et al. 2017; Moquet et al. 20983ps were highly affected by
the landscape SHDI both in terms of abundance and richnasdscape diversity was the only
environmental factothataffected wasp biodiversity the verges. Wasps only occasionally visit
flowers for the metabolic support provided by pollen and n€Btait et al. 1997 )therefore it is
not aurprising that they were not affected by variation of floral abundance or richness in the
roadsides. Rather, the carnivorous or parasitic lifestyle of most wasp species makes them highly
depenént on the distribution and abundance of their prey or hosteg(&zczepko et al. 2012b)
which in tun is depenenht on the distribution and abundancetbé hostrequisites Wasps
therefore,lie at higher levels (secondary and tertiary consumers) of complex-tnopltiic
networks. This means that wasp biodiversity is hypothetically less dependent @wcahe
availability of primary producers (plants), and more on the combined distribution of primary
producers and primary consumers in the landscape. Studies have shown that plant diversity has
strong bottorrup effects on multitrophic interaction networkewever these effects are stronger
on lower trophic levelgScherber et al. 2010Effects on higher trophic levelseaindirectly
mediated through bottomp trophic cascad€Scherber et al. 2010; Fenoglio et al. 201&)iform
landscapes limit the diversity of resources available within the mobility ranges of primary
consumers, reducing gfr biodiversity which in turn negatively affects their higislyecialized
predators and parasites/parasitgigczepko et al. 2012bThis is confirmed by reports from
several studies on a positive relationship between landscape heterogeneity and wasp biodiversity
(SteffanDewenter 2003; Bianchi et al. 2006; Szczepko et al. 2012b, 2012a; Steckel et al. 2014)
Flies did not respond to habitat diversity. Instead, verges surrounded by a greater

proportion of open habitats such as fallow land, shrubland and grassland tended to host a greater
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abundance of flowevisiting dipterans. Many fly species, particularlyrghids, thrive in semi
natural open habitats such as grasslands, heathlands and othspagpeenvironments which are
rich in floral resourcegGittings et al. 2006; Meyer et al. 2009; Moquet et al. 20TBgrefore,
road vergegshat are in the vicinity of these habitats may be experiencing a stronger influx of
hoverflies compared to vergmtare surrounded by less opgpace habitats. | also found a slight
negative effect of edge density on fly abundance. Increased edge detistyeis a reduction of
habitat patch size, and syrphids tend to be associated more with large open spaces rather than small
open space&ittings et al. 2006)Therefore, | interpret these results as an indication that syrphid
abundance in roadside verges is influenced both by the amount of surrounding open habitats, as
well as the size of thesabitat patches. Roadside verges in landscapes containing a greater amount
of open habitats that are less fragmented should host the greatest abundance -ofsitovger
flies. Verges in heterogeaus landscapes with greater amounts of open land mafdrehost a
greater abundance and diversity of pollinators. However, since these landscapes already contain
plentiful resources for wasps, bees, and fliesse pollinators would probably benefit more from
road verges in homogeneous areas lacking sefffi@arlysuccessional habitats.

| found that pollinator biodiversity was significantly different between the three ecozones,
with verges in the boreal shield hosting significantly more abundance and rarefied richness.
However, these differences were maded by the Julian date, meaning that they were dependent
on when the sites were sampled. | found that there was an overall increase in pollinator abundance
and richness over the sampling season. However, verges in the three ecozones experienced
differentrates and patterns of biodiversity growth through time, which explains the significant
relationship of ecozone and Julian date. | hypothesize that the different rates of biodiversity growth
may be a result of the difference in pollinator community contiposbetween all three ecozones.
This may be due to different phenologies of the species within the three separate pollinator

communities.

Implications for Managememind Monitoring

| have shown that roadside verges in sadhtern Manitoba are attragiimany pollinator
species as they provide ample floral resources which are often lacking in the surrounding
agricultural and forested landscapes. These results are in line with several other studies

investigating insect biodiversity along roadsidesee et al. 1975; Munguira and Thomas 1992;
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Ries et al. 2001; Raemakers et al. 2001; Saarinen et al. 2005; Hopwood 2008; Hopwood et al.
2010; Hanley and Wilkins 2015; Cole et al. 2017; Heneberg @04l; Riva et al. 2018; Ste

Marie et al. 2018; Cariveau et al. 2019; Phillips et al. 20®stigatinghe effects of roadside
vegetation management on pollinators was beyond the scope of this study. Nonetheless, roadside
management can affect thepeaity of road verge habitats to support pollinators. Results from
previous studies suggest that the quality of the verge habitat can be enhanced with relatively low
effort strategies. These include reducing mowing to a minimum and avoidingumicher
mowing, using targeted herbicidal treatment rather than untargeted spraying, and planting native
forbs and grassdfies et al. 2001; Hopwood 2008; Noordijk et al. 2009, 2010; Hopwood et al.
2015; Jakobsson et al. 2018; Phillips et al. 20RB) study did not reveal a positive relationship
between oadside flowering plant and pollinator biodiversity. | attribute this to the predominantly
weedy nature of the surveyed verges, with plant communities mostly dominated by invasives.
Other studies report positive effects, with higher densities and ricth#ies/ers and larval host

plants positively relating to pollinator abundance and richness and supporting a greater number of
stenotopic specigdlunguira and Thomas 1992; Ries et al. 2001; Saarinen et al. 20p&0H0d

2008; Noordijk et al. 2009; Andersson et al. 2017; Cole et al. 2017; Phillips et al.. 2020)
Additionally, road verges that are restored with native prairie vegetation have been shown to
support 2x greater density and 1.5x greater richness ofcbegsared to weedy verges, despite

little difference in floral densityHopwood 2008)and 5x greater density and 2x greater species
richness of stenotopic butterflies compared to weedy or grassy (low forb cover) (Riegest al.

2001) Verges dominated by invasive species, on the other hand, are characterized by low diversity
and cover of other flowering plant species, as well as reduced pollinator bsigidere to bottom

up effectqValtonen et al. 2006)

To improve the quality of roadside verge habitats in Manitoba | believe that the best
strategy is to restore them to an original native prairie plant community. This would involve the
removal of invasive species suchMslilotus and the sowing of native forbs and grasses. The
restored verges would host a diverse and even flowering plant community which would provide
pollen and nectar resources to a diverse assemblage of native pollinators, including rare and
specialist spees. | also suggest reducing mowing to only once or twice a year and to aveid mid
summer mowing to keep disturbance to a minimum. However, | also found that there were

significant differences in roadside pollinator community composition between ecozomésatin
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these communities increased in richness and abundance throughout the summer at different rates
(potentially due to varying phenologies of species). This suggests that verge management should
not be blindly calendaased but should take into consaten the community composition and
phenology of the local plant and insects. Land managers should therefore make informed decisions
based on locality. Finally, in line with previous studies, | found that roadside pollinator biodiversity
was greatest inaerges within heterogeneous landscapes with larger habitat patches and a greater
proportion of open and forested land. Therefore, if the goal is to increase the value of verges to
existing pollinator populations, focusing on habitat improvements in thededapes would be

most productive. However, these landscapes already contain abundant and diverse foraging and
nesting resources for pollinators. Increasing road verge attractiveness here might actually be
detrimental if pollinators from adjacent lands drawn in and die as a result of vehicle collisions
(Keilsohn et al. 2018)l hencesuggest targeting road verges within highly modified and/or
homogeneous landscapes lacking sufficient early successional habitats, such as in highly
agricultural or densely forested areas. Here, resta&d verges may constitute the only quality
habitat for earlysuccessional species. This would allow promotion of pollinator conservation in
theselandscapeand expand the range of species into areas that were historically occupied.

If the roadside suryedesign were to be applied at a large scale for the monitoring of
pollinator populations, | suggest a few modifications. In my stusigmpled each route only once
during the summer period. However, as | have observed, pollinator biodiversity varigghthro
time and at different rates depending on locality. Different pollinator species have different peaks
in abundance within a single summer season, therefore | believe routes should be surveyed more
than once to capture this variation. Being a commtlvased project, there is an issue of observer
variability built in. For instance, there will be variability in the ability of volunteers to detect and
catch pollinators, and the speed at which they process specimens. With my Idekigimated
the latter &ctor by excluding pollinator handling time from the 10 minutes of sampling. However,
this inevitably increases the time necessary to complete a survey, which is not desirable if we wish
for the project to be appealing to volunteers. To understand whatsfacere affecting pollinators
in the roadside verges, | added a flowering plant sampling protocol to the survey. Plamedata
very useful sincéheycan reveal whether observed changes in roadside pollinator populations are
due to internal or extern&dctors. | believe gathering more detailed plant data, such as floral cover

as a proxy of abundance rather than presence counts, would be helpful. This would allow us to
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better understand plapbllinator relationships within road verges. For instanceaildet plant
data might allow us to comprehend the interspecific effects (facilitative or competitive) that
generalist invasive plants, which tend to dominate unrestored roadsides, have towards native
species. However, this increases the training (for gpeaties identification) and effort required
to complete the survey. Therefore, although g
is realistic to expect volunteers to sample the floral commuNiiyethelesssurveyors could be
asked to take pictures and notes of the flowering plants they observe in the verge. These could
either be sent to experts for later identification or could be uploaded on applications such as
iNaturalist( i i Nat ur aThddata gathe2ed thid way would not be very detailed, but it could
help unveil general plasgollinator biodiversity patterns in the road verges.

In general, roads arconsidered detrimental for wildlife due to the associated edge, barrier
and habitat fragmentation effects, as well as noise, light and chemical po{liaikatzy et al.
1997) With this study| do not wish to justify the construction of new roads, especially through
natural areas where they wowdly bring adverse effects to the local wildlife. | instead argue that
improving the habitat characteristics of already existing road verges within modified or
homogeneous landscapes can increase habitat diversity and provide foraging and nesting resources
to pollinators. Roadside verges will never be a substitute for natural habitats, however they are
excluded from further development and continuously maintained in anseadgssional state. If
managed properly, they may constitute a valuable consamvasource for native pollinator and

flowering plant communities.

2.5 Conclusion

The pollinator roadside survey | designed and tested allomesid determine that road
verges in soutleastern Manitobareacting as habitats for a significant biodiversifypollinating
bees, fliesand wasps. With this studiywas able to determine that the pollinator biodiversity and
community composition within road verges varied betweeozones an@vas greatest in sites
surrounded by heterogeneous landscapes wigerddrabitat patches and with greater amounts of
forest and open habitats. | found no relationship between pollinators and roadsidesuates
but argue that this was due to a dominance of invasive plants in the verges. Overall, | found that
both plart and pollinator communities in the verges were highly uneven with a few generalist

species dominating the environménpotentially reducing the abundance and richness of less
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common, specialist species through competitive pressures. | believe that managegimes
aimed at maintaining native prairie vegetation in the verges would allow for the conservation of a
diversewild pollinator community.

| believe this type of pollinator survey has a strong potential to be applied at a much broader
scale forthe monitoring of pollinator populations in Canada and throughout the rest of North
America. Currentlythere is a lack of rigoroysollinator monitoring programs in place in Canada
or the United States. However, increased awareness of the importané pblinators and the
declines they are experiencing calls for more data collection. Roadside pollinator surveys might
be a useful method to monitor populations across space and time due to the ease of implementation
and attractiveness to volunteers. Thedeland sampling frame for eontinentwide roadside
survey already exist in the form of the North American Breeding Bird SUV8{ES Patuxent
Wildlife Research Center 201,&nd the North American Amphibian Monitoring Progr@ssGS
Eastern Ecological Science Center 20I8)e application towards pollinator surveys should be
relatively straightforward. Roadside survea@ not require landowner permissisimce they are
conducted on public roadsSurthermore, travel betwa samplingitesis quick and easy, enabling
the coverage of large areas in little time. Roadside surveys are also inexpensive and require
relatively little training, but specimens need to be sent to experts for identification. Applying this
survey to adrger area and conducting it on an annual basis would allow us to capture variations

in pollinator populations.

2.6 Appendix

Table 9. Ecozone of the BBS routes and ea#yyear in which they were sampled.

Route Ecozone Day-of-Year

Sandilands Boreal Shield 190
Saint Claude Prairie 193
Grunthal Boreal Plain 196
Bird River Boreal Shield 197
Saint F. Xavier Prairie 199
Braintree Boreal Shield 200
Woodroyd Boreal Plain 203
Graysville Prairie 204
Whitemouth Lake Boreal Shield 205
Traverse Bay Boreal Shield 211
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Elma Boreal Shield

Hecla Island Boreal Plain
Jordan Prairie

Delta Beach Prairie
Springer Lake Boreal Shield
Camper Boreal Plain
Red Rose Boreal Plain
Bissett Boreal Shield

212
212
214
220
224
225
227
228

Table 2. Abundance of all identified pollinator species

Species Author Abundance
Andrenidae 105
Andrena canadensis Dalla Torre 1896 1
Andrena chromotricha Cockerell 1899 4
Andrenahirticincta Provancher 1888 5
Andrena lupinorum Cockerell 1906 40
Andrena miranda Smith 1879 4
Andrena nubecula Smith 1853 1
Andrena thaspii Graenicher 1903 24
Andrena wilkella (Kirby 1802) 24
Calliopsis australior Cockerell 1897 1
Protandrena aestivalis (Provancher 1882) 1
Apidae 2336
Anthophora terminalis Cresson 1869 9
Apis mellifera Linnaeus 1758 415
Bombus bimaculatus Cresson 1863 14
Bombus borealis Kirby 1837 34
Bombus fervidus (Fabricius 1798) 12
Bombudlavidus Eversmann 1852 12
Bombus frigidus Smith 1854 2
Bombus griseocollis (DeGeer 1773) 12
Bombus huntii Greene 1860 1
Bombus melanopygus Nylander 1848 17
Bombus perplexus Cresson 1863 30
Bombus rufocinctus Cresson 1863 85
Bombussandersoni Franklin 1913 249
Bombus ternarius Say 1837 1096
Bombus terricola Kirby 1837 59
Bombus vagans Smith 1854 221
Ceratina dupla Say 1837 3
Ceratina mikmagqi Rehan and Sheffield 2011 9
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Epeolus compactus
Melissodes agilis
Melissodes confusus
Melissodes druriellus
Melissodes illatus
Melissodes trinodis
Melissodes wheeleri
Nomada aquilarum
Nomada arenicola
Nomada composita
Nomada crawfordi
Triepeolus helianthi
Triepeolus obliteratus
Triepeolus pectoralis

Bombyliidae
Hemipenthes morio
Lepidophora lutea
Poecilanthrax alcyon

Poecilanthrax tegminipennis

Systoechus vulgaris
Villa alternata

Villa fulviana

Villa lateralis

Villa nigra

Villa nigropecta
Villa pretiosa

Braconidae

Chelonus sp.ChA
Chelonus sp.ChB
Chelonus sp.ChD

Colletidae

Colletes brevicornis
Colletes hyalinus
Colletes kincaidii
Colletes simulans
Hylaeus affinis
Hylaeus annulatus
Hylaeus basalis
Hylaeusgaigei
Hylaeus illinoisensis
Hylaeus mesillae

Cresson 1878
Cresson 1878
Cresson 1878
(Kirby 1802)
Lovell and Cockerell 1906
Robertson 1901
Cockerell 1906
Cockerell 1903
Swenk 1913
Mitchell 1962
Cockerell 1905
(Robertson 1897)
Graenicher 1911
(Robertson 1897)

(Linnaeus 1758)
Painter 1962
(Say 1824)
(Say 1824)
Loew 1863

Say 1823

(Say 1824)
(Say 1823)
Cresson 1916
Cresson 1916
(Coquillett 1887)

Robertson 1897
Provancher 1888
Cockerell 1898

Cresson 1868/Patton 1879
(Smith 1853)

(Linnaeus 1758)

(Smith 1853)

(Cockerell 1916)
(Robertson 1896)
(Cockerell 1896)
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Hylaeus modestus

Conopidae
Physocephala furcillata
Physocephala texana

Crabronidae
(Bembicidae, Crabronidae,
Pemphredonidae, Philanthidae)

sp.PB

sp.PC

Anacrabro ocellatus
Bembix americana
Bicyrtes ventralis
Cerceris arelate
Cerceris clypeata
Cerceris halone
Ectemnius arcuatus
Ectemnius continuus
Ectemnius lapidarius
Ectemnius maculosus
Gorytes atricornis
Larropsis sp.LB
Lestica producticollis
Oxybelus emarginatus
Oxybelus uniglumis
Pemphredon sp.PA
Philanthus bilunatus
Philanthus lepidus
Philanthus solivagus
Rhopaluncoarctatum
Saygorytes phaleratus
Tadhytes aurulentus

Gasteruptiidae

Gasteruption assectator

Halictidae

Agapostemon texanus
Augochlorella aurata
Halictus confusus
Halictus rubicundus

Lasioglossum admirandum
Lasioglossum albipenne

Say 1837

(Williston 1882)
(Williston 1882)

Packard 1866
Fabricius 1793
Say 1824
Banks 1912
Dahlbom 1844
Banks 1912
(Say 1837)
(Fabricius 1804)
(Panzer 1804)
(Gmelin 1790)
Packard 1867

(Packard 1866)
Say 1837
(Linnaeus 1758)

Cresson 1865
Cresson 1865
Say 1837
(Scopoli 1763)
(Say 1837)
(Fabricius 1804)

(Linnaeus 1758)

Cresson 1872
(Smith 1853)
Smith 1853
(Christ 1791)
(Sandhouse 1924)
(Robertson 1890)

18

11
10
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Lasioglossum athabascense
Lasioglossum cinctipes
Lasioglossum cressonii
Lasioglossum inconditum
Lasioglossum laevissimum
Lasioglossum leucocorau
Lasioglossum leucozonium
Lasioglossum lineatulum
Lasioglossum nigroviride
Lasioglossum novascotiae
Lasioglossum paraforbesii
Lasioglossum perpunctatum
Lasioglossum pilosum
Lasioglossum planatum
Lasioglossum quebecense
Lasioglossum subviridatum
Lasioglossum truncatum
Lasioglossum versans
Lasioglossum versatum
Lasioglossum viridatum
Lasioglossum zephysu
Lasioglossum zonuu
Sphecodes confertus
Sphecodes coronus
Sphecodes dichrous

(Sandhouse 1933)
(Provancher 1888)
(Robertson 1890)
(Cockerell 1916)
(Smith 1853)
(Lovell 1908)
(Schrank 1781)
(Crawford 1906)
(Graenicher 1911)
(Mitchell 1960)
McGinley 1986
(Ellis 1913)
(Smith1853)
(Lovell 1905)
(Crawford 1907)
(Cockerell 1938)
(Robertson 1901)
(Lovell 1905)
(Robertson 1902)
(Lovell 1905)
(Smith 1853)
(Smith 1848)

Say 1837

Mitchell 1956
Smith 1853
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Sphecodeprosphorus Lovell and Cockerell 1907

Leucospidae 1
Leucospis affinis Say 1824 1

Megachilidae 360
Coelioxys funerarius Smith 1854 2
Coelioxys modestus Smith 1854 3
Coelioxys moestus Cresson 1864 2
Coelioxys porterae Cockerell 1900 1
Coelioxys rufitarsis Smith 1854 2
Coelioxys sodalis Cresson 1878 4
Heriades carinata Cresson 1864 77
Heriades variolosa (Cresson 1872) 10
Hoplitis pilosifrons (Cresson 1864) 3
Hoplitis producta (Cresson 1864) 10
Hoplitis spoliata (Provancher 1888) 5
Megachile campanulae (Robertson 1903) 2
Megachile frigida Smith 1853 10



Megachile gemula
Megachile inermis
Megachile latimanus
Megachile melanopea
Megachilemontivaga
Megachile pugnata
Megachile relativa
Megachile rotundata
Osmia bucephala
Osmia proxima
Osmia simillima

Perilampidae
Perilampus hyalinus

Sphecidae
Ammophila azteca
Prionyx atratus
Prionyx canadensis
Sceliphron caementarium

Stratiomyidae
Hedriodiscus binotatus
Hedriodiscus sp.L
Hedriodiscus sp.M
Hedriodiscus vertebratus
Stratiomys badia
Stratiomys obesa
Stratiomys sp.A

Syrphidae
Cheilosia pallipes
Cheilosiashannoni
Epistrophe emarginata
Eristalis brousii
Eristalis dimidiata
Eristalis flavipes
Eristalis stipator
Eristalis tenax
Eupeodes americanus
Eupeodes perplexus
Helophilus fasciatus
Helophilus hybridus
Helophilus latifrons

Cresson 1878
Provancher 1888
Say 1823

Smith 1853
Cresson 1878
Say 1837
Cresson 1878
(Fabricius 1787)
Cresson 1864
Cresson 1864
Smith 1853

Say 1829

Cameron 1888
(Lepeletier 1845)
(Provancher 1887)
(Drury 1773)

(Loew 1866)

(Say 1824)
Walker 1842
(Loew 1866)

(Loew 1863)
Curran 1923

(Say 1823)
Williston 1882
Wiedemann 1830
Walker 1849
Osten Sacken 1877
(Linnaeus 1758)
(Wiedemann 1830)
(Osburn 1910)
Walker 1849

Loew 1846

Loew 1863
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Helophilus obscurus
Heringia canadensis
Lapposyrphus lapponicus
Melanostoma mellinum
Neocnemodon rita
Ocyptamus fascipennis
Orthonevra pulchella
Paragus angustifrons
Paragushaemorrhous
Parasyrphus genualis
Platycheirus granditarsis
Platycheirus immarginatus
Platycheirus rosarum
Scaeva affinis
Sericomyia militaris
Sphaerophoria contigua
Sphaerophoria novaeangliae
Sphaerophoria philanthus
Sphaerophoria pyrrhina
Syritta pipiens

Syrphus attenuatus
Syrphus rectus

Syrphus ribesii

Syrphus torvus

Syrphus vitripennis
Toxomerus geminatus
Toxomerus marginatus
Tropidia quadrata
Volucella facialis

Xylota annulifera

Xylota flavifrons

Xylota hinei

Vespidae

Ancistrocerus albophaleratus
Ancistrocerus antilope
Ancistrocerus catskill
Dolichovespula adulterina
Dolichovespula arenaria
Dolichovespula maculata
Dolichovespula norvegicoides
Eumenes crucifera
Euodynerus foraminatus
Euodynerus planitarsis

Loew 1863
Curran 1921
(Zetterstedt 1838)
(Linnaeus 1758)
(Curran 1921)
(Wiedemann 1830)
(Williston 1887)
Loew 1863
Meigen 1822
(Williston 1887)
(Forster 1771)
(Zetterstedt 1849)
(Fabricus 1787)
Say 1823
(Walker 1849)
Macquart 1847
Johnson 1916
(Meigen 1822)
Bigot 1884
(Linnaeus 1758)
Hine 1922

Osten Sacken 1875
(Linnaeus 1758)
Osten Sacken 1875
Meigen 1822
(Say 1823)

(Say 1823)

(Say 1824)
Williston 1882
Bigot 1884
Walker 1849
(Curran 1941)

(de Saussure 1855)
(Panzer 1798)

(de Saussure 1853)
(de Buysson 1905)
(Fabricius 1775)
(Linnaeus 1763)
(Sladen 1918)
Provancher 1888
(de Saussure 1853)
(Bohart 1945)
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Polistes fuscatus (Fabricius 1793) 2
Stenodynerus kennicottianus ~ (de Saussure 1870) 2
Vespula consobrina (de Saussure 1864) 10
Grand Total 4232

Table S. Site codes and coordinates for all eighteen BBS routes. Route name and length are
indicated (road distance from first to tenth site).

Route Name & SiteCode | Latitude | Longitude
Bird Riveri 38.7 km

BR1 50.413 -95.676
BR2 50.414 -95.618
BR3 50.433 -95.561
BR4 50.463 -05.528
BR5 50.438 -95.463
BR6 50.462 -95.415
BR7 50.459 -95.375
BR8 50.471 -95.319
BR9 50.469 -95.265
BR10 50.438 -95.208
Bissetli 42.6 km

BS2 51.03 -95.471
BS3 51.029 -95.535
BS4 51.02 -95.606
BS5 51.026 -95.663
BS6 51.039 -95.720
BS7 51.051 -95.778
BS8 51.068 -95.850
BS9 51.069 -95.909
BS10 51.0% -95.979
BS11 51.092 -96.033
Braintreei 37.2 km

BT1 49.439 -95.404
BT2 49.441 -95.483
BT3 49.44 -95.496
BT4 49.4@8 -95.536
BTS5 49.504 -95.554
BT6 49.536 -05.564
BT7 49.562 -905.597
BT8 49.554 -95.651
BT9 49.554 -95.703
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BT10 49.556 -95.760
Camperi 38.1 km

CA1l 51.067 -98.114
CA2 51.067 -98.155
CA3 51.067 -98.216
CA4 51.067 -98.284
CA5 51.067 -98.344
CAG6 51.067 -98.396
CA7 51.082 -98.435
CAS8 51.096 -98.467
CA9 51.134 -98.467
CA10 51.140 -98.541
Delta Beachi 37.7 km

DB1 50.173 -98.313
DB2 50.147 -98.330
DB3 50.119 -98.330
DB4 50.079 -98.331
DB5 50.05L -98.331
DB6 50.048 -98.400
DB7 50.048 -98.445
DB8 50.019 -98.460
DB9 50.019 -98.511
DB10 50.019 -98.595
Elmai 35.8 km

EL1 49.875 -95.975
EL2 49.8% -95.956
EL3 49.856 -95.911
EL4 49.837 -95.884
EL5 49.799 -95.884
EL6 49.764 -95.881
EL7 49.732 -95.879
EL8 49.707 -95.899
EL9 49.670 -95.895
EL10 49.644 -95.881
Grunthali 37.5 km

GR1 49.561 -96.889
GR2 49.539 -96.889
GR3 49.512 -96.872
GR4 49.471 -96.871
GR5 49.439 -96.871
GR7 49.378 -96.849
GRS 49.348 -96.849
GR9 49.319 -96.849
GR10 49.281 -96.849
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GR11 49.249 -96.848
Graysvillei 42.4 km

GVi 49,510 -98.160
GV2 49,531 -98.175
GV3 49,531 -98.228
GV4 49,532 -98.285
GV5 49,531 -98.300
GV7 49,572 -98.414
GV8 49.591 -98.456
GV9 49.576 -98.482
GV10 49.606 -98.507
Gvil 49.606 -98.556
Hecla Islandi 31.4 km

HI2 51.097 -96.908
HI3 51.057 -96.841
Hi4 51.051 -96.789
HI5 51.066 -96.730
HI6 51.079 -96.687
HI7 51.117 -96.687
HI8 51.142 -96.659
HI9 51.159 -96.641
HI10 51.052 -96.773
HI11 51.081 -96.861
Jordani 43 km

JO1 49.389 -98.024
JO2 49.412 -98.024
JO4 49.459 -98.024
JO5 49.515 -98.023
JOG6 49.524 -98.069
JO7 49.567 -98.073
JO8 49.594 -98.073
JO9 49.621 -98.028
JO10 49.650 -98.073
JO11 49.685 -98.073
Red Rosé 34.8 km

RR1 51.624 -97.428
RR2 51.601 -97.417
RR3 51.568 -97.418
RR4 51.527 -97.425
RR5 51.491 -97.462
RR6 51.476 -97.482
RR7 51.476 -97.532
RR8 51.450 -97.522
RR9 51.42 -97.507
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RR10 51.41 -97.470
Sandilandg 31.2 km

SDL2 49.631 -96.091
SDL3 49,597 -96.089
SDL4 49.567 -96.067
SDL5 49.548 -96.036
SDL6 49,537 -96.061
SDL7 49.539 -96.095
SDLS8 49.498 -96.143
SDL9 49.483 -96.145
SDL10 49.469 -96.149
SDL11 49.426 -96.144
Saint F. Xavieil 39.6 km

SFX2 49.950 -97.521
SFX3 49.919 -97.535
SFX4 49.898 -97.551
SFX5 49.913 -97.572
SFX6 49,931 -97.615
SFX7 49.950 -97.686
SFX8 49.960 -97.711
SFX9 49.960 -97.759
SFX10 49.975 -97.802
SFX11 49.986 -97.849
Springer Lakd 36 km

SL1 50.507 -95.466
SL2 50.532 -95.466
SL3 50.56 -95.452
SL4 50.581 -95.419
SL5 50.613 -95.456
SL6 50.642 -95.447
SL7 50.646 -95.418
SL8 50.669 -95.405
SL9 50.673 -95.372
SL10 50.686 -95.325
Saint Claudé 38 km

STC1 49.576 -98.300
STC2 49.607 -98.301
STC3 49.648 -98.301
STC4 49.682 -98.301
STC5 49.709 -98.285
STC6 49.746 -98.278
STC7 49.785 -98.278
STC8 49.811 -98.278
STC9 49.861 -98.278
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STC10 49.901 -98.284
Traverse Bay 36.6 km

TB1 50.665 -96.529
TB2 50.664 -96.483
TB3 50.633 -96.478
TB4 50.614 -96.432
TB5 50.618 -96.369
TB6 50.620 -96.321
TB7 50.596 -96.281
TB8 50.567 -96.236
TB9 50.560 -96.183
TB10 50.533 -96.155
Whitemouth Laké 37.6 km

WL2 49.266 -95.485
WL3 49.281 -95.533
WL4 49.281 -95.600
WL5 49.281 -95.643
WL6 49.280 -95.702
WL7 49.289 -95.759
WL8 49.299 -95.838
WL9 49.309 -95.879
WL10 49.311 -95.932
WL11 49.311 -95.986
Woodroyd' 36.7 km

WR2 50.300 -97.488
WR3 50.314 -97.524
WR4 50.348 -97.529
WR5 50.385 -97.529
WR6 50.421 -97.529
WR7 50.463 -97.529
WR8 50.502 -97.529
WR9 50.506 -97.576
WR10 50.527 -97.598
WR11 50.561 -97.598
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Preface to Chapter 3

In Chapter 21 exploredpollinator biodiversity in roadsideergesin Manitobato assess
their potential use for pollinator monitoring and conservatiéound that a significant portion of
the local pollinator biodiversity wassingthe abundant floral resourcpsovided by the verges$
also found positive effets of heterogeneity and proportion of open land in the surrounding
landscapeson pollinator biodiversity Contrary to my expectations | did not find a positive
relationship betweelocal vegetation variables and pollinatovghich | attributedto the weey
nature of the plant community in the verg8snple biodiversity measures such as abundance and
richness, howeverdid not allow me to evaluate whethtre pollinator communities in these
narrow linear habitats were healthy and resiliéifie persistencef biodiversity is highly
depenént on the frequency and pattewfdiotic interactionsStudying plantpollinatornetworks
is essential to properly evaluatéhether ROWs can hostable pollinator communitiedMy
objectives for Chpter 3 were to explore pollinator biodiversitfound in a major powerline
ROW in Manitoba(anothertype of linear, masmade widespread systemjd investigate how
various environmental variablésincluding vegetation management strategyaffected both
pollinatorbiodiversity and theobustness gflantpollinatorinteraction networkd.associated host
plans with pollinators to buildflower visitation networksand test for effects of local and
landscapdevel variables on these interactioKsiowing te status gpollinator communities and
networks within ROWs, and how environmental variables can affectdaottgllow us to manage
these marginal habitats promote pollinatoconservation whilst maintaining theinthropogenic

utility.
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CHAPTER 3. NETWORKS IN THE GRID: PLANT -POLLINATOR
INTERACTIONS IN A POWERLINE EASEMENT CORRIDOR OF
MANITOBA, CANADA

3.0 Abstract

The loss of natural and sematural open habitats is a leading cause of gloissct
pollinator declinesElectric transmission line easemepievide large linear expanses of managed
habitat that is continuously maintained in an eatlgcessional statdhis land is potentially
important wild pollinator habitat andhay be avaluabletool for biodiversity coservation
especiallywithin heavily disturbed or homogeneous landscapes suelgrasiltural or densely
forested areaddowever, there is a lack of evidence of whether timegeow linear habitats can
host healthy and stable plgollinator communitiesl quantified the biodiversity of flower-
visiting insectswithin a major powerline corridor in Manitolzand described the plapbllinator
interaction network$o evaluate th@otential of these habitats for the conservatiopatiinators
and the ecosysteservice they providd sampled all bees, flieand waspgisiting flowers at 15
sites alon@g 300 knmpowerline easement section stteng over a 2.5latitudinal gradientl used
satellite imagery and ground surveys to model how environmental var@ides pollinator
biodiversity and network structure in tkasementd also investigatethe effects of integrated
vegetation management (IVM)n the planpollinator networks relative to other management
practicessuch as mowing, grazing, and fallowimgecorded,958links between 80 pla@nd 259
pollinator species, forming 1,431 uniguméeractions! found thatincreaseatover and richness of
flowering plants in the easemempiositively affected pollinator biodiversityFurthermore,
vegetation margement strategy had a significant impact on both pollinator biodiversity and the
interaction network structur®/M sites hostethe largespollinationnetworks which weremore
modular and specialed dueto agreaternumber ofspecializedspeciesand irteractions. IVM
networks were also more robustrémdom plant species extinction simulations, potentially due to
aggregatebuffering effects of specialistend reduced dependency on few generalist species.
Management practices that increase floral condrehness lead to greater pollinator biodiversity
andmore robust networksegardless of the surrounding landscag@ow that powerline ROWs
can host biodiverse pollinator communitieatform robust planpollinator interaction networks

andtherefore have a high conservation potential.
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3.1 Introduction

In homogeneous, modified landscapes lacking sufficient natural andnatumal early
successional habitats, powerline rigbfsvay (ROWSs) could constitute a valuable resource for
the conseration of insect pollinator biodiversity. Wild pollinator diversity has been declining
globally throughout the past few decadKearns et al. 1998; Biesmeijer et al. 2006; Colla and
Packer 2008; Potts et al. 2010; Cameron et al. 2011a; Goulson et al. P@dpyincipal cause for
these declines is the loss of natural and seatural habitats as a result of human actifktgarns
et al. 1998; Goulson et al. 2008; Winfree et al. 2009)North America there ha beena
significant decrease in open, easlyccessional habitats due to agtiural intensification, urban
development, and forest logging practi¢8amson and Knopf 1994; Brown et al. 2005; Ellis et
al. 2010; Vickruck 2021)This has resulted in the decline of many plant and animal species that
rely on these opehabitatWillyard et al. 2004; Forrester et al. 2005; Winfree et al. 2009; Potts
et al. 2010; Camerpet al. 2011a; King and Schlossberg 2014lthough this landscape
conversion is a major cause of pollinator decline, correctly managed green spaces within
anthropogenic systenisncluding road verges, powerline easements, crop margins, and city parks
T may serve as refuge habitats for insect pollinat@rsssell et al. 2005; Wojcik and Buchmann
2012; Baldock et al. 2015, 2019a; Hopwood et al. 2015; Hall et al. 2017; Leston and Koper 2017,
Twerd et al. 2021)An increasing set of stue suggest that powerline ROWSs are important
habitats for many beneficial insects such as pollinating bees, butterflies and $vathgel 1996;
Smallidge et al. 1996; Lanham and Nichols 2000a; Forrester2&i08; Russell et al. 2005, 2018;
Lensu et al. 2011; Wagner et al. 2014a, 2019; Hill and Bartomeus 2016; Leston and Koper 2016,
2017; Steinert et al. 2020)hese include rare, endangered species such as the Karner blue butterfly
(Lycaeides melissa samlis Nabokoy (Smallidge et al. 1996; Forrester et al. 20@bg frosted
elfin (Callophrys irus (Godart)) (Swengel 1996) and Epeoloides pilosulugCresson), a
cleptoparasite of the edollecting melittid bees of the geniacropis (Wagner et al. 2014a,
2019) among otherR?owerline ROWSs occupy a vast area of land that is continuously maintained
at various earhsuccessional stages to prevent vegetation from interfering with the conductors
(Berger 2010)It has been estimated that in the United States, powerline easements cover an area
of about four million hectares, not including small lewltage lines(Russell et al. 2018)in

Canada, the electrical transmission network extends for over 160,000 knyiogotast stretches

118



of land(International Energy Agency 2009)his land represents a permanent open habitat that is
only moderately disturbed periodically and is usually excluded from future devefdp

Powerline ROWSs can constitute good quality habitat for pollinators, as they often host
distinct plant communities that are more biodiverse than the surrounding landsuspes et al.
2002; Wagner et al. 2014b; Eldegard et al. 2015, 2@4dditionally, powerline ROWSs have been
shown to provide a healthy diversity of nesting resources for insebish allow for the
establishment of stable breeding populations, such as large amounts of exposed ground, dead
woody stems, and live and dead wgocdover (Russell et al. 208). By hosting breeding
populations, powerline ROWs may act as source habitats for pollinators in the |lan@srgpet
al. 2016) Finally, these corridors have the potential to act as conduits for plant and animal species
between habitat patches, which can be particularly beneficial to pollinator biodiversity in
fragmented landspas (Willyard et al. 2004) Some studies recommend specific vegetation
management practices that can improvegtedity of ROW habitat and are likely to have positive
effects on the abundance and richness of pollinators in the easements. These include reducing the
frequency of mowing and herbicidal application, combining mowing with selective herbicidal
treatment @ther than only mowing), and promoting the growth of larval host and floral plants
(Swergel 1996; Bramble et al. 1999; Forrester et al. 2005; Wagner et al. 2014b, 2019; Leston and
Koper 2016, 2017; Russo et al. 202&gnerally, an abundance and diversity of floral resources is
the major factor affecting bee and butterfly biodiversity mithowerline ROWgYahner 2004,
Berg et al. 2013; Steinert et al. 2020; Russo et al. 2021; Twerd et al. R@2&ntly more attention
has been given to the implementation of integrated vegetation nmaeaip@VM) practices within
powerline ROWSs. IVM strategies involve selectively removing-gatiwing woody species
through a combination of manual and herbicidal treatments, while maintaining a stable community
of low and mediurgrowing plants(Russell et al. 2018)These methods result in a mosaic of
meadow and scrub habitat, composed of forbs and shrubs which inhibit the establishment and
growth of undesirable woody speci@Bussell et al. 2018)IVM strategies therefore have the
advantage of reducing losigrm management costsincevegetation needs to be controlled less
frequentlyi while benefiting biodiversity in the ROW@SVojcik and Buchmann 2012; Russell et
al. 2018; Licensing and Environmental Assessment Department.2019)

The organization and persistence of biodiverarghighly dependnt on the patterns and

frequencies of complex and dynamic biotic interacti@fsrreira et al. 2020)By describing
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interactions between species, ecological networks allow us to undetktarfanctioning and
stability of ecosystems, and to quantify the effects of human activities on ecological interactions
(Memmott et al. 2007; Thébault and Fontaine 2010; Evans 204B; Tylianakis and Morris
2017) A pollination network is a mutualistic system where @aad animals cexist by
benefiting each othgBascompte and Jordano 200Ppllinators receive rewards such as nectar
and pollen from their host plants, which they use for nourishment and reproduction, while the
foraging action of pollinators aids piasexual reproduction. About 87% of flowering plants
depend on animal pollinatoiis the majority of which are insectfs for sexual reproduction
(Ollerton et al. 2011)Preserving the species and interactions within pollination networks is
essential for maintaining pollination services and for the stability of healthy plant populations.
Sampling pollination networks within powerline ROWsynadlow us to determine if these narrow
habitats can host healthy and stable pollinator communities, and whether management practices
such as IVM can benefit the whole system rather than individual species.

Environmental disturbance and habitat loss texylfrom anthropogenic activities can
cause pollinator and flowering plant population declines and extindtgiasmeijer et al. 2006;
Potts et al. 2010)There can also be severe consequences on ecosystem functioning, as the
reduction of speci es 6 ofdahbinecotbgicalduactionalita well betor@d t o
their own existence is threatenghterberg et al. 2013; Sellman et al. 20T®) loss of species
and interactions inevitably results in changes to the size, struetudestability of networks
(Kearns et al. 1998; Spiesman and Inouye 20¥38)ious aspects of network structure can be
guantified through several commonlged metric§Bascompte et al. 2003; Bluthgen et al. 2006;
Olesen et al. 2007; Vazquez et al. 2009; Thébault and Fontaine 200 Connect anceodo r
the proportion of links in the network that exist compared to the total number of possible
interactiedmessanesxpl ains the extent odoite whi ch
bipartite network nt er act with generalists in the other
which species interactions are organized into compartments (densely conneciaeeriapping
Ssubsets of spPercepse¢s e atexel gpdeidlizanon (the degree of niche
partitioning across species). Generally, pollination networks are characterized by a periphery of
specialist species interacting mostly withemtral core of interlinked generalists, thus creating a
highly cohesive, nested structBascompte et al. 2003)symmetric dependencies in pollination

networks facilitate coexistence, reduce interspecific competition, and promote biodiversity
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maintenancéBascompte et al. 2006; Bastolla et al. 20@X3)neralist species play important roles

in pollination networks as they link individuals within modules and keep compartments connected
(Martin Gonzélez et al. 2010; Biella et al. 2017; Cagua et al. 2DiL8gneral, rare species and
specialistspecialist interactions are the first to lest following disturbance and halditbbss
(Spiesman and Inouye 2013; Soares et 72 This loss of specialist species and a concentration

of links among generalists causes pollination networks to become smaller, more nested, and less
modular(Villalobos et al. 2019; Morrison et al. 2020)

Changes in size and structure calter network stability. Networks have inherent
disassembly thresholds whereupon the system rapidly collapseghidAtthreshold the
consequences of species and interaction extinctions are amplified arairdelicing(Bascompte
and Stouffer 2009) Net wor k Ar obustness o dosdanaextincdoas ur e
following the successive removal of single species from the web. This metric has been used to
understand the threat that species loss poses towards ecosystem functioning andGeas&es
al. 2018; Sritongchuay et.a2019) A heterogeneous distribution of interactions and nested
structure confers pollination networks high robustness to the random extinction of species, but also
a fragility to the extinction of generalig8ascompte and Stouffer 2009heoretically, networks
that are smaller and more modulard drave lower connectance and nestedness, are more prone to
secondary extinction following species los§€lébault and Fontaine 2010; Evans et al. 2013;
Moreira et al. 2015; Grass et al. 201Bpwerline ROWSs are small, narrow habitat patches often
surrounded by modified habitat that is inhodgiafor pollinators. Evaluating whether these
corridors can host healthy, stable pollination networks will allow us to determine their potential
for pollinator conservation.

With this study, my objectives were to quantify the extent to which a majoerboe
ROW is serving as habitat for pollinators in Manitoba and investigate its potential for use in
conservation efforts. | also aimed to explore what environmental factors in the easement and the
surrounding landscape are affecting the pollinator bardity and network structure in the ROW.
| predict that increased flowering plant abundance and richness in the easement will have positive
effects on pollinator biodiversity as well as on network specialization and modularity.
Furthermore, | predict sitegshere vegetation is controlled with IVM strategwesl host larger,

more modular networks that are more robust to random plant species extinctions. The main goal
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of this study is to provide informed suggestions on powerline ROW management for the

conservation of pollinator biodiversity and pollination services within anthropogenic systems.

3.2 Methods
Study System

The study system is a section of a continuous delut#ewidth transmission line ROW
extending between the towns of Woodlands @nand Rapids in Manitoba, Canadagure17).

This corridoris partoMa ni t o ba ds N evbltage diredRcuweatitransmisgidn system
andincludestwo lines krown as Bipols | and1l. Completed in 1971 and 1978 respectively,
Bipoles | and Il run parallel to each other aldhgir 895 km route. The two lines originate in
northern Manitoba at the Radisson and Henday Converter Stations near GillaBN5®4.71

W) and run southwards through the Interlake Region, ending at the Dorsey Converter Station
(49.99N, -97.43W) just north of WinnipegThe width of the ROW for Bipokel and Il varies
slightly from 115 m in southern sections to 125 m in central and narthves. The construction

and maintenance of the ROWMeaesulted ima clearedinear corridor that traversaix latitudinal
degrees, two gemorphological regions (Precambrian Shield and Manitoba Lowland Region), and
five natural vegetation zong¢slaclellan and Stewart 1986)

The plant community within the ROW significantly differs from that in the surrounding
landscapes, as it originates from the initial disturbance of-clgtng, followed by various
management strategies used to maintain asiatwre communityBerger 2010) Vegetation
control on Manitoba Hydro ROWs imarily achieved through mechanical meafedlitg and
mowing), herbicides, or manual contralith chainsaws and axé€kicensing and Envonmental
Assessment Department 2018)tegrated Vegetation Management (IVMs@metimesused by
the corporation to reduce lostgrm management costs while also benefiting biodiversity within
the ROW(Licensing and Environmental Assessment Department 20I®) practices involve
the selectivaopping and/or selective herbicide treatmentadfgrowing woody species, while
encouragig a stable community of legrowing native plants that inhibit the establishment and
spread of theindesirablespecieqRussell et al. 2018)raditional vegetation management cycles
vary between 2 to 10 years, depending on local plant growth conditions. However, the use of IVM
practices can dramatically increase the period between management activities, reducing

disturbance on wildlife(Licensing and Environmealt Assessment Department 20180W
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managemenfpractices result in habitats dominated by shrubs, forbs and grasses, however
considerable variation in species composition can occur due to soil type and iiaddiellan
and Stewart 1986)

Study Area and Sites

In summer 2020, 15 sites were established along a 304 km section of the transmission line,
stretching over a 2.5° latitudinal gradient betw&@2° and52.7°N (Table %). The sites were
separated into three clusters of five, situated within different ecoclimatic re§igusg17). The
southern cluster was | ocated within Manitobao:
where the moisture deficit is sufficiently large to stress out woody plant species un &dvo
herbaceous ones, angetsoil is characterized by nutrient and hufmias Chernozem topsoils
(Scott 1996) The dominant ecosystem surrounding my sites in this region was aspen parkland,
however much of the land hagen converted for the production of cereals, oilseets hay by
continuous cropping, or altered to pasturelé®ichith et al. 1998)The middle sites were situated
in the subhumid low boreal ecoclimatic region (LBs). Here, coniferous trees start to appear, but
deciduos species remain important components of the ecosystem, and well to imperfectly drained
Chernozemic Dark Gray soils are predoming8tott 1996; Smith et al. 1998Despite
considerable logging activity, less of the natural vegetation has been disturbed here compared to
the GT regior(Scott 1996) The five northern sites were in the subhumid mid boreal region (MBs),
where the typical northern coniferous forests prevail. Eutric Brunisols on loamy glacial till, and
Organic Mesisols and Fibrisols-clmminate the landscapedaare often superficially covered by
feather and sphagnum mosg8sott 1996; Smit et al. 1998) Along my study area, which is
mai nly |l ocated in Manitobabds I nterl ake Pl ain
4007 700 mm(Government of Canada 2028ir temperatures can reach extremes4@°C in
winter and 38°C in the summer, with azge monthly temperatures spannii@ to 27°C
respectively(Government of Canada 202T)he average number of frefsee days is around 110
i 80, falling with increasing latitud@Maclellan and Stewad 986)

To avoid spatial correlation, the sites within each ecoclimatic region were more than 6 km
apart (mean = 11.51 km, range = 64&86.69 km), while the GT and MBs clusters were
respectively 78.8 and 79 km away from the middle LBs cluster (disthetween sites 5 and 6,

and 10 and 11 respectivelyronducted nomandom stratified sampling to select study sites based
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on ecoclimatic region, accessibility (presence of roads in the vicinity of the powerline and entry
points into the corridor), andnd use underneath the line (wetlands, crop fieldd developed
areas were avoided). | completed an initial survey with the use of satellite maps to identify 30
potential study sites and subsequently scouted @aeto narrow the selection down to based

on the requirements.

Ecoclimatic Region

@ Transitional Grassland
@ Subhumid Low-Boreal Region
® Subhumid Mid-Boreal Region

Py
Wlnmpeg?‘t-",

Figure17. Study sites along a section of the Nelson River Hydroelectric Project Bipole | and Il
right-of-way (yellow line). Study sites asequentiallynumbered 1 to 15 from south to norihaps
creded with SimpleMapp(Shothouse 2010and Google Edin (Google Earth 7.3.4.8248 2021)

Sampling Procedure

| collected data on plasgollinator interactions in a 50 by 50 m plot centred in the middle
of the ROW. | surveyed each square ptatffowervisiting insects between 0900 h and 1700 h
during days without precipitation with temperatures abov&1@and with average wind speed
never above 15 km/h. | started each sampling session by identifying the plant species in bloom

within the plotandtaking note offloral patchdistribution. Using this information | proceeded to
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conduct a sampling circuit via active nettifigerreira et al. 2020J-or each plant species, | would
sample for 10 minutes all Hymenopteexcluding antsand Diptera that visited the flowers of the
focal species. To avoid unequal sampling effort between patches of the same floral species, |
stopped in front of a patch/individual for a maximum of two rteswbefore moving to a different
one, circling the plot. The 10 minutes only included time spent actively searching for pollinators,
thus excluding time required for handling pollinators and walking between floral patches. |
sequentially repeated the-binute sampling procedure for each blooming plant species within
the plot, until all species were sampled once. Multiple researchers could sample the same plant
speciegprovidingthe cumulative time of active sampling tikéal 10 minutes. Pollinators caught
from the same floral species were pooled together in a container with the plant name, site number,
and date written on it. | collected samples of individuals of all flowering plant species that were
being observed for ther§it time, using a plant pressich that they could later be confirmed and/or
identified in the lak{Ferreira et al. 2020) also resampled individuals if | was uncertain of the
species, a common occurrence when astad goldenrods started flowering. The sampled plants
were identifiedusind c ogganés A FI| @958 Inthé fielh & would chdzkanty plant
identifications usi ng (Newowmnboldddd sombiiatio with theve r Gu
iNaturalistapg ii Naturalisto 2021)

Each site was sampled five times from June to August 2020 at one of three time periods of
the dayeitherAM: 09007 1130h, midday:11301 1400 h, oPM: 1400i 1700 h | sampled each
site at least once in eapkriod, and never sampled the same site in the samgénus twice in
a row. This allowedme to measure changes in flowering plant and pollinator communities
throughout the summer season, as well as capture any variation due to the time of day. | used a
Kestrel 2000 Wind Meter to record air temperature and wind speed data at every site at the end of
each sampling session. Temperature was taken while holding the Kestrel in the shade, waiting a
minute or two to allow the reading to stabilize. For wind dpéangled the meter such that the
fan was perpendicular to the wind direction and held it steady for one minute. | then recorded the
average and maximum wind speed that occurred in that period. Finally, the start and end time of
each sampling session attd date wrenoted as well. Average and maximum weygked were
highly correlated (Spearman rho = 0.92), so only average syedd and temperature datarev

used in my models.
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Pollinator Communities

Pollinators were identified to the lowest possibéxanomic level using published
identification keygCockerell 1903; Sandhouse 1939; Stephen 1954; LaBerge 1956b, 1956a, 1961,
1969, 1971, 1973, 1977, 1980, 1985, 1987, 1989; Mitchell 1962; Ribble 1968, 1974; LaBerge and
Bouseman 1970; LaBerge and Ribble729 1975; Baker 1975; Laverty and Harder 1988;
Michener et al. 1994; Romankova 2003, 2007; Coelho 2004; Michener 2007; Packer et al. 2007,
Rightmyer 2008Kits et al. 2008Buck et al. 2008; Arduser 2009a, 2009c, 2009b, 2009d; Gibbs
2011; Rightmyer et aR010; Gibbs 2010; Sheffield et al. 2011; Gibbs et al. 2012, 2013; Dumesh
and Sheffield 2012; Miranda et al. 20 Bkevington et al. 20)@nd reference materi@pecimens
from theJ. B. Wallis/R. E. Roughley Museum of Entomology at the University of Mbaagit All
collected bees were identified to species. For flies and wasps, | identified individuals from the
families that were most abundaarid for which | could make confident identifications (based on
availability of updated dichotomous keys and of mefiee specimens in the museurBges
belonged to the familiesApidae, Andrenidae, Colletidae, Halictidae, Megachilidaed
Melittidae.With the flies, only individuals in the familig&&ombylidae, Conopidae, Stratiomyidae,
and Syrphidaevere identifiedto species or morphospecidsnally, only wasps in the families
Braconidae, Crabronidae, Gasteruptiidae, Perilampidae, Sphecidae, and Vespiddentibeel
to species or morphospeci€szerall, 92% of all collecteflower visitorswere identified to species
or morphospecies and included in my biodiversity and network analyses. Insect vouchers were
deposited in thel. B. Wallis/R. E. Roughley Museum of Entomology at the University of
Manitoba.

| used distancbased redundancy analy§dbRDA) to comparepollinator community
composition across the three ecoclimatic regions with the-8ratis index. The dbRDAs were
performed on the relationship between -specific community composition and ecoclimatic
regions usingndthieomcampds ctahed ¥i suali zed with
R &egard package(Oksanen et al. 2019) then used permutational multivariate analysis of
variance (perMANOVA) to test for effect of ecoclimatic region on pollinator communities using
theBrayCur t i s i ndex if u(@ksdneneteh d049f the effect was significant
(p ©0.05),| performedaposthoctestusingthed p a i r wi suectioaal thedphirsviseAdoni
packaggArbizu 2017) Finally, | tested for the betdispersion among ecoclimatic regions using

t he Obet adi(Gksamandet al. A0AXD tcheak that the three groups were equally
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dispersedto ensure that the observed effect was not due to differences in dispé&rsmosame
analysisprocedurewas corducted to compare the host plant community across ecoclimatic

regions.

Floral Surveys

During each sampling sessidmgathered local landcover and flowering plant diversity data
using 1by 1 m quadrats. The 50 by 50 m plot was divided into four 25 by 2&bplotsand for
each one a random numbers tabl2%) was used to determine four coordinates where the quadrat
would be placed. This made for a total of 16 quadrat placements within the whole plot. For each
guadrat, the researcher recorded the spetitswering plants that were in bloom and estimated
the percent cover of each species, as well as the percent bare ground using the charts provided by
Anderson(1986) as reference. Additionally, the number of floral units per spécisfined as
individual stems with open floweiswasrecaded as well. Values for plant cover, ground cover,
and number of floral units were averaged across the 16 samples, while the plant species recorded
were pooled to calculate floral richness per sampling e{Eatible 9). Quadrat surveys were
conducted in four of the five sampling rounds per site except for site 3, which was only sampled
three times due to it having been recently mowed before one of the sampling evelitaingde
any potential variation in cover estimates due to different observers, the same researcher recorded
the quadrat data throughout the season. The mean number of plant species sampled with quadrats
per sampling event across all sites was 9.12 nié@n values for the three other quadrat variables
were floral coverl2.87% (range =-99%),bare ground.13% (range =<100%), and 6.81 stems
(range = 0130). Because plant species overlapped with each other and with the ground, the total
area covered by both could be greater than 100%. Floral cover and number of floral units were

moderately correlated (8prman rho = 0.75), so only floral cover was used in my models.

Landscape Variables

Landscape data was obtained for six circular buffers of increasing radius length around my
sites (250, 500, 750, 1000, 1500, and 2000 m
(Hesselbarth et al. 20219 extract laneuse data from the Agriculturea@ada Crop Inventory
GEOTIFF layergAgriculture and AgrAFood Canad@020) These layers, freely available online

through an opn government license, have a resolution df 3@&nd include 72 cover types. They
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are at least 94% accurate for crop cover types and at least 70% accuratedaypnoover in
Manitoba. | measured five landscape variables(e9):
(i) 60pen | andd represented the total area (
grassland, and fallow. In a buffer of radius 2000 m around my 15 sites, open land covered an
averge of 45.21% of the total area (range = 13.44.01%).
(ii) O6Forested I anddé included the combined ar
Within the 2000 m buffers, forested land covered an average of 33.5% of the total area (range =
3.521 69.51%).
(iii) Oo6Disturbed | andbé represented the area i
(buildings, roads, greenhouses, and other) as well as crops such as canola, barley and wheat. On
average, disturbed land occupied 8.88% of the aidarnwthe 2000 m buffers (range = 0.9
37.34%).

TheShannondés Landsc ap ewad alsoeeasurdtdaynetiicrdetieed ( SHD
from the Shannon entrogghannon 1948) as well aghe total edge density (ED). The SHDI
retains the original landcover classifications and weighs each one by the number of patches in the
landscape. It is a unitless metric that is only useful to compare landscapes with each other

(Mcgarigal 2015)Edge density is calculated@0 - p 1t 1T where E is the edge length (m)

of the various patches combined, and A is the total area in the buffer (ha). ED standardizes total
edge length per unit area (m/he)d canthereforebe used to compare landscapes of different

spatial scale@Micgarigal 2015)

Biodiversity Models
| ran separatenodels on abundance and rarefied species ricl{fiaste 10). Abundance
is here defined as the number of pollinators collected per site per day. Rarefied richnass accou
for differences in richness estimates dugadation inabundancé€Hill 1973; Chao et al. 2014)
To calcul ate rarefied r (Okshnereesat 2009)ugesl gederalizede O r a1
linear mixedeffect models (GLMMSs) to analyze the effects of several environmental variables on
the pollinator biodiversityusing sampling event as individual data units and site as a random
effect. Abundance models were fit to a negabugomial distribution using a leltink function,
while rarefied richness models were fit to a Gaussian distribution. | evaluated whetdatamy

met model assumptions with the use of descriptive statistics and by visualizing residual
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distributions with quantigg uant i | e pl ot s andmohdiesltéo gfriamct. i oTnh

Operformanced R packladpekeeava.2021)sed for this tas
To select the landscape buffer size, | first ran landscape models for samplingpecédit

data that included the main effects of Julian date, ecoclimatic region, landscape (open, disturbed,

and forested land, SHDI and ED), and the interactions of ecoclimatic region with landscape (e.g.

with SHDI); and included site asrandom effect. tan the same GLMM for each of the six buffer

sizes and selected the best fitting model with the lowkaike Information Criterion with small

sample size correctionA[Cc) (Akaike 1998) If the model of bestit had nonsignificant

interactions, these were excluded. | then proceeded to run the models again, removing non

significant interactions until | only had significant interactions or none at all. | also removed main

effects that we correlated with others. ED and SHDI were strongly correlated (Spearman rho =

0.91), so only SHDI was kept in the models. Additionalgpclimatic regiorwas strongly

correlated with forest cover (rho = 0.90), and moderately correlated with open land @rii4),

sothese two variables were not included in the global mdiste again, | made sure thay data

met the model assumptions by checking the descriptive statistics and visualizing the distribution

of residualsOnce the besdit landscape buffewas selected, | ran a global GLMM by adding local

variables to the existing model. Only results from the final, global model are showisamssed

In addition to running global abundance and rarefied richness models on the whole pollinator

community, lalso ran the same models separately for bees, flies, and wasps, to analyze whether

environmental variables had differing effects on the three insect gféauser et al. 2019)

Table9. Environmental variables at the local and landscape scale. Landscape data was gathered at
six buffer sizes (250, 500, 750, 1000, 1500, and 2000 metre radius).

Variable Description
Local
Floral richness Total number of flowering plant species across all 1x1 m quadrat

placements per sampling event. Plant individuals within the quag
did not need to have open flowers to be counted, as long as the
species in question was activetybloom during that period and
within the 50 by 50 m plot.
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Floral abundance

Combined number of flowering plant species presence counts ac
all 1 by 1 m quadrat placements per sampling event. A single pla
species could have a maximum ofdr&@sence counts per sampling

event (one per quadrat).

Floral cover

Average area covered by flowering plant speciesinal by 1 m
quadrat (%) per sampling event. Plants within the quadrats did n
need to have open flowers to be measured for covemgss the
species in question was actively in bloom during that period and
within the 50 by 50 m plot.

Floral units

Average number of stems with open flowers in a 1 by 1 m quadr:

per sampling event.

Bare ground

Average exposed ground in a 1 by 1 mdpaa (%) per sampling

event.

Vegetation

management strategy

Vegetation management strategies were pooled under three
categories:

a. Cattle grazing or annual mowing

b. Pasture fallow or abandoned field

c. Integrated Vegetation Management (IVM)

Landscape

Openland

Area covered by exposed or barren land, shrubland, grassland, &

fallow (%)

Forested land

Area covered by forest (%)

Disturbed land

Area covered by anthropogenic development and crops (%)

Shannonos
Diversity Index
(SHDI)

Measureof landcover diversity, where cover types are weighted b

their relative patch abundan@eitless)

Total edge density
(ED)

Sum of all edge lengths divided by the total landscape(arka)
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Pollination Networks

By pooling the net data obtained at each sampling session, | constructed 15 quantitative
pollination networks (one per site). The architecture of these networks was described by the
abundance and pattern of plgdllinator interactions, using link frequen as surrogate of
functional dependency between species as justified by Vazquez28Gl; 2012)and Sahli and
Conner(2006) | used six commoniysed qualitative and quantitative metriBascompte et al.
2003; Bluthgen et al. 2006; Olesen et al. 2007; Vazquez et al. 2009; Thébault and Fontaine 2010)
to interpret the structure of the networks: network size, connectance, nestedness, modularity,
gpecialization (H9 and robustnesd éble10). These six indices were calculated for each network
usi ndgi port it e 0 (Dpranank &t @.2009, A020R

Modul arity was <calcul ated wusi riBpckeBe@&et t 6s
through the O6Comput dipadie R palkagDofmam ettali 2020) rann t h e
the algorithm 10 times per network and selected the network partition where modularity was
maximized. Robustness was measured as the area underneath the pollinator sp&tiegioa
curve resulting from the sequentiadmmoval of plant species. To generate these secondary
extinction curves, | simulated the random loss of plant species from the networks without
replacement, and considered a pollinator or plargxtmct when it was left without interaction
partnergdMemmott et al. 2004; Evans et al. 2013; Sritongchuay et al. 204€umd bottam-up
regulation because plapbllinator interactions are strongly driven bBffects of resources on
consumergScherber et al. 2010; Goulson et al. 2015; Schleuning et al..Zi&)obustness
value for each network was calctdd as the mean value resulting from 1000 repetitions of random
plant extinction sequences per network.

The values of most network metriasedependent on network size, so to directly compare
the 15 networks Istandardizé all metrics (connectance, nesdigess, H2 modularity and
robustnessyelative to a null expectatiofDormann et al. 2009; Thébault and Fontaine 2010;
Spiesman and Inouye 2013)hese standardized metrieflectthe extent tavhich the network
structure differs from random given a network gikrgianakis and Morris 2017; Grass et al. 2018)

and were calculated using the formula:

(O]
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The standardized metric is calculatedsifptracting the mean metric valuenoiil networks from
the observed value, divided by tstandard deviation of the metric values from null netwdthkse
thousand null networks were created per site to calculate the matmes. For connectance
val ues, nul | model s wer e wihich ahufted interactiomsgvhil® at e f |
maintaining species richness and number of interactions per species cgretieintld 1981)For
nestedness, M2modularity and robustnessg c or e cal cul ati ons | used
algorithmi n t he @ bi ptabuidindll enédelptizat notaoyekept species richness and
number of interactions constant, but held connectance constant g9 ylielhakis and Morris
2017; Dormann et al. 2020; Morrisehal. 2020)

To determine which environmental variables were affecting the network structure and
robustness, | used a model selection approach using the Akaike Information Criterion (AIC). This
was done to reduce the number of variables in the madeimuch as possible, given the low
sample size (15 network metric values, one per site). For each network metric, | initially ran the
same global model that was used for the biodiversity data. | then proceedgditohe optimal
model by owoepildgfumetdéon to test the significan
removing norsignificant variables with the highest AIC sc@rodgkiss et B2018) The optimal
model was obtained once all remaining variables were significant, or whesigmificant
variables had lower AIC scores than the significant effects (and therefore could not be dropped).
All models performed on standardized (z)tnos were fitted to a Gaussian distribution, while the
model performed on network size was fitted to a negative binomial distributi@hokg | made
sure that the data met model distribution assumptions.

A significant challenge for ecologicaktwork studies is the adequate sampling of species
interactions, particularly so when looking at environmental gradi@smann et al. 2009;
Chacoff et al. 2012; RiverHutinel et al. 2012; Grass et al. 2018herefore,|l estimatedthe
sampling completeness acraayg networksto exclude potential sampling bias that could affect
the metricsl estimated samplingompletenesfor each networky dividing the observed richness
of pairwise interactions by the estimated link riclmésalculated theestimated link richness
using the Chaol estimator of asymptotic richn@3sao 1984) | used R code provided by
Macgregor etal2017) avai l abl e f or u(€dd SpringHarboz LaBoeatory er 6 b
2021)along with the preprint version of their article, to calculate sampling completéass.

that asymptotic diversity estimators such as Chaol tenovérestimate the total number of
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possible interactions, and do not differentiate between missing links (due tesana@ing) and
forbidden links from morphological or phenological mismatche®rsg speciegGrass et al.

2018) These mismatches can explain up to 80% of unobserved interg@iesen et al. 2011)

Table10. Response variables description.

Variable

Description

Community Metrics

Abundance

Total number of pollinator individuals caught by net per sampling

event. Also calculated separately for beespsaand flies.

Rarefied species

richness

Total number of species caught by net per sampling event, rarefi
the mean pollinator abundance along a species accumulation cu

Also calculated separately for bees, wasps, and flies.

NetworkMetrics

Network size

Total number of pollinator and plant species in the network

Connectance (z score

Fraction of links in the network that are realized compared to the

possible number of links

Nestedness (z score)

The extent to which speciaksinteract with proper subsets of the

species interacting with generalists

Modularity (z score)

The extent to which species interactions are organized into mody

denselyconnected, nooverlapping subsets of species

H2' (z score)

Networklevel specialization: the degree of niche partitioning acrg

all species

Robustness (z score)

Tolerance of the network to species extinctions. Robust networks

less prone to cextinction cascades following sequential species |

S p e c tremgth@andgole in the networks

To identify keystone species within the various networks, | evaluated the relative

i mportance

modular network. In quantitative networlkee importance of one species to another is calculated

as 0de p e nlonleabundabcdbetwwednea species and one of its partners relative to the

of each insect and pl ant

abundance of link®etween that species and all of its partreambined(Jordano 1987)By

summi ng up

the dependencies of al | i nteracti
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st r engt htatexpeessesithe ihporance of that species for the entire ngBas&ompte
et al. 2006; Datillo and RieGray 2018)

Pollinator and host species within the networks were classified into different functional
roles with respect to their position within and among modules. Follothmgveighted approach
described by Dormanf{2019) based on the methods developed by Gua&ekmaral (2005)and
Olesen et al(2007) | calculated standardized connection and participation vatuasdz) for
each species based on species strength. The wwiitdlule degreeis the standarded number of
links that a species has with others in the same module, while the -anoolude connectivityc
describes the level to which the species links different modules tog@tesen et al. 2007Yith
these two paraetres| identified the roles of eachspecs i n t he net wor ks. oM
species that interacted with most of the species within their module, but with few species outside
it (highz, lowc) ; éconnectord species | iznhigedl; mohet wbek
hubs 6 w-geaetsalists that mteracted extensively both within their module and among other
modules (higlzandc) ; and Operipheral 8 species interacte
(low z and c) (Olesen et al. 2007; Larson et al. 201A¥% proposed by Dorman{2019) to
objectively define the thresholds used to det
c andz values calculatéthrough 1000 null models per network (the same null models created to
calculate modularity -acores). The quantiles were calculated individually for each network,

meaning that the thresholds varied slightly between communities.

3.3 Results

Pollinator & Plant Biodiversity and Community Composition

| sampled 5,107 insects in the powerline easement and subsequently identified 4,958 to
species or morphospecidsaple S). In total | identified 259 species belonging to the three major
pollinator groupsTable11). Bees accounted for approximately 50% oftttal insect abundance
and richness, with 130 species identified out of 2322 individ&adsi(e18). These represent 35%
of the 369 species found in Manitoba, 27 ouB® genera, and 6 out of 6 families present in the

province(Gibbs et al. unpublished)
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Figurel18. Total pollinator biodiversity sampled and identified to species or morphospecies.

| found several rare and uncommon bee species within the powerline easement, some of
which represented new provincial and national records. Two species in théPgetaunsirena P.
albitarsis(Cresson)andP. cf. piercei albertensi§Cockerell) which have recently been added as
new Canadian records, were found in the ROW. Additionally, | caught several uncommon parasitic
bee species includingriepeolus obliteratusGraenicher Nomada quadrimaculat&®obertson
Sphecodes coroniditchell and Spheodes dichous Smith | also caught an individual @telis
nitida Cressonand of Triepeolus grindeliaeCockerel] both cleptoparasites, as well as two
individuals of OsmiasubaustralisCockerel] which represent new records for the province of
Manitoba. hese records @. subaustraligre also the first records of the subgeGaphalosmia
in Manitoba. They are particularly relevant as they also help fill a gap in the known distribution of
the species, joining eastern and western populations which prgvsaesned disjunct (Gibbs,
personal communication). A large populationMédcropis nuda(Provancher)an oilcollecting
bee, was found in the northemmost site, where its host planysimachia ciliatal.. was present.
M. nudais the only Melittid known tde present in Manitoba. One of the most significant findings
was that of_asioglossunmmigransGardney a bee species which had never been desdoisfede
my study and that had only been previously recorded in southern ard. . My find led to

the description of this species and represents a major range extension of the known distribution.
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Figure19. Lasioglossum immigrang-emale (left) and male (righfReprinted fom Gardner and
Gibbs (2021).

Apidae was the mosbandant bee family with 836 individuals caught (36% of all bees).
Megachilidae was the richest family with 36 species identified, closely followed by Halictidae
with 33 speciesBombusvas the most abundant genus with 667 individuals sampled (13.4% of all
insects) consisting of 14 species. Flies were the sewast abundant and rich grougidure18),
with 80 species identified out of 2100 individuals (30.8% of the tamfahess and 42% of the total
abundance sampledjhe majority of flies belonged t®yrphidae, consisting of 1748 individuals
(35.2% of all collected insects wesgrphids) and 58 species (22.4% of the total insect richness)
belonging to 28 generé&ristalis andToxomerusvere the second and third most abundant genera
of all, with 517 and 451 individuals collected respectively. FindBwasp species were identified

from 536 individuals, representing about 19% of the total pollinator richness and 1tt# of

abundance. Most insect species were rare (147 species were represented by 5 individuals or less),

with a few being very abundanidgble 3l). The ten most abundantespes were, in descending
order Table12): Eristalis dimidiataWiedemann(8.2% of the total insect abundancBhmbus
ternarius Say (8%), Toxomerugnarginatus(Say) (7.8%), Helophilus fasciatusValker (5.1%),
Dolichovespula arenarigFabricius)(4.9%), Megachile rotundatgFabricius)(3%), Megachile
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relativa Cresson(2.7%),Syrphus ribesi(L.) (2.7%),Hylaeus affinigSmith)(2.4%), andBombus

sandesoniFranklin(2.1%).

Table11. Families with individuals identified to species or morphospecies.

Family Total abundance # Gerera # Speciesg
Bees 2322 27 130
Andrenidae 110 3 20
Apidae 836 8 30
Colletidae 268 2 10
Halictidae 310 5 33
Megachilidae 750 8 36
Melittidae 48 1 1
Flies 2100 40 80
Bombyliidae 260 8 13
Conopidae 6 1 1
Stratiomyidae 86 3 8
Syrphidae 1748 28 58
Wasps 536 26 49
Braconidae 71 1 4
Crabronidae 71 10 17
Gasteruptiidae 6 1 1
Perilampidae 7 2 2
Sphecidae 33 3 4
Vespidae 348 9 21
Total 4958 93 259

Table12 Twentyfive most commonly sampled pollinator taxa (listed in decreasing abundance)
in a 30Gkm transmission line ROW sectionlfianitoba, Canada (all sampling events).

Species Family Abundance % Of Cumulative

total %
Eristalis dimidiatawiedemann Syrphidae 406 8.19 8.19
Bombus ternariuSay Apidae 397 8.01 162
Toxomerus marginatySay) Syrphidae 388 7.82 24.0
Helophilus fasciatu$Valker Syrphidae 254 5.12 29.1
Dolichovespula arenarigFabricius) | Vespidae 246 4.96 34.1
Megachile rotundatdFabricius) Megachilidae 147 2.96 371
Megachile relativaCresson Megachilidae 136 2.74 39.8
Syrphus ribesi(L.) Syrphidae 134 2.70 42.5
Hylaeus affinigSmith) Colletidae 117 2.36 449
Bombus sandersofiranklin Apidae 104 21 47
Syritta pipiengL.) Syrphidae 89 1.79 488
Heriades variolosgCresson) Megachilidae 84 1.69 505
Systoechus vulgarlsoew Bombyliidae 68 1.37 51.8
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Villa lateralis (Say) Bombyliidae 67 1.3 532
Toxomerus geminatSay) Syrphidae 63 1.27 54.4
Eristalis interrupta(Poda) Syrphidae 63 1.27 55.7
Villa fulviana (Say) Bombyliidae 62 1.25 57
Megachile latimanuSay Megachilidae 59 1.19 582
Bombus rufocinctu€resson Apidae 58 1.17 59.3
Hylaeus mesilla¢Cockerell) Colletidae 52 1.06 604
Heriades carinataCresson Megachilidae 51 1.8 614
Bombus vaganSmith Apidae 48 0.97 62.4
Macropis nudgProvancher) Melittidae 48 0.97 63.3
Anthophora terminali€resson Apidae 45 0.91 64.2
Tropidia quadrata(Say) Syrphidae 45 0.91 65.1

| sampled the greatest averafi8ID) pollinator abundance and richness per sampling event

in the subhumid miboreal ecoclimatic region, with 864547.9individuals/event and 2748.4

species/event. The ROW section within the transitional grassland ecoclimatic region was the

secondmog biodiverse, with 58.9 + 43.6 individuals/event and 19.6 + 10.8 species/event. Finally,

the subhumid lowboreal ecoclimatic region hosted the least pollinator biodiversity with 53 + 29.1

individuals/event and 18.8 + 6 species/event. The relative abundexceichness of bees,

compared to the total pollinator biodiversity, diminished moving northwards, going from 52% and

53% respectively in the GT region to 42% abundance and 46% richness in the MBskiggion (

20). On the other hand, flies experienced an increase in relative abundance and richness moving
northwards, from 36% and 25% of the total in the GT region to 46% and 37% in the MBs region.

Flies thereforereplaced bees as the dominant pollinator group in terms of abundance in the five

northeramost sites, however bees remained thest diverse groughroughout all three

ecoclimatic regions despite a 7% fall in relative richness. The pollinatomeinity composition

between the three ecoclimatic regions was significantly differfeatdlé 13), with no overlap in

ordination spaceH{gure2l) .

The

MB s

regionos

pollinator

from those of the LBs and GT ecoregions, while the communities in tlee tatb were not

significantly different from each othefdblel13, p = 0.525).
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Figure20. Pollinator biodiversity sampled aach ecoclimatic region and identified to species or

morphospecies. GT = transitional grassland; LBs = subhumithtreal region; MBs = subhumid
mid-boreal region.

0.00

- Ecoclimatic
Region

A GT
®LBs

B MBs

1.0

1

05
5

CAP2
00

-05
1

-1.0

0.0 05 1.0 15

CAP1

Figure21. Ordination plot of thelbRDA of all pollinator communities. Each point represents the
community within asite (15 total). Ecalimatic regionhad a significant effect on thgollinator

community compositionTable 13, perMANOVA, F = 3.202,Y = 0.348,p = 0.002), resulting

from a significant difference between t-he MBs
hoc test with Bonferroni correctign= 0.021 ang = 0.033 for the relationship between MBs and,
respectiely, GT and LBs). The GT and LBs communities were not different (adjpstéd525).

Singleton species were excluded from this analysis.
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Table13. Summary of perMANOVA performed on the Br&urtis distance of the pollinator and
plant communities. Pos$toc columnshowsthe results of Tukey's pehbc test with a Bonferroni

correcton6 GT6 = transitional g r-bacsrsed aaln,d , 6 MB.sBés 6= =s ush
boreal.
Community F model =| p-value GT-LBs GT-MBs | LBs-MBs
Posthoc Posthoc | Posthoc
Pollinators 3.202 0.348 0.002 0.525 0.021 0.033
Flowering 2.256 0.273 0.001 0.024 0.048 0.069
Plants

Grazed and mowed sites had the lowest average (+SD) abundance and richness, with 35.9
+ 20.2 individuals and 13.8 + 5 species per sampling ekalibwed sites had a mean pollinator
abundance of 58.5 + 30.9 individuals/event, and an average richnesd af@.9.species/event.
IVM sites had the greatest average abundance and richness, with 83.6 + 47.7 individuals and 26.9
+ 9 species per sampling event. IVM sites hostedrtbstcleptoparasites, with 128 individuals
representing 30 species (3.peciessite average)Fallowed sites hosted the second greatest
cleptoparasite biodiversity with 10 species (2.5/site) identified out of 36 individuals. Finally, 1
found thefewestcleptoparasitic species in the grazed and mowed sites, with only 18 individuals
representing 6 species (2/site). Furthermore, IVM hosted on average the greatest abundance of
stemnesting species (43.9 individuals/site), including bees in the g€eteting Heriades
Hoplitis, andHylaeus IVM sites also had a much greater number of umispecies (115 species
were only found in sites of this management category) comparfatawed (12) and grazed or
mowed sites (4).

Total pollinator abundance increased throughout the summer season, reaching a plateau in
late July, and remaining stablerthg Augustdespite large variation among samplgiigs(Figure
22). Analyzing the three pollinator groups separately reveals that bee abundance peaked in late
July and subsequently fell throughout August, while both fly and wasp abundance increased in
August following a somewhat stable initial perideigure23). On the other hand, total pollinator
richness steadily increased from June to late July, athwpoint it reached a peak and started
decreasingKigure22). This trend was mostly brought by bees, with fly and wasp richness only

slightly increasinghroughout the sampling seasdigure23).
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Figure 22. Pollinator rarefied richness and abundance per sampling eventhevearmpling
season. Day of year is displayed as Julian date. Shaded area represents the 95% confidence
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Figure 23. Abundance and rarefied richness per sampling event of the three pollinator groups
throughoutthe sampling season. Day of year is displayed as Julian date. Shaded area represents
the confidence intervals.

Combining network and quadrat survey dat@unda total of94 flowering plant species
in the powerline easement, with an averag2ldd species per site (range = 1L@8). Out of the
94 flowering plant specie$/ were native to Manitoba while 17 were introduced. Quadrat surveys
alone yielded 6%lant species (69% of the total plant richness observed in the ROW). The ten
flowering plant species with the greatest overall ground cover were, in descending order:
Dasiphora fruticosgL.) (15.5% of the total sampled plant cove&@nchus arvensis. (11.4%),
Cirsium arvensdL.) (8.1%), Symphyotrichum ericoiddg..) (6.6%), Solidago nemoralig\iton
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(5.5%), Symphyotrichum laevél.) (5%), Apocynum androsaemifoliurh. (3.9%), Achillea
millefoliumL. (3.6%),Mentha canadensis. (3.5%), andCampanula rotudifolia L. (3.2%). Note

that plant species cover is depemd both on the plantds abunda
organisms) and structure (average size and number of branches per single ordaaism).
samplingevent, | recordedthe greatest average (xSD) floweriptant richness in the MBs
ecoclimatic region with 10 + 2.2 species/site. However, the mean plant cover per quadrat per site

in this region was lowest, at 10.6% + 6.6. The LBs region hosted the second highest plassrich

with 9.35 + 3.2 species/site, as well as the second highest plant cover per quadrat per site at 11.7%
+ 5.2. Finally, although the GT region hosted the greatest plant cover per quadrat per site, at 16.4%

+ 16.6, it had the lowest richness, with 7.8.6 species/site. Note that the standard deviation for

the average plant cover per quadrate per site in the GT region is greater than the mean, indicating
alarge variation between sites. The plant comniesigtetween the three ecoclimatic regions were
significantly different from one anotheféble13), with little overlap in ordination spac€igure

24). The GT plant community was significantly different from those in the LBs and MBs regions
(correctedp = 0.024 andp = 0.048 respectively). The difference in community composition
between the LBs and MBggions was instead only marginal (corregbed 0.069). Both plant

species richness and presence count (presence/absence of a species within a quadrat) increased
throughout the summer season, reaching a peak in late Alkggstg25). Average flowering

plant cover instead did not show any trend through time, with large variation between sampling

events Figure25).
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Figure 24. Ordination plot ofthe dbRDAof all plant communities. Each point represents the
community within asite (15 total). Ecelimatic regionhad a significant effect on the plant
community compositionTable13, perMANOVA, F = 2.256,Y = 0.273,p = 0.001), resulting

from a significant difference between t-he GT
hoc test with Bonferroni correctign= 0.024 ang = 0.048 for the relationship between GT and,
respectively, LBs and MBs). The MBs and LBs communities were only marginally different
(adjustedo = 0.069). Singleton observations were excluded from this analysis.
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Figure 25. Flowering plant species richness, abundance (pceseounts), and mean cover per
sampling event over the sampling period. Day of year is shown as Julian date.

When comparing flowering plant biodiversity among the three management categories
(Figure26), | found that grazed and mowed sites had the lowest average richness, with 13.8 £ 5
plant species per sampling event. Mean plant goeequadrate per sampling event, however, was
the second highest at 13.2% + 15-@llowedsites had the lowest mean plaolver per quadrat
per sampling event, at 11.3% + 6.7, but had the greatest average plant richness with 10.1 + 3.5

143



species/event. In terms of mean richness, IVM sites were not far behind with 9.7 + 2.7
species/event, but had the greatest mean plant covegupdrat per sampling event, at 13.55 +
10.5.0verall, differences in local variables between management categories wetainbtally
significant.

Plant Richness

Plant Presence Counts

grazed/mowed pasture fallow IVM grazed/mowed pasture fallow VM

l
| = f

grazed/mowed pasture fallow VM grazed/mowed pasture fallow VM

Mean Bare Ground

Mean Plant Cover

Management Strategy

Figure26. Differences in locascale variables per sampling event betwberthree management
categoriesMean plant cover and bare ground are measured as percentage cover within 1 by 1 m
guadrats.

ROW sites witin theGT ecoclimatic region were surrounded by landscapes composed on

average of only 3% forested land, 67% operdland 21% disturbed lanBigure27). Sites in the

LBs regionwere on average surrounded by more forest (24%), less open land (58%) but also less
disturbed land (15%). Finally, ROW sites within the Miggionwere surrounded by landscapes
thathad on average 46% forested land, 35% open land and only 3% disturbed land. The MBs
region also had the greatest average SHDI and ED values, at 1.66 and 28@spdaévely
(Figure 27). The landscapes surrounding sites within the LBs region had the second highest
average SHDI and ED values, at 1.44 and 210 nefyzectively. Landscapes in the GT ecoclimatic

region had the lowest diversity, with an average SHDI value of 1.19 and mean ED of 171 m/ha.
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Figure27. Landscape characteristics of the three ecoclimatic regions. Théraaik the median
value, box edges are the upper and lower quantiles, whiskers are 50% from the median, and closed
circles are outliers, i.e. values smaller or larger than 1.5 times

Pollinator Abundance and Species Richness Modelling

Global models inelded landscape variables extracted from 500 m buffers around the 15
sites since this distance resulted in the lowest AICc scores in my landscape models. Landcover
within 500 m around my sites was on average 53.4% open land (range8830@), 24.5% fords
(0.2-61.9%), and 13.4% disturbed landg0.6%). At the locakcale, the average flowering plant
richness across all sampling events was 9.1 specidg ecies/event), and the average
abundance was 30.1 countsgd counts/event). The average meamipt@ver across all sampling
events was 12.9% (039.7%), and the average mean bare ground was 7-%.5%90). Finally,
the average mean number of stems across the sampling events was 6.8 stems/qudaréat (0.4
stems/quadrat). Overall, plant richness hgmbsitive effect on both pollinator abundanEry(re
28A) and rarefied richnes§igure29D). Pollinator abundance also responded positively to mean
plant cover Eigure28F). Both pollinator abundan@ad rarefied richness responded negatively to
the surrounding landscape SHBidure28l, Figure29l), however this effect was moderated by

ecoclimatic regionTable14, Figure32). Vegetation management strategy had a strong effect on

145



pollinator biodiversity, witifallowedsites and IVM sites hosting significantly greater abundance
and rarefied richneghan mowed sitesT@ble14).

When we conduct the same global analyses separately on bees, fligaspadve observe
that the three groups responttatently to the environmental factors. The plant richness and mean
cover positively affected bee abundance but had no effect on rarefied richabksl). Bee
rarefied richness did however respond positively to the mean bare greiguig31G). Both bee
abundance and rarefied richness responded negatively to landscape h®wWBVer for bee
abundance this trend was strongly moderated by ecoclimatic régbfe(5). The effect of the
interaction between ecoclimatic region and SHDI on laefied richness was strong but not
significant p = 0.0606 for the interaction between MBs and SHDI). Bee rarefied richness
responded positively to IVM management strategies compared to mowing, butfaitdviang,
while abundance significantly increaskxu both categories when compared to mowiRmre
30H, Figure31H). Flies reponded positively to mean plant cover both in terms of abundance and
rarefied richnessTable16). Fly rarefied richness also increased significantly with plant richness
(b = m®=04053L Finally, wasp biodiversity was not affected by any iecale variables
(Table17). Both wasp abundance and rarefied richness respondedveggtdi SHDI, however
once again this effect was moderated by ecoclimatic region. Additionally, wasp rarefied richness
increased slightly with the amopx0003@)fFinallyr r oun
management strategy significantly exffed wasp abundance, with bédiowed and IVM sites
hosting a greater number of wasp individuals compared to mowed sites. IVM sites also hosted a
greater number of species compared to mowed sites, but this effect was only marginally significant
(p=0.066).
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Table14. Results of global GLMMs performed on pollinator abundance and rarefied richness per sampling event. Site is included as a
random factor. Landscape buffer used is of 50€adius. Sampling events lacking vegetation data are excluded. Variables strongly
correlated with others are excluded.

Pollinator Abundance Pollinator Rarefied Richness

Pseudo-4 4 0.0595 0.535

Pseudo.=| . 0.0595 0.535

Predictor b SE z p b SE z p
Intercept 5.523 1.566 3.53 0.00042 |40.3 15.01 2.68 0.0073
Julian Date -0.0015 0.0054 -0.28 0.777 -0.1057 0.0538 -1.96 0.0497
Temperature -0.0009 0.0241 -0.04 0.9708 0.3736 0.234 1.60 0.1103
Average Windspeed -0.0357 0.0289 -1.24 0.2161 -0.0412 0.2812 -0.15 0.8835
Plant Richness 0.1105 0.0405 2.73 0.0063 0.9609 0.402 2.39 0.0168
Plant Abundance -0.0208 0.011 -1.88 0.06 -0.1433 0.1072 -1.34 0.1812
Mean Plant Cover 0.0251 0.0097 2.58 0.0098 0.1115 0.1054 1.06 0.29
Mean Bare Ground -0.0036 0.015 -0.24 0.8089 0.2241 0.1517 1.48 0.1396
SHDI -1.852 0.7657 -2.42 0.0156 -19.87 7.857 -2.53 0.0114
Disturbed Land 0.0048 0.0087 0.55 0.5797 0.0662 0.0905 0.73 0.4648
Mgmt.1 Pasture Fallow | 0.6736 0.3344 2.01 0.0439 7.319 3.637 2.01 0.0442
Mgmt.T IVM 0.7028 0.3151 2.23 0.0257 9.926 3.242 3.06 0.0022
Ecoclimate’ LBs -2.138 1.131 -1.89 0.0587 -11.58 11.69 -0.99 0.3222
Ecoclimate’ MBs 0.3849 1.546 0.25 0.8033 -43.44 16.41 -2.65 0.0081
LBs : SHDI 1.756 0.8557 2.05 0.0402 11.46 8.803 1.30 0.1931
MBs : SHDI 0.4188 1.063 0.39 0.6935 32.585 11.17 2.92 0.0035
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observation per sampling event. Regression lines represent predicted values from the GLMM.

Shaded area shows the 95% confidence intervals. Signifitactsare shown with bold-palues.

Significant effects of categorical variables are indicated with a star, -aatl@s are shown in
Tablel4. Landscapeariables were calculated from 500 m buffers around eachvateagement
grazed/ mowed,
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Table15. Results of global GLMMs performed on bee abundance and rarefied richness. Site is inciudedas factor.

BeeAbundance Bee Rarefied Richness
Pseudo-4 4 0.0721 0.553
Pseudo.:l . 0.0721 0.553
Predictor b SE z p b SE z p
Intercept 6.756 1.798 3.76 0.00017 | 19.65 9.455 2.08 0.0377
Julian Date -0.0119 0.0064 -1.85 0.0647 -0.0675 0.0339 -1.99 0.0464
Temperature 0.0368 0.0279 1.32 0.187 0.4583 0.1474 3.11 0.0019
Average Windspeed 0.0105 0.0322 0.33 0.7439 -0.0308 0.1771 -0.17 0.8619
Plant Richness 0.1258 0.0461 2.73 0.0063 0.2706 0.2532 1.07 0.2851
Plant Abundance -0.0241 0.0126 -1.92 0.0547 -0.1094 0.0675 -1.62 0.105
Mean Plant Cover 0.0281 0.011 2.55 0.0108 0.1203 0.0664 1.81 0.0698
Mean Bare Ground -0.0061 0.0168 -0.36 0.7155 0.1954 0.0955 2.05 0.0408
SHDI -2.679 0.879 -3.05 0.0023 -12.44 4.949 -2.51 0.012
Disturbed Land 0.0052 0.0098 0.53 0.5943 -0.049 0.057 -0.86 0.3898
Mgmt.i Pasture Fallow | 0.5978 0.3961 1.51 0.1313 7.172 2.291 3.13 0.0017
Mgmt.T IVM 0.7528 0.3622 2.08 0.0376 9.116 2.042 4.46 <0.0001
Ecoclimatel LBs -4.433 1.279 -3.46 0.0005 -8.725 7.366 -1.18 0.2362
Ecoclimate’ MBs -3.095 1.743 -1.78 0.0757 -16.93 10.34 -1.64 0.1015
LBs : SHDI 3.527 0.9705 3.63 0.0003 8.031 5.544 1.45 0.1475
MBs : SHDI 2.62 1.212 2.16 0.0307 13.21 7.038 1.88 0.0606
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Table16. Results from global GLMMs performed on fly abundance and rarefied rict8igsss included aarandom factor.

Fly Abundance

Fly Rarefied Richness

LBs : SHDI
MBs : SHDI

Pseudo-4 4 0.121 0.301

Pseudo.:l . 0.121 0.378

Predictor b SE z p b SE z p
Intercept 5.261 2.128 2.47 0.013 12.02 6.913 1.74 0.082
Julian Date -0.0018 0.0079 -0.23 0.818 -0.0195 0.0266 -0.73 0.465
Temperature -0.0395 0.0354 -1.11 0.265 -0.143 0.1108 -1.29 0.197
Average Windspeed -0.1066 0.0423 -2.52 0.012 -0.229 0.1339 -1.71 0.087
Plant Richness 0.0667 0.0579 1.15 0.249 0.454 0.1921 2.36 0.018
Plant Abundance -0.0116 0.016 -0.73 0.467 -0.0845 0.051 -1.66 0.098
Mean Plant Cover 0.0295 0.0132 2.23 0.026 0.092 0.0459 2.01 0.045
Mean Bare Ground -0.0058 0.0232 -0.25 0.802 0.0112 0.075 0.15 0.882
SHDI -1.139 0.6082 -1.87 0.061 -0.105 2.286 -0.05 0.963
Disturbed Land -0.0008 0.0131 -0.06 0.953 -0.0379 0.0467 -0.81 0.417
Mgmt.i Pasture Fallow | 0.9324 0.4497 2.07 0.038 1.638 1.645 1.00 0.319
Mgmt.i IVM 0.4825 0.4464 1.08 0.28 0.499 1.537 0.32 0.745
Ecoclimatel LBs 0.1281 0.3176 0.4 0.687 0.6095 1.184 0.51 0.607
Ecoclimatel MBs 1.046 0.5599 1.87 0.062 0.8993 2.078 0.43 0.665
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Tablel17. Results of global GLMMs performed on wasp abundance and rarefied richness. Site is inciudedi@s factor.

Wasp Abundance Wasp Rarefied Richness
Pseudo-4 0.406 0.453
Pseudo.=| . 0.406 0.453
Predictor b SE z p b SE z p
Intercept 0.9366 3.458 0.27 0.7865 6.51 4.22 1.54 0.1227
Julian Date 0.0299 0.0121 2.47 0.0136 -0.0005 0.0151 -0.03 0.9756
Temperature 0.0363 0.0526 0.69 0.4898 0.0738 0.0658 1.12 0.2614
Average Windspeed -0.03 0.0562 -0.53 0.5938 0.0647 0.079 0.82 0.4132
Plant Richness 0.0328 0.0853 0.38 0.7007 0.115 0.113 1.02 0.3075
PlantAbundance -0.0089 0.0239 -0.37 0.709 0.0012 0.0301 0.04 0.9688
Mean Plant Cover 0.0266 0.0205 1.30 0.1945 -0.0064 0.0296 -0.22 0.8285
Mean Bare Ground -0.0042 0.0323 -0.13 0.8972 0.0389 0.0426 0.91 0.3611
SHDI -7.229 2.048 -3.53 0.00042 |-8.3 2.21 -3.76 0.0002
Disturbed Land 0.0262 0.0171 1.54 0.1244 0.0739 0.0254 2.91 0.0037
Mgmt.i Pasture Fallow | 1.897 0.8945 2.12 0.034 1.53 1.02 1.49 0.135
Mgmt.i IVM 2.401 0.777 3.09 0.002 1.74 0.911 1.91 0.056
Ecoclimatel LBs -8.957 2.852 -3.14 0.0017 -7.75 3.29 -2.36 0.0183
Ecoclimatel MBs -7.229 3.443 -2.21 0.0269 -0.128 4.61 -2.77 0.0056
LBs : SHDI 6.97 2.151 3.24 0.0012 6.57 2.47 2.66 0.0079
MBs : SHDI 6.433 2.491 2.58 0.0098 0.107 3.14 3.4 0.0007
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Figure 32. Ecoclimatedependent effects of SHDI within a 500 m buffer on the pollinator
abundance and rarefied richness. Points represent observations per sampling event. Regression
lines represent predicted values from GLMM. Shaded asgaegsent 95% confidence intervals.
Significant effects are shown in bold. -AGTO0 =
Boreal, AMBsO0O = subhumid Mid Boreal
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To compare pollinator biodiversity between the three management strategy, groups
performel type Il ANOVA analyse¢Table18). This allowed me to compare all three categories
with each other, whiclkeould not be done with the GLMM analysésompared the aimdance
and rarefied richness of all three pollinator groups, and of the whole commueatitgem VM,
fallowed and grazed/mowed site®ll tests revealed significant differences among the
management categories, with IVM sites hostiyngater abundance émarefied richness of all
three pollinator groups and of the whole commurniliige differences in pollinator biodiversity

between management categories were plotted so that they may be easily visbajineB8,

Figure 34).
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156



Per Sampling Event

Total

20 404
= = 33 ‘
Z Z
2 151 g
212 £
i) g
~ i 30- ‘
o o>
d o
m 23]
=
2 101 2
5 5 251
3 3
~ o
5 I 201
T
grazed/'mowed pasture fallow M grazed'mowed pasture fallow VM
L
15
251
= =
Z %
a e
2 5
5T B
= ‘ =207
= o T
o o
= =]
2 = ‘
5 o
~ 5 ~
‘ ‘ i
grazed’'mowed pasture fallow VM grazed/mowed pasture fallow M
6
15
= =
] &
2 2
54 s
~ o
& £107
Z Z
- =
Q_) o
521 3
3 & T
~ & 5
0
grazed/mowed pasture fallow VM grazed/mowed pasture fallow VM

Figure 34. Rarefied richness of the three pollinator groups per management strategy.

Management Strategy

157



Table 18 Results of ANOVA Type Il tests performed on pollinator abundance and rarefied
richness variables between tteee management categories. "g/m" = grazed or mowed, "pf" =
asture fallow, "IVM" = integrated vegetation management.

Response F 3 p-value g/m pf VM

Variable value mean mean mean

Pollinator 12.5 0.301 <0.0001 35.9(a) 58.5(b) 83.6 (¢)
Abundance

Pollinator 16.1 0.304 <0.0001 13.7 (a) 17.9 (b) 22.9 (c)

Rarefied

Richness

Bee Abundance 7.57 0.201  0.001 18.3 (a) 27 (b) 38.7 (c)
Bee Rarefied 13.4 0.265 <0.0001 6.73 (a) 9.14 (a) 11.9 (b)
Richness
Fly Abundance 5.6 0.203 0.0055 14.2 (a) 27.4 (b) 34.5 (c)
Fly Rarefied 3.23 0.0802 0.0455 5.23 (a) 6.66 (ab) 7.39 (b)

Richness

Wasp 7.57 0.238 0.00103 3.29 (@) 4.1 (a) 10.5 (b)
Abundance
Wasp Rarefied 7.7 0.172 0.0009 1.32 (a) 2.14 (ab) 3.05 (b)
Richness

Pollination Network Analysis

Across the 1\etworks Figure S-S15), | found 1431 unique plarpollinator interactions
out of the 4,958 observed links. The ten plant species with the greatest number of interactions
across all networks wef®onchus arveisL. (9.5% of all interactionspasiphora fruticosdL.)
(8.7%),Cirsium arvenséL.) (7.8%),Melilotus albusMedikus(6.2%),Solidago nemoraliéiton
(4.3%),Solidago canadensis. (4.1%),Apocynum androsaemifolium (3.6%), Solidago rigida
L. (3.4%), Symphyotrichumaleve (L.) (3.3%) andSolidago gigantediton (2.7%).Plants were
with the greatest pollinator richned€3asiphora fruticosgL.) (85 pollinator species)Melilotus
albusMedikus(83), Sonchus arvensis. (74), Cirsium arvenséL.) (67), Solidago canadensis
(52),Solidago nemoraligiton (49), Apocynum androsaemifolium (47),Hieracium umbellatum
L. (45), Solidago rigidaL. (42), andSolidago ptarmicodegTorrey & A. Gray) (41). Most
pollinators had low pamer richness (184 pollinator species had 5 or less plant species partners),
but a few had many. The ten insects visiting the greatest number of plant species were, in
descending ordeifoxomerus marginatuSay) (55 plant speciesBombus ternariusay (32),
Eristalis dimidiata Wiedemann(32), Megachile relativaCresson(32), Helophilus fasciatus

Walker (27), Systoechus vulgarisoew (25), Bombus sandersofiranklin (24), Hylaeus affinis
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(Smith)(24), Toxomerus geminatSay)(24), andHeriadesvariolosa(Cresson)23). In general,
the plants and pollinators with the greatest link abundance also had greater link richness compared
to others. The networks had an average i&®) of 87.319 species and were all dominated by
pollinators (mean websgmmetry = 0.48+0.11). On average, networks were composed of 65.5
pollinator and 21.8 plant species. Mean link abundance was 330.5+146, and the average link
richness was 147.7+48.%dble19). The estimated sampling completeness across my 15 networks
was 55.7%7.7, in line with other pollination network studi@Shacoff et al. 2012; Devoto et al.
2012; Grass et al. 2018; MartinBzifiez et al. 2019 urthermore, sampling completeness was
not significantly relatedot t he sites® vegetation makalgBe ment
p=0.3,0 =0.18), or to the ecoclimatic region (Type Ill ANOVA, F = 0.p% 0.5,0 = 0.11).
Therefore, even if some links in the networks remained unobserved, no systematic bias in sampling
completeness affected the network metrics between the different management strategies or
ecoclimatic regions.

The model selection process revealkdt thetwork size was mainly influenced by the
vegetation management stratedyalfle 20), with fallowed sites hosting larger networks than
grazed or mowed sites, and IVEites hosting the largest networks overdlg(re 35F).
Connectance was also strongly affected by m;:
significantly smaller coomct ance ¢ omp ar eFfburet3BA). Gopriecteiice svast e s (
additionally affected by ecoclimatic region, with the LBs region hosting networks with greater
connectanceompared to the otherBigure35B). No environmental variable influenced network
nestednesd@ble20). Network specializaton(H2 was signi ficantly great
when compared to 0g/ mdé si t e §iguredsa,dD). Addisonallyr e at e s
H2' was positively affected by the mean flowering plant cokggre35F) and negatively affected
by the landscape SHDFigure 35E). Network modularity followed a similar pattern, being
positively affected by mean plant cover and negatively by SHute 35, H). And as with
network specialization, modularity was also greatest in the MBs ecoclimatic réggone35G).
Finally, networks in IVM sites were the most robust to random plant species extinétigae(
35J). Furthermore, network robustness was positively affectatklay plant cover, and negatively
affected by bare groundrigure35K, L).
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Table19. Net wor k met r i c thathaveddéen standhrdized tiasnsll models. r i ¢ s

Site | Size | Link Link Connec Nodfz | Linkage | yo' 2 Modularity | Robustness
richness abundance | tance z density z z random z
1 57 82 171 -8.201 -0.952 -1.88 3.356 2.131 1.478
2 87 166 373 -12.62 -0.139 -3.488 5.73% 6.339 2.384
3 78 136 223 -7.476  -0.737 -2.272 3812 3.18 -0.5@
4 112 196 482 -17.02 0.633 -4.507 7.579 6.259 2.825
5 81 118 222 -13.62 -2.299 -1.171 2.108 1.253 1.277
6 85 148 361 -12.63 2.094 -1.875 3.465 2.609 2.968
7 64 110 266 -9.769 1511 -0.799 1559 2.136 0.0875
8 82 112 226 -10.62 -2.017 -2.902 3.283 1.243 1.967
9 55 71 151 -4.019 1.846 0.386 0.622 3.882 -0.0117
10 87 151 321 -12.60 1.444 -2.407 5.063 4.523 1.726
11 96 135 307 -11.66 -3.024 -4.732 10.181 7.769 1.687
12 113 210 420 -15.85 0.0836 -2.828 5.424 4.909 1.363
13 93 131 229 -12.04 0.913 -1.6(0 5.28 3.629 0.224
14 105 239 535 -12.61 -3.249 -5.585 7.207 4.64 3.698
15 114 210 671 -17.54  -3.944 -7.424 11.098 7.152 4,183
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Table20. Results of GLMMs performed on the network metrics. Model selection was performed
vari abl es

by sequentially droppingnemi gni fi cant

function in R statistical software. All standardized (z) metric models f¥itevdath a Gaussian

distribution. Networksize model was fit with a negative binomial distribution.

from an

Response 4 Predictor b SE z p
Network Size 0.532 Intercept 4148 0.081 51.23 <0.0001
Mgmt.i Pasture Fallow 0.224 0.103 2.17 0.03
Mgmt.i IVM 0.459 0.091 5.04 <0.0001
Connectance (z) 0.685 Intercept -7.655 1.072 -7.14 <0.0001
Mgmt.1 Pasture Fallow -6.951 1.408 -4.94 <0.0001
Mgmt.T IVM -6.854 1.408 -4.87 <0.0001
Ecoclimate’ LBs 3.27 1.195 2.74 0.0062
Ecoclimatel MBs 0.568 1.321 0.43 0.6669
NODF (z2) 0.328 Intercept -0.699 0.686 -1.02 0.308
Ecoclimatel LBs 1.674 097 1.73 0.084
Ecoclimate’ MBs -1.145 0.97 -1.18 0.238
H2' (2) 0.824 Intercept 8.72 1.544 5.65 <0.0001
Mean Plant Cover 0.133 0.0389 3.42 0.0006
Mgmt.i Pasture Fallow 2.536 0.8739 2.9 0.0037
Mgmt.i IVM 3.744 0.9905 3.78 0.0002
Ecoclimatel LBs -0.0086 0.7184 -0.01 0.9905
Ecoclimatel MBs 5.176 0.9228 5.61 <0.0001
SHDI -6.74 1.368 -4.93 <0.0001
Modularity (z) 0.586 Intercept 5576 1.798 3.1 0.00192
Mean Plant Cover 0.1554 0.0428 3.63 0.0003
Ecoclimate’ LBs 0.2178 0.8371 0.26  0.7947
Ecoclimatel MBs 3.85 1.034 3.72 0.0002
SHDI -3.279 1.456 -2.25 0.0243
Robustness to 0.755 Intercept 1.062 0.4915 2.16 0.031
random plant Mean Plant Cover 0.0981 0.0215 4.55 <0.0001
species loss (z) Mean Bare Ground -0.1409 0.0293 -4.8 <0.0001
Mgmt. T Pasture Fallow -0.0402 0.4966 -0.08 0.935
Mgmt.i IVM 1.05 0.4223 2.49 0.013
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To compare network structure among the three management strategies or ecoclimatic
regions, | performed type Ill ANOVA test§4ble 21). This allowed me to compare all three
categories of either variable with each other. This was not possible in the GLMMs, which only
allowed me to determinewheher t wo categories were different
against 06g/ mo6) . Only signi f i c agelection prbcass weoen s hi p
explored. For instance, since | found no significant relationship between ecoclimatit aad
network size in the selected GLMM, | did not perform an ANOVA to explore this relationship
further. Finally, | created box plots to visualize the differences in network size and structure

between the three management categoFiggi{e 36).

Table 21. Summary of ANOVA type Il tests to compare network metrics among the three
management strategies or ecoclimatic regions. Tests were confstation the results from the
model selection process, shownTiable20. Only significant rel ati on:¢

= grazed or mowed, AliVpM0oO == ima setguraa efda lvlieogwe,t at i ¢
transitional gr assl-lamnrde alfi,L BisMB sso-tommabshwhbrhi dmil c wmi
Predictor Response Fvalue 4 p value Groups & Means
Management Size 11.79 0.532 0.0015 g/mi a 63.33
pf-b 79.25
IVM -c 100.2
Management Connectance (z) 10.05 0.589 0.0027 g/m-a -6.565
pf-b -12.15
IVM - b -13.74
Management H2' (2) 6.219 0.47 0.014 g/m-a 2.597
pf - ab 3.049
IVM - b 6.974
Ecoclimate H2' (z) 6.62 0.486 0.0115 GT-ab 4.518
LBs-b 2.799
MBs - a 7.838
Ecoclimate  Modularity (z) 2.798 0.285 0.1006 GT-a 3.822
LBs-a 2.878
MBs - a 5.62
Management Robustness (z) 2.963  0.297 0.0899 g/m-a 0.2914
pf-a 1.515
IVM -a 2.291
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Many network metrics are inherently related, in various degrees, with eacfDuthaann
et al. 2009) To visualize the relationships between the wlated metrics | plotted the smoothed
ng
(Wickham et al. 2021)We observe a pitive relationship between standardized network

condi tional means on scatter pl ots wusi t he

specialization (H2 and modularity, while standardized connectance, nestedness and linkage
density all have negative relationships with H2gure37). Standardized Hand modularity had

a positive relationship with standardized network robustness, while standardized connectance and

nestedness were negatively related to robustiégsré38).
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Figure 37. Relationships of standardized network modularity, linkage density, connectance and
nestedness (NODF) with standardized specialization (H2').
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Speci esd Network Rol es

Across the 15 sampled networks | identified 39 pollinator spect% df the total) that
played a key role in at least one networklfle22). Out of these, 27 species were module hubs
and 19 were connectors in one or more of the networks. Only four species were identified as
network hubs: the be@&ombus ternariuSay, which was a network hub in two sitéssioglossum
laevissimum(Smith), Megachile rotundata(Fabricius) and the syrphicEristalis dimidiata
Wiedemann The other 85% of identified pollinator species were peripherals and played no key
network roles. Bees were the group with the most species playing important network roles, with
22 species being module hubs, connectors and/ c
were variable across space, with most species only playing key network roles in one or two sites.
However, a few species were consistently important for tesepvation of the stability of the
networks in which they were present. For the pese species includ&lternarius which was
a keystone species in nine of the fifteen netwdBksnbusternariuswas consistently important
throughout most of the latidinal gradient, from the southern sites to the northern ones. Other
notable species includéegachile relativaCressonwhich was a module hub or connector in four
networks, and/legachile rotundat#Fabricius) the introduced alfalfa leafcutter bee, whigas a
module hub, connectaar network hub in three networks within the LBs ecoclimatic region, where
this species was being managed for crop pollination.Li/senachiaspecialist oHlcollecting bee
Macropis nuda(Provancher)vas a module hub in the ribernrmost site, where it was most
abundant. Thirteen fly species played a key network role in at least one site. Notable species which
were consistently important includ®exomerus marginaty$ay)(module hub or connector in six
networks) andyritta ppiens(L.) (module hub or connector in five networks). These two species
played key network roles in the southern and middle sites along the latitudinal gradient but were
not important in maintaining network stability within northern sites, where they mwecé less
abundant if not absent. On the other hand, syrfiridsalis dimidiatawiedemanrandHelophilus
fasciatusWalker consistently played key roles in northern sites but were only peripheral in the
southern sites. Besides syrphids, among the flies playing key network roles | also identified four
species in the Bombyliidae family, and one in the Stratiomyidae family. fOatywasp species
played a key network role in at least one ditelichovespula arenarigFabricius) which was a
module hub in two networkddAmmophila aztec&€ameron and twoChelonusmorphospecies

(which I named A and B for simplicity).
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| identified 17flowering plant species (18.1% of the total) that played a key network role
in at least oa site (Table22). Ten species were module hubs while seven were connettats i
least one of the sampled networks. No flowering plant species ever played the role of network hub.
Plant species network roles were not consistent across space. Most of the 17 species were only
important in maintaining the stability of a single netwowt of the fifteen sampled. The only
species which played a key role in more than one networkDaaphora fruticosgL.), which
was a module hub in two networks. Overall, plant species were less likely than pollinators to be
critical in the maintenanad network structure. In four networks out of fifteafi the plant species
were peripheral, with none playing a key role. Although most of the identified keystone plant
species were natives, a few were introduced species. Thes#eldotus allus Medikus (white
sweet clover)Medicago sativd.. (alfalfa), Sonchus arvensis (field sowthistle), andTrifolium
hybridumL. (alsike clover). In the northemmost site, in conjunction with the bstacropis nuda
(Provancherpeing a module hub, | identified its host plant spetigsimachia ciliatalL. as a

connector species.
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Table22. Modul e hubs, connectors and network hubs of eabch net wor
Species Site 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Bees
Anthophora terminalis - - - - - - - -
Augochlorella aurata - - C -
Bombus ternarius C M C - C M - N C - C - N - -
M C

B. rufocinctus -
B. griseocollis -
B. sandersoni c - - - - s 2 - -
Colletes hyalinus - - - - - - - - - - C - C - -
C. simulans - - - - C - - - - - - - - - -
Dufoureaharveyi - -
D. maura - -
Halictus confusus - - -
Heriades variolosa - - M - - - - - - - M - - -
H. carinata - -
Hylaeus mesillae - -
H. affinis - - -
Lasioglossum laevissimum - - - - s s - - - - - - - N -
Macropis nuda - - - - - - - - - - - - - - M
Megachile relativa - C - - - - - - - - M - - M M
M. latimanus - - M - - - - - - M - - - - -
M. rotundata - - - - - C N M - - - - - - -
Nomada florilega - - - - - - - - - - C - - - -
Osmia proxima - - - = - - - - - -
Flies
Eristalis dimidiata - - - - - - - - - M N M - - -
E. interrupta - - - - - - - - - - -

Hedriodiscus binotatus - - - - - - = = - - C - - - -
Helophilus fasciatus - - - - -

Poecilanthrax alycon - - - -
Sphaerophoria philanthus - -
Syritta pipiens M M - -
Systoechus vulgaris -
Toxomerus marginatus M M - M
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T. geminatus

Villa fulviana

V. lateralis
Xylotanaknek

Wasps
Ammophilaazteca
Dolichovespula arenaria
Chelonus sp. ChB
Chelonus spChA
Flowering Plants
Campanula rotundifolia
Cirsium flodmanii
Dadgphora fruticosa
Erigeron glabellus
Euthamia graminifolia
Galium boreale
Lysimachia ciliata
Melilotus alba

Mentha canadensis
Medicago sativa
Monarda fistulosa
Solidago sp.X
Solidago gigantea
Sonchus arvensis
Symphoricarpos occidentalis
Trifolium hybridum
Zizia aurea
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3.4 Discussion

Pollinator Fauna

The ~300 km section of doubl@e transmission ROW that | surveyed in Manitoba
provided habitat for a rich fauna of wild insect pollinators. Among the three pollinator groups
sampled (bees, flies, and wasps) | identified 259 species. The 130 observed bee species constitute
~16% of the know bee fauna of Canada and ~35% of the 369 described bee species recorded from
Manitoba(Gibbs et al. unpublished) expect thagreatersampling effort would further increase
the number of species observed. This could be done by increasing nettingrtfftoeg@especies,
thenumber of sites and sampling events per site, and by adding passive sampling methods such as
bee bowls and blue vane traps. A few exotic bee species were present in the samples, including
Andrena wilkellaKirby), a grounenesting Eubpean bee, a single individual Apis melliferal.,
the European honeybee, and over 140 individuaMegachile rotundatgdFabricius) the alfalfa
leafcutter beeMegachilerotundatawas mostly present in the LBs ecoclimatic region, where the
introducedspecies was being actively managed for the pollination of alfalfa and canola crop fields.
Other studies have also found significant pollinator biodiversity within powerline ROWSs, although
differences in methodologies make direct comparisons diff{tiE@hham and Nichols 2000a;
Russell et al. 2005, 2018; Lensu et al. 2011; Véaghal. 2014a, 2019; Hill and Bartomeus 2016;
Steinert et al. 2020)These studies all focus on sampling the biodiversity of either bees or
butterflies and moths. Leston and Kog2017) sampled butterflies in urban powerline ROWs
within 70 km of Winnipeg (Manitoba) aneécorded 46 species over three years of observations.
Wagner et 82014, 2019jecorded 163 and 197 bee species from powerline ROWSs in Connecticut
and New Hampshire (U9, respectivelyMeanwhile, Russell et 005, 2018yeported 98 and
146 species respectively fromseanents in Maryland (USA). To my knowledge, the study by
Russo et al(2021) conducted in Pennsylvania, is the only published study where the whole
flower-visiting insect community was sampled, with 126 bee species and 17®eron
morphospecies recorded. All pollinat@lated research conducted within powerline ROWSs
however hatocused only on sampling abundance and richness. This study is the first to investigate
pollination networks within transmissidime easements.

| documented several rare native bee species. For instance, a large popubldaoropfs
nuda(Provancher)the onlymelittid found in Manitoba, was observed in the northewst site,

where its host plantysimachia ciliataL. was present. This bee species is considered a
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conservation target due to its rarity. Given the presence of aNEg®pispopulation vithin the

ROW, I hoped t o det ect Epeoviges pilpsalesiCressan) ac | ept o
exceptionally rare, endangered bee which has recently been rediscovered within the province of
Manitoba(Gibbs et al. 2021)l failed to obsere this rare species but believe that its presence
within the surveyed ROW is possible given its known distribution and the presence in high
numbers of its host. Furthermore, the presence of this species within powerline ROWSs has already
been recorded prewusly in Connecticut, USAWagner et al. 2014a, 2019ndin Manitoba

(Gibbs et al. 2021)In the ROW, | observed species swdTriepeolus obliteratusNomada
guadrimaculataSphecodes coronand Sphecodes dichloruscleptoparaséswhich have only
recently been i ncl ud(&idbs étal. unablishedfortherrdose, Iladded r e c o
four bee species to the recortiish had previously never been observed in the providsmia
subaustralisCockerell(also the firstCephalosmissubgenus record for Manitob&gtelis nitida
Cresson Triepeolus grindeliaeCockerell (two cleptoparasitic species), aridasioglossum
immigransGardner(Figure19) 1 a species that was undescrittedoremy study and which had

never been recorded in Caaablefore. Bombus terricoleKirby, a bumblebee species in decline
across North AmericgColla and Packer 2008; Cameron et al. 201M/B§ also recorded from the
powerline ROW. Diversity and the presence of rare species tend to be the most frequently used
criteria for the selection of conservatimorthy sites(Prendergast et al. 1993Rare, at-risk
speciesare an excellent biodiversity indicator group and have a high potential to be used to select
areas for conservation when information about species distributions is @casber et al. 2003)

Our observations of many rare (in terms of abundance and/or spatial distribpgo@sswithin

the powerline easementbereforejs a promising indication that these ROWs may have a strong
conservation value. Among the wasp species sampled, a noteworthy find was that of
Dolichovespula adulteringde Buysson)a social parasite of a¢h wasps of the same genus.
Dolichovespulaadulterinafemales parasitize nests of host species by usurping the queen and
assuming the reproductive responsibility while simultaneously leading thexisteng workers

(Archer 2006) Parasitic species such as cleptoparasites are expected to spend less time foraging
and more time near potential nesting sifeassell et al. 2005)The presence of many parasitic
species within the powerline ROWherefore suggests that many pollinators may be using the
easement for nesting, rather than only for foraging. Parasitic species also indicate good quality of

the habitat in the powerline ROW, as they only persist in areas where populations of their hosts
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reach a stable thresho(8heffield et al. 2013; Russell et al. 2018)ccupying a higher trophic
level, cleptoparasites may kemilarly considered indicator taxa top predators and parasites;
their presence is dependent on dnsributionof their hosts and the resources available to these
hosts(Sheffield et al. 2013)Cleptoparasites respond to environmental pressures in ways that are
reflective of the entire bee community, and thusees sensitive indicator tax8heffield et al.

2013) The presence of a diverse cleptoparasitic community within the powerline ROW is further
indication of the quality of this eadsuccessional habitat and of its conservation potential.

Bees were overall the dominant pollinatoogp in the powerline ROW both in terms of
abundance and richness. A few abundant generalist bee species comprised a significant portion of
the observed plasgollinator links. Five bee specidBpmbus ternariu§ay, BombusSandersoni
Franklin Megachile réativa Cresson Megachile rotundata (Fabricius) and Hylaeus affinis
(Smith) combined were involved in 18.2% of all observed interactiBosabus ternariuglone
was involved in 8% of all linkBombusspecies tended to be highly abundant due to theicelso
behaviar i building colonieghatincreased in size as the summer progressed. To build and sustain
these colonies, bumblebees require highly abundant and diverse floral re$ocaineggiirement
thatscales with increasing colony si@ddoquet et al. 2017; Kaluza et al. 2018)e presence of
Bombusn a large proportion of plafgollinator interactions in the ROW suggests that this habitat
contains a rich and diverse floral community that can sustain the resource requiremegts of la
eusocial bee colonies. The high observed richness and floral visitation rate of bees, and their known
high pollination efficiencyJauker et al. 2012; Orford et al. 205bggest that they were the most
dominant and effective pollinator group within the surveyed powerline ROW. This highlights the
importance of bees imaintaining a key ecosystem service within anthropogenic systems.

Flies were also highly involved in the pollination of plants within the powerline RTW.
species with the greatest number of links overall wagzhid, Eristalis dimidiataWiedemann
which was involved in 8.2% of all observed interactions. This fly was particularly important in the
northern sites (within the MBs ecoclimatic region), wheest of its interactions were observed.
Together withToxomerus marginatusSay) andHelophilus fasciatusValker, two other super
generalist, highly abundant syrphids, these three fly species were involved in 21.1% of all sampled
interactions. Furthermer Syrphidae was overall the family with the greatest number of species
and with the greatest frequency of interactions with flowering plants in the ROW. Syrphids, and

in particular species within the gertasstalis, have been shown to be effective pdltors, as they
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carry pollen loads that are comparable to some bee specieAdis.gnelliferd and visit flowers
at a high frequencfKendall and Solomon 1973; Sahli and Conner 2007; Rader et al. 2009; Orford
et al. 2015)My results thereforesuggest that syrphids were also playing an important role in the
pollination system within the ROW. In particular, | highlight the importance of the genera
ToxomerusEristalis, Helophilus andSyrphuswhich were involved in a significant gimm of the
total observed interactions. The latter three taxa were especially important in the Aoidsern
ecoclimatic region (MBs) where they took part in 32.6% of network links.

Finally, my results show that wasps were not as involved in flowenptbn as bees and
flies, only partaking in 11% of the observed links. However, despite the low visitation numbers,
the richness of this pollinator clade was relatively high, consisting of 19% of all recorded species
in the ROW. Only one wasp species wasghly frequent flower visitorDolichovespula arenaria
(Fabricius) the common yellowjacket, which was involved in almost 5% of all observed
interactions. Commonly misjudged due to its highly defensive nature, my results show that this
species may be ctibuting highly towards the provisioning of a beneficial ecosystem service.
Besides its frequent flower visitations, this species has a relatively large body size, which is
positively associated with pollination effectiven¢S&hli and Conner 200.7Furthermorgthis
species can be highly abundant due to its eusocsingebehaviar and may potentially carry
high pollen loads due to an abundance of long hairs covering its body. This suggests that
Dolichovespulaarenariamay be an effective pollinator species in the surveyed powerline ROW.
Unfortunately the lack of data on the quantity and quality (monospecific deposition) of pollen
transfer precludes us from fully quantifying pollination effectiveness. In general, however, wasps
played a minor role in the pollination system. Most wasps are carnivopasasitoids, visiting
flowers only occasionally to consume nectar and pollen for gamete develqpat@t al. 1997)
Since my study only focused sampling the pollination network within the ROW, it was to be
expected that wasps would not be highly involved. This however highlights the lack of exploration
of multitrophic networks and the provisioning of multiple ecosystem services. Beyond patijnatio
wasps provide critical ecosystem services such as pest control through their predatory and parasitic
behaviar (Bianchi et al. 2006; Steckel et al. 201%he conseration of natural enemies within
anthropogenic systems is, together with pollinators, also a management gRedtich et al.
2018) Biotic and abiotic changes resulting from anthropogenic activity, such as declines in plant

biodiversity and habitat fragentation, can have complex and compounding effects on species and
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interactions within multitrophic networKScherber et al. 2010; Fenoglio et al. 2012; Steckel et al.
2014; Grass et al. 2018)he plants and pollinators in the ROW form a mutualisttevork which
is part of a much larger ecosystem composed of other trophic levels connected through both
mutualistic and antagonistic relationships. This includes herbivores eating the plants and
carnivores eating or parasitizing both the herbivores andgdfimators. Studying an entire
mul titrophic networ k, even if Acontainedo wi
However, given the important ecosystem service provided by natural pest enemies in agricultural
areas, | believe future studies shibfocus on quantifying hogiarasite trophic networks within
ROWs and evaluate how they are affected by different environmental variables and management
strategiegKruess 2003; Grass et al. 2018his would allow us to determine whether ROWSs have
the potential to be used for the conservation of natural enemies, along with pollinators.

Pollinator biodiversity and community compositichanged markedly within the ROW as
| moved northwards through the three ecoclimatic regions. AkmeNvn trend of biogeography
is a decrease in species richness with increasing distance from the déistber 196Q)
However, contrary to my original expectations #imd general biogeographical trend, my results
reveal that pollinator biodiversity was greatest in the northesst stretch of the surveyed
powerline section. The five sites in the subhumid-bodeal (MBs) region hosted the greatest
average abundancedarichness. This may be the result of a combination of environmental factors
that benefited pollinator biodiversity in this region. The MBs ecoclimatic region was characterized
by reduced anthropogenic disturbance both within the ROW and in the surrolamdisgape. All
five sites were managd¥M and hosted the greatest average flowering plant species richness
(compared to sites in the other ecoclimatic regions). Additionally, anthropogenic disturbance in
the landscape surrounding these sites was min(imglre 27), while forested land was higher
than in the other regions. Finally, the MBs region was also characterized by a greater landscape
diversity, with higher SHDand ED levels than the LBs and GT regions. All of these factors may
be contributing to the increased pollinator biodiversity in the powerline section within this region.
At the local scale, pollinators respond positively to increasing flowering plant andeichness
(Hulsmann et al. 2015; Cole et al. 2017; Rollin et al. 208%)dies examining the effect of
landscapescale variables on pollinator biodiversitystead report positive effects of amount of
natural and sermmatural land, while effects of landscape configuration tend to be wigakamedy

et al. 2013) Sites within the MBs ecoclimatic region also had a significantly different pollinator
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community composition compared to the LBs and GT sites. The flowering plant community in the
MBs was significantly differenfrom that in the GT region, but not in the LBs region. | therefore
believe that it was the variability in the surrounding vegetationthadabiotic characteristics
(average temperature, moisture, soil type, etc.) to cause the difference in pollinator community
composition, rather than variability in local flowering plant communities.

The proportion of bees in terms of total pollinator abundance and richness diminished
moving northwards along the ROW, while that of flies increased. Bee relative abundance and
richness fell by 10% and 7% respectively moving northwards along the powesliméfe GT to
the MBs ecoclimatic region. Flies, on the other hand, experienced an increase in relative abundance
and richness of 10% and 12% respectively moving northwards. In the nemtbstrecoclimatic
region flies were the dominant pollinator groapgeérms of abundance and participated in 46% of
all sampled interactions, compared to bees which were involved in 42% of the links. Even though
bees remained the most spedies clade in the northern stretch of the surveyed ROW, | expect
flies to becoma@ominant in terms of richness as well moving further north. This general trend of
a decrease in relative bee biodiversity in proportion to the total pollinator fauna, and increase in
relative fly biodiversity with increasing latitude is wektablishedElberling and Olesen 1999)

The reason behind this is that most bee species thrive in warmer, xeric environments and therefore
are not as prevalent in cold, wet environments such as high altitudes and |éktiactieser 2007;

Orr et al. 2021) Many fly species, on the other hand, are sadihpted to cold environments, and
some require the presence of wetlands for the development of the larval stageigeabs).

Hence the observed drop in bee and increase in fly biodivangitsoportion to the total visitor
fauna in the highelatitude sites. These were situated within the boreal forest, characterized by a
cold environment an@ high density of wetlands. Nonetheless, in terms of raw numbers, bee
richness was greatest in thMBs region compared to the other two. Several pollinator taxa were
associated with different ecoclimatic regiorististalis, Helophilusand Syrphuswere dominant

fly genera in the northern MBs region, while genera su8yeataandVilla were abundarftower

visitors in the GT and LBs regions. The two recordestomerusspecies followed completely
different patternsToxomerusnarginatugSay)(the most abundant of the two species) diminished
moving northwards, whildoxomerusgeminatus(Say) increasedBombusspecies were most
abundant in the southern region and diminished moving northwards. Meanwhile, other eusocial

species in the geneBolichovespulaandLasioglossumparticularlyL. planatum(Lovell) andL.
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viridatum (Lovell), increased markedly iabundance in the MBs compared to the southern and
middle ecoclimatic regions.

Overall, these findings demonstrate that the surveyed transmission line ROW is serving a
role in the conservation of wild insect pollinators, including rare species, in thelagatand
forested landscapes of southern and-Mahitoba where earlguccessional habitats and the
associated species are known to be in decline. Other studies have reported high biodiversity of
bees and butterflies in powerline ROWSs in the UnitedeStahd Canad&ussell et al. 2005, 2018;
Wagner et al. 2014a, 2019; Leston and Koper 2016, 28&Weverl have shown that these linear
habitats can also host abundant and rich flevigting fly and wasp assemblages. Although it has
been suggested that powerline ROWSs can be used as conduits by (iRbéigis et al. 202Q)I
found distinct pollinator communities along the length of élasement, suggesting that many
species did not disperse along the corridor beyond their latitudinal maxima. | also found that
pollinator biodiversity increased mowing northwards, which goes against the general global trend
(Fischer 1960Q)I determined that this was liedue to reduced anthropogenic pressure within the

corridor and in the surrounding landscape.

Biodiversity Models

Following my original predictions, | found that local vegetation management and floral
resource availability and diversity in the powegliROW had positive influences on pollinator
biodiversity. Both flowering plant species richness and cover positively affected pollinator
biodiversity in the ROW. Pollinator rarefied richness was significantly affected by the flowering
plant richness in theasement, while pollinator abundance was affected both by plant richness and
cover. The positive bottomp relationship between flowering plant and pollinator biodiversity is
well-establishedNicholls and Altieri 2013) It has been observed within small, isolated habitat
patches, in anthropogenic environments (e.g. city paaks) within narow linear environments
such as floral strips, roadside verges, and powerline easefHepisood 2008; Hulsmann et al.
2015; Cole et al. 2017; Russell et al. 2018; Baldock et al. 26R@bn et al. 2019; Phillips et al.
2020; Russo et al. 2021My study confirms that this general trend occurs within powerline
ROWs, regardless of latitudinal location, surrounding landscape characteristics, or local vegetation
management strategy.Wn analying the three pollinator groups separately the GLMMs show

that bee abundance was positively affected by both plant richness and cover, however rarefied
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richness was not. Instead, | found that bee rarefied richness was positively affectechiguthie a

of bare ground in the ROW. Most bee species burrow in the soil to build theirfMéstener
2007)and therefore benefit from habitats with high amounts of exposed ground. Other studies
have also found a positive relationship betwéhe amount of bare ground in ROWs and bee
biodiversity( Hopwood 2008; .Mbeseod&ulteduggest that in2réasidg)exposed
ground within powerline ROWSs can help increase bee richness. Furthermoraghlthy net
collecting method does not allow me to determine whether foragers were also residents in the
ROW, these results suggest that several bee species are using the easement for nesting, and not
just for foraging. These results are encouraging bectnese suggest that powerline ROWs
provide both foraging and nesting resources to pollinators, which are otherwise lacking in many
agricultural or forested areas. These ROWs may therefore act as a source of pollinators for the
surrounding landscapes, a btial aspecthathas been suggested by other studies as(Bett

et al. 2016; Russell et al. 201&liesand wasps responded differently to local environmental
variables. Fly biodiversity responded positively to flowering plant richness and cover, while wasp
biodiversity did not. Flies, particularly syrphids and bombyliids, are frequent flower visitors and
therefore just like bees are positively affected by a high richness and density of floral resources
(Cole et al. 2017)Wasps are carnivorous, they hunt or parasitize other insects and visit flowers
only occasionally to consume some ne¢Ratt et al. 1997; Wojcik and Buchmann 20IR)ey

are much less dependent on floral resources than bees, syrphids and bombyliids, hence the lack of
relationship between floral resource availability and diversity, and wasp biodiversity in my study.
In contrast, by occupying higher trophic levels, waspgl tem be more dependent on the
distribution and abundance of their prey or hosts sp€smzepko et al. 20)2Waspstherefore,

thrive in heterogeneous landscapes, where they can find greater biodiversity of their hosts (primary
consumers) due to a large diversity of resources (primary prody&teshanDewenter 2003;
Bianchi et al. 2006; Szczepko et 2D12; Steckel et al. 2014)

Following my original predictions, local vegetation management strategy had a significant
effect on pollinator biodiversity. Results from the GLMMs indicate that vegetation management
strategy had a significant effect on Ibatbundance and rarefied richness. Separating the three
pollinator groups reveals that the effect is significant for the abundance of bees, flies and wasps,
but only for the rarefied richness of bees. Wasp and fly rarefied richness did not respond

significantly to management. Nonetheless, the results from the ANOVA analyses comparing the
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pollinator biodiversity among the three management categdraseg18, Figure33, andFigure

34) show that IVM sites hosted the greatest mean abundance and raotfnes$s of bees, flies

and wasps, and of all three combined. Results from the GLMMs and ANOVAs regarding effect of
management on pollinator biodiversity are inconsistent due to the different nature of the analyses.
GLMM analyses explain whether pollinat@refied richness or abundance inféddiowedor IVM

sites are significantly differefitom the grazed or mowed sites, while also taking into consideration
the effects of the other variables in the models. The ANOVA analyses only consider management
asthe independent variable and explain whether pollinator rarefied richness or abundance are
significantly different among all three categori@herefore,by only considering vegetation
management, the biodiversity of the three pollinator groups is sigmiljcdifferent in all three
categories. These results are in line with other insect biodiversity studies conducted within ROWSs,
which have found that integrated vegetation management strategies have positive effects on insect
richness and abundan@®ussell et al. 2018My study, thereforeconfirms that ROW vegetation
management strategy can have a significant impact on insect pollinator biodiversity, with less
disturbing methods such as IVM positively affecting abundance and rarefied richness. IVM sites
hosted greater pollinar biodiversity and were home to a greater number of parasitic species as
well as unique, spatiallyare specie$ both indicators of greater habitat qual{fgussell et al.

2005, 2018; Sheffield et al. 2013)

Landscape diversity had a negative effect on pollinator abundance and rarefied richness,
which contradicts my predictions. Several studies argue that heterogeneous landscapes, containing
more numerous and diverse patch types, provide increased habiatessor species to exploit
and allow for greater insect biodiversitfiennedy et al. 2013; Cole et al. 2017; Moquet et al.
2018) I did not ind this relationship in my study, with bees, flies and wasps all responding
negatively to the SHDI in a 500 m radius buffer. However, GLMMs also revealed a significant
relationship between SHDI and ecoclimatic region, indicating that the effect of |pedfearsity
on the pollinators was regiaedtependent. To explore this relationship, | performed GLMMs
separately on the three regions and focused on the effect of SHDI on pollinator abundance and
rarefied richnessHigure32). In the GT ecoclimatic region, SHDI had a strong negative effect on
pollinator abundance and rarefied richness. In the other two redlemnsffect of SHDI on
pollinators was weak (nesignificant).Nonetheless, we observe no trend in the LBs region and a

weak positive trend with both abundance and rarefied richness in the MBs region. In addition to
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these differences among ecoclimatic regions, | also note that overall landscape diversity (as well
asedge density) levels were highest in the MBs, lower in the LBs, and lowest in the GT region
(Figure27). Therefore, within the region with the lowest landscape diverisityeased levels of

SHDI negatively affected pollinator abundance and rarefied richness. Within the region with the
highest landscape diversity, we observe an opposite effect where greater SHDI levels positively
affected pollinator abundance and rarefietiness. Finally, in the region with intermediate levels

of landscape diversity, increased SHDI did not affect pollinators. Landscape diversity estimates
depend on regional context, such that similar levels of SHDI between landscapes dominated by
different cover types are not biologically equivaldMartin et al. 202Q) In the GT region,
dominated by agriculture, dneasing levels of SHDI are probably the result of a greater diversity

of crop fields. On the other hand in the MBs region, which is dominated by forests, an increase in
SHDI is probably an indication of a greater diversity of natural and-sataral halats.
Nonetheless, we would still expect crop diversity to benefit insect richness/abundancethatrend
has been reported in several studleaimu et al. 2014; Novotny et al. 2015; Redlich et al. 2018)
However, Hass et a12018)found that high crop diversity reduced wild bee abundance, probably
due to an increase of crop types with intensive management. Incem®gthe effect of crop
diversity depends on the amount of farmland in the landscape. Crop diversity can have positive
effects on biodiversity in landscapes with low crop cover, but negative effects in landscapes
dominated by crop@Vilson et al. 2017; Sirami et al. 2019)his might explain why we observe

a decrease in pollinator richness and abundance with increasing landscape SHDI in the GT region.
A greater diversity of ntaral and semnatural habitats in the northern MBs region may instead be

providing increased resources to pollinators and thus boosting their biodiversity.

Pollination Networks

One of the most important fimhs of my study is that vegetation managensérategy has
a significant effect on the structure and resiliency of pollination networks within the powerline
ROW. As | predicted, IVM sites hosted larger networks (a greater number of insect and plant
species), which had greater link abundance andegshoompared tfallowedor grazing/mowing
sitenetworks Figure36A, B, C). Networks in IVM sites were also significantly more specialized
(Table21) and tended to be moreodulari although this last relationship was weak due to the

low sample size and some variation in modularity values among IVM netwidusr€ 36E).

179



Networks within VM si t es, together with oO6pfd networ ks

than those in 6g/ mdé sites. Grazed and mowed
following disturbance. Rare species and specigpstialist interactions tentb be more
susceptible to environmental change and are the first to disappear after dist(Spsasman and
Inouye 2013; Soares et al. 201This loss of specialists and the concentration of links among
generalists causes pollination networks to become more nested and less (Milthitros et al.
2019; Morrison et al. 2020)rhe higher standardized connectance and the lower standardized
specialization (H2 and modularity of the networks within grazed and mowed sites indicates that
these disturbed sites have experienced a loss of BgesfEecies, resulting in more genezat
systems with higher interaction asymmetries. On the other end of the spectrum, IVM networks
were larger, had lower standardized connectance but higher standardizaddHBodularity,
indicating more speciaéedsystems. Theoretically, networks with higher connectance also have a
greater functional redundancy due to their germdlstatg Tylianakis et al. 2010; Schleuning et
al. 2015)and are therefore expected to be more robust to future species extinctions. However, this
theoretical increased robustnedten comes at the cost of anplified network and therefore is
not necessarilgesirable. Nevertheless, my results show that the more complex, larger networks
in the IVM sites, despite the higher specialization, were also more robust to random sequential
extinctions of plant species. | presume that this phenomenon was broughgjimatiee modularity
of networks in IVM sites, which helps slow down the spread of extinction cascades in the system
(Tylianakis et al. 2010)The higher robustness observed in the IVM networks indicates that the
higher diversity and complexity of these systems grant them a higher resiliency to species loss
before the threshold of web collapseréached(Bascompte and Stouffer 200Networks n
fallowed sites had intermediate levels of standardized robustiégsré 35H), although they
werenot significantly different from either
of the low number of sites in each management category and predict that increasing this would
allow for the detection of significantfterences between all three categories.

Ecoclimatic region was also a factor that affected network structure. Ecoclimatic region
was included as an explanatory variable in the selected models for standardized connectance,

modularity, H2 and nestedness (WDF), and had a significant effect on all metrics but one

(NODF). Certain macroscopic network features such as nestedness and connectance tend to remain

stable across spa¢é@rgjelsgaard and Olesen 2016; Zografou et al. 2028kad, microscopic
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network features such as species identity, partner affiliations, individual specialization levels and
network roles show strong variability across sp@aejelsgaard and Olesen 2016)y results

show significant variation in both micro and macroscopic network features amorgrekee
ecoclimatic regions. | believe this variation to be a result of the different species composition of
pollinators and plants among the three regions. For instance, species comaitionportant

driver of network modularitySpiesman and Inouye 201B)ifferences in landise type and levels

of anthropogenic disturbance betwesarch region mawlso have caused variation in network
featuregMorrison et al. 2020)Mean plant cover was also present in the selected models and had
a significant positive effécon standardized network modularity, 'H&nd robustness. Increased
availability of floral resources may be attracting a greater number of specialist spediesay
alsobe causing shift towards specialized foraging behawviffloral constancyand/or educed

diet breathin generalist specigériterand Ratnieks 203 Maldovinos et al. 2012; Ferreira et al.
2020. These changes woulmbost network stability by increasimgecialization andnodularity
(slower spread of extinction cascades). Finally,results show that SHDI within a 500 m radius

had a negative effect on both network modularity and specialization. | believe that this is due to
the strong negative effect that SHDI had on pollinator biodiversity in the GT region, where
increased SHDI indated a greater diversity of crops. The increased crop diversity and associated
farming intensity may be pushing rare and specialist species towards local extinction, resulting in
poorer, more generalized networks.

We can visualize the effects of managehwnnetwork structure by taking as an example
two of the sampled networks. The land within the powerline easement at site 9 (LBs region) was
used as cattle pasture throughout the entire summer season. Here, cows applied continuous
pressure on the pollinah network through grazing and trampling, limiting floral resources. Plant
pollinator interactions are strongly driven by effects of resources on consy8ausrber et al.

2010; Goulson et al. 2015; Schleuning et al. 20tt@refore | predicted that cattle activity would
negatively affect the entire local pollination network. This was confirmed by my results. Network
9 (Figure Q) was the smallest sampled network (55 species), with the lowest link richness and
abundanceTable19). This network was essentially devoid of spatially rare species (species that
were only recorded from a single site). Only a single pollinator species, the s@mphahevra

nitida, was unique to this site. On the other dhaoommon generalist species dominated the

network. At the pollinator level two specieBpmbus ternariusand Toxomerus marginatys

181



accounted for 37% of all interactions in the network. At the plant level, a single sp=sgs)ora
fruticosg participate in 57.6% of all links. This network is a clear example of how disturbance
may cause a loss of rare species and speesplestialist interactions, and lead to generalized
systems. Network 9 had the highest connectance, indicating a reduced numbépoteotéal
links, and the second highest nestedness, suggesting a high dependence of specialist species from
one level on generalists from the otlBascompte et al. 2003)his network alstnad the lowest
specialization of allTable19), confirming its highly generalized state. On the opposite side of the
spectrum, the land at site 15 (MBs region) wasdpenanaged with IVM techniques, meaning that
the local ecosystem only experienced mild disturbance (selective cutting and herbicidal spraying)
once everyseveralyears. Network 15 was the largest (114 species) and had the highest link
abundance and secohdjhest link richnessT@ble 19). This site hosted fourteen spatially rare
pollinator species, and abundant generalist species were less dominant than in networnk®. The
most abundant pollinator species participated in 29% of all sampled interactions, while the most
visited plantSonchus arvensiparticipated in 23% of all links. Compared to network 9 we observe
a greater number of rare species and speesgistidist interactions, and a reduced concentration
of links by generalists. Network 15 had the lowest connectance and lowest nestedness, indicating
lower asymmetry of interactions and species dependencies. Network 15 also had the greatest H2
and modularity vimes of all, suggesting a highly specialized system.

Network theory states that greater connectance, nestednesgeneralization (at equal
network size) lead to more robust networks due to greater functional reduri@ginmyakis et al.
2010; Schleuning et al. 2013lowever, my results show that network 9 had the second lowest
robustness value, while network Was the most robust of all. Overall, throughout all my networks
we observe a trend where robustness was negatively correlated with connectance and nestedness
but positively correlated with modularity and specializatiBigre 38). These network metrics
are, toavarying degree, related to each otHeg(re37). This is because, afjual network size,
it is the generalisspecialist ratio and the pattern of interactions between these two ghaips
determine network structuréherefore, |1 suggest that the decrease in rare species and specialist
specialist interactions, following sturbance, is leading to higher connectance and nestedness,
lower modularity and specialization, and ultimately lower robustness of the networks. Rare species
and specialisspecialist interactions are highly prone to extinction following disturbéizen

et al. 2012; Spiesman and Inouye 20I3) the other hand, abundant generalists tend to be stable
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through time and space and to be resilient towardsronmental disturbanc€Spiesman and
Inouye 2013; Soares et al. 2017; Zografou et al. 202€)ally, a few abundant species provide

the vast majority of the community bioma&xchwartz etal. 2000) and abundant generalists
participate in a large portion of ecological interactions (as we have observed within my networks).
We therefore expect abundant generalists to contribute highly towards ecosystem functioning
when comparedtoraresg i al i st species. This was confir me
revealed that species playing key roles tended to be abundant generalistBsuchussternarius
Toxomerus marginatuysand Dasiphora fruticosa.We would therefore expect that weirks

hosting a greater proportion of abundant, generalist species would be more robust to species
extinctions. However, rare specialist species can also play keystone roles and can contribute
disproportionately towards ecosystem functior{iogpns et al. 2005; Leitdo et al. 2016; Dee et al.
2019) And | did find that certain uncommon or specialist species were also playing key network
roles, such adlacropis nuda(Provancher) Nomadacf. florilega Lovell and Cockerel and
Lasioglossum laevissimu@mith). MacropisnudaandLasioglossunfaevissimunare species that
weregeographically restricteid my systenbut locally abundant, contributing significantly to the
functioning of the ecosystem and the provisioning of services where ith@gcaur (Dee et al.

2019) More importantly, even though abundant generalists tend to contribute more, ialtiyidu
towards ecosystem functioning, the aggregate effect of uncommon or specialist species on the
whole system may be much largeyons et al. 2005)Minor species that are functionally similar

to dominant species but with different environmental requirements increase resilience in
ecosystem functioning under perturbatitmat favair them over the dominangkyons et al. 2005;

Dee et al2019) For instance, lovabundance plant species in a lightly grazed site were found to
compensate, collectively, for the functions provided by a few abundant species in a heavily grazed
one(Walker et al. 1998)Similarly, the aggregate contribution of less common nates towards
pollination in row crops, compared to the highly abundant and generalist honeybee, was
determined to be essential in sustaining a system with high annual variation in species composition
and abundanc&remen et al. 2002) suggest that the numerous uncommon specialist pollinators
within IVM networks are aggregately increasing functional redundancy and buffering against plant
species extinctions. Individual losses of theseciggemay only have small impacts on network
structure, but their combined loss following disturbance may be severely affecting the ability of

networks to resist disassembly following future extinctions.
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Certain pollinator species were critically importéomtthe functioning and cohesiveness of
the networks beyond what would be expected by their interaction frequency alone. As a result of
being highly connected within and/or among modules, many species were identified as module
hubs, connectorand netwok hubs. Bee species were the most likely to be identified as keystones
in the networks. Given their high abundance, visitation frequency and known pollinating
effectivenesgJauker et al. 2012; Orford et al. 201i5F clear that these bee species were critical
in supporting the structure of the networks and maintaitheiy stability. Several syrphid species,
as well as some bombyliids, were also identified through this pro¢egslighting the importance
of flies in maintaining stable provisioning of pollination services. Many fly species have been
identified as impdant pollinators in various systems due to their high abundance, visitation
frequencies, and pollen loafslberling and Olesen 1999; Larson et al. 2001; Jauker and Wolters
2008; Orford et al. 2015My results reveal that beyond the high visita frequencies | observed,
several fly species are particularly important due to how they connect species and compartments
of a network with each other. In contrast, most wasp species were identified as peripheral in the
networks except for a few specidsis was predictable since | determined that wasps were, with
the exception ofDolichovespula arenarigFabricius) infrequent floral visitors due to their
primarily carnivorous diet. It is surprising that t@helonus(Braconidaemorphospecies were
identified as module connectors in two of my networks. However, | hesitate to consider them truly
impactful towards ne&tork cohesiveness given their apparent low pollination effectiveénissr
parasitoid lifestyle, small body size and absence of hairs likely makes them pollen/nectar thieves
rather than pollinators. In a similar fashion, | hesitate to identifyHaigeus (Colletidae)species
as a true keystone given that they store pollen in their crop and therefore carry little to no pollen
grains on their exteriofMichener 2007) Plantpollinator interactiongenerallypromote sexual
reproduction forboth trophic levels. Pollinator reproduction is benefited through the intake of
energy (from nectar) and nutrients (from pollen), while plant reproduction is aided by the
transferral and deposition of monospecific pollen grains. Keystone species iopne kevel are
responsible for promoting and maintaining rich and abundant assemblages in the other level by
enhancing their survival and reproductive success. This in turn will have cascading effects,
benefiting the entire system. For instance, a coongatant species plays an important role in
attracting and maintaining a healthy, biodiverse pollinator community, which in turn allows for

more specialized or less abundant plant species to persist. Connector species therefore promote the
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nestedness andrictional redundancy within a network, while module hubs promote modularity
and functional complementarity in the systeim.a pollination web, species which do not
positively contribute towards the reproductive success of their interaction partnersagsuch
pollen/nectar thieveshould only be considered peripherals matter the pattern of interactions.

The networks roles that the various pollinator and plant species played were not consistent
through space. Although a few pollinator species sucBaasbus ternariusvere consistently
identified as keystones throughout the latitudinal gradient, the identity of their role was variable.
Species could act as a module hub in certain networks but would be connectors or simply
peripherals in other sites. Magpecies were identified as keystones only in one or two networks
and were peripheral i n the rest. Miae highyc opi c
variable both across space and tifisgjelsgaard and Olesen 201B)y results follow this trend,
showing a strong variability inspd es 6 r ol es across the |l atitudi
abundant generalist pollinators were more likely to be identified as keystone species across
multiple networks, highlighting their importance in maintaining the cohesiveness of networks
acrosss pace. However, due to the known variabild.|
the importance of various species within the powerline ROW should be determined through
multiple years of data collection, rather than a single summer seasomfdhisation could be
very useful for eventual targeted plant or pollinator surveys and conservation strategies within the
ROW.

IntroducedSpecies

Although native pollinator and plant species greatly outhnumbered invasive species in the
surveyed powerline W, a few invasives were highly abundant and had a strong impact on the
pollination networks. Most pollinator species were native, but introduced species suairersa
wilkella (Kirby), Apis melliferal.., Megachile rotundatgdFabricius)were also obserdeforaging
within the ROW.Megachilerotundatg the alfalfa leafcutter bee was involved in 3% of all
observed interactions. A semidomesticated introduced species, its involvement in the ROW
networks was depempdt on the presence of alfalfa and rapeseelddi and associated artificial
bee nests, in the surrounding landscape. This was the case in the LBs ecoclimatic region, where
mostM. rotundataindividuals were sampled. Within this region, | identified this bee as a keystone

species in three networks, actingegasodule hulor connector in two, and as a network hub in the
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third. This irtroducedspecies was therefore having a critical impact lom structure of the
networks in which it was present. Invasive species tend to be highly generalized, and due to the
absence of cevolved enemies often can become highly abundant in the invaded&teaasand
Morales 2009; Aslan 2019Resource overlap between native and introduced bee species can have
detrimental effect®n the natives due to competitive pressufiésarns et al. 1998; Stout and
Morales 2009) The effects of invasive pollinator species on native plant/pollinator biodiversity
and network structure are beyond the scope of this study. Nonetheless, | suggest that future studies
should investigatent impact oM. rotundataon pollination networks within ROWS to evaluate
whether this species can aid or limit pollination services in these anthropogenic systems. |
hypothesize that the competitive pressur&lofotundataon native bees is less interthan that
of Apismelliferasincethe leafcutter bee is a solitary species and thus is generally less abundant
and requires much less pollen and nectar to reproduce.

A few invasive flowering plant species suchSamnchusrvensisl., CirsiumarvensgL.),
and Melilotus albusMedikus were very abundant within the powerline ROW and were highly
involved in the observed plapollinator interactions. Other studies have also reported high cover
of invasive plants within powerline ROWRubino et al. 2002; Leston and Koper 2016, 2017)
Sonchus arvsensi$or instance, was eéhsecond most abundant plant sampled in the surveyed
ROW in terms of ground cover, only surpassed by the native flowering Blagiphora fruticosa
(L.). Sonchusarvensiswas also the plant speciggtparticipated in the greatest number of plant
pollinator interactions and had the third greatest pollinator biodiversity. This is a clear example of
how invasive plants can become dominant in local pollination networks. These plants are often
highly attractive to pollinators due to their large and adld floral displays, accessible flower
morphology andtopiousnectar productioriBjerknes et al. 2007)urthermore, invasive plants
can become highly successful in invaded areas due to their often generalist nature and to the
absence of natural enemiéBjerknes et al. 2007; Stout and Morales 2009; Aslan 2019)
analyses revealed that some of these invasive plant species seei@agling key roles in the
networks.Sonchusarvensis MelilotusalbusandTrifolium hybridumL. were identified as module
hubs in three separate networks, wiWledicago sativd.. was a connector species in another.
These highly abundant, generalist péaonnect multiple species and compartments of the
network in such a way that they have become critical for the cohesiveness and stability of the

system they have invaded. Invasive plants can increase the functional redundancy within
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pollination networksand may therefore increase robustn@dbrecht et al. 2014; Aslan 2019)
However, they tend not to partner with native specialist pollinators arsfaih to support the
resiliency of native species assemblagesdan 2019) Although | did not evaluate the effects of
invasive plants on the local biodiversity and pollination network robustness, | have determined
that a few alien plants were highibundant in the surveyed ROW and have become fully
integrated in the networks, even contributing significantly to maintaining the cohesiveness of the

system.

Implications for Management

My results show that powerline easements in Manitoba are acting as habitamhdoy a
pollinator species by providing abundant and diverse floral resources, which are often lacking in
the provincebds intensively f agreesevith previouskstedies el vy
which have found powerline easements to host biodiverse insect communities as well as rare and
stenotopic specigSwengel 1996; Smallidge et al. 1996; Lanham ant®gc2000b; Forrester et
al. 2005; Russell et al. 2005, 2018; Lensu et al. 2011; Wagner et al. 2014a, 2019; Hill and
Bartomeus 2016; Leston and Koper 2016, 2017; Steinert et al..2G28) found that powerline
ROW vegetation management can affect tagacity for this habitat to support biodiverse
pollinator communities. IVM strategies involve selectively removinggedwing woody plant
species via targeted manual and herbicidal control, while leaving the understoryRutes|l et
al. 2018) These practices allowedetlROW to host greater biodiversity of pollinators as well as
more robust pollination networks. Other studies also repoth@beneficial effects of targeted
cutting and spraying, rather than mowing or untargeted-Vofime herbicidal application, on
palinator biodiversity(Wojcik and Buchmann 2012; Berg et al. 2013s8all et al. 2018; Steinert
et al. 2020; Russo et al. 2021) general, promoting a rich and abundant floral community is the
best way to promote pollinator biodiversity within powerline ROW#ojcik and Buchmann
2012) my results confirm this, and also show that increasing plant cover will enhance pollination
network robustness. Based on my resauiis previous studid$sHo pwood 2008; ,Mor o &E
it seems that a greater amount of exposed ground within ROWSs can boost bee richness as well.
Increasing the amount of exposed ground may allow powerline ROléstmne nesting sites for
groundnesting insects, including many bee species, and thus become a source of pollinators in the

landscape.
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Overall, local variables had a greater impact on pollinators in the ROW than landscape
factors. Many pollinator speciese smaklbodied with low dispersal capabilities, therefore local
factors tend to be more influential than the landscapes surrounding th§ R@w/r o E et al
This is encouraging because it indicates that targeted management practices can have positive
effects regardless of the land surrounding the easemenhdgtamce, site 4 was located in the GT
region and was surrounded by an intensely farmed, homogeneous landscape. However, it was
managed with IVM practices and hosted a relatively high floral biodiversity. Consequently, site 4
hosted a significant pollinatdiodiversity forming the third largest network of afigure 3I).

This network was also highly specialized, modular, and was among the most robustallall (

19). On the other hand, site 13, within the MBs region, was surrounded by natural habitat and
located within a heterogeneous landscape. Despite this being an IVM sitg bééra managed
recently and hosted both the lowest plant richness and cover of any site. Even though this site
hosted a large network, the web had relatively low modularity and was among the least robust to
the random simulation of plant extinctions. THere, my results show that high diversity and
cover of flowering plants is a key factor, strongly influencing pollinator biodiversity and network
stability. A combination of IVM practices and a more biodiverse floral community allowed the
powerline easemenmo host larger pollination networks with a greater number of rare species and
specialistspecialist interactions. These networks were more specialized, modular, and less
dependent on a few generalist species, allowing them to be more robust.

Conservatia efforts aim at preserving biodiversity and ecosystem services. However, if
rare species and specialists contribute little to ecosystem functioning, yet are those most in need
of protection, then tradeffs may exist for these contrasting objecti{ese et al. 2019My study
has revealed that these objectives work together in my system and are not exclusive. | observed
that generalist species were responsible for a large proportion of floral visits and played important
roles in the networkBy connecting species within a module wetich other antinking modules
together. However, | also determined that larger networks hosting a greater number of rare and
specialist species were more rohystobablydue to the greater trait diversity anchétional
redundancy brought by these species. Specialist species aggregately contributed significantly to
maintaining ecosystem stability. Therefore, conservation practices aimed at increasing pollinator
biodiversity and preserving rare and specialist iggaewithin the ROW will also boost the stability

of the networks and the provisioning of pollination services.
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Although pollinators were most strongly affected by local factors, my results also revealed
that powerline sites located within landscapes withater heterogeneity hostkxver pollinator
biodiversity. This however was depention the region and dominant cover type in the landscape.
Therefore, if the goal is to increase the value of powerline easements to existing pollinator
populations, effortto improve ROW habitat quality should focus on easements within landscapes
with a greater diversity of natural and sematural habitat§¢as opposed to a greater diversity of
disturbedand-use types)However, these landscapes would already contain antadd diverse
foraging and nesting resources for pollinators. Instead, | suggest focusing management efforts in
powerline ROWSs within homogeneous landscapes dominated by anthropogenic activity. This
would promote pollinator conservation in areas whemr thequired nesting and foraging

resources are otherwise severely lacking.

Considerationgor Future Studies

The small sample size of this study reduces the statistical power of some analyses and the
ability to determine the significance of certain etée Concurrently, the large amount of measured
environmental variables included in the models makes it difficult to disentangle some of the
effects, such as those of management and ecoclimatic region. The large sampling effort required
to build ecologicahetworks, and the limited resources at my disposal precluded me from having
a greater number of sampling sites. Additionally, this research was based on an observational study
design, while some of the questions | explored would require an experimdnfatsde fully
understood. These factors do not allow me to draw definitive conclusions from my GLMM and
ANOVA models. The results from this study should rather be interpreted as indications of what
environmental factors positively influence pollinatoodiversity and network stability within
powerline ROWSs. Experimental design studies should be conducted in the future to be able to fully
determine causality between independent and response variables. A study exploring the effect of
vegetation managemean pollinator biodiversity (and networks) within powerline ROW®r
examplel should have an equal number of study sites per category, should be performed over
multiple separate easements, and control for regional variations of measured variables.
Furthemore, | recommend collecting data over multiple years rather than a single sampling season
given the high temporal stochasticity of biodiversity and microscopic network features such as

speciesd6 rol es. Neverthel es sdrawtséne insights enlthes f r @
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conservation potential of powerline ROWSs, as well as on various management practices that can

help maintain stable and biodiverse pollinator communities in these corridors.

3.5Conclusion

The surveyed powerline ROW in Manitoisaacting as an earguccessional habitat for a
significant component of the regionds pollina
diverse floral resources for foraging bees, wasps and flies, and may also act as a nesting site for
many beespecies by providing them with ample amounts of exposed ground and plant stems.
ROWsmay be playing a role in the conservation ¢
agricultural and forested landscapesshiowedthat vegetation management prees in the
corridor have strong effects on the pollinator biodiversity as well as the pollination network
structure and robustness. Sites managed using integrated vegetation management techniques
hosted more abundant and diverse pollinator communitiesselcommunities formed pollination
networks that were less connected and nested, but more modular and specialized due to a greater
number of specialisspecialist links. IVM networks were the most robust towards random plant
species extinction simulatioms part due to a reduced reliance on few abundant geresralist
species and to the aggregate functional redundancy from uncommon specialist species which
slowed down the rate of network disassembly. Pollinators responded more strongly to local plant
variables (richness and cover) than to the surrounding landscape composition and configuration.
Management practices (such as sowing of native wildflowers) in the ROW can therefore have
important positive impacts on pollinator biodiversity and network siractegardless of the
surrounding landscape. Invasive plants in the ROW areimieljrated in the pollination networks
and are partially responsible for maintaining the cohesiveness and stability of the invaded systems.
Land managers should be cautioush#y plan to removévasivespecies unless they can be
replaced with native plants that can take over similar network roles.

Transmission line rightef-way are an inevitable, permanent aspect of modern landscapes,
and as energy demand increases evegyatheir global network will keep expanding. As natural
habitats continue to disappear, we must consider alternative ways to conserve wildlife and explore
all potential approaches that would allow us to coexist with ecosystems rather than supplant them.
Powerline ROWSs occupy land which is continuously maintained in an-sadgessional state and

is precluded from further development. Applying informed vegetation management practices to
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these corridors can allow us to simultaneously meet our energy tragpo demands and

preserve pollinator biodiversity and pollination services within anthropogenic systems.

3.6 Appendx

Table . Abundance of all identified pollinator speciédbreviations were used for the creation
of the bipartite network graphs.

Species Abbreviation  Author Abundance
Andrenidae 110
Andrena algida And.alg Smith 1853 2
Andrena barbilabris And.bar (Kirby 1802) 1
Andrena chromotricha And.chr Cockerell 1899 8
Andrena cressonii And.cre Robertson 1891 5
Andrena hirticincta And.hir Provancher 1888 8
Andrena lupinorum And.lup Cockerell 1906 1
Andrena miranda And.mir Smith 1879 6
Andrena nubecula And.nub Smith 1853 4
Andrenapersimulata And.per Viereck 1917 1
Andrena robervalensis And.rob Mitchell 1960 5
Andrena thaspii And.tha Graenicher 1903 1
Andrena wilkella And.wil (Kirby 1802) 38
Andrena wscripta And.w-s Viereck 1904 1
Andrena ziziae And.ziz Robertson 1891 7
Calliopsis coloradensis Cal.col Cresson 1878 1
Protandrena aestivalis Pro.aes (Provancher 1882) 1
Protandrena albitars Pro.alb (Cresson 1872) 5
Protandrenapierceialbertensis  Pro.irr (Cockerell 1922) 11
Protandrena parvus Pro.par (Robertson 1892) 2
Protandrena renimaculatus Pro.ren (Cockerell 1896) 2
Apidae 836
Anthophora terminalis Ant.ter Cresson 1869 45
Apis mellifera Api.mel Linnaeus 1758 1
Bombus bimaculatus Bom.bim Cresson 1863 2
Bombus borealis Bom.bor Kirby 1837 8
Bombuslavidus Bom.fer (Franklin 1911) 3
Bombus fervidus Bom.fern (Fabricius 1798) 3
Bombus frigidus Bom.fri Smith 1854 5
Bombus griseocollis Bom.gri (DeGeer 1773) 16
Bombus melanopygus Bom.mel Nylander 1848 2
Bombus perplexus Bom.per Cresson 1863 2
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Bombus rufocinctus Bom.ruf Cresson 1863 58
Bombus sandersoni Bom.san Franklin 1913 104
Bombus sylvicola Bom.syl Kirby 1837 2
Bombus ternarius Bom.ter Say 1837 397
Bombus terricola Bom.terri Kirby 1837 17
Bombus vagans Bom.vag Smith 1854 48
Ceratina dupla Cer.dup Say 1837 1
Rehan and Sheffield
Ceratina mikmagqi Cer.mik 2011 33
Epeolus minimus Epe.min (Robertson 1902) 7
Melissodes agilis Mel.agi Cresson 1878 1
Melissodes confusus Mel.con Cresson 1878 14
Lovell and Cockerell
Melissodes illatus Mel.ill 1906 35
Melissodes trinodis Mel.tri Robertson 1901 2
Melissodes wheeleri Mel.whe Cockerell 1906 11
Nomada aquilarum Nom.aqu Cockerell 1903 7
Lovell and Cockerell
Nomada florilega Nom.flo 1905 3
Nomada quadrimaculata Nom.qua Robertson 1903 3
Nomada vincta Nom.vin Say 1837 1
Triepeoluscf. grindeliae Tri.gri Cockerell 1907 1
Triepeolus obliteratus Tri.obl Graenicher 1911 4
Bombyliidae 260
Anastoechus barbatus Ana.bar Osten Sacketw877 1
Anthrax irroratus Ant.irr Say 1823 1
Bombylius incanus Bom.inc Johnson 1907 2
Hemipenthes morio Hem.mor (Linnaeus 1758) 5
Hemipenthes sinuosus Hem.sin (Wiedemann 1821) 3
Lepidophora lutea Lep.lut Painter 1962 2
Poecilanthrax alcyon Poe.alc (Say 1824) 19
Poecilanthrax tegminipennis Poe.teg (Say 1824) 21
Systoechus vulgaris Sys.vul Loew 1863 68
Villa alternata Vil.alt Say 1823 4
Villa fulviana Vil ful (Say 1824) 62
Villa lateralis Vil.lat (Say 1823) 67
Villa nigra Vil.nig Cresson 1916 5
Braconidae 71
Chelonus sp.ChA sp.ChA 39
Chelonus sp.ChB sp.ChB 21
Chelonus sp.ChC sp.ChC 5
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Chelonus sp.ChD sp.ChD 6
Colletidae 268
Colletes brevicornis Col.bre Robertson 1897 3
Colletes hyalinus Col.hya Provancher 1888 22
Colletes kincaidii Col.kin Cockerell 1898 3
Colletes simulans Col.sim Cresson 1868 13
Hylaeus affinis Hyl.aff (Smith 1853) 117
Hylaeus annulatus Hyl.ann (Linnaeus 1758) 15
Hylaeus basalis Hyl.bas (Smith 1853) 6
Hylaeusmesillae Hyl.mes (Cockerell 1896) 52
Hylaeus modestus Hyl.mod Say 1837 36
Hylaeus verticalis Hyl.ver (Cresson 1869) 1
Conopidae 6
Physocephala furcillata Phy.fur (Williston 1882) 6
Crabronidae 71
sp.PB sp.PB 1
Cercerisnigrescens Cer.nig Smith 1856 3
Diodontus minutus Dio.min (Fabricius 1793) 1
Ectemnius arcuatus Ect.arc (Say 1837) 6
Ectemnius borealis Ect.bor (Zetterstedt 1838) 2
(Lepeletier and Brulle
Ectemnius dives Ect.div 1834) 3
Ectemnius lapidarius Ect.lap (Panzer 1804) 3
Ectemnius maculosus Ect.mac (Gmelin 1790) 6
Ectemnius ruficornis Ect.ruf (Zetterstedt 1838) 2
Ectemnius trifasciatus Ect.tri (Say 1824) 5
Gorytes atricornis Gor.atr Packard 1867 1
Larropsis sp.LA Larr.spLA 1
Larropsis sp.LB Larr.spLB 4
Lestica producticollis Les.pro (Packard 1866) 24
Oxybelus emarginatus Oxy.ema Say 1837 2
Pemphredon sp.PA sp.PA 3
Philanthus bilunatus Phil.bil Cresson 1865 4
Gasteruptiidae 6
Gasteruption assectator Gas.ass (Linnaeus 1758) 6
Halictidae 310
Augochlorella aurata Aug.aur (Smith 1853) 22
Dufourea harveyi Duf.har (Cockerell 1906) 9
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Dufourea maura Duf.mau (Cresson 1878) 9
Halictus confusus Hal.con Smith 1853 38
Halictus ligatus Hal.lig Say1837 1
Halictus rubicundus Hal.rub (Christ 1791) 39
Lasioglossum albipenne Las.alb (Robertson 1890) 8
Lasioglossum athabascense  Las.ath (Sandhouse 1933) 3
(Knerer and Atwood
Lasioglossum comagenense  Las.cona 1964) 2
Lasioglossunimmigrans Las.com Gardner 2021 1
Lasioglossum coriaceum Las.cor (Smith 1853) 4
Lasioglossum cressonii Las.cre (Robertson 1890) 7
Lasioglossum ephilatum Las.eph Gibbs 2010 3
Lasioglossum inconditum Las.inc (Cockerell 1916) 1
Lasioglossum laevissimum Las.lae (Smith 1853) 36
Lasioglossum leucocomum Las.leu (Lovell 1908) 10
Lasioglossum leucozonium Las.leucoz (Schrank 1781) 12
Lasioglossum nigroviride Las.nig (Graenicher 1911) 1
Lasioglossum novascotiae Las.nov (Mitchell 1960) 2
Lasioglossum oblongum Las.obl (Lovell 1905) 4
Lasioglossum paraforbesii Las.par McGinley 1986 3
Lasioglossum perpunctatum Las.per (Ellis 1913) 4
Lasioglossum planatum Las.pla (Lovell 1905) 37
Lasioglossum quebecense Las.que (Crawford 1907) 1
Lasioglossum seillean Las.sei Gibbs and Packer 2013 4
Lasioglossum subversans Las.sube (Mitchell 1960) 1
Lasioglossum subviridatum Las.sub (Cockerell 1938) 5
Lasioglossum versans Las.ver (Lovell 1905) 2
Lasioglossum viridatum Las.vir (Lovell 1905) 30
Lasioglossum zonulum Las.zon (Smith 1848) 6
Sphecodes clematidis Sph.cle Robertson 1897 2
Sphecodes coronus Sph.cor Mitchell 1956 2
Sphecodes dichrous Sph.dic Smith 1853 1
Megachilidae 750
Anthidium clypeodentatum Ant.cly Swenk1914 2
Coelioxys modestus Coe.mod Smith 1854 2
Coelioxys moestus Coe.moe Cresson 1864 5
Coelioxys porterae Coe.por Cockerell 1900 2
Coelioxys rufitarsis Coe.ruf Smith 1854 15
Coelioxys sodalis Coe.sod Cresson 1878 3
Dianthidium pudicum Dia.pud (Cresson 1879) 3
Heriades carinata Her.car Cresson 1864 51
Heriades variolosa Her.var (Cresson 1872) 84
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Hoplitis albifrons Hop.alb (Kirby 1837) 5
Hoplitis pilosifrons Hop.pil (Cresson 1864) 12
Hoplitis producta Hop.pro (Cresson 1964) 15
Hoplitis spoliata Hop.spo (Provancher 1888) 10
Hoplitis truncata Hop.tru (Cresson 1878) 1
Megachile campanulae Meg.cam (Robertson 1903) 6
Megachile frigida Meg.fri Smith 1853 27
Megachile gemula Meg.gem Cresson 1878 6
Megachile inermis Meg.ine Provancher 1888 42
Megachile lapponica Meg.lap Thomson 1872 6
Megachile latimanus Meg.lat Say 1823 59
Megachile melanogea Meg.mel Smith 1853 8
Megachile montivaga Meg.mon Cressom 1878 1
Megachile perihirta Meg.per Cockerell 1989 4
Megachile pugnata Meg.pug Say 1837 8
Megachile relativa Meg.rel Cresson 1878 136
Megachile rotundata Meg.rot (Fabricius 1787) 147
Osmia atriventris Osm.atr Cresson 1864 11
Osmia bucephala Osm.buc Cresson 1864 5
Osmia inermis Osm.ine (Zetterstedt 1838) 33
Osmia nigriventris Osm.nig (Zetterstedt 1838) 1
Osmia proxima Osm.pro Cresson 1864 20
Osmia simillima Osm.sim Smith 1853 10
Osmia subaustralis Osm.sub Cockerell 1900 2
Osmia tersula Osm.ter Cockerell 1912 5
Stelisfoederalis Ste.foe Smith 1854 2
Stelis nitida Ste.nit Cresson 1878 1
Melittidae 48
Macropis nuda Mac.nud (Provancher 1882) 48
Perilampidae 7
sp. PeA sp. PeA 2
Perilampus hyalinus Per.hya Say 1829 5
Sphecidae 33
Ammophila azteca Amm.azt Cameron 1888 18
Podalonia luctuosa Pod.luc (Smith 1856) 1
Prionyx atratus Pri.atr (Lepeletier 1845) 5
Prionyx canadensis Pri.can (Provancher 1887) 9
Stratiomyidae 86
Hedriodiscus binotatus Hed.bin (Loew 1866) 31
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Hedriodiscus vertebratus Hed.ver (Say 1824) 14
Odontomyia hirtocculata Odo.hir James 1936 5
Odontomyia pubescens Odo.pub Day 1882 7
Stratiomys badia Str.bad Walker 1842 9
Stratiomys obesa Str.obe (Loew 1866) 2
Stratiomys sp.1 Str.spl 16
Stratiomys sp.2 Str.sp2 2
Syrphidae 1748
Allograpta obliqua All.obl (Say 1823) 4
Chalcosyrphus inarmatus Cha.ina (Hunter 1897) 1
Cheilosia latrans Che.lat Walker 1849 1
Cheilosia shannoni Che.sha Curran 1923 13
Chrysotoxunilavifrons Chr.fla Macquart 1842 3
Chrysotoxum plumeum Chr.plu Johnson 1924 2
Epistrophe emarginata Epi.ema (Say 1823) 2
Epistrophe grossulariae Epi.gro (Meigen 1822) 1
Eristalis anthophorina Eri.ant (Fallen 1817) 1
Eristalis dimidiata Eri.dim Wiedemann 1830 406
Eristalis flavipes Eri.fla Walker 1849 4
Eristalis interrupta Eri.int (Poda 1761) 63
Eristalis stipator Eri.sti Osten Sacken 1877 29
Eristalis tenax Eri.ten (Linnaeus 1758) 2
Eristalis transversa Eri.tra Wiedemann 1830 12
Eupeodes americanus Eup.ame (Wiedemann 1830) 6
Eupeodes luniger Eup.lun (Meigen 1822) 1
Eurimyia stipata Eur.sti (Walker 1849) 3
Helophilus fasciatus Hel.fas Walker 1849 254
Helophilus hybridus Hel.hyb Loew 1846 25
Helophilus latifrons Hel.lat Loew 1863 10
Helophilus obscurus Hel.obs Loew 1863 1
Heringia canadensis Her.can Curran 1921 10
Lapposyrphus lapponicus Lap.lap (Zetterstedt 1838) 8
Meligramma triangulifera Mel.tria (Zetterstedt 1843) 1
Neoascia tenur Neo.ten (Harris 1780) 1
Neocnemodon sp. Neoc 3
Neocnemodon elongata (Curran 1921) 1
Neocnemodon rita (Curran 1921) 4
Ocyptamus fascipennis Ocy.fas (Wiedemann 1830) 5
Orthonevra nitida Ort.nit (Wiedemann 1830) 1
Paragus angustifrons Par.ang Loew 1863 11
Paragushaemorrhous Par.hae Meigen 1822 31
Parasyrphus nigritarsis Par.nig (Zetterstedt 1843) 1
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Platycheirus immarginatus Pla.imm (Zetterstedt 1849) 2
Platycheirus inversus Pla.inv Ide 1926 1
Sericomyia lata Ser.lat (Coquillett 1907) 5
Sericomyiamilitaris Ser.mil (Walker 1849) 2
Sphaerophoria asymmetrica  Sph.asy Knutson 1972 1
Sphaerophoria brevipilosa Sph.bre Knutson 1972 9
Sphaerophoria contigua Sph.con Macquart 1847 9
Sphaerophoria philanthus Sph.phi (Meigen 1822) 43
Spilomyia sayi Spi.say (Goot 1964) 2
Syritta pipiens Syr.pip (Linnaeus 1758) 89
Syrphus rectus Syr.rec Osten Sacken 1875 5
Syrphus ribesii Syr.rib (Linnaeus 1758) 134
Syrphus torvus Syr.tor Osten Sacken 1875 2
Syrphus vitripennis Syr.vit Meigen 1822 2
Temnostoma barberi Tem.bar Curran 1939 1
Temnostoma excentrica Tem.exc (Harris 1841) 1
Toxomerus geminatus Tox.gem (Say 1823) 63
Toxomerus marginatus Tox.mar (Say 1823) 388
Tropidia quadrata Tro.qua (Say 1824) 45
Xylota annulifera Xyl.ann Bigot 1884 8
Xylota confusa Xyl.con Shannon 1926 4
Xylota flavifrons Xyl.fla Walker 1849 2
Xylota flavitibia Xyl.flavtib Bigot 1884 1
Xylota naknek Xyl.nak Shannon 1926 8
Vespidae 348
Ancistrocerus adiabatus Anc.adi (de Saussure 1852) 2
Ancistrocerus albophaleratus  Anc.alb (de Saussure 1855) 2
Ancistrocerus antilope Anc.ant (Panzer 1798) 3
Ancistrocerus catskill Anc.cat (de Saussure 1853) 6
Ancistrocerus waldenii Anc.wal (Viereck 1906) 1
Dolichovespula adulterina Dol.adu (deBuysson 1905) 1
Dolichovespula arenaria Dol.are (Fabricius 1775) 246
Dolichovespula maculata Dol.mac (Linnaeus 1763) 31
Dolichovespula norvegicoides Dol.nor (Sladen 1918) 2
Eumenes crucifera Eum.cru Provancher 1888 15
Euodynerus foraminatus Euo.for (de Saussure 1853) 3
Euodynerus leucomelas Euo.leu (de Saussure 1855) 1
Euodynerus planitarsis Euo.pla (Bohart 1945) 6
Odynerus dilectus Ody.dil de Saussure 1870 1
Parancistrocerus pensylvanicus Par.pen (de Saussure 1855) 7
Polistesfuscatus Pol.fus (Fabricius 1793) 2
Stenodynerus anormis Ste.ano (Say 1824) 6



Stenodynerus kennicottianus ~ Ste.ken (de Saussure 1870) 1

Vespula consobrina Ves.con (de Saussure 1864) 10
Vespula vidua Ves.vid (de Saussure 1854) 1
Vespula vulgaris Ves.vul (Linnaeus 1758) 1
Total 4958

Table $. Number of links observed for each plant species in the networks. Abbreviations were
used to create bipartite graphs.

Species Abbreviation  Author Links
Achilleamillefolium Ach.mil Linnaeus 89
Agoseris glauca Ago.gla (Pursh)Rafinesque 16
Allium stellatum All.ste Fraser 2
Anemonastrum canadense Ane.can (Linnaeus)Mosyakin 32
Anticlea elegans Ant.ele (Pursh)Rydberg 23
Apocynum androsaemifolium  Apo.and Linnaeus 181
Astragalus laxmannii Ast.lax Jacquin 4
Brassica napus Bra.nap Linnaeus 7
Campanula rotundifolia Cam.rot Linnaeus 105
Carum carvi Car.car Linnaeus 29
Chamaenerion angustifolium  Cha.ang (Linnaeus)Holub 65
Cicuta maculata Cic.mac Linnaeus 10
Cirsium arvense Cir.arv (Linnaeus)Scopoli 386
Cirsium flodmanii Cir.flod (Rydberg)Arthur 49
Cirsium muticum Cir.mut Michaux 3
Cirsium vulgare Cir.vul (Savi)Tenore 20

Cre.run (E. JamesYorrey & A.
Crepis runcinata Gray 24
Dasiphora fruticosa Das.fru (Linnaeus)Rydberg 432
Drymocallis arguta Dry.arg (Pursh)Rydberg 6
Erigeron glabellus Eri.gla Nuttall 41
Erigeron pulchellus Eri.pul Michaux 4
Erigeron strigosus Eri.str Muhlenberg 15
Euthamia graminifolia Eut.gra (Linnaeus)Nuttall 100
Gaillardia aristata Gai.ari Pursh 11
Galium boreale Gal.bor Linnaeus 26
Gentianopsis crinita Gen.cri (Froelich)Ma 1
Grindelia squarrosa Gri.squ (Pursh)Dunal 56
Helianthus maximiliani Hel.max Schrader 45
Helianthuspauciflorus Hel.pau Nuttall 1
Heuchera richardsonii Heu.ric R. Brown 1
Hieracium umbellatum Hie.umb Linnaeus 133
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Hypoxis hirsuta
Mulgedium pulchellum
Lathyrus palustris
Leucanthemum vulgare

Liatris ligulistylis
Linum lewisii
Lobelia spicata
Lotus corniculatus
Lysimachia ciliata
Medicago sativa
Melilotus albus
Melilotus officinalis
Mentha canadensis
Monarda fistulosa
Nabalus albus

Packera paupercula
Pedicularis lanceolata
Polygala senega
Potentilla anserina
Prunella vulgaris
Rosa woodsii
Rudbeckia hirta
Sanicula marilandica
Solidago canadensis
Solidago gigantea
Solidago hispida
Solidago juncea
Solidagonemoralis

Solidago ptarmicoides
Solidago rigida

Solidago sp. x

Sonchus arvensis

Spiraea alba

Stachys palustris
Symphoricarpos occidentalis

Symphyotrichum ciliolatum
Symphyotrichum ericoides

Symphyotrichum laeve

Hyp.hir
Lac.tat
Lat.pal
Leu.vul
Lia.lig

Lin.lew
Lob.spi
Lot.cor
Lys.cil
Med.sat
Mel.alb
Mel.off
Men.can
Mon.fis
Nab.alb
Pac.pau

Ped.lan
Pol.sen
Arg.ans
Pru.vul
Ros.woo
Rud.hir
San.mar
Sol.can
Sol.gig
Sol.his
Sol.jun
Sol.nem
Sol.pta

Sol.rig
Sol.sp.
Son.arv
Spi.alb
Sta.pal
Sym.occ
Sym.cil

Sym.eri
Sym.lae

(Linnaeus)Coville
(Pursh)G. Don
Linnaeus
Lamarck

(A. Nelson)K.
Schumann

Pursh

Lamarck

Linnaeus

Linnaeus

Linnaeus

Medikus
(Linnaeus)Lamarck
Linnaeus

Linnaeus
(Linnaeus)Hooker

(Michaux)A. Love & D.

Loéve
Michaux
Linnaeus
Linnaeus
Linnaeus
Lindley
Linnaeus
Linnaeus
Linnaeus
Aiton
Muhlenberg
Aiton

Aiton
(Torrey & A. Gray)B.
Bovin
Linnaeus

Linnaeus

Du Roi

Linnaeus

Hooker

(Lindley) A. Love & D.
Love

(Linnaeus)G. L. Neson

(Linnaeus)A. Love &
D. Love

306

206
135
72
12
215

102
167
35
472
13
14
107

132

163
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Symphyotrichum lanceolatum

Symphyotrichum lateriflorum

Taraxacum officinale
Trifolium hybridum
Trifolium pratense

Trifolium repens
Vicia americana

Vicia villosa
Zizia aptera

Zizia aurea

Total

Table $. Study site coordinates, ecoclimatic region, and management category.

Sum.lan
Sym.lat

Tar.off
Tri.hyb
Tri.prat
Tri.rep
Vic.ame
Vic.vil
Ziz.apt
Ziz.aur

(Willdenow) G. L.
Neson
(Linnaeus)A. Love &
D. Love

F. H. Wiggers
Linnaeus
Linnaeus
Linnaeus
Muhlenberg

Roth

(A. Gray)Fernald
(Linnaeus)W. D. J
Koch

Site Latitude | Longitude | Ecoclimatic region | Management
BP 1 |50.258 |-97.694 GT grazed

BP2 |50.314 |-97.786 GT IVM

BP 3 |50.419 |-97.883 GT mowed

BP 4 |50474 |-97.923 GT IVM

BP5 | 50552 |-97.977 GT pasture fallow
BP6 |51205 |-98397 LBs pasture fallow
BP 7 |51421 |-98571 LBs pasture fallow
BP8 |51479 |-98619 LBs IVM

BP9 | 51565 |-98694 LBs grazed

BP 10| 51.652 | -98715 LBs pasture fallow
BP 11|52355 |-98.888 MBs IVM

BP 12| 52456 -98.889 MBs IVM

BP 13| 52516 |-98.892 MBs VM

BP 14| 52596 | -98.895 MBs VM

BP 15| 52751 | -98.96 MBs IVM

94

62

41
36

N

53
4958
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Sym.occ

Son.arv

Hyp.hir

Hel.max

Sym.eri

Apo.and

Lia.lig

Ach.mil

Cir.flo

Gal.bor

Rud.hir

Sol.sp.

Das.fru

Sol.nem

Eri.pul

Pac.pau

Cre.run

Arg.ans

Sol.rig

Lob.spi

Figure 4. Site 1 pollination network. Grazed site. Network size = 57 spdgregn = plants,

yellow = insects.

Eup.ame
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Dol.are

Bom.ter

Sph.con
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Meg.rel
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Hel fas
Meg.pug
Mel.tri
Vil.ful
Tox.gem
Bom.vag

Her.var

Tox.mar

And.rob
Meg.ine
Her.car
Hal.con
Las.vir
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Syr.pip
Par.hae
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Figure . Site 2 pollination network. IVM site. Network size = 87 species.
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