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Chapter 1: Literature Review



The importance of bees

Plantsarepollinated bymany diverse animal&amiliar pollinators like birds and
flower flies are active during the day, while nocturnal animals such as bats and moths take
the night shift. But the most efficient pollinatéreind thus most economically important
are bees (Greenleaf et al 2007, Miocke2007). Bees are nectar and pekating members
of the superfamilyApoideawithin the insect ordedymenopteraln North America there are
more than 3,300 species of bees (Borror & White 1970). Some bees live socially in colonies
founded by a queenuch as honey bees (germysis) and bumble bees (genBsmbu$.
These social genera are perhaps thelkestvn by the average person, but most bee species
are solitary, with females creating individual nest cells that they provision with nectar and
pollenMi chener 1967). Still others are nest par
nest (Wolf & Ascher 2008).

Approxi mately 35% of the worl ddés food cro
bees (Klein et al 2007), amounting to a current annual dloere than $160 billion
worldwide (Potts et al 2010, Gallai et al 2009). Of all bee species, the agricultural
contributions of the European honey l#ges melliferaare among the most important.
Honey bees are a common sight in crops and backyardsatitehe primary managed
pollinator used for 90% of commercial pollination (Genersch 2010). In addition to their
valuable pollination services, the honey they produce generates over 300 million dollars in
annual salewithin the United States (USDNASS 2)16a).

During the twentieth century, additional bee species began to be domesticated for use
in agriculture. Bumble bees have proven particularly adept at pollinating greenhouse

tomatoes (Velthius & van Doorn 2006, Goulson 2013b), as well as survivieglthelimes



of northern growing regions. Bumble bees are large enough to shake pollen loose from
tomato flowers byapidly vibrating their wingmuscles in a phenomenon callédizz
pollination (Harder & Barclay 1994). Pollination by bumble bees can alsease the
quality and yield of other greenhouse crops like peppers and melons (Saar2008).

The European speci@mbus terrestrifas experienced an increase in eed exportation
as greenhouse agriculture has grown in popularity (Gigarna 208). In North American
greenhouses the native bumble Beenbus impatienis the dominant domesticated species
(GuerraSanz 2008). Solitary bee species like the alfalfa leafcuttebegachile rotundatp
and the alkali beeNomia melandejihave also baghn commercial use in several countries,
where they are deployed to pollinate fruit trees and alfalfa (Velthius & van Doorn 2006).

Pollination by wild bee speciesnsupplemenbr surpass honey bgellination
(Mallinger & Gratton 205, Vaughan et a2015, Winfree et al 2008). Even crops that are not
dependent on insect pollination may experience an increased yield in the presence of high
bee diversity (Greenleaf & Kremen 2006). Satilinating plants like sweet peppers
(Capsicum annuujrand tomatoegSolanum lycopersicunexperience greater fruit set and
better fruit quality when visited by pollinating insects (Delaplane & Mayer 2000).

In addition to their agricultural services, domesticated and wild bees alike contribute
to the pollination and repduiction of flowering plants in naral ecosystems (Winfree et al
2009).Bees predate humans on the planet; the first bees appeared more than 130 million
years ago (Goulson 2013b). These early bee species coevolvetenutlants that they
pollinate, resliing in aunique diversity of floral displays and nectaeking strategies
between bees and flowdisatcanbe seen around the world today. These incltidleuchina

fl owers that <c¢change toapbearrlessaftraciyereirares $0al), e
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andorchids in theOphrysg e n u s , w h gesnarkalbldesemt#ancgodemale bees
serves to lure male bees nearer (Streinzer et al 2009).

The global mix of generalist and specialist beelps ensure h at  jolimatorh 6 s
dependent flowarreceive pollination each year (Moisset & Buchmann 2011). Yet after
surviving the extinction of the dinosaurs in the late Cretaceous period and the radical
temperature fluctuations during the millennia that followed, these enduring creatures now
face a ne threat: human activity.

Many insects have been experiencing accelerated losses over the last century, and
particularly over the last several decades (van Lexmond et al 2015). Already three species of
bumble bees are presumed extinct (Goulson 2013bprmedmerican bumble beBpmbus
affinis, is being considered for endangered species status by the U.S. Fish and Wildlife
Service (FederdlRe gi st er 2015). The population trends
have not been evaluated, so the conservatatns of the vast majority of bee species
remains unknown.

The loss of bees would pose a terrible problem for mo@eh productiorand
natural ecosysteriunction & well ashuman culture, which has developed alongside
apiculture for thousands of yeasross ancient Europe, Africa, and the Middle East (Bloch
et al 2010). Given these stakes, the ongoing decline of both wild and domestic bee species
throughout the world (National Academic Press 2007, Potts et al 2010) has received
increased attention fno the scientific community. Research efforts are presently underway
to understand the set of interactive factors contributing to pollinator disappearance and honey

bee colony failure as losses of these insects continue.



Challenges facing domestic pollinors

Domesticated bee species, especially honey bees, have undergone intensive changes
in management practices over the last several decades. The global demand for pollination is
higher than ever beforandmanaged honey bee populations have been urakéep up
(Aizen & Harder 2009). In the United States, commercial honey bee keepers must now
transport their hives across long distances to meet the high pollination demand of crops
across the country (Oldroyd 200%uchhoney bee colonies typically begin the year by
travelling to California in February to pollinate almond treesvingon to stonédruit in the
Pacific Northwest in April and May, then hopping from crop to crop across the continental
U.S. This lifestyle calead to physiological and nutritional stress (Ahn et al 2012).
Furthermore, the close quarters shared by hboneye s when vi siting a reg
crops en masse can exacerbate disease and pathogen spread. Pathogens circulating in
domestic hives caspill over into wild bee populations, as has been found to occur with wild
and domesticated bumble bees (Graystock 20, Otterstatter & Thomson 2008).

The spread of disease is mftenobserved in natural bee populatiomspartbecause
diseaseavild bees are hard to find; ast of what is known about bee disease has come from
the study of domesticated honey bees, bumble bees (espBciadlyestrig, and alfalfa
leafcutter bees (James 2008). When bees succumb to disease they are difficulit® cure.
such, in the case of colonwide outbreakghe most effective course of actioroitento
destroy contaminated colonies and their associated equipment (James 2008). Among honey
bees, there are a variety of viral, fungal, bacterial, and metazoan @aghbgt cause heavy
colony mortality, including parasitic varroa mites, nosema fungus, and Israeli acute paralysis

virus (Genersch 2010). Colony Collapse Disorder, or CCD, is another problem for honey bee



keepers in the United States. Colonies affecte@® lose foragers until the colony
dwindles to a number too low to support itself and dies off. A single root cause for this

phenomenon has not been found.

Land use change increases pollinator stress

Approxi mately 40% of Eavettddosgridulturald sur f ace
production or pastureland (Foley et al 2005), and with the human population expected to
reach nine billion by the year 2050 (Godfray et al 2010) the fractigtob&lland devoted to
agriculturewill likely increase. Since bees reaccess to land that can provide continuity in
floral and nesting resources, agricultural areas will likely play center stage in the upcoming
struggle to maintain pollinator diversity (and consequently the productivityaaly
pollinatordependent crops)There are several major obstacles that must be overcome if high
levels of bee diversity are to be maintained in agroecosystems that are becoming increasingly
intensive.

First, bees must be able to find enough food: widespread habitat loss and a lack of
landscape connectivity have made it harder for bees to forage successfully (Kennedy et al
2013, Kremen et al 2007, Ricketts et al 2008, Winfree et al 2009) Most beentet place
foragersthat make foraging trips to and from a nest location where gathered resources are
stored. Because bees must return to their nests, the flowers they are able to pollinate are
limited by proximity to the nest site. The distance a bee can fly is deternyntsdsize
(Gathmann & Tscharntke 2002). Large bees are able to adeaye foraging radius of up to
15 km, while smaller bees may be restricted to a radius of less than a few hundred meters

(Greenleaf et al 2007, Godfray et al 2014).



Crop management actices may be exacerbating the lack of floral resources available
for bees. Alfalfa, for example, is frequently grown as a cover crop for corn and soy and can
be an excellent source of both pollen and nectar for bees (USDA 2015). However, alfalfa
cover cops are usually harvested just as they begin to flower, making them useless as a
pollinator resource. Fruit and vegetable cropsbear prolific flowers, but many only do so
for a brief period of the growing season. For most of the year these cropscaneale to
support foraging bees.

In addition to the disappearance of floral resources, habitat loss has reduced suitable
nesting sites for bees. Groundsting bees, which compose the majority of wild species, are
limited in their nesbuilding by soilpreference. Many favor sandy soil, which tends to have
larger particles that are easier to excavate than other types of soil such as clay or silt loam
(Cane 1991). Bees that nest in tree cavities, hollow stems, and abandoned rodent dens are
also reliant pon the presence of necessary habitat features for nesting (Potts et al 2005,
Klein et al 2007).

A farm fieldbs nesting suitability is aff
the uncultivated edges of fields will not contribute to sustainipgllenator community.

Tillage, a common practice that breaks up soil to allow increased water and air permeability,
can occur at depths of up to 45 centimeters. Since mangesiihg bee species are found

within 20 cm of the surface (Cane & Neff 2011l)jig a field at standard deptiowuld

destroy bees that may have nested there. Even in untilled fields, compaction from heavy farm
machinery can compress otherwise suitable soil, making it too densely packed for bees to

excavate.



Agricultural expansiorhas contributed to a reductiontoth foraging habitat and
nesting habitator beeqLonsdorf et al 2009). Establishing connectivity between land parcels
couldprove critical to recovering and maintaining pollinator habitat across agricultural
landscapesSome federal programs exthatfacilitate wildlife habitatprotectionin
agricultural aregssuch as the Conservation Reserve Program and Environmental Quality
Incentives Program (Feng et al 2005). Growers who participatechiprograms receive
stipend in exchange fdkeepinglandout of production and converting it to a buffer of
diverse vegetation on the edges of their fields. Many fields bordered by federally funded
conservation buffers contain crops grown to feed animalsiridiee and soy beanBEhe
market price of these crops can fluctuditematicallyover time If the value of a
participating growerodos crops suddenly increa
in the conservation program, pay the-opt penalty, and expand crop protiac into buffer
zonesand previously wfarmed areato maximize profitable acreagecreased demarfdr
maize in the United Statéssled to the agricultural conversion wiillions of acres of land
since 2008much of itgrasslandLark et al 2015)

To increase the abundance of flowers available for pollinators when crops are not in
bloom, beneficial insect habitat like native plant field borders and insectary strips can be
incorporated as a permanent fixture of working farms-(Uéeer et al 2014).18all-scale,
diversified agricultural practices can serve as a refuge for pollinators by providing the
foraging and nesting needs that are missing from the expansive monocultures typical of
largescale, conventional farms (Klein et al 2007, Hole et al 208&f 2012, certified
organic farmers are required to provide resources like beneficial insect habitat that foster

biodiversity on their farms (USDAOP 2016, LeeMader et al 2014).



Simply being an organicertified farm, however, is not enough to bdaisdiversity
(Brittain et al 2010a). Rather, the benefits fwomventional agriculture can provide for
biodiversity are a function of practices on a local farm level as well as on a landscape level
(Brittain et al 2010a, Gabriel et al 2010, Andersson 2044, Tscharntke et al 2005). A
combination of pollinatefriendly farm practices and suitable habitat in the surrounding
| andscape can dramatically boost a far mods
2014) as well as via other ecosystem mewlike pest predation by beneficial insects (Lee
Mader et al 2014) and weed suppression (Tscharntke2608).Organic farms may also

benefit pollinators by offerindiminished pesticide exposure (Hole et al 2005

Pesticide exposure risks for benefial insects

In addition to the problems associated with habitat loss, the acute and chronic effects
of pesticide exposure are considered another major contributor to the decline of bees (Larson
et al 2014, Brittain et al 2010b, Hopwood et al 2013). Tunitotinoid class of insecticides
has come under particular scrutiny as a pollinator risk factor. These insecticides are
neurotoxins that act selectively on the insect central nervous system, causing neurons in
susceptible animals to ovére, leading tgparalysis and death (Maienfisch et al 2001,
Bonmatin et al 2015, SimeRelso et al 2015, Jeschke & Nauen 2008). The neonicotinoids
have become the most widely used insecticide class, comprising approximately a third of the
global market (Simoielso et ak015). The compounds are applied in the United States at a
rate of millions of pounds of formulated product per year and rising (USGS 2016).

Neonicotinoids are also commonly used outside of agriculiiten at higher application
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rate§ and have been datted in the tissue of plants sold in garden centers throughout North
America (Brown et al 2014).

Globally, the three major neonicotinoid compounds used in agriculture are
thiamethoxam, clothianidin, and imidacloprid (Elbert et al 2008). The compounti& can
sprayed directly onto leaves, soaked into soil where seeds are planted, or applied onto seeds
as a seed coat, which is the most popular agricultural method (Hopwood et al 2013). As the
treated plant growshe neonicotinoid becomes systemically mobieying through the root
and shoot to provide protection against damage from tissukfluidfeeding insects like
aphids, thrips, and leaf hoppers (Goulson 2013a) and in doing so simultaneously protecting
against the pathogens these species can trar&miotDe | so et al 2015). Ne
combination of high toxicity at low doses, rapid whplant translocation, low mammalian
toxicity, and a lack of crosesistance to other pesticide classes has led them to be used in a
wide variety of crops (Tomawva & Casida 2005). Applications of neonicotinoids can
provide longlasting pest control and eliminate the need for further applications of toxic
insecticides like carbamates, chlorinated hydrocarbons, and organophosphates (Jeschke &
Nauen 2008). Unfortunely, the lack of target specificity that makes neonicotinoids so
effective against many different crop pests has also made them a danger to beneficial insects
like bees.

Bees come into contact with neonicotinoids by ingesting contaminated nectar and
pollen. For this reason, the United States Environmental Protection Agency (EPA) updated
neonicotinoid | abeling in 2013 to prevent th
flowering period (EPA 2014). Even with these precautions in place, concergratiop to

11 ppb have been found in pollen and nectar of flowering crops that were planted with a
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neonicotinoid seed coating (Hopwood et al 2013). Dust clouds that form when neonieotinoid
coated seeds are planted pose an additional route of exposueespbbth in the planted
field and in surrounding uncultivated areas (Krupke et al 2012).

Bees can also be exposed to neonicotinoi.d
(Girolami et al 2009). Guttation often appears in the early morning during hunddicos.
Although similar to dew in appearance, guttation fluid is actually a natural excretion of a
plantdés xylem sap from the | eaf tips. I f a f
guttation fluid, especially from a young plant, the bee dda exposed to a neonicotinoid
dose as much as 100,000 times higher than that found in nectar (Godfray et al 2004). For
example, corn plants grown for three weeks from neonicotitneated seeds have been
found to contain up to 100 ppm of thiamethoxamto 200 ppm of imidacloprid in their
guttation fluid (Girolami et al 2009). These concentrations are well within the range that can
harm bees (Hopwood et al 2013, Godfray et al 2014, Iwasa et al 2004).

A bee that has come into contact with an acutetictdose of neonicotinoids will die
(Hopwood et al 2013). In honey bees the median lethal dosg)(@Doral neonicotinoid
exposure occurs as low as 3.7 ng/ bee with imidacloprid, and the contact toxigjtydcDrs
between 2481 ng/bee for the three foaneonicotinoid compounds (Godfray et al 2014).

One study found contact doses of imidacloprid as low as 0.0179 pg/bee could cause mortality
(lwasa et al 2004). The exact dose that will prove lethal to a bee differs dependent upon
which neonicotinoid comgund, which bee species, and which route of exposure. For most

wild bee species, a lethal dose level has not been determined. Lethal detthaudboses for

bees an also bange if neonicotinoids are mixed with other compounds apliedpas a

chemical canbination(van Lexmond et al 201%amargo Gil 2016 Even lower, nottethal
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doses of neonicotinoids may cause bees to exhibiketbél effects such as inhibited larval
growth, disrupted foraging and navigation, and reduced queen production (Hopwbod et a
2013).
Although neonicotinoids degrade quickly in the surface layers of soil, they persist in
deeper, colder, and higtlay soils (Bonmatin et al 2015, Junior et al 2004). The compounds
are highly water soluble and have been foungetiands andjroundvater in areas of high
agricultural activity (Main et al 2015, Huseth & Groves 2014). This neonicotinoid
contaminated groundwater may be drawn up and
representing a further potential route of exposure for ptdiisan areas of irrigated

agriculture (Huseth & Groves 2014).

Pollinator conservation in central Wisconsin

The state of Wisconsiis home to 68,900 farms (USIMASS 2016b), with
thousands ofiectareslevoted to irrigated specialty crops such as processing vegetables and
potatoes grown within an ecological region K
2014). Major pollinatoidependent specialty crops cultivated in the Central Sands include
cucunbers, cranberries, and tree fruit that together account for more than 55 million dollars
of annual withinstate revenue (WDATCP 2016). Many of these crops are pollinated more
efficiently by wild bees than by honey bees (Delaplane & Mayer 2000, Mal@atton
2015), so protecting wild pollinator habitat can help improve pollination rates while reducing
reliance on our already overtaxed domestic pollinators.

Specialty agriculture also includes crops that are not pollitspendent such as

sweet corpsnap beans, and peas. In Wisconsin many of these crops are grown to be
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processed via canning or freezing rather than sold as fresh produce. Even though pollinating
insects are not required for the productioc@ftainprocessing vegetables, the crops
nonetheless provide floral resources that pollinateay visit during the blooming period

(USDA 2015). Because the presence of bees is not an economic necessity, the benefits and
risks of processing crops for pollinator communities are largely absentheoprésent body

of scientific literature. Bees living within the nioeunty Central Sands region have been
overlooked within the state of Wisconsin (Wolf & Ascher 2008), with only recent
investigations occurring in pickling cucumbers (Lowenstein et a2aid cranberries

(Gaines Day 2013).

Vegetables grown in the Central Sands region benefit from sandyréasing soil
and a water table that lies very close to the surfaddDMR, 2014). But the benefits also
bear costs: largscale growers must irat groundwateifed irrigation systems to supply
crops with sufficient water to survive the dry summer months. As a result, the Sands region
has one of the highest concentrations of irrigated vegetable fields in the state, receiving 170
million liters of water per year from more than 1,300 higpacity wells (Huseth & Groves
2014). These large, cenipivot irrigation systems have been a key factor in allowing the
Central Sands to become the major vegetable production region that it is today.

Trace amourst of insecticides, including neonicotinoids, have recently been detected
in the surface and groundwater in areas of
Central Sands (Huseth & Groves 2014, Carnemark et al 2015). It is this contaminated
grourdwater that is withdrawn as irrigation water for vegetable crops, including at times

when crops are in bloom and pollinators may be present and foraging.
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In Wisconsin, the neonicotinoid thiamethoxam is applied for early season pest control
in most annualligrown processing vegetables (Colguhoun et al 2016). Thiamethoxam has
been on the market since 1992, and is applied as a foliar, soil, or seed treatment (Jeschke et al
2010). The United States Environmental Protection Agency (EPA) has already released a
preliminary risk assessment of imidacloprid that recommends a concentration of less than 25
ppb in nectar (EPA 2016), and the agency plans to fully review the registrations of
imidacloprid along with neonicotinoids clothianidin, thiamethoxam, and dinotefataveen
2017 and 2018. In the meantime, research is needed to inform regulators and insecticide
registrants about the concentrations of these insecticides that are present in processing
vegetable crops, and to learn more about the seasonal sequenceeesity dif pollinators

present in this important egegion of Wisconsin.

Research ationale
Pollinators are put at risk Bgnd use changand pesticide exposure. The Central
Sands ecological region is a place whaotinatorrisk factors come togethegspecially
landscape fragmentation by agriculture and heavy neonicotinaidGusn these
circumstances, central Wisconsin is an ideal study area to analyze specific aspects of the
pollinator communig Oralationshipwith vegetable agriculture.
Thepurpose of this study wase tletermine whictbees are present in predominant
central Wisconsiwegetable crops, and when these crops may bear pgtknin
neonicotinoid concentrationg/e had three goal§irst, we sought to obtain temporal data
describing he regi onbés bee community within the

have not previously been surveyed for pollinators. Seconduamtified changing
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neonicotinoid concentratioms the flowers and leaves tiree processing vegetable crops
tha occur commonly in the Central Sands: snap be@hageolus vulgar)s peas Pisum
sativun), and sweet corrzéa mayp Finally, we examinedhetherthe predominantind
usesurroundingagricultural sites within the same central Wisconsin growing reftgoinan

effect onpollinator communities.
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Abstract

Pollinator insectdéike beesare in decline throughout the United Statagart due to habitat
loss from expanding agricultur€his study goal was to examinge suitability of the
heterogeneous agricultural region of central Wisconsin for wild. b¢esssessed the
compositionand distribution of bee speciesdentral Wisconsiivegetableagriculture using
pan trap captures and observational data taken vatdmuwentionally grown processing
vegetable fields and in the sematural field edges of conventional and organic vegetable
farms.Although many bees werebservedoraging at flowersn conventional and organic
field margins,almost none were seen foragwvithin conventional fields Eighty-six bee
speciesvere captured and identified within the study regionluding one newstate record
The majority of bees capturém all siteswere species belonging to the fantiglictidae
and the genukasioglossim, but the majority of bees captured from within vegetable fields
were honey bee#\pis melliferg. There was significantly greater diversity, abundance, and
species richness in field margins than in fieBsecommunitiescollected fromwithin crop
fieldswerenegativelyinfluencedby surroundinggriculturalland useandpositively
influenced by surroundingaturalland useat scales obne to two kilometersutwere

largely unaffected by the proportion of surrounding landwitt@n smallerradii of 250and
500meters. These results suggestt distancesf one to two kilometerare within the
foraging rangef thebee species found thecentral Wisconsin areand that field edges
may be important habitat features for pollinators in centraic@fisin Since many types of
vegetable crops share space and rotation across areas where bees are known to travel,
cooperation across property lines is imperative to ensure that crops and bees alike continue to

thrive in this area.
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Introduction
The role ¢ landscape irbee conservation

Bees are responsible for pollinating 35%
Though honey bees are a common sight in North America (indeed, honey bees are the state
insect of seventeen of the United Statds)y ae a nonnative species that has been imported
to pollinate the vast majority of pollinatoeliant crops (Genersch 2010), many of which are
also nonnative. In recent years, faced with the rapid expansion of pollxdat@endent
agriculture, honey bee polations have begun to lag behind pollination demand (Aizen &
Harder 2009).

In addition to honey bees there exist approximately 3,600 species of wild bees in
North America (Ascher & Pickering 26J. The wild bees display a great diversity of life
historiesand adaptations that allow them to pollinate a variety of flowering plants. Wild bee
species can compl ement or surpass honey bees
such as tree fruit, blueberries, tomatoes, and squash (Mallinger & GrattorGilis et al
2016, Greenleaf & Kremen 2006, Vaughan et al 2015, Garibaldi et al 2013).

From the migtwentieth century onwards, many insect populations, including bees,
have been declining (van Lexmond et al 20IHk factors contributing tglobalbee
declinesinclude Colony Collapse Disorder in honey bees (Winfree et al 2011), betarekn
within-species pathogen transmission (James 2008, Genersch 2010, Graystock et al 2014,
Otterstatter & Thomson 2008), restricted genetic diversity (Oldroyd 2007, Caieab
2011), and pesticide exposuBriftain et al 2010b, Hopwood et al 2013, Krupke et al 2012,
Fischer et al 2014,arson et ak014,SamsorRobertet al 2014). Overall, however, habitat

loss may be the most important contributor to bee decline @ait2010). Widespread
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habitat loss caused by agricultural expansion and intensificdtiongthe last several
decades has made it harder for bees to forage and establish nests (Kennedy et al 2013,
Kremen et al 2007, Ricketts et al 2008, Winfree @089, Lonsdorf et al 2009). Most bees
are central place foragers that make trips to and from a central nest location where gathered
resources are stored. Thus, bygprohnetetéthenasbi | i t vy
site. Maximum éraging distncesared et er mi ned by a beebs si ze;
radius asongas 15 km whilevery smallbees are restricted to a few hundred meters
(Greenleaf et al 2007, Godfray et al 201Fhe averagdoraging distance of North
American bees rangesom 100 to 2,000 meters (Koh et al 2016, Gathman & Tscharntke
2002, Ricketts et al 2008, Greenleaf et al 2007).

Because bees are mobile within the environment, their conservation depends on both
local levellandmanagement as well as landscape level imad(Kremen et al 2007At the
local level, pllinator-conscious farm management practices can serve to misigiate
negative effects from the surrounding landscape (Albrecht et al 2007). Organic farms, for
example, often have more robust bee commurtitis conventional farms due in part to
decreased pesticide use and the resultant increase of floral diversity, often from weed species
(Hole et al 2005, Andersson et al 2014, Bengtsson et al 2005, Gabriel et al 2010). However,
the benefits derived from ganic practices may be offset when the farm is situated in a
homogeneous agricultural area (Brittain et al 2010a). Furthermore, the creatiefaohon
floral habitat that is not sufficiently diverse may only benefit certain groups of bees, to the
detrimen of specialists and necorbiculate species (Wood et al 2015).

At the landscape scale, previous studies have found that the amount of natural and

semtinatural land suounding farm fields is positively correlated with pollinatimhness and
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abundancéRickettset al 2008, Kennedy et al 2013, Gibbs et al 2016). Land use change
resulting in habitat fragmentation is negatively correlated with pollinator presence,
particularly in landscapes where little suitable habitat remains (Winfree et al 20093tdtredi
declines in pollinator abundance are most pronounced in states in the Midwest and
Mississippi river valley where agricultural land use predominates, with the most intensively

cultivated areas having the lowest predicted abundance of wild bees (K220&6).

The Centr al Sands: Wi sconsinbés processing ve
Rotations of soy and maize, which do not require insect pollination, are predominant
across Wisconsin (Haines et al 2010), but the state also has a high reliance upon bees
agricultural pollination. Wi sconsin produces
crops annually, including cranberries, tree fruit, and vegetables for the fresh market (USDA
NASS 2015). Many of these crops are heavily dependent upon insect piliftaSDA
2015a). Wisconsin also ranks second in the nation in the production of major processing
vegetables grown to be canned or frozen (USDA NASS 2015). The dominant processing
vegetables include sweet code@ mayg snap beandhaseolus vulgar)sard field peas
(Pisum sativum(Haines et al 2010). These three processing crops are not dependent upon
insect pollination; snap beans and peas argsdlihating, while sweet corn is wind
pollinated. Despite their respective adaptations to produce Vrakileiithout insect
pollination, bees do visit these crops while foraging for pollen and all three of these crops are
visited to varying extents dyoney bees, bumble bees, and other wild bees (USDA 2015a).
In Wisconsin, the majority of these and othghhvaluespecialty crops are grown

within aregion known as the Central Sands (Haines 2010). The Central Sands, located in the
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center of the state, is unique in that it is heavily cultivated but also heterogeneous when
compared with other agriculturallgit ensi ve r egi ons. Central Wis
poor water retention (WI DNR 2014), but extensive irrigation has made the regien well
suited for growing higtvaluespecialty crops like cranberry, potatoes, sweet corn, and other
vegetables (Hainext al 2010). The region annually supports approximately 80,000 hectares
of irrigated specialty crops (Haines et al 2010, WICCI 2011). Fgrolwing pollinator
dependent crops share both space and rotation witpaibnator dependent fields, resulting
in a mosaic of diverse crops and management regimes across the landscape.

The suitability of the Central Sands as pollinator habitat renten@sploredn
several respects. Thees of the Central Sanderegionallythe leaststudied in the state
(Wolf & Ascher 2008) Furthermore, the overall effect of surrounding land use types on bees
found within processing vegetables in this unique region has been explored in pellinator
dependent crops such as cucumbers (Lowenstal 2012, Lowenstein 2011) and
cranberries (Gaines Day 2013), but not in processing vegetables without pollinator
dependencesince hese processing vegetable cropmprise as much as 35% of the total
cropland in Central Sands counties (Haines e0&0), their prevalence the areanay
make them an importasbmponent of locgbollinatorhabitat Although aganic agriculture
is not prevalent in the Central Sandkere are only four certified organic vegetable farms in
the mosintensively farmed entral three counties (Portage, Waushara, and Adams Counties)
(Farm Fresh Atlas 2016%he sector is rapidly expandinghe number of organic farms in
Wisconsin has continued to grow even as the number of total farms dimiftistiess et al
2010. If trends in expanding organic prevalence occur in the Central Sands, sucmérms

become an important component of wilele habitat in the areAs goals are set to conserve
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declining pollinator populations at both fedefldSDA 2015b) and stai@Vl DATCP 2016)
|l evel s, the role of the Ce nshouldbe fiBthenekmoted uni q u

as it applies to pollinator conservation.

Research rationale

This project had two main objectives. First, we examined the seasonal bee community
infel ds of three dominant processing crops grc
that do not require pollination. We related our findings to the lacgée effects of
surrounding land uses to understand whether these crops are utilized by be@&s theng
Central Sands, and whether the dominance of conventionally grown vegetable crops in the
surrounding landscape affetteir prevalence and diversity

Second, we examined the seasonal bee comnurgisgnin seminatural marginal
lands adjacent tthese conventional vegetable crops and compared our findings to
conventional iAfield bee communities, as well asthe bee communitida smalkscale and
large-scale organic vegetabiield margirs within the sameegion,to understand how farm

managemerpracticesmight influencethe suitability offield edge habitat

Materials and Methods
Conventional processing vegetable fields
This study took place during the growing seasons of 2014 and 2015, from early June
through midAugust. Fields of sweet cofdea mayk snap bean$?haseolus vulgar)s and
field peas Pisum sativumwere selected faamplingdue to their prevalence within

Wi sconsinbés Cent r abBcorventiodafly growengiirigated vegetablet ot al |,
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fields of sweet corn (19 fieldshap beans (18 fields) and peas (16 fields) were visited during
each of their respective blooming perioBgy( 1), all of which were located within the
regionds three most :HomageeWasisharag dngy Adanes.rEach fieldc o u n t
was privatelyowned by a grower contracting their irrigated land with the Del Monte
Corporation (Walnut Ridge, CAJield sizes ranged between 10.5 and 121 ha, with the
average field size being 47.8 ha.

At each field site, the bee community was sampled using panmtragbes with150 mL
plastic bowls (Chinet Co, Desoto KS)he bowls wereitherleft white or painted blue or
yellow with fluorescent paint (Ace Glo Spraty) attract foraging bees based on Droege
(2008). Each bowl was filled with a mixture of water ansinall amount obawn®blue
dish soap (Procter & Gamble, Cincinnati OH), which served to prevent landing bees from
escapinpy changing t he whepanrtraps weselamahgembreneattieen si o n
center of each fielth 100 nf grids of nine bwls in alternatingcolors.Depending on the size
of the field, the distancieom the central trap locatioto the nearesfield edge ranged from
31 to 410meterg(mean = 187 m)Each trap was attached to a stake and adjustibe to
height of surrounding dwers The pan trap grids were placed near the center of each
conventional vegetable field while the crop was at or beyond 75% bloom, then left in the
field for 24-48 hours to capture the full temporal range of bee activity. At the end of each
sampling pepd any bees caught were collected from the traps, mounted, and identified to
the species level with the assistance ofJason Gibbdylichigan State University.

To assess whethéees wer@ngaging irforagingbehaviorat study sites,
observational datarerecollected in 201%vithin all snap bean fields (n = 9) asdeet corn

fields (n = 9)for a total observational period of 10 minutes per. §iigual transects were
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arrangedas two parallel 10 metégngthswithin each pan trap grid. Observation powere

spaced 2 meters apart on each transect line, making a total of five observation points on each
transect line and ten observation points in each trapAfrieivery observation point, the

observer watched flowers within a visual radius for one mianterecorded anyoneybees

or wild bees seewisiting flowers Bees observed during the observational sampling period

werecategorized and recordébiable 1).

Conventional and organic field margins

Additional components were added to the study duria@@15 field season to
examine the role of semmiatural field margins as pollinator habitat at the local level. Thirteen
field edge sislocated in a patch of untilled land in an edge directly adjacent to one of the
flowering crop fields (two pea field margirsgx bean field margins, and five sweet corn field
margins;Fig. 2) were sampled using ttsame 100 pan trap grid methodsed in
conventional fieldsThese edge sites welecated n the triangular corners of fields where
the irrigator does not reacBbservational data of foraging beesleven of the sampled
field edgeq6 snap bean edges and 5 sweet corn gdges recorded witthe same ten
minutevisualtransect procedungsed in conventional fields.

Along with the thirteen conventionally grown vegetable field margins, the bee
community of two certified organic farms was also sampled over the course of the 2015 field
seasor{Fig. 2). Consistentvi t h t hi s st ud gandcorventionatedde sites, a |
the organic farms selected for this study were also located within the three most heavily
farmed vegetable growing counties of central Wisconsin (Portage, Adams, anklavéaus

Counties) Flyte Family Farms of Coloma, WI (Waushara County) annually produces more
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than two hundred ha of organic vegetables. A 103.2 ha portion of land being used to grow
three organic crops (potato, sweet potato, and alfalfa) was selected @g sitstto represent
largescale organic cultivation. The second organic site was Whitefeather Organias LLC
Custer, WI (Portage County), a 9.3 ha diversified vegetable and livestock operation that
represent ed d{sdale argamctfaund Yhaéekl margma of both the smadtale

and largescale organic farms were sampled for bees weekly during the summer, with each
visit being paired with a visit to a conventional edge site on the same date. Bee community
data were taken from field margins ditly adjacent to organic crops using the same pan trap
grid methoddescribedn conventional field margins. Observational data of foraging bees
were recorded weekly (n = 10 for both farms) within each pan trap grid, just as in

conventional field edges.

Data analysis

The abundance, species richness, and diversity of bees were calasiatgde
individuals captured from each sitebs pan
rate of bees per hour by dividing the total nundfendividual bee captured per site by the
number of hours in the corresponding sampling pgtioel averagsamplingperiod was 33.2
hr, with a minimum of 20.6 hr and a maximum of 49.0 Bihcehoney bees (speciégpis
mellifera) made up a disproportionately largeount of the individual bee species captured
within conventional vegetable fields, a separate wild bee abundancewhicie excluded
this specieswas calculated for bee community comparisons witanventional vegetable

fields. Bee species richness svealculated as the total number of bee species captured during
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each sampling period. The diversitya | ue of each site was cal cul

Diversity Index Hvalue formula as follows:

Wherepi= t he proportion of each siitebs popul ati
The factors examinefdr their individual and interactive influences bee

community metricsncluded time (measured in days since April first), year, crop type, field

size (ha), and thiand use types surroundifigld sites Land use classifications were

obtainedusing the National Agricultural Statistics Service Cropland Dateer, or

Cropscap€CDL: USDA NASS2015,https://nassgeodata.gmu.edu/CropSgapdiich is a

rasterized digitarendering of land cover obtained via remetnsingat a 30m pixel

resolution Land cover buffers were generated using Arc Map 10.3 (ESRI 2015) at radii of

250, 500,1000, and 2000 meters from each sampling p&nuffers at or below 2000 meters

were cheenbased omata from a metatudy comparindpee foragindgrendsin relation to

distance from habitgRickettset al 208). At each buffer size, classifi€dDL land cover

pixelswere converted intpercentages basedonat egor i es of fAnatural , o
Adevel oped, 0 olandiaegoriZechas eatumatiutedforestpwetlands,

grasslands, and fallow or idle croplam¢hile theagriculturalland usecategorycomprised of

any crops under managed cultiea, including Christmas tree farm3eveloped land was

pre-classifed by CDL to describe paved surfaces and buildatgsirying intensities.
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Because surface water was either absent or near zero in all buffers, this land use classification
was not includd in data analysis.

All data were analyzed using R softwaversion 3.3.0 (R Core Team 2016)
and SAS 9.4 (SAS Institute In€ary NC). In conventional processing fields, each of the
four community metrics (total abundance, wild abundance, diversiys@acies richness)
were analyzeavith separate model3he presence or absence of bees as a function of all
combinations of factoraasanalyzed using@binarygeneralized linear model to account for
the high number of zero values in the community methoflowing these analyses, all zero
values were removed and ttemaining sample poingseldingbee community data were
analyzed using a multiway ANOVA with linearodek. Significant models were chosen
using the criteria of p-valueless than 0.05 and #&f.qj of greater than 1percentThe
effect of year was ruled out as a significaredictor variableand thus was not included in
the modelsDiversity was analyzed using untransformed values, while wild and total
abundance were nwerted to logarithmic values to fit assumptions of normality and equal
variance. Species richness was converted to logarithmic values as nedtssarye
comparison®f bee community metrics in conventional fields versus conventional field
margins, smia-scale organic margins versus lasggale organic margins, and organic

margins as a whole versus conventional field margins were analyzedpasdf-tests

Results
Conventional processing vegetable fields
A total of 1,233 bees representing 86 eliféint specieand five familiesvere

collected from all field sites in this studygble 5). Of these, 347 individual bees (28% of all
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individuals captured) were domesticated honey b&ais, mellifera(Fig. 3). Overall, the
majority of wild bee speciesgpturedin this study were members of the gehasioglossum

in the family Halictidae Table 5). Of the halictidsmost were soihesting eusociapecies

The least prevalent wild species were members of the farmbgschilidae (16 individuals
capturedepresenting 10 specie®ndrenidae (13ndividuals captured representing eight
species)andColletidae (12 individuals captured representing four species). Only one
individual megachilid bedoplitis producta was captured from within a conventional
vegetable field; all other megachilids were collected from field margins. Members of the
family Melittidae, which are among the rarest bees in North America, were not captured at
all.

Within the 53 conventional vegetable fields sampled in 2014 and 2015, 498
individual bees were collected representing 28 speOiethese, 294oney bees were
capturedrepresenting 59% of all individual bees collected from conventional vegetable
fields (Fig. 3). The presence of bees witharop fields(interpreted here as tipeesence or
absence of a diversity-Malue at a sampling sitg)as not significantly correlated with time,
surrounding land use, or field sizéowever, the presence wiultiple bee specida crop
fields wassignificantly affected by field size, witlargerfields tending to have more bee
speciegZ = 2.01,p = 0.044, AIC = 62.08}Fig. 4).

The proportion of developed land, including roads, buildings, and othanataral
structures, had no observed effect on the bee community in the Central Sarstadylsites
were by nature all rural; developed land never comprised mord @arof the surrounding

landscapeso it is likely that no effects were observed because the proportion of developed
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land was too small. The effect of surrounding land usesatadler scale of 25600 m also
tended to have little effect on bees in Central Sands vegetable crops.

Crop type and time had an interactive effect on theragsformed total abundance
of bees in conventional processing vegetables. As time progréssedtal abundance of
bees significantlyncreased irbean fieldut not in pear corn fieldg(Fig. 5). With honey
bees excludedhe logtransformed abundance of wild bees within vegetable fields was
positively correlated tthe proportion of naturahhdand negatively correlated to the
proportion ofagricultural landbccurringwithin a 2,008meterradius Fig. 6; Table 2).

Across conventional fields as a whole, bee diversdyg positively correlated with
the proportion of natural land at radii d®meters, 1,000 meterand 2,00 meterandwas
negatively correlated to the proportion of agricultural land at radii of 1,@8rsand 2,000
meters(Table 2). There was a significant interactive effect of crop at all these buffer sizes
(Fig. 7; Table 3). The bee diversity within corn fields was not significantly affected by the
amount of natural area within 50Ceters, 1,000 metersr 2,000 reters, norby the amount
of agricultural land within 1,00thetersor 2,000meters In bean fields, conversely, the
diversity of bees was significantly positively affected by the amount of natural area within
500meters,1,000 neters and 2,000netersand was significantly negatively affected by the
amount of gricultural area within D00 metersand 2,000meters Table 3). The diversity of
bees in pea fields was also significantly positively correlated with the amount of natural area
within 500 neters,1,000 netersand 2,000 raterswhile being significantly negatively
correlated with th amount of agricultural land 2,0@fetersand weakly negatively

correlated with the amount of agricultural land at 1,0@@ers(Table 3).
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Conventional and organic field margins

Halictid bees comprised the majority of individuals captured in organic and
conventional field margind=(g. 3). Of the total 1,233 individual bees captured across all
study sites, 226 were collected from the marginthirteen different conventionally grown
vegetable fields in 2015, including 31 honey bees (14% of individaptsi@d). In the same
year, 489 individual bees were collected from a lacpge and smalcale organic farm
across ten weeks, including 22 honey bees (4% of individ&gs)3). Fourteen bee species
were unique to the largecale farm, five were uniguo the smalkcale farm, and one was
unique to organic margir(3able 5). None of the bespecies were uniquely found in the
seminatural edge sitdsordering conventional field©ne specied,assioglossum
semicaeruleumwas a new record east of the BMssippi river.

The bee communities of paired (n = 13) conventionally grown vegetable fields and
conventional vegetable field edgesried significantly Fig. 8, Table 4). The diversity of
bees in conventional was significantly lower than the diversity of &dtges The natural log
of wild bee abundance within fields was also significantly lower than in margins. Likewise,
the natural log of total bee abundance was Bagmtly lower in conventional fields than in
margins. The natural log of bee species richness was significantly lower in conventional
vegetable fields than in margins as well.

The bee communities phiredsmall and largescale organic farm@ = 10)did not
significantly differ from each otheF{g. 9; Table 4) in diversityvalue species richnessr
the total abundanaaf bees. When the organic farm margins were compared tersguoral

conventional field margins sampled on the same (@ghete9) theorganic margins harbored
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significantly higher species richness than conventional margigs9), though there was

once again no difference in diversity or tahundance.

Discussion
Bees in conventionally grown vegetable fields

Only two bees were recorded actually foraging within 18 conventional vegetable
fields surveyed in 2015, whereas in the same year 61 bees were recorded foraging in 11
conventional margins and 48 bees were recorded foraging in organic nsrgthsme
points (Table 1). These results support existing data (USDA 2015a, Woodcock 2012)
reporting thatoneybees bumble bees, and soméd beescollect pollen from cornsnap
beans, and peas kdm not visit preferentially.

The proportion of bees captured witltionventional fields was dominated by honey
beesInterestingly in conventionabnd organic field marginsyhere floral diversity tends to
be greaterthe proportion of honey bees captured dropped dramati€ad)y3). Honey bees
foraging inthe study rgionmay have focused their foraging primarily ugbeneighboring
crops that they were stocked to pollinate rather than venturing into field margins offering
more sporadic floral rewards than what a crop in full bloom would d®evious research in
agicultural areas has also found that honey bees display a foraging preferanesgor
flowering cropswhereaswild beesaremostclosely associated with woody or herbaceous
seminatural habitatéRollin et al 2013).

In all fields sampled hie presence ahore than one bee species in a given processing
vegetable field was significantlpositively correlated withthe i e | d(Big 4).3tisz e

possiblethatlarger fieldswere more likely to have bebgcausdoragingbees were fared to
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fly throughthesdarger fields rather than around th@msearch of foraging patchesmong
fields where bees were capturdtk proportion of surrounding land use at large bufferssi
tended to best predict wild bee abundarfeig.(6), and diversity Fig. 7). Previous esearch
by Ricketts et al (2008) found that bee diversity decreases by half once the distance from
natural habitat exceeds 1,500 meters, so it is logical that land use within radii nearing this
size would be a reflection of wild beeversity in this studys well

Whereas the abundance of wild bees was most affected antheovemithin
1,000 t02,000 neters total bee abundanedthin conventional vegetable fieladgas most
affected bytime, but only in bean fieldg-ig. 5). This discrepancy is likelgtlue to the fact
that totalabundance included honey bees, which were by far the predominant species in
conventional snap bean fields (75% of individudisble 5). Honey bees are stocked in
fields of pickling cucumber (Lowenstein et al 2012), which isroffeown in proximity to
this studyob6s processing vegetable crops and
USDA NASS 2015). Indeedhalf of all cucumber land cover pixels detected within 2,000 m
oft hi s ohventdoynad feeld sites were found anabbean fieldsSince bean fields were
positively correlated with increased total abundance as time progressed and other crop types
were not Fig. 5), it is likely that the bean fields were within the flight path of honey bees
visiting pollinatordependentrops, andhat this correlation described a hive stocking event
rather than a beaspecific phenological pattern.

The land use within 25800 meters of capture sites did not tend to exeefffect on
the bees captured in vegetable fields or edDess distances are smaller than the average
foraging range of North Americdrees (Koh et al 2016), so the lack of observed effects

could bedue to the fact that these ranges are not limiting to foraging bees. It is also possible
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thatthese radii did not enagpass enough of tleurrounding landscape for an effect to be

observable, since some capture points were as far as 410 meters from the nearest field edge.
There was an interactive effect of surrounding land use and crop type on diversity

such that bean dmpeafields were significantly affected by surrounding land usage but corn

fields were notKig. 7). Time was ruled out as an interactive effect during model selection,

S 0 podgsiblethat the three crops' differential trends were aressilbome bees & r el uc

to enter these fields. Previous research has indicated that bees prefer to take the path of least

resistance when entering a crop field, favor

in field edges rather thgrarallel (Gilbs et al 2016)Corn is a much taller crop than snap

beans and peas, so it may have attracted a less diverse grouptbbesse willing to fly

at ahigheraltitude

Bees in field edges
The seminaturaledgesof conventional processing vegetable ardpminant within
the Central Sandsould bei mpor t ant habi t aConverdionafieihe r egi ono
margins yieldedignificantly higheibeediversityandabundance as compared to
conventional fieldshemselvesWhen edge sites within the bounds ajasric farms were
compared to these conventional edge sites, the orgdgasharbored significantly higher
species richness, though there was no difference in diversity or abundance. Thus, the total
number of different species tended to be higher in acgates but did not amount to a
significant increase in overall bee activity, nor a more diverse bee comr(figit®). The
bee communitiee f t hi s sandlargestade ogania farims did not significantly

differ. These data imply that, regarsiieof the size or management regime of representative
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organic growers in central Wisconsin t he number of wunique bee sp

relative abundances within agricultural edge siislikely be much the samét is possible

that organic fan margins and@onventional farm margina central Wisconsin may be

equally favorable for wild beebklowever, die to the dearth of organiegetableagriculture

within the Central Sands region, the only source of replication for organic sites was across

time. Thep-values comparing organic field edges with conventional field edges were much

lower than thegp-values of theéarge scale and smaBcaleorganic farms compared to each

other, for example, so it is reasonable to assume that a study encompassing more organic

farms over a longer time period with greater sampling replication could result in a more

pronounced difference in the bee commuaityong €ege typeslf the community of organic

vegetable growers in central Wisconsin follows the same increasing trend as the total number

of organic growers in the state, further replication in the region may become possible.
Comparisons of conventional and angaedge conditions were only added in 2015,

and subsequently did not have replication across seasonstdromgata encompassing the

history of field margins may reveal clearer patterns, since older field margins tend to provide

better habitat for polliators (Denys & Tscharntke 2002). Lotegm, specietevel data is

also desperately needed to inform population trends of {&es&m bee species, since

almost all conservation listings in North America are bumble bees (IUCN 2016). This

problem is paradogal, however, because many wild bee species can only be accurately

identified to species as pinned specimens.
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Summary
Of morethan400 beespeciefound in Wisconsir{fWolf & Ascher 2008), 86 were
captured fronthe Central Sandsgricultural regionand49 of thesespecies were found
within conventional processing vegetable fieldsfiéfd bee species were most affected by
the surrounding land uses at scales of 1,000 and 2,000 m, particularlgpbetipn of
natural land, which suggests that lesseladists are within the average foraging range for
the bee species found in the Central SalN@sy bees were recorded actively foraging in
field margins, but few if any foraged within conventional figld$ull flower. It seems likely
that fieldpea, snapdan, and sweet coprocessingrops are not favored floral resources
among bees foraging in the Central Samas that bees do visit these fields on foraging trips.
The seasotong suitability offield edgeson a smaliscale and a larggcale organic
farm were compared to each other and to conventional maxgims the Central Sands
Field margins yieldednore observed foraging amdnore robusbeecommunity tharthat
found withinvegetable fields themsads, and bee communities frarganicfield edges
were relatively equivalent to conventiomalgesregardlessod r ga ni ¢ scgleFutwe r s 6
pollinator conservation efforts in the region would do well to consider the potential

importance or marginal lands as bee habitat.
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Figure 1. The locatia of fifty-three conventional fields of processing vegetables sampled in
2014 and 2015. All fields were located within Portage, Adams, and WausharaeSaonitie
Central Sands growing region of Wisconsin. Fields of vegetable cultivation are indicated in
darkgrey and study sites are indicated in color.
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Figure 2. The locations of smallnd largescale organic farm sites along with 13
uncultivatedconventional edge sites from the vegetable growing study region (total
vegetable fields are indicated in grey) located in Portage, Waushara, and Adams Counties
within the Central Sands region of Wisconsin.
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Figure 3. Composition of cumulative capturehoney beesApis melliferd and wild bees
representing five different families collected in conventional processing vegetable fields (n =
53), conventional processing vegetable field margins (n = 13), two organic farms, and the
summation of all sites. des obtained from each of the organic farms were replicated across
time (n = 10). All collection sites were located witlire Central Sands region of Wisconsin
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Figure 4. Mean size of conventional processing vegetable fields with bee diversijuEs
(indicating the presence of more than one species of bee captured) and without bee diversity

(one or zero bee species captured).
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Figure 5. Log-transformed abundance of all bees within snap bean fields (Y = 115.855 +

6.523X), pea fields (Y = 73@1 1.384X), and sweet corn fields (Y = 108178.77X) as a
function of time from April first. Fields we
growing region in 2014 and 2015.
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Figure 6. Log-transformed abundance of wild bee species (includpig melliferg in

processing vegetabfields as a function of A) thpercentagef natural land within 2,000

meters (Y = 0.533 + 0.092X), and B) the proportion of agricultural land within 2,000 meters

(Y =-0.8671 2.139X). Crops were grown within Wiscen né6s Centr al Sands ¢
in 2014 and 2015.
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Figure 7. The bee diversity of conventionally grown fields of sweet corn, snap beans, and
peas as a function of the proportiomeaturalland cover at A) 500 m, B) 1,000 m, and C)
2,000 m, and as a function of the percentage of surrouadmgulturalland cover at D)

1,000

m and E) 2,

2014 and 2015.
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Figure 8. Compaison of themean total abundance (A), species richness (B), wild abundance
(C), and diversity (D) + SE of bees in paired conventionally grown vegetable fields and
vegetable field margins (n = 13) |l ocated
abundance and species richness data are represented hpnealbes are taken from
comparisons of naturdbg transformed values.
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Figure 9. Comparisons of the mean diversity, species richness, and abundanceiofkees
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in A) small versus largescale organidield margins and B) combined smadind largescale
organic field margins versus conventional field margiested inWi sconsi nos
Sands regiorUntransformed abundance data are represented hepeyalutes are taken

from comparisos of naturallog transformed values.
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Table 1.The total number of honey beespfs melliferg and other bees observed visiting
flowers in different conventional vegetable fields (bean n = 9, corn n = 9) and conventional

vegetable field edges (bearr1®, corn n = 5), as well as within a smsdlale (n = 10) and a

larges c al e

are absent. All sites were located within the Central Sands vegetable growing region of

Wisconsin.

(n = 10)

organic

farmds fi el

d

Apis mellifera

Other bee specieg

TOTAL

2015 Conventional Fieldy 2015 Conventional Edges 2015 Organic Edges
(n=18) (n=11) (n=20)
Pea Bean Corn | Pea Bean Corn Smaltscale Largescale
1 3 29 6 4
1 12 17 25 13
N/A 0 2 N/A 15 46 31 17

mar gi |



Table 2.Model statistics from a fitted multiple linear regression between variables
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describingA) diversity, B) species richness, and ®ild bee abundancat different buffer

distancedrom bee sampling sites in ceaitiVisconsin vegetable fields. Values in bold
indicate significant models @&;> 0.15 and 00.05).

A)

B)

C)

Diversity

Land use type Buffer size F.36 P RPag;
Natural 250 m 3.22 0.081 0.057
500 m 10.63 0.002 0.207
1,000 m 10.22 0.003 0.200
2,000 m 15.93 0.0003 0.288
Agricultural 250 m 3.98 0.054 0.075
500 m 0.41 0.525 -0.016
1,000 m 8.04 0.008 0.160
2,000 m 13.12 0.0009 0.247
Developed 250 m 3.00 0.092 0.051
500 m 0.01 0.906 -0.027
1,000 m 1.75 0.195 0.020
2,000 m 0.54 0.468 -0.013

Species Richness*

Land use type Buffer size Fu4s5 P R2adj
Natural 250 m <0.01 0.975 -0.022
500 m 2.99 0.091 0.041
1,000 m 5.08 0.029 0.081
2,000 m 3.02 0.089 0.042
Agricultural 250 m 0.12 0.729 -0.019
500 m 0.78 0.383 -0.005
1,000 m 1.48 0.231 0.010
2,000 m 2.59 0.12 0.033
Developed 250 m 3.26 0.078 0.047
500 m 0.14 0.715 -0.019
1,000 m 1.32 0.257 0.007
2,000 m 0.05 0.818 -0.021

Wild Bee Abundance*

Land use type Buffer size Fi38 P RPagj
Natural 250 m 0.07 0.790 -0.024
500 m 1.07 0.307 0.002
1,000 m 3.37 0.074 0.057
2,000 m 9.59 0.004 0.180
Agricultural 250 m 0.01 0.910 -0.026
500 m 1.77 0.191 0.019
1,000 m 7.52 0.009 0.143
2,000 m 10.02 0.003 0.188
Developed 250 m 0.54 0.469 -0.012
500 m 0.88 0.355 -0.003
1,000 m 111 0.298 0.003
2,000 m 1.39 0.246 0.010

* Transformed to natural log values for analysis



Table 3.Model statistics from a fitted multiple linear regression betwesiables

describing the bee diversity in pea (n = 11), bean (n = 11), and sweet corn (n = 16) fields
grown in central Wisconsin. Rows in bold indicate significant modelg;(R0.15 anc O

0.05).

Diversity in Pea Fields

Land use type Buffer size Mean SE Fo P Radi
Natural 250 m 0.198 0.08 1.74 0.22 0.069
500 m* 0.066 0.03 10.61 0.010 0.490
1,000 m* 0.176 0.07 9.39 0.014 0.456
2,000 m* 0.394 0.06 5.34 0.046 0.303
Agricultural 250 m 0.743 0.08 1.79 0.21 0.073
500 m 0.743 0.05 <0.01 0.98 -0.111
1,000 m 0.625 0.06 4.07 0.074 0.235
2,000 m* 0.537 0.07 557 0.043 0.314

Diversity in Bean Fields

Land use type Buffer size Mean SE Fro P Readi
Natural 250 m 0.124 0.08 0.19 0.67 -0.088
500 m* 0.115 0.06 11.15 0.009 0.504
1,000m* 0.179 0.07 12.01 0.007 0.524
2,000 m* 0.323 0.06 20.57 0.001 0.662
Agricultural 250 m 0.853 0.08 0.29 0.61 -0.077
500 m 0.775 0.07 2.43 0.15 0.126
1,000 m* 0.709 0.06 10.82 0.009 0.495
2,000 m* 0.614 0.06 17.80 0.002 0.627

Diversity inCorn Fields

Land use type Buffer size Mean SE F14 P R2ad]
Natural 250 m 0.036 0.02 191 0.19 0.057
500 m 0.033 0.02 <0.01 0.992 -0.071
1,000 m 0.110 0.04 0.01 0.921 -0.071
2,000 m 0.394 0.06 3.09 0.100 0.123
Agricultural 250 m 0.950 0.030 2.49 0.14 0.090
500 m 0.882 0.03 0.11 0.75 -0.063
1,000 m 0.761 0.05 0.71 0.413 -0.020
2,000 m 0.669 0.05 2.52 0.135 0.092
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Table 4.Model statistics from a paired analysis of A) conventional vegetable field edges vs.
conventional fields, Byumulative organic field edges vs. conventional field edges, and C)
largescale organic field edges vs. sadhle organic field edges. All sites were located in
central Wisconsin. Columns in bold indicate significant models.

A) Conventional fields vsConventional Edges
Diversity Richness* Wild Abundance*  Total Abundance*
Conventional Edge Mean +§ 1.69+0.47 6.62 +0.62 0.43 +0.08 0.49 +0.09
Conventional Field Mean +9 1.18 + 0.162 4.62 +0.82 0.14 +0.03 0.26 +0.07
t12 2.67 2.37 4.41 3.23
p 0.021 0.035 0.0008 0.007
B) Smaltscale vs. Largscale Organic Edges

Diversity  Richness Total Abundance*
Smaliscale Edge Mean +§ 1.93+0.15 10.40 % 1.65 0.80£0.22
Largescale Edge Mean £ 4 1.87 £0.13 9.40 £1.25 0.66 £ 0.12
tg 0.214 0.389 0.109
p 0.835 0.835 0.916
C) Organic Edges vs. Conventional Edges
Diversity Richness Total Abundance*
Conventional Edge Mean £y 1.74+0.16 6.83 +0.67 0.48 + 0.09
Organic Edgilean + SE 1.93+0.04 10.39 + 0.56 0.77£0.13
ts 1.24 4.44 1.66
p 0.252 0.0002 0.135

*transformed to natural log values for analysis
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Table 5.Cumulative number of bees collected from conventional vegetable fields,
conventional fieldedges, and smal&nd largescale organic farms within the Central Sands
vegetable growing region of Wisconsin. Sampling in organic field margins was replicated
across time.

Conventional Conventional Conventional | Conventional | Small Organic Large Organic| Total
Species Pea (n=16) Bean (n=18) Corn(n=19) | Edges (n=13) (n=10) (n=10) (n =86)

ANDRENIDAE
Andrena alleghaniensi: 1
Andrena ceanothi 1 2
Andrena crataegi 1
Andrena cressoni
Andrenamiranda
Andrena perplexa
Andrena vicina

N N R R
W N R R P P Wk

Andrena wilkella

APIDAE
Apis mellifera 90 186 18 31 10 12 347

Bombus bimaculatus 2 2
Bombus borealis 1 1 1 1 4

Bombus fervidus 2 2 3 9 16
Bombus griseocolli 1 1
Bombus impatiens 1 3 6 1 11
Bombus perplexus 1 2
Bombus rufocinctus 1
Bombus ternarius 2
Bombus vagans 2
Eucera hamata 11

B RN P
Ul

Melissodes agilis
Melissodes bimaculate 1 7 1 1 10
Melissodes dentiventru:
Melissodes drurielle 1 1 3
Melissodes illata 1
Melissodes nivee 1 6 1
Melissodes trinodis
Nomada(spp.) 1
Xenoglossa kansens 1

e = S B = T

COLLETIDAE
Hylaeus affinis 2

Hylaeus annulatus 2 1 2 2




64

Conventional Conventional Conventional | Conventional | Small Organic Large Organic Total
Species Pea(n=16) Bean(n=18) Corn(n=19) | Edges (n=13) (n=10) (n=10) (n = 86)
Hylaeus rudbeckia¢ 1 1 2
Perdita halictoides 1 1
HALICTIDAE
Agapostemon sericeu 1
Agapostemon splenden 3 1 4
Agapostemon texanu 1 5 16
Agapostemon virescen 2 18 33
Augochlora pura 1
Augochlorella aurata 1 1 11 6 20 39
Augochloropsis metallicé 1 1
Halictus confusus 1 3 13 19 43
Halictus ligatus 1 3
Halictusrubicundus
Lasioglossum acuminatur 2 6 1
Lasioglossum admirandur 7 16 7 15 45
Lasioglossum albipenn 1 1 5 2 10
Lasioglossum cinctipe 2 2 4
Lasioglossum coriaceur 12 2 7 4 2 27
Lasioglossum cressor 1 13 3 17
Lasioglossum floridanun 1
Lasioglossum hitchens 1 1
Lasioglossum laevissimut
Lasioglossum leucocomut 5 37 14 35 97
Lasioglossum leucozoniut 14 6 16 52
Lasioglossum lineatulun 11 1 3 24
Lasioglossum lustran 1 2
Lasioglossum oceanicut 7 3 9 4 23
Lasioglossum
paradmirandum 1 1 2
Lasioglossm paraforbes 2 1 5 4 12
Lasioglossum pectorali 4 27 1 32
Lasioglossum perpunctatur 1 3 1 6 8 19
Lasioglossum pictun 1 7 5 13
Lasioglossurpilosum 1 2 13 30 34 33 113
Lasioglossum planatun 1 1
Lasioglossum pruinosur 1 2
Lasioglossum
semicaeruleum* 1 1
Lasioglossum smilacina 1 1
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Conventional Conventional Conventional | Conventional | Small Organic Large Organic Total
Species Pea(n=16) Bean(n=18) Corn(n=19) | Edges (n=13) (n=10) (n=10) (n = 86)
Lasioglossum subviridatur 2 2
Lasioglossum swenk 1 1
Lasioglossurtegulare 1 1
Lasioglossum timothy 3 3
Lasioglossum versatur 2 64 70
Lasioglossum vierecl 10 3 3 16
Lasioglossum viridatun 1 1
Lasioglossum zephyrur 1
Sphecodes davis 1 3 4
Sphecodes dichrou 1
Sphecodes mandibulari 1 1 2
MEGACHILIDAE
Hoplitis producta 1 1
Megachile addenda 1 1
Megachile campanulae 1 1
Megachile latimanus 5 5
Megachile pugnata 2 2
Megachile relativa 1 1
Megachile rotundata 1
Osmia distincta 1 1
Osmia pumila 1 1
Osmia simillima 2 2
Total Individuals Captured 151 246 101 226 289 220 1233

*Indicates new regional recorc
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Chapter 3: SeasonaVariation of Thiamethoxam Concentrations

in Central Wisconsin Processing Vegetables
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Abstract

Previous research suggests that pollinator decline is being caused by interacting factors,
including agrochemical exposure. Although bees foragednessingyegetable fields where
they may be exposed tasecticides such as neonicotinqgidsany of these crops are not
pollinatordependent and have thus been overlooked by previous pollinator re¥garch.
used ulta-high pressure liquid chron@graphy (UHPLC) t@ssesseasonal changes in
concentratiorof the neonicotinoid thiamethoxawithin flower and leaf tissues of three
processing vegetabtzops grown with @ahiamethoxanseedcoating Floral concentrations

of thiamethoxamwhich were collected-3 weeks posemergenceyere negligible across all
crops in all yearsThiamethoxam was presentthreleaf tissus ofall crops Concentrations
were highest in the first week following emergence (as high as 18.4 ppm) before dtopping
nearzero by thehird week Theseconcentrationslo not convey an idea of doses that bees
might be exposed tbutthey do indicate thahe periodof time one to two weeks post
plantingis when these crops are most likely to pose atoidglees coming intdirectcontact
with plant gructures Finally, sgnificant thiamethoxansoncentrations werebserved in
untreatedean leafissue collectedh the first weelfollowing emergencewhich suggests

that thiamethoxam contaminaticouldoccur in untreated plants that share proximity or

planting equipmenuith treated crop seeds
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Introduction
Neonicotinoid use and insect risk

Conventionally grown food cropggularlyemploy insecticide to control pest insects.
| n t h eagbdhénlcalthat can havaigh human toxicity andr environmental
persistency such ascertaincarbamategrganophosphates, anbdlorinated hydrocarbons
began to be replaced with newer, safer insecticides (Jeschke & Nauen 2008 -Grafton
Cardwell et al 2005Recognition of both the importance of pestesdo crop production
and the need for new chemistry that reduces risks to humans and the environment led to the
Conventional ReduceRisk (RR) Pesticide Program, which was created within the
Environmental Protection Agency to expedite the review andtratye of pesticides
classified as RR or organophosphaliernative; i.e., chemicals that pose a lower risk to
humans and the environment compared to older, more hazardous pesticides like carbamate,
organophosphate, and cyclodiene compounds. The regpsitration of several new RR
insecticides on processing vegetables and potatoes, many of which move systemically within
the plant when taken up by roots, had the potentialitigate adverse effecte human
health,the environmentand norarget orgarsimsthat wereassociated with current insect
management practicéEPA 2016) One of these new insecticide classes, the neonicotinoids,
hassince become popular choice for early season pest control in many crops (Elbert et al
2008) in part because gecompoundsre much less toxic to mammals like humans
(Tomizawa & Casida 2005, Jeschke & Nauen 2008). Since their introduction the
neonicotinoids have grown in popularity to comprise a third of the global insecticide market
(SimonDelso et al 2015), makirnthem the most widely used insecticidass in the world

(van Lexmond et al 2015).
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Each year millions of pounds of neonicotinoids are appliedet/nited States
(USGS 2016). Three compounds comprise the majority of agricultural neonicotinoid use:
thiameahoxam, clothianidin, and imidacloprid (Elbert et al 2008). These can be sprayed
directly onto leaveglacedinto seed furrows in sqilor applied as a seed coating prior to
planting, which is the most popular method for agricultural production (Hopwaad e
2013). Regardless of application method, once a plant is treated the neonicotinoid becomes
systemic, moving acropetally through the xylenphloemtissues of rootshoots and
flower structureso provide protection against tisswnd sageeding insects like aphids,
thrips, and leaf hopperBg¢nmatinet al 2015 Goulson 2013) while simultaneously providing
protectionagainst the viruses these species can transmit (Shetso et al 2015).
Neoricotinoids are not designed to control a specific insect target, which has made them
effective against many different crop pests. Unfortunately)dblsof target specificity has
also madeneonicotinoidsa danger to nepest insects in proximity to theise (Klein et al
2007 Larson et al 2014, Hopwood et al 2013).

Globally, many insect species are in the midst of a decline (van Lexmond et al 2015,
Potts et al 2010). Declining bee populations are of concern becassathmalprovide
vital pollinationt hat makes possi bl e 3586mneba20@7hand wor | do
becausehey contributgo thecontinuedfunction ofmanyand ecosystems across the globe
(National Acadend Press 2007, Moisset & Buchmann 2011). @kelineof wild and
domestic kes has been attributed to many interacting factors, including habitafleissdt
al 2007 Kennedy et al 2013, Kremen et al 2007, Ricketts et al 2008, Winfree et al&@D9
pathogen spread (James 2008, Genersch Zrafstock et al 2014, Otterstatte Thomson

2008. Evidence also points to the increasingly widespread use of neonicotinoid pesticides as
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a contributor to bee declinedrson et al 2014, Brittain et al 2010, Hopwood et al 2013,
Krupke et al 2012, Fischer et al 2014, SamRombert et al @14).

BeesOdO suscept i bidépendsyn theobeenspeoitmeicampdundnttei d s
dose, and the route of exposure. For honey bees a median lethdllDggeanges between
3.7 ng/bee and 281 ng/bee for oral and contact exposure, respecti@dgfray et al 2014),
thoughlwasa et al (2004) reported that cont@ases of clothianidin, thiamethoxam, and
clothianidinat much lower levels of 0.6Q.03ug/bee were enough to cause mortality. Bees
that are not killed from neonicotinoid exposure cdhesthibit sulblethal effects including
inhibited larval growth, disrupted foraging and navigation, and reduced queen production
(Hopwood et al 2013).

Whi | e i t 0 svidéespraacusd ohrednicatinoids has the potential to harm
bees, the extent this riski especially towards less studied bee specias be difficult to
pinpoint. Thus, research dealing with pollinator/neonicotinoid interactions has turned its
focus from whether high doses of neonicotinoids can kill or harm teeesether these
harmful levels exist in the natural landscape where bees are found and how bees might be
exposed.

Bees living in proximity to agricultural areas where neonicotinoids are used could be
exposed in a number of wayBust cloudscontaining concentrated amounfsactive
ingredientform when coated seeds are plaraedmay drift from theplantedfield into
surrounding uncultivated areas (Krupke et al 2012). Bessalso come into contact with
neonicotinoids by drinking contaminated surface water found infi@fds such as irrigation

puddles, where concentrations have been found at sublethal levels (S2ohswhet al

2014), or by drinking a treated crop plantos
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an excretion of xy lthatrofteh appears ithepeérlg mdrning duling a f  t i
humi d conditions. If a foraging bee were to
especially a young plant, the dose would be as much as 100,000 times higher than that found
in nectar (Godfray et &014), which is a concentration well within the range that can harm
bees (Hopwood et al 2013, Godfray et al 2014, lwasa et al 2004).

Perhaps the most obvious route of potential exposure for bees is via contact with
neonicotinoid contaminated flowers, [@l and nectairthose plant structures with which
beesmost often interaciAlthough productlabellingattempts to limithe application of
neonicotinoids dur i ndptectableneanipotnecbricénmatiomsmayn g per
remain in the nectar drpollen of flowering crops planted with a neonicotinidurrow or
seed coatingpplication(Hopwood et al 2013, Mogren & Lundgren 2016, Sanchez

Hernandez et al 2015, Pohorecka et al 2013).

Unique risks otentral Wisconsin

Commodity crop rotationsfeoy and maize, which do not require insect pollination,
are predominant across Wisconsin (Haines et al 2010), as is the case in much of the Midwest.
Yet Wisconsin is also a state with a high reliance upon bees for agricultural pollination. The
state rank second in the nation in major processing vegetable production (USDA NASS
2015) and sells about $400 million worth of vegetables each year (USDA NASS 2015).
Many of Wi s cons isacb as squgste cucumbets,ynelapplesprsl
cranberriesrequire insect pollination to produce viable yields (USDA 2015). Even some
specialty crops that are sédfrtile or wind pollinated can experience a yield boost when

visited by bees (Bartomeus et al 2014, Woodcock 2012).
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Manyo f Wi s c on s i n Gase grevmnencental Wisconsinr(ldames et al

2010), within an ecological region known as the Central Sands. The Central Sands has been a

historically difficult place for agriculture due to its sandy soil and undesirable drainage (WI

DNR 2014). But with te onsetofcentggpi vot i rri gation systems th

easily accessible ground water, valuable vegetable crops have prospered indbersgea
the last fifty yearsEachof t he Sands6 seven counti eis
agricultural productio (W1 DNR 2014). h the three most intensiyerrigatedcounties
(Portage, Adams, antfaushara Countiepyoductionis primarilydedicated to the
production ofspecialty cropsand more specifically processing vegetalfiiémines éal

2010).

now h

Due to the concentration of irrigated specialty agriculture in central Wisconsin, there

exist specific risks to pollinator communities here that are different from elsewhere in the

state.Vegetable crops that do not require insect pollinasoch asweet corn(Zea mayy

snapbean(Phaseolus vulgar)s andfield pea(Pisum sativunshare space (and rotation)

with heavily pollnatordependent crops each yeasulting in a mosaic of diverse crops and

management regimes across the landsddpay of these vegetaldeely onseed coatingsf

neonicotinoid, includingthiamethoxam, imidacloprid, and clothianid@olquhounret al

2016). The use of neonicotinoids is prevalent suchtthe¢ residues of thiamethoxam have

consistently beenfoundme nt r al \Gfoundwater sinca2038 (Huseth & Groves

2014). Infield concentrations of neonicotinoids in Apallinator dependent processing crops

have not been evaluated, though the EPA has set tolerance levels for vegetable tissues of

field peasand sweet corn at 0.02 ppm (USDA 2016). Furthermore, the bee community of the

Central Sands region is the leasiidied in the state (Wolf & Ascher 2008). Previous
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pollinator research in tha@reahaslargely focused opollinator dependent crops like
cranberries (GaineBay 2013) and cucurbits (Lowenstein et al 2012). A need exists for
research to examine a broader diversity of crops that receive visits fronaheé&scombire
theseinvestigationswith field studies that inform morealistic neonicotinoid concentrations

present during the growing seagtandin et al 2015).

Researchationale
This studyexaminedhree thiamethoxartreated specialty crops grown within the
Central Sands that do not exhibit dependence on insectgtimiin  The studyds goa
examine theoncentration of thiamethoxam within leaf and floral tisduas plants
receiving seed treatments during the course giffen growing season to determwneether
detectable thiamethoxam concentrations were ptaéséhese tissues and how long they
would remairmpresentSweetcorn, snafpeans, and field peagere chosen for analysis due to
their prevalence within the region. These vegetables all commonly receive a seed coating of
thiamethoxam@ruiser® 5F$ prior to planting, a pesticid@ which the active ingredienmnt

formulated as 47.6%concentrate per uniSyngenta 2015).

Materials and Methods
Tissuecollection

All the crop plants in this study were grown at the Del Monte Fdodsrporated
experimentahgricultural fields in Plover, Wisconsin (44.453567°N, 89.489896°W) during
the 2014 and 2015 growing seasons. Sweet Gietd peas, and snap beans were planted in a

randomized complete block desjgmith the insecticide main effect including thiamethoxa
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treated and untreated plants. Foeplicate ploteachof treated and untreated seeds from the
three cropsvereplanted for a total of 24 plotsin 2014 the seeding rate was 100 peas per

plot, 60 beans per plot, and 25 corn kernels per plot. In 2@L%th was the same but the

plots were bigger, resulting in 165 peas per plot, 100 beans per plot, and 40 corn kernels per
plot.

In 2014, each plot measured 4.57 m by 0.91 m with 0.91 m row spacing for a total
field size of 60.96 m by 2.74 m. In 2015 thlets were larger, each measuring 7.62 m long
with 0.91 m row spacing for a total field size of 60.96 m by 6.40 m. In both 2014 and 2015,
the seeds were planted in late May/early June and left to grow until eithé&ugicst or
natural senescence. Accorgint o t he cropso natur al phenol og
flower (36-39 days after planting), theamapbeans (425 days after planting), and finally
sweet corn (5%4 days after planting).

All treated seed was planted with a coatinghtdmethoxan, Cruiser® 5F$at a
labeled rate consistent withdustry standardpplication Forboth legumesgeas and snap
bean$, the thamethoxam application wapplied atl6.84 g Al/acre. For sweet corn, the
applicationratewas 30.24 g Al/acrdn addition tothiamethoxamboth treated and untreated
legumes receivedco-application ofseed coatings of fungicides per industry standar8nap
beans received Apron XL® (mefenoxam 33.3% Al) and Maxim® (fludioxonil 40% Al),
while peas received only Apron XL@&t an egivalent concentratian

To obtain tissue samples the plants were visited weekly once the first set of true
leaveswere large enough to be sampled without complete defolidtidt014, all crops were
sampled for the first time eleven days after plantin@015, corn and peas were first

sampled fourteen days after planting, while beans, which tend to emerge more quickly, were
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first sampled seven days after plantiggchleaf sample was an amalgam of leaf tissue
collected from five randomly selected plantithin a plot. In addition, when each crop was
at or near full flower, floral structures were collected following the saimeepure used for
leaf tissue. Immediatelyflowing each weekly tissue collection, samples were weighed and

frozen at-80°C untilanalysis could begin.

Thiamethoxam quantification

Thiamethoxam concentrations present witisue samples were analyzed from
March through September of 20d$ing ultra high pressure liquid chromatography
(UHPLC). We used &Vaters iClass UPLC® systemwith detection by positive ionization
single quadrupole mass spectrometry (ESI (+)MS; Waters Corporation, Milford, MA, USA).
To preparelant tissue for UHPLC analysis, a preparation procedure was adapted from an
existing procedure for quantifying thiarhexam in cereals (Perez et al 2009).

For each leaf sample, approximately 200 mg ofweight leaf tissue wasitially
combined with 700 pL of HPL@rade acetonitrile extraction reagent. Floral samples were
also analyzed using this tissselvent ratioThe legume floral tissues included the petals,
keel, ovary, stigma, and stamehst care was taken not to include vascular tissues below the
floral pedicel The corn floral tissue consisted of poHexen anthers and spikeletsd again
did not incluek vascular tissue from the mother plant

Samples were macerated until finely ground in a FastPrep® 120 machine using 2 mL
lysing matrix tubes, which were filled with a matrix of garnet granules and a porcelain bead
(MP Biomedicals, Santa Ana CA)fter maceration, the tubes were centrifuged in an

Eppendorf Centrifuge 5417R at 10,000 rpm for five minutes. The supernatant of each
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centrifuged sample was syrinfitiered through a PTFE membrane of pore size 0.22 um,
then the remaining pellet wasmeaceratedrad recentrifuged using an additional 700 pL of
acetonitrile for a resultant finaltra of 200 mg wet weight tissue: 1,400 acetonitrile

solvent. This solution was then evaporated until the total volume okeagble was at or
below 100 mLFinal volume measurements were taken with a serological pipette, and
samples were stored-@&0°C until samelay UHPLC analysiDuring analysis, t@
autosampler was run at a temperature of 10°C, and the injection volume was 4.0 pL. The
column temperature was 30°Citlwa flow rate of 0.5 mL/min.

Plant extracts were diluted by 50% with watarxed with internal standar® (mg/L
6-benzylaminopurine ot mg/L caffeine)held at 10°C, injected (4.0 yL) onto a Waters C
column (CSH 1.7um, 2.1 x 16@m) equipped with &mm guard column, and separated
with a gradient of 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile (B).
The absence of thiamethoxam carryover between injections was assured by including a
needle wash with 9:1 water:acetonitrile betwegections, and by analyzing solvent
Abl ankso after running samples with high ana

A series of standard stock solutiomereprepared using techniegrade
thiamethoxamThesewere run alongside each set of samples to serve as atafilmarve.
Additionally, three samples afntreatedeaf tissudrom plants grown under greenhouse
conditions were spiked with different known amounts of thiamethoxam and used to calculate
a percat recovery estimate. Snapdn tissue spikes were run alongside the experimental
legume tissue samples, whieeetcorn tissue spikes were run alongside the experimental
corn tissue samples. To obtaifireal percent recovery for the legume and corn crops, the

percent recoveries @il tissue spikes reported within the experimental quantification range
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were averaged and used to estimate the percent recovery of like crop tissues. These final
thiamethoxam values were converted from units of ng/ug to parts per billion {jyb).
instrumentaldetection limit of thiamethoxam was 08mg/L,based on a signal to noise

ratio of 1:3. he lower quantification limit was 0.01 mg/based on a signal to noise ratio of
1:10 The corresponding method detection and lower quantification limitsregpectively

30 ppband 50ppbfor wet plant material.

Statistical analysis

Comparisons of crop and phenology were analysadrepeatedneasursanalysis of
variance (ANOVA)with alinear model using R software, version 3.3.0 (R Core Team 2016).
Due toan interactive effect of year, data from 2014 and 2015 were analyzed separately. Crop
type, treatment, and time were analyzed as fixed variables in thesrfeoleéach sample
date, the mean concentration plus or minus standardiefparts per billiorwas plotted
until thiamethoxam concentrations diminished past the detectios konhdur procedurand
registered Bor nearzero. Pairwise comparisons of treatment least squares means were
performed using SAS 9.4 (SAS Institute.In€ary NC). Resultargrobability values were

adjusted using the Tukdgramer posthoc test.

Results
Thiamethoxam in floral tissue
None of the floral tissuemnalyzedegistered concentration$ thiamethoxanabove

t hi s st todlimidef30dpbtTabte 1). In bothyears the concentrations that were
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recorded below the detection limit randeain seven to 2'ppb, andid not differ

significantly among treatments or crop types.

Thiamethoxam in leaf tissue

In all crops measurdtom 2014 |leaf tissue samples weraayzed across four time
points spanning the second through fifth weeks follovaimgergencer hiamethoxam
concentrations decreassidarply over the course of four weeksggrowth(Fig. 1). There
were significant effectef crop & =5.17,p = 0.008), time = 55.43,p < 0.0001) and
treatmentF = 119.52 p < 0.0001) on thiamethoxam concentration2@i4leaf tissue.

Taken togethemuntreatedeaftissue in 2014ore significantly lowemean
thiamethoxantoncentrations (58pb +12) thantreated {,838 ppb = 351 = 10.86,p <
0.000), anduntreated concentrationlsd not statistically differ fronzera Treated éavesn
2014hadsignificantly igher mean thiamethoxam levéfean untreatetbavestor the first
two collection weekst(= 16.06,p = <0.0001 in week 1t;= 3.91,p = 0.0002 in week 2)By
the third collection weekreated and untreated tissues no longer diffsiguificantly from
each otherthough treated concentrations were still greater than zero in the thirdtweek (
2.78 p=0.008).

There was amteractive effect ofime x treatmentR = 52.06,p < 0.0001)andcrop x
treatmentf = 5.03,p = 0.009)in 2014 Thiamethoxam inreated corn leavesas significant
onlyin the firstcollection week(t = 11.05,p < 0.0001) while thiamethoxam irréated bean
leaveswas significanin the first (= 17.55,p < 0.0001) and secont<£ 4.94,p < 0.0001)
weeks Thiamethoxam in gated pea leavegas significant fothe first (= 11.52,p <

0.0001), second € 11.72,p < 0.0001) and third {= 2.87,p = 0.005)weeks In the first
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collection week, treated beabare significantly higher mean thiamethoxam concentrations
than cornt(= 4.46,p = 0.0004) but were no different from peas at the same time (jizint
1.60,p = 0.60).

In 2015, leaf tissughiamethoxam concentratiofdlowed a similar pattern
decreasingharply in themonthfollowing emergenceHig. 1). Beanleaf samplingspanned
the first through fourth weeks following plantinghile peas and comxperienced a delayg
samplingstart time resulting from variation in emergence. The sampling interval for pea and
cornspanned the second through fifth wekKkwing planting There were significant
effects of cropk =149.41 p < 0.0001), timeK = 129.19p < 0.0001) ad treatmentk =
126.79,p < 0.0001) on thiamethoxam concentration in 2015 leaf tissue.

The mean thiamethoxaooncentration of untreated bean tissue was significantly
greater than zeratthe first time pointt(= 4.41,p < 0.0001), though not greater than that of
treated cornt(= 1.84,p = 0.97) nor treated pea< 2.94,p = 0.36) at this time poinAcross
all other weeks and among all other craptyeated leaf tissusncentrationslid not differ
significantly fromzero.

As a whole, teatedeaf tissue fron2015 retainedignificantlyhigher thiamethoxam
levels (1,612 ppb + 6j2han untreatettaves144 ppb + 63pnly in the first collection
week(t = 19.66,p < 0.0001 but remainedaignificantly greater than zeduring the first (=
30.45,p < 0.0001) and secontd<£ 3.37,p = 0.001)weeks

There was an interactive effect of crop x tirfre=(115.34p < 0.0001), crop x
treatmentf = 109.5,p < 0.0001), time x treatmen & 91.36,p < 0.0001), and crop x time
X treatment = 79.25,p < 0.0001).The differencéetween treated beans and treated corn

was significanduringthe firstsampling weekt =34.57,p < 0.0001) while the difference
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between treated beans and treated peasired significant through the secongekof
sampling(t = 35.66,p < 0.0001 week 1= 3.86,p = 0.041 week 2. Treated pea leaves from

2015 did not diffesignificantlyfrom zero at any sampling point.

Discussion

Although thiamethoxam concentrations in leaf tissues from both years were present
throughout all four weeks of leaf tissue analysis, these concentrationkiglegst in the first
week following emergence amtbse to zero by the third weekig. 1). The werall decay
pattern of thiamethoxam in the leaf tissues of these crops is consigteptevious findings
examining intissue concentrations of thiamethoxam from seedted potato (Huseth et al
2014)t hough t hi amet hoxam ipearet to pesk andtdegtage®dsa c r o p
much shorter time scale than potato, which peaked as high as 21,300 ppb before degrading to
nearzerol100 days posplaning.

It is possible for neonicotinoids from a seed coating to be transpotteel p | ant 6 s
floral structures(Bredeson & Lundgren 2015) b ut t horalshiamdthoxam 6 s f
concentrations were negligible across all crops in all years. These results are consistent with
thiamethoxam nowletections reported from soybean flowers (Camargo Gil 2016), and in
maize pollen (Sdnchellernandez et al 201gyown from seed coatBecausehe floral
structures analyzed in this study included more than pollen and (in the case of legumes)
nectar, tharuethiamethoxam levels of isolated pollen and nectar are likely hiplae
reported by this study.

Although bees do collect pollen from corn, snap beans, and@g8&A 2015), there

appears to be no research indicating that these plants are visited preferentially by any bee
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species. Cutler & Sceupree (2014) observediimble bees foraging for polldrom
conventional corn, but the bumble bees did not favor corn as a pollen source andaended
have fewer workers when in proximity ¢orn fields. Beans of thepeciePhaseolus
vulgarisbear flowers that may attract beegking nectar rewards, but not foraging for
pollen, while tle structure of a pea flowerm®t designedor visitation by insect pollinators
(Woodcock 2012).

I n all three of this studyds crops, untre
thiamehoxam in their leaf tissud @ble 1), and untreated bean leaves from 2015 possessed
thiamethoxam concentrations significantly greater than zero during the first week of
sampling Fig. 1). It is unlikelythat the source of this thiamethoxam contamination came
from overhead irrigation, since irrigation water has been found to hanveta lower
neonicotinoid concentration in central Wisconsin (0.3158 ppb for thiamethoxam, Huseth
& Groves 2014)More likely, the shared seed planting equipment used for all the trial plots
may haventroduced contamination to untreated seeds via talc dust from the coatings of
treated seeds, as can happen during planting (Krupke et al 2012, Hopwood et al 2013).
Thiamethoxantan remairdetectable in soil for 25 to 100 days (Syngenta Group 2005),
while clothianidin, which is the primary metabolgéthiamethoxam, lingers in soil as long
as 1481555 days (EPA 2003fter delivery or applicatiarGiven the longstanding
agricutural history of the test plot area, it is possible that thiamethoxam re$idoea
previousplantingremained inthesciRegar dl ess of the origin of
neonicotinoid contamination in untreated crop plants, there are implicatiaihe fiorobility
of thiamethoxanirom seeecoated crops into the ambient environment as well as into the

tissues of plants growing within the vicinity of these crops.
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In 2015, corn and pea plants treated with thiamethoxam seed coats yielded
unexpectedly low@ncentrations of the pesticide in their leaf tissue. Corn and peas emerged
more slowlythan beans in 201%ndit was not possible to sample them until a week later
than the first bean sampling point. It is possible that because the crops from thisrgear we
plantedi and subsequently samplddter than those of 2014, the resuttgpeas and corn
may be due to weatheelateddifferences. Thiamethoxam is transported through a plant
primarily via xylem (Jeschke et al 2011), and plants experience greateofaigem
evapotranspiration from pores during warmer weathhich couldspeed plant metabolism
and thusallocate lessf this systemic insecticid® subsequent leaf growth

An important distinction must be made regarding pesticide concentratiars vers
pesticide dose. The median lethal dose of thiamethoxam taken orally is approximately 3.7
ng/honey bee (Godfray et al 2014). This study found concentrations of thiamethoxam as high
as 18,375 ppb in crop tissues, but it is unlikely that a bee would bsexkpoa dose of
thiamethoxam at these concentratibesause bees do ringestleavesThese
concentrations are relevant becabises have bednund flying within these crop fields and
in the seminatural edges that border thenhere they could come into contact with
thiamethoxam residues in the solil, in water, or possibly frderacting withplant structures.

Of the bee species that have been documen
(Appendix 1), themajority have actiity periods between the months of May and July (Wolf
& Ascher 2008). The bee species active in May and early June, when processing vegetable
leaves bore their respective peak concentrabbtisiamethoxam, include solitary soil
nesting andrenid bees, easd soilnesting halictid bees, cavityesting megachilid bees, as

well as bumble bee queens and honey bees (Wolf & Ascher 2008, Ascher & Pickering 2016).
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During agivergrowings eason i n central Wi sconsin, th
vegetables are plantasd harvested atrange oflifferent times. Field peas are planted first,
usually by midMay, and have a very short flowering window before being harvested around
mid-June. In this study, field peas were planted unusually late for the region (May 19 in
2014, June 3 in 2015). Sweet corn is typically planted later than peas, between late April and
June, and different sweet corn fields within the region bear pollen at times that can vary by as
much as three weeks. Snap beans display the greatest phenolagets with staggered
plantings occurring between mMay and late July. Subsequently, there are snap beans in
flower across the Central Sands from late June through early Sept&misersnap bean
crops are planted at such frequency, the window oa&eMthiamethoxam concentratio 1

weeks posemergence malye recurrent in the area

Summary

Thiamethoxam concentrations in leaf tissue from dessted processing vegetable
crops were highest one to two weeks post emergence, while thiamethoxamtretiores in
floral tissue was belBaseddnlkexistng feraginglrgcordsofd et ect i
wild Wisconsin bees and the law nonrexistentthiamethoxam concentrations in flowers
found by this study, it is unlikely that tllewers ofneonicoinoid-treated processing
vegetable crops commonly grown in Wi sconsi no
to foraging pollinatorsHowever, tirther research is needed to compare fiele| tissue
concentrations such as these to possible dosesrageceive, especially in regards to less

studied wild bee species.
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Figure 1. Mean concentration + standard error of thiamethoxam in the leaf tissue of field
pea, snajpean, and sweet corn grown from thiamethoxam-seated (black) and untreated

(white) plants within Wi sconsinds Central Sa
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Table 1.Total number of snap bean, field pea, and sweet corn A) floral tissue and B) leaf

t hi

tissuey el ding |l evels of thiamethoxam above
were grown with and without seed treatments in central Wisconsin during the years 2014 and
2015.
A) 'Ilfifsriia Treatment N:;nbgggf Number of detects Percent do;‘fggsples with
Pea 16.84 g Al/acre 8 0 0%
Untreated 8 0 0%
Bean 16.84 g Al/acre 8 0 0%
Untreated 8 0 0%
Corn 30.24 g Al/acre 8 0 0%
Untreated 8 0 0%
B) Leaf Tissue Treatment N:;nbgtragf Number of detects Percent doeff:Cr?Sples with
Pea 16.84 g Al/acre 32 18 56%
Untreated 31 12 39%
Bean 16.84 g Al/acre 32 24 75%
Untreated 32 9 28%
Corn 30.24 g Al/acre 32 23 72%
Untreated 29 7 24%

S
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t hat
2008) ,

of pickling cucumbers (Lowenstein 2011), cranberry (Gaines Day 2013) and organic and
conventional vegetable crops (Prince chp 2, 2016).

Species

Wolf & Ascher
2008

Lowenstein
2011

Gaines Day Prince

2013

2016

ANDRENIDAE
Andrena alleghaniensi
Andrena arabis
Andrena asteris
Andrena barbilabris
Andrena canadensi:
Andrena carlini

Andrena carolina
Andrena ceanothi

Andrena chromotriche
Andrenacommoda
Andrena crataegi
Andrena cressoni
Andrena distans
Andrena dunningi
Andrena erigeniae
Andrena erythrogastel
Andrena forbesii
Andrena fragilis
Andrena geranii
Andrena helianthi
Andrena hippotes
Andrena hirticincta
Andrena imitatrix
Andrena krigiana
Andrena milwaukeensi:
Andrena miranda
Andrena miserabilis
Andrena nasonii
Andrena nivalis
Andrena perplexe
Andrena placata
Andrena platyparia
Andrena rufosignata
Andrena rugosa

Viereck 1907
Robertson 1897
Robertson 1891
(Kirby 1802)
Dalla Torre 1896
Cockerell 1901
Viereck 1909
Viereck 1917
Cockerell 1899
Smith 1879
Robertson 1893
Robertson 1891
Provancher 1888
Cockerell 1898
Robertson 1891
(Ashmeadl890)
Robertson 1891
Smith 1853 (Svida)
Robertson 1891
Robertson 1891
Robertson 1895
Provancher 1888
Cresson 1872
Robertson 1901
Graenicher 1903
Smith 1879
Cresson 1872
Robertson 1895
Smith1853
Smith 1853
Mitchell 1960
Robertson 1895
Cockerell 1902
Robertson 1891

X X X X X X X X

X X X X

X X X X X X X X X

[
a



Species

Wolf & Ascher
2008

Lowenstein
2011
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Gaines Day Prince

2013

2016

Andrena sigmund
Andrena simplex
Andrena vicina
Andrena violae
Andrena wilkella
Andrena wilmattae
Andrena wscripta
Calliopsis andreniformi:
Perdita halictoides
Perdita maculigera
Pseudopanurgus heliantt
APIDAE
Anthophora terminalis
Apis mellifera
Bombus ashtoni
Bombus auricomu
Bombus bimaculatus
Bombus borealis
Bombus citrinus
Bombus fernaldae
Bombus fervidus
Bombuggriseocollis
Bombus impatiens
Bombus pensylvanicu
Bombus perplexu:
Bombus rufocinctus
Bombus sandersor
Bombus ternarius
Bombus terricola
Bombus vagans
Bombus variabilis
Ceratina calcarata
Ceratina dupla
Eucera atriventris
Eucera hamata
Melissodes agilis
Melissodes bimaculatz
Melissodes communi
Melissodes coreopsi
Melissodes denticulate

Cockerell 1902
Smith 1853
Smith 1853
Robertson 1891
(Kirby 1802)
Cockerell 1906
Viereck 1904
Smith 1853
Smith 1853
Cockerell 1896
Mitchell 1960

Cresson 1869
Linnaeus 1758
(Cressori864)
(Robertson 1903)
Cresson 1863
Kirby 1837
(Smith 1854)
(Franklin 1911)
(Fabricius 1798)
(DeGeer 1773)
Cresson 1863
(DeGeer 1773)
Cresson 1863
Cresson 1863
Franklin 1913
Say1873

Kirby 1837
Smith 1854
(Cresson 1872)
Robertson 1900
Say 1837
(Smith 1854)
(Bradleyl1942)
Cresson 1878
(Lepeletier 1825)
Cresson 1878
Robertson 1905
Smith 1854

X X X X X X X X X X X X X

X X X X X X

X

X X X X X X

X X X X X X X X X X

X X X X X X






