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ABSTRACT

Pea leaf weevil (Sitona lineatus) is the most common insect pest of field peas grown in
Montana. Montana is the number one producer of field pea in the US. Currently, Montana
producers spray insecticides at least once or twice during the spring growing season to avoid leaf
damage inflicted by pea leaf weevil adults and larvae. Complete reliance on insecticides may,
however, raise the risk of pea leaf weevil populations developing genetic resistance. Therefore,
this project focuses on development of alternative pulse insect pest management strategies such
as pheromone-based attract and kill and host plant preference. For the attract and kill strategy 6
different treatments compared combinations of aggregate pheromone (4—methyal-3,5-
heptanedione) alone in two different forms; septa and pellet, pheromone with granular
insecticide (Deltamethrin). To determine the effect of host variety on adult feeding preference,
10 field pea, 2 faba bean, 2 lentil and 2 chickpea varieties were assessed for feeding damage.
Crescent shaped notches were counted on 10 individual plants per replicate plot. The average
number of larvae within the nitrogen fixing root nodules of each variety was also recorded on 5
randomly selected individual plants per plot. Faba bean was the most preferred host while lentil
and chickpea suffered almost no feeding damage. ‘Delta’ and ‘Lifter’ field pea varieties appeared
to be preferred over ‘DS Admiral’ and ‘AC Agassiz’ varieties. Given the significant level of
feeding on all pea and faba bean cultivars further evaluation of low-cost pheromone traps are
essential to establishing an IPM control approach.
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CHAPTER ONE

GENREAL INTRODUCTION

Pea Leaf Weevil Systematics

Pea leaf weevil, (Sitona lineatus (L.) (Coleoptera: Curculionidae), is of palearctic origin
(Rivnay 1962, Velazquez et al. 2010). It belongs to the sub family Curculioninae which is the
most speciose insect family of the order Coleoptera (Blatchley and Leng 1916, Arnett 1960,
Carcamo and Vankosky 2011).

Sitona belongs to the subfamily Curculioninae, which is characterized by the presence of
a scar on mandible marking the location of a deciduous cusp. Sitona are easily distinguished
from other closely related genera as they lack this mandibular scar (Bright 1994).

The pea leaf weevil is a member of the Entiminae subfamily (i.e., broad nose beetle
weevil; Velazquez et al. 2010). Pea leaf weevil was first described by Linnaeus in 1758
(Vankosky et al. 2010). In 1817, Germar proposed the genus name, Sitona name simply as “46.
Sitona nob. Curc. Gressorius, lineatus, hispidulus” and in 1824 Germar formally proposed the
name as a new genus with a full description (Germar 1817, Germar 1824). However, in 1840
Schoenherr modified the genus name to Sitnoes (Schoenherr 1840, Bright 1994). In 1840,
Westwood was the first to formally use the species name of pea leaf weevil as ‘Curculio lineatus
L.” (Westwood 1840).

The classification of pea leaf weevil has changed over time. As such, it has been placed
into different families and/or subfamilies like subfamily Sitoninidae (LeConte and Horn 1876),

Sitoninae (Casey 1888). It also had been placed in the Sitonina and subfamily Curculioninae
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(Champion 1902), tribe Sitonini and subfamily Curculioninae (Batchley and Leng 1920, Arnett
1960), tribe Brachyderinae (Thaylacitniae) (O’Brien and Wibmer 1982), subfamily Sitonini tribe
Entiminae (Thompson 1920); finally, subfamily Brachyderinae and tribe Sitonini (Bright 1994).
Pea leaf weevil is the only North American Sitona species with procoxal cavities touching the

narrow groove which is located on the ventral surface of the prosternum (Bright 1994).

Table 1.1. Eleven species of pea leaf weevil in North America with their common name and
hosts. (Bright 1994).

Bright

Species of Sitona Host crops Common name
Sitona aquilonius Unknown Unknown
Bright
Sitona californius  lupine, alfalfa, plum, apple, peach, sunflower, fruit Unknown
Fahraenus trees
Sitona sweet clover, alfalfa seedling, Cicer spp, black sweet clover
cylindricollis medic, milkvetch, alfalfa weevil
Sitona desertus Unknown Unknown
Bright
Sitona flavescens red clover, white clover Unknown
(Marsham)
Sitona hispidulus various species of clovers and alfalfa, forage clover root
(Fabricius) legumes, lucerne, Lotus, Trifolium spp curculio
Sitona lineatus pea, faba bean, vetches, beans pea leaf weevil
(Linnaeus.)
Sitona linnellus alfalfa, sainfoin, Cicer spp, milkvetch, native alfalfa curculio
Bonsdorff vetch, pea
Sitona lupinus only on Lupinus sericeus Unknown
Sleeper
Sitona vittatus not clearly identified but found under log, under Unknown
LeConte dry cow dung
Sitona tanneri Unknown Unknown
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Pea Leaf Weevil Distribution

Members of the genus Sitona are damaging insect pests of legumes, with at least one
species associated with every species of legume (Jackson 1920, Veladzquez De Castro et. al.
2010). Of the 100 known Sitona species, (van Emdem and van Emden 1939), there are only 11
species in North America, with five considered invasive species which were introduced from
Europe (Bright 1994, Table 1.1). Pea leaf weevil is native to Europe and North Africa, whereas
in North America it is invasive insect pest of field peas (Pisum sativum L.) and faba bean (Vicia
faba L.) (Hoebeke and Wheeler 1985, Olfert et al. 2012, Prochaska et al. 2018).

In Europe, pea leaf weevil is a well-established as insect pest of legumes. (Jackson 1920,
Prescott and Reehher 1961). In Germany, significant damage was observed in lupin (Lupinus
albus L. (Fablaes: Fabaceae)) (Ferguson 1994).

In North America, pea leaf weevil damaged seedlings of peas in 1936 under codling moth
band near Victoria in British Columbia, Canada (Downes 1938, Prescott and Reehher 1961,
Olfert et al. 2012, Prochaska et al 2018). For example, along the Fraser River of British
Columbia, Canada, cannery peas and clover were heavily infested on a 112.65 kilometer (Km)
stretch of the Fraser River (Prescott and Reehher 1961). In 1942, pea leaf weevil was first
identified in central British Columbia (Hatch 1971) and areas bordering Puget Sound from
Vancouver (Prescott and Reehher 1961). Subsequent reports were derived from Lethbridge,
southern Alberta, Canada in 1997 (Carcamo and Vankosky 2011), then northward in Alberta and
Saskatchewan in 2007 (Carcamo and Meers 2007, Hartley 2007, Carcamo et al. 2010). Pea leaf
weevil had become prominent insect pest in Southern Alberta and has rapidly extended to

eastern, western Saskatchewan (Olfert et al. 2012). It spread throughout the Canada as there was
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no geographical barriers to stop movement or flight (Soroka and Cércamo 2006, Coles et al.
2008). Pea leaf weevil is a prominent insect pest in southern Alberta and western Saskatchewan
(Olfert et al. 2012).

In the United States, pea leaf weevil was first recorded infesting peas and vetches on the
San Juan Islands of Washington in 1940 followed by Whidbey Island in 1941 (Prescott and
Reehher 1961, Hatch 1971). Then, spread southward and became established as a prominent
insect pest in California, Florida, Montana, Texas, and Virginia (Hoebeke and Wheeler 1985,
Prochaska et al. 2018). Over the last decade in Montana, pea leaf weevil populations have been
moving eastward towards the Dakotas (Wanner 2016, Prochaska et al. 2018). Pea leaf weevil
was first detected in southwestern North Dakota on field peas in Golden Valley Country during
the fall of 2016. Prochaska et al. (2018) additionally reported pea leaf weevil population moving
eastward in within the state. North Dakota State University Extension entomologist in 2016 and
2017 reported presence of pea leaf weevil in southwestern counties (e.g., Dunn, Golden Valley
and Stark counties), north-central counties (Mountrail and Ward counties) and northwestern
counties (Divide County) (Prochaska et al. 2018). In short, once introduced, pea leaf weevil’s
quickly spread to east and west coast of North America (El-Dessouki 1971, Aeschlimann 1980,
Hartley 2007, Carcamo et al. 2007) and is now present on California, Florida, Idaho, Montana,
North Dakota, Northern, Oregon, Virginia, Washington (Prescott and Reeher 1961, EIl-Dessouki
1971, Hatch 1971, Fisher and O’ Keeffe 1979c, Aeschlimann 1980, Hoebeke and Wheeler 1985,
Bright 1994, Bloem et al. 2002, Carcamo et al. 2007, Carcamo and Vankosky 2011).

Pea leaf weevil is also found in Asian countries like Iran, Israel, Syria, Turkey

(Markkulla and Koppa 1960, Melamed-Madjar 1966, Lodos 1971, Boroumand 1975, Plaut 1975,
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Ahmadi and Alichi 1991, Linke et al. 1991). Pea leaf weevil is also reported in Australia, South
Australia (Hawthrone 1987). Pea leaf weevil is also spread across African countries like Algeria,
Egypt, Morocco, Tunisia, Uganda (Blaeser 1982, Fam 1983, Hoebeke and Wheeler 1985,
Baliddawa 1988).
In short, pea leaf weevil is an important economically damaging insect pest in Africa,
Asia, Australia, Europe and North America (Hoebeke and Wheeler 1985, Bloem et al. 2002,

Nilsson 1973, Botha 2004).

Pea Leaf Weevil Dispersal and Migration

The introduction of pea leaf weevil across continents may be due to export and import to
the movement of agricultural goods (Hoebeke and Wheeler 1958). In recent years, growers in
Canada, Montana, and North Dakota are expanding the range of legume production. Therefore,
the increased area of legume production and climatic conditions may have contributed to the
increase in pea leaf weevil populations in the region (Vankosky et. al. 2009).

Once established in a new region, pea leaf weevil can expand their habitat through flight
(Hans 1959, Fisher and O’Keeffe 1979c, Hamon et al. 1987, Nielsen and Jensen 1993). Pea leaf
weevil has a migratory behavior as it has two distinct flight periods (Jackson 1920, Hans 1959,
Fisher and O’Keeffe 1979c). The first, is a post teneral flight during late summer (Fisher and
O’Keeffe 1979a). The second, is a post-diapause flight in the spring (Fisher and O’Keeffe 1979a,
Hamon et al 1987). Pea leaf weevil flight is predominantly downwind, as they have migratory
flight (Hamon et al 1987). Pea leaf weevil are strong fliers as they can fly long distances

(Antonelli 1970, Beniwal et al.1993, Bogdan 2018). Once pea leaf weevil has located their host,
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redistribution occurs by walking (Fisher and O’Keeffe 1979c, Hamon et al. 1987, Nielsen and

Jensen 1993).

Host Plants

During the spring migration, pea leaf weevil is oligophagous and will feed on various
plants in the Fabaceae family, the primary hosts for adult pea leaf weevil (Jackson 1920, Grieb
and F. K. 1976, Fisher and O’Keeffe 1979, Hamon et al. 1987, Landona et al.1995). For pea leaf
weevil larvae, field pea (Pisum sativum L.) and faba bean (Vicia faba L.) are regarded as the
primary hosts for that life stage since these crops allow all life stages (Baliddawa 1984, Schotzko
and O’Keeffe 1988, Landona et al. 1995, Bogdan 2018, Carcamo et al. 2018). Pea leaf weevil are
oligophagous during the non-reproductive phase and feed on members of the Fabaceae family
before and during overwintering (Jackson 1920, Greib and Klingauf 1976, Fisher and O’Keeffe
1979c, Hamon et al. 1987, Landona et al. 1995). Legumes such as alfalfa (Medicago sativa L.),
clover (Trifolium species), sweet clover (Trifolium pratense L.), vetch (Vicia sativa L. (Fabales:
Fabaceae)), lupin (Lupinus species L. (Fabales: Fabaceae)), black medic (Medicago lupulina L.
(Fabales: Fabaceae)), dry bean (Phaseolous vulgaris L), chickpea (Cicer arietinum L) and
soybean (Glycine max (L.) Merr), Siberian pea shrub (Caragana arborescens Lam., Fables:
Fabaceae) and black locust (Robinia pseudoacacia L., Fabales: Fabaceae) are also preferred by
adult pea leaf weevil as their secondary hosts (Fisher and O’Keeffe 1979a, Fisher and O’Keeffe
1979b, Bogdan 2018). Secondary host selection occurs in late summer and fall and/or, during
overwintering period when there is absence of annual legumes (Jackson 1920, Prescott and
Reeher 1961). If oviposited on secondary host plants pea leaf weevil larvae do not develop, and

pea leaf weevil adults, maximize their fertility only on pea and faba beans (i.e., primary host
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plants) (George 1962, Fisher and O’Keeffe 1979a, Schotzko and O’Keeffe 1986, Vankosky et al.
2011a).

Adult pea leaf weevil may feed on plants of different families when primary and
secondary hosts are limited abundance (Prescott and Reeher 1961). In Europe, adult pea leaf
weevils are considered pest of lupin, field vetch (Cantot and Papineau 1983, Ferguson 1994,
Nikolova 2016), faba bean, pea, alfalfa, black medic, all species of clover, tare and wild vetch
(Jackson 1920). While larvae are not found on the roots of lupin, peas and vetch are major host
in the Pacific Northwest (Ferguson 1994). However, adults may feed on alfalfa and red clovers
(Trifolium pratense L.) heavily (Prescott and Reeher 1961). Additionally, adult pea leaf weevil
can be a major defoliator of buds and flowers of bird’s foot trefoil (Lotus corniculatus) (Prescott
and Reeher 1961).

In late summer, Markkula and Koppa (1960) reported pea leaf weevil presence at a
higher population density on white clover, (Trifolium repens L. (Fabales: Fabaceae)) among
other Sitona species. In England, during the overwintering period, pea leaf weevil can consume
as much as 30 % of the photosynthetic area of white clover, causing significant damage to the
plant (Murray and Clements 1995). During the harvest season or when crops are drying, pea leaf
weevil may feed on certain non-leguminous plants (e.g., Plants from the family Rosaceae, like
raspberry, apple, blackberry and rose) (Prescott and Reeher 1961). Sometimes, pea leaf weevil
feed on weed species like prostate knotweed (Polygonum aviculare L., (Polygonales:
Polygonaceae)) if in the absence of legumes (Prescott and Reeher 1961, Grieb and Klingauf
1977, Fisher and O’Keeffe 1979a). Thus, it is theorized that pea leaf weevil exhibits “limited

polyphagous behavior” (Grieb and Klingauf 1977).
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Pea Leaf Weevil Damage

Adult pea leaf weevil feeds upon the leaf margins and the growing point of legume
seedling producing a characteristic distinct notch (Otani 2013). Adult pea leaf weevil can
consume on around 40 mm? of pea leaves in a single day (Binia$ et al. 2017). When the field
peas and faba beans are from 7.3 cm to 15.2 cm high, adult pea leaf weevils make significant
damage on these plants (Jackson 1920). When feeding on leaves, adult individuals feed upon the
leaf margins making a half-moon or subcircular or U-shaped scalloped notch in the leaf edge/leaf
margin (Jackson 1920, Hoebeke and Wheeler 1985, Otani 2013, Wanner 2016). Host plants can
compensate and recover from low to moderate levels of damage by feeding adult pea leaf
weevils (George 1962, Lee and Upton 1992, Lohaus and Vidal 2010, Vankosky et al. 2011a, b,
Céarcamo et al. 2012). Therefore, defoliation is not considered a source of significant economic
loss (Williams et al. 1995, Wanner 2016). However, if there is substantial damage to the terminal
leaf of the young seedling then, the loss is unrecoverable. Under severe infestations when the
population of pea leaf weevil is high, adult feeding can completely destroy the plant and the
associated stand count density in the field if damage occurs at the early vegetative growth stage
(Jackson 1920). Depending on the timing of weevil establishment and their density, the level of
damage to their primary host during adult feeding varies in the spring (Williams et al. 1995).
When an adult pea leaf weevil feeds on leaves of leguminous plants, the photosynthetic capacity
is limited which will ultimately compromise ability of respective plant to produce reproductive
organs or support root nodules (Havlickova 1982, Williams et al. 1995). With the increase in
defoliation rate, there will be increase in yield loss too, since the host plant’s reproductive organ

will be poor in sequestration of nutrients thus affecting yield (Hodgson and Blackman 1957).
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Adult pea leaf weevil feed on legume foliage, however feeding varies at the larval life
stage, where preferred host of post-diapause pea leaf weevil are field pea and faba bean
(Landona et al. 1995). For pea leaf weevil reproductive potential and larval fitness, the larval
stage prefers field pea and faba bean as hosts (Carcamo and Vankosky 2011). Pea leaf weevil
oogenesis is believed to start only if there is post-diapause feeding on peas and faba beans (Hans
1959, Fisher and O’Keeffe 1979a, Schotzko and O’Keeffe 1986, Hamon et al. 1987, Landon et
al. 1995). Larval pea leaf weevils only develop in the root nodules of faba beans and field peas,
thus rending these crops necessary for the completion of the pea leaf weevil life cycle (Carcamo
et al. 2018). The damage on the main root is more pronounced than on the lateral roots but under
severe infestation when larval density is high, it can destroy the majority of nodules (Jackson
1920, Cantot 1986, Verkleij et al. 1992). Damage caused by the larva on the root nodule is
considered to be more economically damaging than feeding adults as larval damage results in
reduced photosynthetic capacity of the defoliated leaves impacting root nodulation, yellowing of
leaves, nitrogen deficiency and reproductive organ development (EI- Dessouki 1971, Havlicova
1982, Williams et al. 1995). The larval damage has significant effect on plants during early
flowering stage but as the plant matures the impact of larval feeding declines (Jackson 1920,
Céarcamo et al. 2018). Similarly, reduction in yield loss in peas are considered to be generally
from larval feeding rather than adult feeding or adult defoliation of pea leaf weevil in peas
(Hunter 2001, Corre-Hellou and Crozat 2005).

The damage caused by larval feeding is predominantly caused by reduced nitrogen
fixation, resulting in nitrogen deficient plants. Due to pea leaf weevil larval infestation, field

bean yield reduction can range between 70 to 90 % (Oschman 1984). This reduction in yield
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makes pea leaf weevil larvae an important pest and therefore requires control tactics to manage

their populations (Seidenglanz et al. 2010, Cacamo et al. 2012).

Host Plant Preference and Selection Factors

Adult pea leaf weevil feeds on foliage of several leguminous crops and it feeds on non-
legumes to a lesser extent (Jackson 1920, Greib and Klingauf 1977). Depending on the timing of
weevil establishment and their density, the level of damage to their primary host during adult
feeding varies in the spring (Williams et al. 1995). For pea leaf weevil reproductive potential and
larval fitness, the larval stage prefers field pea and faba bean as hosts (Carcamo and Vankosky
2011). Reproduction of pea leaf weevil is also impacted by host plant preference. Host plant
preference, for pea leaf weevil reproduction may be due, in part, to the symbiotic relationship
between these host plant species and nitrogen- fixing bacteria R. leguminosarum biovar. viciae
(Spaink 1994 and Mutch and Young 2004). This bacteria species inhabits the root nodules of
leguminous plants (e.g., field peas) and provide nutrients to the leghemoglobin within the root
nodules (Carcamo et al. 2015). Leghemoglobin is associated with tendency of every Sitona
species to feed on nitrogen fixing legume (Danthnarayana 1967).

When adult pea leaf weevils are provided with a choice of cut leaf tissue, they prefer pea
over faba bean (Jaworska 1998). However, during oviposition period in May, pea leaf weevils
are more attracted to faba bean (Jaworska 1992). If pea and faba bean are planted next to each
other, then pea leaf weevil moves to the faba bean during egg laying (Jaworska 1992). Pea leaf
weevil nutrient requirements changes as they develop. Thus, to fulfill the changing nutritional
requirement, pea leaf weevil can switch between hosts at different stage of its life cycle

(Jaworska M.1992). Pea leaf weevil preference also varies with in pea and seems to favor certain
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pea cultivars (Havlickova 1980, Cantot 1989, Kordan B and Sledz” 1994, Wojciechowicz-Zytko
and Mtynarczyk 2002). Many extrinsic resistance factors like epicuticular waxes present on
leaves of peas may influence the feeding rate of pea leaf weevil (White and Eigenbrode 2000,
Rutledge et al. 2003, Chang et al. 2004). Pea leaf weevil favor thinner epicuticular wax layers
coating leaves and stipules over hosts producing thicker epicuticular wax layers (White and
Eigenbrode 2000). Due to genotypic variability, field pea has different quantities of wax layer
variation, and the modification of these genotypes may have potential to produce resistant
varieties against pea leaf weevil (White and Eigenbrode 2000). Adult pea leaf weevils prefer low
alkaloid plants while they rarely fed on bitter plants (Cantot and Papineau 1983).

The life span and survival rate of pea leaf weevil also varies by faba bean cultivar
(Wojciechowicz-Zytko and Mtynarczyk 2002). Carbohydrates, nitrogen, protein content varies
among cultivars and plant health, influencing host plant quality for this pest species (Havlickova
1980). Faba bean at its vegetative and late reproductive life stages are considered better hosts
than pea, because they offer improved opportunities for egg laying and adult survival (Jaworska
1998). Faba bean host plant preference due, impart, to their prolonged development, thus
providing habitat for pea leaf weevil larvae later in the season (Bogdan 2018). Adult pea leaf
weevil feeding on faba beans live longer compared to individuals feeding on peas (Bogdan
2018). Therefore, pea leaf weevil host plant may influence their longevity (Jaworska 1998).
However, at low densities, Schotzko and O’Keeffe (1988) found that pea leaf weevil longevity
was higher on peas than other legumes, contradicting the findings of Bogdan (2018). Additional
factors that influence female pea leaf weevil longevity, are populational density and number of

eggs that female oviposits over their lifetime (Schotzko and O’Keeffe 1988).
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Pea leaf weevil population densities and fecundity may also be closely linked to nitrogen
fixation of their host plant. Nitrogen fixation per plant in pea hits maximal amount at or before
flowering stage (i.e., early reproductive life stage) and decreases during fruit growth (i.e., late
reproductive life stage) (Pate 1958, LaRue and Kurtz 1973, Bethlenfalvay et al. 1978). Faba
bean, however, sustains steady nitrogen fixation activity until the time of plant maturity and total
bean-plant nitrogen amount also increases into seed maturity (Sprent and Bradford 1977, Dean
and Clarke 1980). As the larva of pea leaf weevil feed on the rhizobium bacteria that inhabit the
root nodules, faba bean will be able to compensate for pea leaf weevil feeding damage, due to its
longer period nitrogen fixation which continues through maturity (Sprent and Bradford 1977,
Buttery and Gibson 1990).

The number of pea leaf weevil larvae that a host plant can support is known as carrying
capacity (Nielsen 1990). Carrying capacity for peas is low compared to that of capacity of faba
bean (Bogdan 2018). Under low pea leaf weevil density of 0.25 weevils per pea plant, larval
feeding damage to root nodules was similar to nodule damage under high weevil density of one
weevil per plant (Bogdan 2018). This suggests that the economic damage is the similar,
regardless of the number of adults or the eggs laid (Bogdan 2018). Therefore, faba beans can
support larger pea leaf weevil populations compared to field pea (Bogdan 2018).

In the absence of pea or faba bean, pea leaf weevil larvae do not complete their lifecycle
on other hosts (Fisher and O’Keeffe 1979a, Hoebeke and Wheeler 1985, Ferguson 1994, Murray
and Clements 1995). However, chickpeas have emerged as an alternate host as some signs of
larval feeding were recorded on root nodules (William et al. 1991). When pea and chickpea are

planted side by side and the peas are harvested in the immature stage, weevils migrated to the
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intercropped chickpea where they fed and lay eggs (William et al. 1991). Another legume crop,
lentil (Lens culinaris Medik, (Fabales: Fabaceae)) is neither preferred for feeding or oviposition
by adult pea leaf weevils (Schotzko and O’Keeffe 1988, Bogdan 2018). In choice tests, adult pea
leaf weevil fed on lentils if they were the only available as a food source (Schotzko and
O’Keeffe 1988). Similarly, adult pea leaf weevil never preferred common bean (Phaseolus
vulgaris L. (Fabales: Fabaceae)) for ovipositing nor larvae feeding in green house trials (EI-
Dessouki 1971). However, damage to common bean by pea leaf weevil was observed in the field
(Andersen 1934). Alfalfa, a potential alternative host for pea leaf weevil is longer season crop
than field pea. Schotzko and O’Keeffe (1988) reported that alfalfa supported larger populations
of pea leaf weevils for a longer time-period than pea. Regardless, further investigation is required
to identify potential alternate primary and secondary hosts of pea leaf weevil (Vankosky et al.
2009).

Plant stage also impacts pea leaf weevil larval population density. Larval populational
density is lower when adult pea leaf weevil lay eggs on the plants after the 5th node stage
compared to adults laying eggs on plants the past at the 2" node stage (Carcamo et al. 2010). Pea
leaf weevil larval populations are influenced by root nodule availability (EI Dessouki and Stein
1970, Quinn and Hover 1986, Wolfson 1987) and the carrying capacity of the root nodules
(Nielsen 1990). Nodules are an important food source but are limited for pea leaf weevils
(Greenwood and Bathurst 1978, Heichel and VVance 1983, Sutton 1983, Quinn and Hover 1986).
Thus, root nodule availability is a factor for pea leaf weevil larval development and density (EI-
Dessouki and Stein 1970, Quinn and Hover 1986, Wolfson 1987). Furthermore, soil conditions

such as nitrogen and moisture also influence the larval feeding and amount of nodulation of a
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plant (Sprent and Bradford 1977, McEwen et al. 1981, Sutton 1983, Wolfson 1987). Under high
soil nitrogen levels, pea cultivars produce fewer nodules compared to plants grown under
nitrogen deficient conditions (Vankosky et al. 2011a) and may delay peak nodulation in some
cases (Gibson and Harper 1985). The larval populations of pea leaf weevil vary by pea cultivar

and the quantity of nodules on their host plant (Nouri Ghanbalani 1978).

Origin, Distribution and Production of Affected Host Plants

Field Pea

Field peas is an annual, cool season, herbaceous grain legume and belongs to family
Leguminosae (subfamily: Faboideae, tribe: Fabeae, order Fabales) (Smykal et al. 2012). It is also
known as common pea, dry pea, yellow pea or garden pea (Olle and Soovéli 2020). Pea is one of
the world’s oldest domesticated, and economically important legume crop (Amborse 1995, Clark
2019, Haverson et al. 2021).

Pea was first cultivated over 9,000 years ago, yet there is no record of their exact origin
of domestication (Smykal et al. 2012). Wild representatives of P. sativum extends from Iran and
Turkmenistan through interior Asia, northern Africa and southern Europe (Makasheva 1979,
Maxted and Amborse 2000, Maxted et al. 2010). However, pea plants are believed to be from the
Fertile Crescent of southwest Asia due to carbonized remains of peas in archaeological sites of
the region (Haverson et al. 2021). An opposing theory is that central Asia, eastern Ethiopia, and
Mediterranean countries are believed to be the center of origin of pea based on genetic diversity
(Smykal et al. 2012).

Based on growth rate and flowering behavior, peas are classified into two agronomic

classes 1.) winter pea and 2. spring pea (Santra and Saha 2021). In the United States, depending
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on latitude and altitude, winter pea is sown in early fall, whereas spring pea is sown in mid-
March to early May (Santra and Saha 2021).

Similarly, based on use, pea is divided into several classes, garden pea, field pea, green
manure and forage types (Maxted et al. 2001, Oelke et al. 1991) The fresh pea is harvested as
immature pods or seed and eaten as vegetable (Karkanis et al. 2016). Whereas dried or field peas
are mature and consumed by humans and livestock as whole, split, or ground for flour (Oelke et
al. 1991). Generally, there are two types of field pea based on leaf type which signifies the pea
cultivar’s ability to tolerate harsh conditions (Heath and Hebllethwaite 1985, Endres et al. 2016)
that is normal/true leaves and semi-leafless.

Cousin (1997) and Krall et al. (2006) explained the characteristics of normal and semi
leaves. Normal/true leaves have one to three pairs of leaflets, terminal branched tendrils, and
stipules with the vine length of 1.22 to 1.83 meters in length. They have higher biomass and
yields. Normal leaved field peas are best for forage use for cattle and hogs. In semi-leafless field
peas, modified leaflets are reduced to tendrils and normal stipules between 0.61 to 1.22 meters in
length. Semi-leafless field peas, have less leaf area, but they are more resistant to lodging. Peas
have clam leaf which is recently emerged folded leaf on top part.

Total production area of pea in the world is 9.2 million hectares (ha) with 17.7 million
tons of peas produced annually where contribution of the country in the pea production are;
Canada (40%), Russian Federation (24%), China (12%), India (7%), Ukraine (4%), the United
States (8%), Australia (2%) (FAO STAT 2020) (Figure 1.1). Canada is the highest producer of

peas with the acreage of 1,431,200 ha (FAO STAT 2020).
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American production of field pea in 2020 was 941,571 metric tons produced on 384,047
hectares (USDA 2020). In 2021, American field pea production was 434,309 metric tons
produced on 337,508 hectares (USDA 2021). In short land in dry edible pea production
decreased from 384,047 hectares in 2020 to 337,508 hectares in 2021. The top states in the
country for field pea production are North Dakota, Montana, Idaho, Washington and Nebraska
(Table 1.4) (USDA 2021).

Montanan field pea production is a major component of agricultural production in the
state. In 2020, the total Montanan production of edible pea production decreased from 502,689
(2020) metric tons to 168,409 (2021) metric tons (USDA NASS, 2021) (Table 1.4). Acreage of
pea production land decreased from 193,440 (2020) hectares to 181,299 (2021) hectares (USDA
NASS, 2021) (Table 1.3).

Figure.1.1. Percentage of countries in contributing pea production (tons) among countries with
high pea production.

Tanzania

Ethiopia
3%




17

Chickpea

Chickpea is a cool-season and, drought tolerant, annual pulse crop (Rasool et al 2015)
grown in arid and semi-arid regions (Maphosa 2020). Chickpea is also referred as garbanzo
beans or bengal bean or channa and is a member of the Fabaceae family (Jukanti et al. 2012,
Rasool et al. 2015). It is ranked as the third most important pulse crop for food after peas and
faba bean (FAO 2008). Chickpea is one of the eight founding crops of agriculture (Zohary and
Hopf 2000, Abbo et al. 2003, Rasool et al.2015). The center of origin of chickpea is believed to
be southeastern Turkey, with evidence of chickpea consumption from 7,500 years ago (Harlan
1971, Oplinger et al. 1990, Singh and Ocampo 1997, Chen et al. 2011).

Chickpea is regarded as the main source for protein in arid and semi- arid areas (Chen et
al. 2011). Chickpea generally contains 20~22 % protein and 60 % carbohydrates, which can
provide a good source of protein for humans and livestock (Roy et al. 2001, Gossen et al. 2016)
and many minerals and vitamins (Jukanti et al. 2012). There are two main types of chickpea in
the market, Kabuli (Mediterranean and Middle Eastern) and Desi types (Indian Origin). These
chickpea varieties differ in seed coat morphology, floral coloration, tolerance to abiotic stressors,
and seed characteristics (Moreno and Cubero 1978, Purushothaman 2014, Maphosa 2020).

Kabuli chickpeas are characterized by their 0.61 - 0.91-meter height, larger pods and
leaves, as well as round, cream-colored seeds averaging 1000 seeds per 0.45 kilograms (van der
Masen 1972, Moreno and Cubero 1978, Maphosa 2020). Kabuli is primarily used as an
ingredient in hummus or as a whole seed in Central Asia, Mediterranean Basin, the Near East,
and America (Margheim et al. 2004, Leport et al. 2006). The desi type is comparatively shorter

with smaller leaves and smaller dark brown seeds that average about 2300 seeds per 0.45
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kilograms (Maphosa 2020). Desi types are mainly grown in South Asia and are dehulled and
split before cooking (Leport et al. 2006).

Both chickpea types provide agronomic benefit to soil as they help maintaining soil
fertility through nitrogen fixation at rates of up to 140 kilogram per hector per year (kg/ha/year)
(Flowers et al. 2010). Chickpea is grown in over 56 countries with a total global harvested area
of 17.2 million tons hectares (Mha) producing 17.2 million tons (FAO 2020). India, the global
leader of chickpea production, contributes 69% of global production and is followed by Pakistan
which contributes 5% (FAO 2021) (Figure 1.2).

Comparatively, in 2019 the United States ranked seventh with 163,490 hectares of
chickpea in production (FAOSTAT, 2019). Since 2001, chickpea production has increased
rapidly in the United States as chickpea acreage has increased from 5400 hectares in 2001 to
161,000 hectares in 2018. In 2021, Montana chickpea production was 70,8120 hectares, with a
total production of 56,390 metric tons (USDA NASS, 2021).

Figure.1.2. Percentage of countries in contributing chickpea production (tons) among countries
with high chickpea production.
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Faba bean

Faba bean is an annual, cool season pulse crop and is member of the Vicia genus in the
Fabaceae family (Harlan 1969, Hanelt and Mettin 1989, Juncus 1998, Etemadi et al. 2015, Xiao
et al. 2021, Abou-Khater 2022). This crop is also known as faba bean, horse bean and broad bean
(Minguez and Rubiales 2021). Native to the Mediterranean region, faba bean is the oldest
cultivated legume crop in the world and was domesticated 10,000 years ago BCE in the Near
East (Cuberto 1974, Juncus 1998, Etemadi et al. 2015, Caracuta et al. 2016). Faba bean is
considered the fourth most important feed grain legume following pea, lentil and soyabean
(Mihailovic et al. 2005, Dhull et al. 2021). Production of faba bean has increased by 2 percent
every year over last 3 decades, with the total production of 5.4 million tons in 2019 (Dhull et al.
2021, Abou-Khater 2022).

Major faba bean producing countries include Afghanistan, China, India, Ethiopia,
Mediterranean countries, Northern Africa and Northern Europe (Rahate et al. 2020, FAO 2021)
(Figure 1.3). 90 % of total production comes from these Asian, European and African countries,
where Asia leads by 33% (FAO 2020). North American production of faba bean is higher in
Canada than Mexico as faba bean grows well in cool season crop (Etemadi et al. 2015).

Whereas in the United States, faba bean is grown as a seed crop in California, and in
other regions of the United States, mostly they are grown as cover crops and/or used as green
manure (Etemadi et al. 2015). Faba bean is regarded as the best crop for green manure and the
most efficient crop for nitrogen fixation through symbiosis with Rhizobium spp (130 to 160 kg

N/ha) (Hoffmann et al. 2007, Horst et al. 2007).
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Faba bean is a multiuse crop cultivated for human consumption in Africa and Asia, with
Europe additionally using it as animal feed or silage (Zhou et al. 2018). If used for human
consumption, faba bean is harvested either fresh (as sprouts), cooked or dried (Dhull 2021).

Figure.1.3. Percentage of countries in contributing faba bean production (tons) among countries
with high faba bean production.
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Lentil

Lentil is an annual cool season legume, grown in subtropical and high-altitude tropical
regions of the world (Muehlbauer et al. 1995). It is considered the oldest domesticated pulse
crop, as it was amongst human archeological sites dating back to 13,000 years Before Common
Era (BCE) (Bahl et al. 1993, Sandhu and Singh 2007). Lentil is originated in eastern and central
Asia, with the primary center of diversity found in Middle East (Zohary 1972, Cubero 1981,
Sarker and Erskine 2006).

There are two types of lentils that are defined by seed size. small to medium seeded and
large seeded (Barulina 1930, Sandhu and Singh 2007). Lentil is grown for mature dry seed and
eaten as daal where grain is fried and seasoned as well as being boiled (Yadav et al. 2007).

In lentil producing regions there is high demand of lentil for its high protein content and

short cook time (Muehlbauer et al. 1985, Igbal et al. 2006). Lentil is grown in India, Syria, North
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Africa and Europe (Yadav et al. 2007). Lentil translates to “massur” in India, “adas” in Arabic
countries, and “messer” in Ethiopia (Sandhu and Singh 2007). In 2020, global production of
lentil was 6.5 million metric tons in which, Canada produced the most (35%) followed by India
26% (FAOSTAT 2021) (Figure 1.4).

In the United States, lentil production zones in the U.S. include are the Palouse region of
eastern Washington, northern Idaho, northwestern and northeastern Montana, and western North
Dakota (Table 1.3, 1.4). In the United States, lentil production increased from 240,000 tons in
2011 to 376,000 tons in 2020 (USDA 2021).

In 2020, lentils were grown primarily in Idaho, Montana, North Dakota, and Washington.
Of the states, Montana was the leading produced the most, contributing 72 % of the total
production (USDA 2021) (Table 1.4). In 2021, the acreage of lentils in Montana was 214,483
producing 102,316 metric tons (USDA NASS, 2021).

Figure.1.4. Percentage of countries in contributing lentil production (tons) among countries with
high lentil production.
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Table 1.2. Total acreage (hectare), production (metric ton), value per ton and total value of
(dollar) field pea, lentil, chickpea in different states and provinces of U.S and Canada.

North America Value per | Total value
Pulse States/ Acreage | Production ton (1000 USD
crops Province (hectare) | (metric ton) | (dollar) dollar)
Field pea Montana 230676 168411 331 55692
North Dakota | 103198 181975 364 66267
Alberta 667800 1799100 352 633283
Saskatchewan | 380251 2477700 361 894450
Lentil Montana 214489 102317 620 63441
North Dakota 48563 48059 703 33772
Alberta 69243 370500 643 238232
Saskatchewan | 623513 2497200 1055 2634546
Chickpea Montana 70822 56391 764 43068
North Dakota 6597 10313 872 8993
Alberta 17240 12973 - -
Saskatchewan 56980 56155 609 34198

Table 1.3. Total acreage (in 1000 hectare) of dry pea, lentil, chickpea in different states of U.S in
2019, 2020 and 2021.

Acreage in hectare in different years
Crops States 2019 2020 2021
Field pea Nebraska 13 15 12
Field pea Idaho 11 14 12
Field pea Montana 215 200 231
Field pea North Dakota 172 132 103
Field pea Washington 29 32 28
Field pea South Dakota 7 12 11
Field pea (Total) USA 446 404 396
Lentil Idaho 14 11 9
Lentil Montana 120 150 215
Lentil North Dakota 39 33 49
Lentil Washington 25 19 15
Lentil (Total) USA 197 212 287
Chickpea California 5 4 1
Chickpea Idaho 36 24 32
Chickpea Montana 81 43 71
Chickpea North Dakota 17 6 7
Chickpea Washington 45 27 39
Chickpea (Total) USA 184 103 149
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Table 1.4. Total yield (in 1000 metric ton) of field pea, lentil, chickpea in different states of U.S

in 2019, 2020 and 2021.

Yield of pulse crops (1000 MT)
Crops States 2019 2020 2021
Field pea Idaho 26 44 15
Field pea Montana 516 499 168
Field pea Nebraska 33 18 18
Field pea North Dakota 465 390 182
Field pea South Dakota 17 21 7
Field pea Washington 72 119 44
Field pea (Total) USA 1128 1090 434
Lentil Idaho 18 17 4
Lentil Montana 170 271 10
Lentil North Dakota 47 57 48
Lentil Washington 34 30 14
Lentil (Total) USA 270 376 169
Chickpea California 18 12 4
Chickpea Idaho 63 44 36
Chickpea Montana 124 78 56
Chickpea North Dakota 19 14 10
Chickpea Washington 93 60 39
Chickpea (Total) USA 318 208 145

Biology of Pea Leaf Weevil

Adult pea leaf weevil feeds on most leguminous plants, however, reproductive phase can

only be completed on either field pea or faba bean (Baliddawa 1984, Schotzko and O’Keeffe

1988, Landona et al. 1995, Bogdan 2018, Carcamo et al. 2018). Larvae of pea leaf weevil

primarily feed on pea and faba bean root nodules (George 1962, Fisher and O’Keeffe 1979a,

Schotzko and O’Keeffe 1986, Vankosky et al. 2011a.). Pea leaf weevil is univoltine in North

America and England (Jackson 1920, Hoebeke and Wheeler 1985) but in some geographical

regions they can be also bivoltine (Hans 1959, Hoebeke and Wheeler 1985). Pea leaf weevil

undergoes complete metamorphosis with stages passing through egg, larva, pupae and adult
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(Jackson 1919). In the western region of North America, oviposition occurs between February
and May and in ldaho, USA it occurs in May (Prescot and Reheer 1961, Fisher 1997). Humidity
and temperature influences hatching of egg of pea leaf weevil (Vankosky 2010). Twenty to 21
days after oviposition, eggs hatch (Jackson 1920). Pea leaf weevil egg incubation period may be
as short as 18 days, depending on abiotic factors like temperature (Prescott and Reeher 1961,

Hoebeke and Wheeler 1985).

Eqgags

Eqggs are sub -spherical in shape measuring 0.36 mm in diameter (Prescott and Reehher
1961, Jia et al. 2019). Pea leaf weevil eggs are glossy (Prescott and Reehher 1961) and their
color changes from white to black within 48 hours (Wanner 2016). Females oviposit eggs singly
on the soil surface and in cracks near the seedlings of plants (Schotzko and O’Keefe 1988). After
two to three weeks, eggs hatch and newly hatched larvae burrow into the soil near the host plant
(Prochaska et al. 2018). Jackson et.al (1920), noted that females lay on average 354 to 1655 eggs
on the soil over their life span (Wanner 2016). If the optimal ovipositing temperature (12 -22 °C)
is met the ovipositing period that starts after 7 days, extends to 3 months which will make
availability of pea leaf weevil of all stages during the crop season (Carcamo et al. 2010, Wanner

2016).

Larvae

First instar pea leaf weevil larvae burrow into soil and feed on Rhizobium bacteria in the
root nodules, where they make a hole in the nodule and inhabit the nodule (Johnson and
O’Keeffe 1981). Larvae are 0.5 mm in length when they hatch, but once they are grown, they

can grow to 5.5 mm. Larvae are white in color, have a fleshy, cylindrical body covered with long
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setae protruding vertically from each segment, and curl to a “c” shape when exposed (Prescott
1961, Wanner 2016). It takes four to eight weeks, depending on soil temperature and other
abiotic factors to pass through the five larval instar stages and pupate (Jackson 1920, Hoebeke
and Wheeler 1985, Landona et al. 1985, Prochaska et al. 2018). Pea leaf weevil larvae feed
predominantly on Rhizobium leguminosarum Frank (Rhizobiales: Rhizobiaceae) in root nodules

(Johnson and O’Keeffe 1981).

Pupae

Pupae are found in oval shaped earthen pupation cells within the soil and are exarate in
form (Jackson 1920). They are white in color with hairs protruding from head and thorax that
resemble like a small horn (Prescott 1961). Pupae require 14 to 19 days to complete their
development, a period occurring between early July to early August (Fisher 1977). However, in
Europe this period is lengthened to 16 to 19 days. Whereas in North America, this period takes

approximately 15-days (Prescott and Reeher 1961, Hoebeke and Wheeler 1985).

Adult

In late July to August, a new generation of adult pea leaf weevils emerge (Prochaska et
al. 2018). The adult remains in the soil until their exoskeleton is fully sclerotized (Jackson 1920).
Adult pea leaf weevils are slender and grayish color ranging 3.6 to 5.4 mm in length, and have a
broad shaped snout (Jackson 1920, Wanner 2016). Adult pea leaf weevils are distinguished by
three light longitudinal stripes in their pronotum that extends to the abdomen on the dorsal side
of their greyish body (Jackson 1920). These stripes are due to ochreous scales that generate the

grey and black color and fade away as the adult ages (Jackson 1920). Male and female pea leaf
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weevil can be differentiated from each other based on the shape and size of the pygidium, the last
segment of the abdomen (Jackson 1920).

Adult pea leaf weevils can survive up to 11- months and depending on variable
physiological state, shows different period of activity throughout the year (Schotzko and
O’Keeffe 1988). The overwintering generation upon emergence in August, are sexually
immature and search for sites to feed (e.g., perennial legumes) before overwintering (Jackson
1920, Carcamo and Vankosky 2011). Pea leaf weevil overwinter in field margins, shelter belts,
or in surrounding perennial legumes (e.g., clover or vetch) (Jackson 1920, Schotzko and
O’Keeffee 1988, Murray 1992). Overwintering adults are still reproductively immature and
migrate in the early spring when average daily temperature starts to increase and reaches to 12.5
°C to fields of field pea and faba beans (Hans 1959, Hamon et al. 1987). In these field, they feed,

becomes reproductively mature, mate and lay eggs (Evenden 2018).

Semiochemicals and Their Use in Management of Pea leaf weevil

Integrated pest management (IPM) is a popular practice in agricultural systems.
Integrated pest management can be an effective management practice focusing on the biology of
the target pest, while minimizing the impact on non-target species and the environment (St. Onge
2017). IPM focuses on the diversification of control tactics, including the application of chemical
control tactics. The three main component of IPM are cultural, biological and chemical control.
Programs utilizing IPM strategies focus on the utilization of insect pest biology knowledge, as
well as knowledge pertaining to their host plants and related natural enemies to reduce non-target
effects of management while maintaining pest activity below economically damaging levels

(Kogan 1998, Witzgall et al. 2010, Barzman et al. 2015). There are many tools, strategies, and
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tactics utilized in IPM. Semiochemical monitoring trap is an efficient tool used in IPM programs
to monitor specific insect pest populations (Bjostad et al. 1993, Baker 2008, Witzgall et al.
2010).

Semiochemicals are organic compounds that act as signals that enable specific
communication within the same (intra) or amongst different species (inter) (Landolt et al. 1991).
Semiochemicals are also known as message bearing chemicals which carry important biological
signals for organisms in the vicinity of the individuals producing them, and can modify their
behavior, thus are important for altering the behavior of insects (Law and Regnier 1971).
Pheromones and allomones are the most important semiochemicals for IPM. Pheromones are
released by individuals of one species to alter or modify the behavior of other individuals of the
same species (Shorey 1977, Mori and Evenden 2014, Pickett et al. 2014). Whereas
allelochemicals are produced by one species to modify behavior, physiological condition, or
ecological welfare of members of a different species (Scriber 1984, Sharma et al. 2019). Sex and
aggregation pheromones, alarm pheromones are some examples of semiochemicals. When used
in IPM, humans are able to modify or control insect activity and monitor populations by
manipulating semiochemicals in a selected location (Law and Regnier 1971, Bjostad et al. 1993,
Baker 2008, Vankosky et al. 2009, Witzgall et al. 2010).

Semiochemicals play a crucial role in biological management of arthropods and can be
used in monitoring, mass trapping, mating disruption, attract and Kill, push and pull of pest
species (Bjostad et al. 1993, Baker 2008, Witzgall et al. 2010, Bakthavatsalam 2016).
Semiochemical monitoring traps are baited with pheromones of the target insect species to lure

and trap them (Landolt 1997, Baker 2008, Witzgall et al. 2010). In moths, sex pheromones act as
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a signal to attract potential mates over long distances (Agelopoulos et al. 1999, Tewari 2014).
Aggregation pheromones are intraspecific signals that signal location of conspecifics to both
male and female usually for group formation, such as mating and overwintering aggregations
(Landolt 1997, Agelopoulos et al. 1999, Tinzaara et al. 2002). Aggregation pheromones are
mostly used in trap lures for use in IPM of beetles (Coleoptera: Curculionidae). When there is
low density of the target species, semiochemical based management tools are the most effective
as insect behavior is heavily tied to olfaction (El-Sayed et al. 2006, EIl-Sayed et al. 2009,
Witzgall et al. 2010).

One of the initial studies conducted by Blight and Wadhams (1987), found that bait
consisting of male pea leaf weevil feeding on faba bean attracted both male and female pea leaf
weevil in a 1:1 ratio, while traps baited with only faba bean or faba bean with female pea leaf
weevil, attracted low number of pea leaf weevil. These findings suggest that male pea leaf
weevils can communicate intraspecifically via semiochemicals, mainly aggregation pheromones
attractive to both male and female individuals. Blight et al. (1984) after conducting analysis by
gas chromatography-mass spectrometry (GC-MS) of volatile emissions from male pea leaf
weevil feeding on faba beans, identified a compound 4-methyl-3,5-heptanedione. According to
Blight et al. (1991) only reproductively active male pea leaf weevils produce the aggregate
pheromones (Blight et al 1991). 4-methyl-3,5-heptanedione is an aggregation pheromone which
is produced by male pea leaf weevil when they feed on faba bean (Blight et al. 1984, Blight and
Wadhams 1987).

Furthermore, there is no clear indication of need of faba bean or pea for pea leaf weevil to

produce this compound as volatiles emissions of unfed male pea leaf weevil was not recorded
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(Bright et al. 1984, Blight et al. 1991). Electrophysiological analysis showed that both male and
female antennae as well as newly emerged, reproductively inactive individuals were sensitive to
4-methyl-3,5-heptanedione (Blight et al. 1991). Therefore, 4-methyl-3,5-heptanedione attract all

pea leaf weevil adult individuals (Blight et al. 1984).

Host Plant VVolatiles

Host plant volatiles are semiochemical signals which are used by phytophagous insects to
locate the host (Bojstad et al.1993, Landolt and Phillips 1997, Szendrei and Rodriguez-Saona
2010). Host plant volatiles are less specific semiochemicals than pheromones (Landolt and
Phillips 1997, Szendrei and Rodriguez-Saona 2010). Field pea releases volatile compounds, and
during spring migration, cis-3-hexen-1-yl is the main volatile released as it accounts for 87% of
total volatiles released (Landona et al. 1997). Compared to pea, other legumes have less of this
compound and pea leaf weevil are sensitive to these host plant odors (Leroy et al. 1999, Landona
et al. 1997). Pea leaf weevils also respond, both electrophysiologically and behaviorally, to
compounds like (Z2)-3-hexen-1-yl acetate, (Z)-3-hexen-1-ol, 2-hexenal, and 3-octanone both of

which are released by leguminous plants (Landona et al. 1997).

Management of Pea Leaf Weevil

Adult pea leaf weevils are not easily monitored as their color makes them hard to notice
when in the soil and they drop dead to ground when threatened (Carcamo and Vankosky 2011).
Pea leaf weevil larvae are more economically damaging than adults, making the larval life stage

the focus of pea leaf weevil management (Seidenglanz et al. 2010, Carcamo et al. 2012).
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Use of Nitrogen

Nitrogen plays an important role in the development of plants and determination of pea
leaf weevil status (Carcamo et al. 2018). In nitrogen fixing plants, nitrogen is not pulled out from
the atmosphere but rather fixed by bacteria located in the root nodules of their host plants.
Auvailable soil nitrogen fertility influences nodulation of the roots (Carcamo et al. 2015) as high
nitrogen content in soil hinders nodulation (George 1962, Vankosky et al. 2011a). With less
nodulation due to the higher nitrogen content, food for the larvae will be scarce and which in turn
decreases the weevil recruitment (Quinn and Hower 1986, Lohaus and Vidal 2010, Carcamo et
al. 2015).

Furthermore, the nitrogen fixation rate is reduced in soil of pea plants when female pea
leaf weevils feed on them and/or eggs are laid near its vicinity, compared to plants subjected to
male feeding or control plants without weevils (Jansen et al. 1989). Thus, larval damage in the
root nodules impacts pea plant and soil nitrogen (Corre-Hellou and Crozat 2005, Lohaus and
Vidal 2010, Carcamo et al. 2015).

When nitrogen is applied early in pea development, it limits nodule development and can
delay peak nodulation, than pea plants grown under nitrogen deficient conditions (Gibson and
Harper 1985, Jensen et al 1989, Vankosky et al. 2011a). Thus, limiting pea leaf weevil larval
food resources (Vankosky et al. 2011a) resulting in limited larval accumulation, therefore
reducing root nodule injury of their host (Carcamo et al. 2015). In pea plants, reduced nitrogen
fixation rates in soil results in higher female herbivory and egg laying comparatively to the
control one which does not include any weevils (Jensen et al. 1989). Depending on pea leaf
weevil density, high nitrogen might increase in yield too. Therefore, high rates nitrogen fertilizer

may be an alternative management tool to synthetic insecticides. However, the increased
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application rate of nitrogen may increase the cost of production and it is not considered an
economical and environmentally friendly management option (VVankosky et al. 2011b, Carcamoa
et al. 2018, Willsey et al. 2021). Organic farmers may apply manure to a field as a mitigating
strategy against yield loss due to pea leaf weevil damage (Cércamo et al. 2018). Further research
efforts are needed to understand the impact of soil nitrogen on plant yield and pea leaf weevil

populations since little research has been done in this area (Carcamo et al. 2018).

Chemical Control

Insecticide seed treatment Cruiser™ (active Ingredient Thiamethoxam), cyhalothrin-
lambda, permethrin reduce oviposition and larval feeding on the root nodules, as well as adult
feeding on the leaves (Bardner et al. 1983, Steene et al. 1999, Wanner 2016). Thiamethoxam, is
an effective neonicotinoid seed treatment based on reduced foliar feeding of pea leaf weevil
(Carcamo et al. 2012). In one study, it was found that thiamethoxam killed less than 30 % of
adults (Carcamo et al. 2010). Also, thiamethoxam when applied to seeds delays the oviposition
by one week as it was found to reduce the oviposition in critical periods of crop growth (second
to fifth node stage) (Carcamo et al. 2012). Furthermore, thiamethoxam when applied on pea field
reduce half of larval pea leaf feeding (Carcamo et al. 2012). Therefore, thiamethoxam when
applied has a negative impact on adult fecundity and foliar feeding, as well as egg viability
(Céarcamo et al. 2012).

Systemic insecticides, like thiamethoxam, applied in furrow at planting or as seed
coatings are believed to be more effective against pea leaf weevil than foliar treatments
(Vankosky et al. 2009, Seidenglaz et al. 2010). Foliar insecticides can reduce foliar damage

caused by adult pea leaf weevil; however, it may not protect yield (Vankosky et al. 2009). To
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maximize the efficacy of foliar insecticides, the timing of application is important but difficult to
determine since the application should occur soon after the first detection of pea leaf weevil
invasion (King 1981, Bardner et al. 1983, Ester and Jeuring 1992). By applying foliar
insecticides as soon as first invasion of pea leaf weevil occurs one can hope to mitigate egg
laying in the host crop, thus limiting yield loss due to larval feeding (Prochaska et al. 2018).
Depending on the residual time of the insecticide and rainfall, multiple applications (three to
four) of foliar insecticides may be preferred to ensure protection of plant over the pea leaf weevil
dispersal period (Prochaska et al. 2018).

As foliar insecticides do not inhibit root nodule damage due to larval feeding, the
management of pea leaf weevil populations is a challenging (King 1981, Bardner et al. 1983,
Ester and Jeuring 1992). Pea leaf weevil migrate to field peas in over the course of several
weeks, thus foliar insecticides have little residual activity to inhibit invasions of pea leaf weevil
(Hamon et al. 1987). It is for these reasons, that growers prefer systemic insecticide over foliar
insecticides for the control of pea leaf weevil populations.

Foliar insecticides like permethrin (McEwan et al. 1981, Bardner et al. 1983, Griffiths et
al. 1986), cypermethrin carbosulfan, phorate (King 1981, Bardner et al. 1983), cyhalothrin-
lambda (also known as lambda-cyhalothrin; Steene et al. 1999) and imidacloprid (Steene et al.
1999) has been used to manage pea leaf weevil populations for decades (Carcamo and
Vankosky. 2011). Permethrin, a pyrethroid insecticide, only reduces pea leaf weevil larval
populations by 50% (Bardner et al. 1983). Since contact foliar insecticides have no direct
impacts on pea leaf weevil eggs or larvae, the decrease in larval populations might be caused by

mortality of adult females prior to oviposition (Steene et al. 1999). Carbamates (e.g.,
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furathiocarb) when applied mitigates pea leaf weevil larval feeding damage and, therefore, helps
to increase yield in comparison to untreated plots in Europe (Taupin 1994, Steene et al. 1999).
Similarly, imidacloprid, a neonicotinoid seed treatment, reduces adult feeding damage by 50 %
(Steene et al. 1999). Lambda cyhalothrin, a type Il pyrethroid Kills 56% of adult pea leaf weevils
(Steene et al. 1999). Since these products are environmentally risky and pose threat to natural
enemies, they have been deregistered (Carcamo and Vankosky 2011). In North America and

Europe, lambda-cyhalothrin is registered in some jurisdictions (Seidenglanz et al. 2010).

Biological Control

Biological control is one of the integral parts of integrated pest management strategies.
Biocontrol agents like predators, parasitoids, entomopathogenic fungi, and entomopathogenic
nematodes are used as effective measure to control pea leaf weevil (Vankosky et al 2009). There
are numerous insect biocontrol agents for the control of pea leaf weevil like generalist ground
beetles, such as: Pterosticus melanarius (Illiger) and Bembidion quadrimaculatum (L.)
(Coleoptera: Carabidae) feed on pea leaf weevil eggs and adults in laboratory and in field pea
experiments (Vankosky et al. 2011, Prochaksa et al. 2018). These generalist ground beetle
species, have a proclivity for attacking newly emerged pea leaf weevil adults rather than other
life stages (Hamon et al. 1980).

Under laboratory conditions, Bembidion species, are a voracious predator of pea leaf
weevil eggs (Vankosky et al. 2010). To support in-field natural enemy populations, foliar
applications in field pulse crops should be limited. A parasitoid wasp Microctonus aethiopoides
(Hymenoptera: Braconidae), is an important natural enemy of Sitona weevils in the

Mediterranean (Aeschlimann 1980). Additional biological control agents include fungus species
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Beauveria globulifera, which are known to be efficacious on controlling the weevil populations.
Some nematode species may devour pea leaf weevil larvae in root nodules with variability in
their efficacy (Jaworska 1998, Vankosky et al. 2009). There is a need for further research efforts
is required to identify additional biocontrol agents of pea leaf weevil and to determine the

efficacy of these species.

Host Plant Resistance

Host plant resistance is also important tool of integrated pest management strategies of
pea leaf weevil. For the management of pea leaf weevil populations, host plant resistance is often
derived from the thickness of the wax layer on field pea leaves (White and Eigenbrode 2000,
Chang et al. 2004). In field pea plots, pea leaf weevil consumed foliage and stipules of pea
varieties that have thinner wax layer than thicker one (White and Eigenbrode 2000). New
resistant varieties are produced by manipulation of these genotypes. There are less studies done
on management of pea leaf weevil populations based on crop plant resist ance in last 20 years.
Given the limited amount of research on the subject, future research efforts should focus on host
plant volatiles, trichome densities, and leaf wax layers as source for host plant resistance that can

be utilized by producers for the control of pea leaf weevil populations.

Cultural Control

Planting field pea seed 10- days earlier reduces pea leaf weevil incidence on plant foliage
as emergence of pea does not coincide with peak emergence and dispersal of pea leaf weevil in
spring. Damage to host plant foliage is the least during peak emergence and dispersal of pea leaf
weevil as these events do not coincide with the pea emergence. Additionally, the use of no till

systems is another efficacious cultural control method. Historically, for the cultural control of
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insect pests, crop rotation has largely been considered an important cultural control strategy
(Yates 1954, Bullock 1992). However, for management of pea leaf weevil populations, it seems
to be ineffective since pea leaf weevil population during their dispersal period (i.e., fall-spring)
are highly mobile (Fisher and O’Keeffe 1979¢, Hamon et al. 1987, Vankosky et al. 2009). Trap
cropping is also a key part of pea leaf weevil cultural control strategies in pulse crops (Hokkanen
1991). Trap crops are the plants that are cultivated to protect the target crops from pest damage
which attracts insect or other organisms like nematodes (Hokkanen 1991).

Austrian winter peas were used as a trap crop and were planted in autumn around the
periphery of field of spring pea, which was the main crop in the coming spring, resulting in little
to no feeding damage in spring pea (Carcamo et al. 2010). Therefore, the use of trap crops may
reduce adult and larval damage to the main crop (Prochaska et al. 2018). Combining trap crops
with a pheromone increases effectiveness as it attracts more pea leaf weevil to the trap crops
(Carcamo et al. 2018). The push and pull strategy of cultural control strategies reduce adult and
larval pea leaf weevil feeding damage in faba bean plots (Smart et al. 1994). Utilizing faba bean
as a trap crop for first generation pea leaf weevil is very promising as pea leaf weevil are
attracted to faba beans, thus protecting from yield damage (Carcamo et al. 2018). It is important
to note that faba beans, in less humid or low irrigation regions, can serve as a late season host
and requires timely monitoring of pea leaf weevil to prevent them from moving to the main crops
(Céarcamo et al. 2018).

Cultural control tactics of integrated pest management also exploit pea leaf weevil
preferences. For example, pea leaf weevil larvae are not tolerant to soils that are consistently wet,

therefore, proper irrigation can reduce pea leaf weevil larval populations (McEwan et al. 1981).
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Furthermore, conservation tillage and no tillage, are two forms of tillage used during field
preparation in the spring. Studies show that there is a difference in the population size of pea leaf
weevil, larval populations, and colonization of pea leaf weevils in plots with no-tillage vs plots
with conventional tillage (Hanavan and Bosque-Pérez 2012). Pea leaf weevil populations moving
into emerging crops were higher in conventional till plots than no till plots (Hanavan et al. 2008,
2010, Hanavan and Bosque-Pérez 2017). In conventional till plots, 18 pea leaf weevil adults per
square meter colonized, and 34 adults emerged from same plot, whereas in no till plots, 16 adults
per square colonized, and 13 adults emerged from those plots (Hanavan et al. 2010). Therefore,
this resulted higher foliar damage by pea leaf weevils on seedlings in conventional till plots than
in no till plots (Hanavan et al. 2008). An explanation for pea leaf weevil population density
differences in conventional versus no-till system is that plants in no till system have reduced
nodulation than those in conventional tillage resulting in reduced caloric support for larval
development, thus, impacting the population of new generation of pea leaf weevil adult
emergence (Hanavan et al. 2010). Additional benefits of no-till systems are that beneficial
predators, such as ground beetles, in no till plots are present in higher numbers than conventional
till plots (Hanavan et al. 2010). Also, density of larval population and new generation pea leaf
weevil was lower in no till plots than conventional till plots comparatively (Hanavan et al. 2010).
These research efforts highlight the importance of good agronomic practices and the impact that
they can have on pea leaf weevil populations and the damage that they cause. In England, when
intercropping of faba with oats, less foliage herbivory and higher emigration rate of pea leaf

weevil was observed (Baliddawa 1994).
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Summary

Two research projects were carried out during this master’s degree project. The first
project was comparison of adult and larval damage of pea leaf weevil in pulse crops and the
second study was field efficacy of pea leaf weevil aggregation pheromone combined with
contact insecticide as an attract-and-kill method in 2020. The details of the studies are reported
in Chapter 2 and Chapter 3 of this thesis. The goals of the research were 1) to perform larval and
adult damage assessment of different pea varieties (preference/tolerance of pea varieties). 2) to
compare damage by pea leaf weevil to different host plants; pea, chickpea, faba bean and lentil,

and 3) to determine field efficacy of aggregation pheromone.
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ABSTRACT

BACKGROUND: Montana accounts for ca. 40 % of US dry pea production and the pea leaf
weevil (PLW), (Sitona lineatus (L.)), is the most common insect pest in this region. After crop
emergence adult PLW feed on the foliage to mature and mate, and the underground larval stage
feed and develop on the nitrogen fixing root nodules. Producers commonly apply prophylactic
insecticide treatments to the seed at planting as well as one or two post-emergent insecticide
sprays to control PLW damage. Towards developing alternative management strategies based on
Integrated Pest Management (IPM), this field study evaluated pulse crops grown in Montana for
adult feeding preference and larval development. Ten different field pea varieties, along with
two faba bean, lentil and chickpea varieties, were evaluated during the 2020 and 2021 field
seasons at the Montana State University Arthur H. Post Agronomy Farm.

RESULTS: Significant PLW pest pressure was observed within the research plots during both
experimental years. Field pea and faba bean were preferred by the foliage feeding adult stage,
with all but one variety averaging 39.2 to 86.3 average notches per plant. The pea variety
‘Lifter’ was significantly preferred over all other comparisons, averaging 135.5 and 95.0 notches
per plant in 2020 and 2021 respectively. Adult PLW feeding on lentil and chickpea was
minimal, averaging 3.3 to 8.2 and 0.5 to 1.6 notches per plant, respectively. Numbers of larvae
were highest on the roots of pea varieties, a known reproductive host, and almost nil on lentil
and chickpea roots. Faba bean is also known as reproductive host, but unexpectedly, larval
populations were also low on the two faba bean varieties.

CONCLUSIONS: Results from this study do not provide evidence for alternative IPM strategies
for field peas based on host plant tolerance or resistance within the range of varieties tested.
However, differences in preference and larval development between different pulse crops and
varieties, and their developmental stage, suggest that trap crops may be a successful strategy for
PLW management.

Keywords: Pea leaf weevil, pulse crop, variety, pheromone, trap crop
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Introduction

Pea leaf weevil (PLW), Sitona lineatus L. (Coleoptera: Curculionidae), is an economic
pest of pea, Pisum sativum L. (Fabales: Fabaceae) and faba bean Vicia faba L. (Fabales:
Fabaceae) crops.! The PLW is an invasive pest to North America (NA) introduced from its
native range in Europe and North Africa.X® It was first recorded on the west coast of NA in
1936 under codling moth bands near Victoria, British Columbia Canada and subsequently
infested cannery pea crops grown in the Fraser River Valley of southern British Columbia.” By
1940 the PLW was infesting peas in the United States (US), just south of British Columbia, on
the San Juan Islands of Washington State.” In 1984 PLW was recorded for the first time on the
eastern coast of NA, in the state of Virginia.* After introduction, PLW quickly spread along the
eastern and western coastal states and is now distributed from Washington to northern California

in the west, and from Virgina to Texas in the east.*68-10

Montana ranked first nationally in acreage planted and production of pulse crops in
2020, accounting for ca. 45% of total dry pea production.! During the last decade Montana has
increased cultivation of pulse crops as growers diversify from primarily producing small grains,
corresponding to a ca. 40% decrease in wheat production in 2016/2017.1! The acreage of dry
edible pea production in Montana increased from 495,000 acres in 2020 to 570,000 acres in
2021.12 In addition to dry peas, 530,000 acres were planted to lentil and 175,000 acres to

chickpea, in 202112 In general, faba bean is not produced in Montana.3

To the north of Montana, the Canadian provinces of Alberta and Saskatchewan represent
a major pulse production area, and the PLW has infested the collective region, spreading from

the west to the east. The PLW was reported in 1995 near Swift Current Saskatchewan infesting
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field pea for the first time'* and in southern Alberta in 1997.%° Pest scouting and mapping
recorded field infestations near Lethbridge, Alberta, in 2000 and southwestern Saskatchewan in
2007 and its range in this region continued to expand, north to Red Deer and Edmonton Alberta
by 2014 and 2017 respectively, and across southern Saskatchewan by 2017.1° First reports of
PLW in Montana are not available, but it was well established in Gallatin County by 2008 and
subsequently continued to move eastward.!’ In 2016 it was first confirmed infesting field pea
crops in southwest, north-central and northwestern North Dakota.®*>*” Dry pea production in
this region is significant: 168,411 metric tons in Montana and 181,976 in North Dakota, and
1,799,100 metric tons in Alberta and 2,477,700 in Saskatchewan.'>!8 Therefore, expansion of

PLW range into this major field pea production area of North America is concerning.

The PLW is univoltine producing a single generation each year.® The adults overwinter
in debris near field margins or within legume fields.?° Early in the spring the emerging adults are
oligophagous and migrate to and feed on a variety of plants in the Fabaceae family, chewing
characteristic half-moon shaped notches from the leaf edges of plants.21"1%-24 While the adults
can consume about 40 mm? of pea leaves in a single day?®, defoliation is generally not
considered economic as the host plants can compensate and recover.'-?® However, when pest
pressure is severe, young seedlings may not recover from damage to the terminal growth
resulting in stand thinning during crop establishment.*® While the adults are oligophagous,*
pea and faba bean plants are considered the only reproductive hosts that larvae can successfully
develop on.25”

Adult males produce an aggregation pheromone (4- methyl 3,5 heptanedione) that

attracts both males and females for mating on or near the host plant.?"? After mating females
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lay eggs singly on the soil surface and larvae develop below ground.?®3 After hatching the
neonate larvae move through the soil searching for the nitrogen-fixing root nodules where they
feed and develop.?*3! The milky white colored larvae with dark brown head capsules curl into a
distinctive “c” shape.l’ The larval stage can cause yield loss and economic damage by
destroying the root nodules that contain the N-fixing Rhizobium leguminosarum Frank
(Rhizobiales: Rhizobiaceae) bacteria, which may also result in reduced grain protein content and
less residual soil nitrogen levels.1?#31-38 Secondary damage can result from root rot pathogens
that can infect insect damaged tissue.>*“? In the absence of management intervention yield loss
has been estimated to be as much as 2,114 kg per acre.*

Producers have relied on insecticides to manage PLW, applications of insecticide to the
seed prior to planting, and one or two foliar sprays targeting the adults in the spring season.*!4?
Both approaches have limitations; seed treatments must be applied prophylactically before pest
pressure can be surveyed, and foliar sprays may not reduce adult female populations before egg
laying (and subsequent larval damage) occurs.*** The benefit of insecticidal treatments to yield
have not been thoroughly studied until recently.” Additionally, the reliance on insecticide-based
pest management may increase the risk of pea leaf weevil populations developing resistance, in
addition to negative impacts of pesticides on the environment and nontarget organisms. Pea leaf
weevils resistant to pyrethroid insecticides have recently been reported in the United Kingdom.*®
The status of PLW as a primary pest of field pea in the major pulse producing region of NA
necessitates the develop of alternative management strategies based on Integrated Pest
Management (IPM), such as breeding for tolerance or resistance. Towards this goal we

evaluated the feeding preference of adult PLW, and larval development, on ten different
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varieties of field pea in comparison to faba bean, lentil and chickpea hosts in a two-year field

trial.

Materials and Methods

Field Site

The field plot study was conducted on the Montana State University Arthur H. Post
Agronomy Farm (geographic coordinates, 45.85° N and -111.15° W; elevation 1,461 m) (Fig. S1.)
near Bozeman, Montana during 2020 and 2021. The 103 hectare (ha) farm is a College of
Agriculture and Montana Agricultural Experiment Station site dedicated to cropping systems
research that also has a history of pea leaf weevil infestation from endemic populations.
Temperature and rainfall data were recorded by a weather monitoring station maintained on the
research farm. Ten field pea, two faba bean, two chickpea and two lentil varieties were planted in
a randomized complete block design, n = 4 replicated blocks. Each block was divided into 16 plots
measuring 3.1 by 1.4 m (4.4 m?) in dimension and each plot was separated by a 0.8 m buffer area
with no crop. The outer edges of the field plot were surrounded by two rows of field pea to buffer
edge effects. A Wintersteiger small plot drill was used to plant 6 rows with a 22.9 cm row spacing.
Planting densities were 86, 151, 43 and 43 plants per square meter for field pea, lentil, chickpea
and faba bean respectively. The seeding rate was corrected for seed germination using the formula:
seeding rate (kg/ha) = (thousand seed weight (g/1000 seeds)) * (target plant population (plant/m?))

/ ((germination %) * (emergence %)).

The field site was maintained as no-till site and the seed was planted into the prior year’s

crop stubble.
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Plots were planted on 29 April 2020 and the 30 April 2021 into AJ oat stubble from the
previous season’s crop. Prior to planting, seeds were treated with the fungicide Vibrance Maxx
(Syngenta Crop Protection, Greensboro, North Carolina) at a rate of 100.3 ml per 100 kg seed on
27 April 2020 and 25 April 2021. Rhizobium inoculant (12.8 gram) PRIMO GX2 (Verdesian,
Cary, North Carolina) was added to each seed packet prior to planting (Table S1). The site was
maintained without irrigation (dryland production) or fertilizer both years. Actual nitrogen and
phosphorus levels available in the soil was 18 kg per one hectare and 28 parts per million (ppm),

respectively.

Weeds were controlled using herbicides in both years. As a pre-plant tank mix, the field
was sprayed with a 94 liter per hectare tank mix of Prowl H.O at the rate of 1.7 kg per one
hectare, Sharpen at the rate of 0.07 kg per one hectare, Round-up RT3z at the rate of 2.2 kg per
one hectare and Hel-Fire at the rate of 0.5 per one hectare in 2020 and 2021. Similarly, Assure 11
was applied post-emergence at the rate of 0.6 kg per one hectare to remove volunteer cereals
during mid-June in 2020. The field was sprayed on 25 March 2021 with a 187.08 liter per
hectare tank mix of Glystar plus at the rate of 2.2 kg per one hectare and 1.0 % NIS (Non-ionic
surfactant). The field was sprayed again on 12 April 2021 with a 93.54 liter per hectare tank mix
of Prowl H2O at the rate of 1.7 kg per one hectare, Sharpen at the rate of 0.07 kg per hectare,
Round-up RTszat the rate of 2.3 kg per hectare, Hel-Fire at the rate of 0.5 kg per one hectare. The
final treatment was applied on 7 June 2021 and consisted of 187 liter tank mix of Assure 0.7 kg

per one hectare and 0.25 % of NIS.
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Pea Leaf Weevil Adult Feeding Preference

Adult PLW feeding results in characteristic half-moon shaped notches removed from leaf
margins. The number of feeding notches were recorded as a measure of preference for the
different pulse crop varieties. Vegetative leaf and leaf-like structures and their terminology vary
between pulse crops and varieties. Nine of ten field pea varieties were semi-leafless where
tendrils were modified leaflets, and the stipules were smaller. One field pea variety, Lifter, had
true leaves with stipules. All faba bean varieties had compound leaves and conspicuous stipules
with toothed margins. Lentil and chickpea varieties all had compound pinnate leaves. Adult
feeding was recorded on the leaves, leaflets and stipules, including the terminal clam leaves that

had not yet fully developed, but not the tendrils.

Adult feeding notches were recorded approximately 5 - 6 weeks after planting, on 2 - 4
June 2020 and 8 - 11 June 2021) (Table 2.6. S1.1). Ten individual plants were randomly selected
and removed using a hand trowel, from the 2" and 5" rows of each plot, and stored at 4 °C in a
walk-in cooler until notching was assessed in the laboratory. Additionally, the growth stage of

each plant was recorded by counting the number of leaves and the number of nodes.

On 31 May 2020 and 3 June 2021 overall adult PLW feeding was assessed visually using
six numerical categories (Table 2.7. S1.2). Ten plants were selected randomly from each plot
and assigned to one of six categories: 0 (notches not observed), 1 (1-5 notches observed on
plant), 2 (> 5 notches observed per plant but not on the majority of leaves), 3 (several notches
observed on portions of most leaves), 4 (notches completely surround most leaves), and 5

(feeding results in defoliation in addition to notches).
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Adult activity was monitored using pitfall traps baited with the aggregation pheromone.

Moth unitraps baited with 4- methyl 3,5 heptanedione septum lures (ChemTica International,

Heredia, Costa Rica) were buried with the trap entrance at soil level. Traps were deployed
between 12 May to 20 June 2020 and 26 May to 20 July 2021 and the insects collected in the

interval of 8 to 10 days.

Larval Population Assessment

Larval development on the different pulse crop varieties was estimated at two sampling
dates each year, 23 June and 10 July 2020 and 25 June and 10 July 2021) (Table 2.6.S1.1). Five
plants were selected from the 2" and 5™ rows of each plot and removed with a shovel to include
the intact roots and a consistent amount of surrounding soil, placed in a paper bag and stored at 4
°C in a walk-in cooler in the laboratory. To collect larvae and pupae each plant with roots and
soil was soaked in a bucket of tap water in the laboratory. Any weevils that were floating on the
surface were collected and recorded. The soil with the water was passed through a 0.37 cm
diameter sieve to collect larvae and/or pupae that were not within root nodules. The remaining
roots were gently washed and then stored at 4 °C until examination. The total number of root
nodules was counted, and each nodule dissected under a stereomicroscope to collect any
additional larvae remaining within the nodules. Collected larvae and pupae were stored in 70%

(v/v) ethyl alcohol at 4 °C.

Yield

Grain yield was recorded in 2020; but in 2021 deer and goose feeding activity within the

plots prevented yield data collection. Plants within a 2-meter square area within the 3™ and 4%
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rows were cut using a sickle. Grains were harvested using a thresher on 8 August 2020 (Table

2.8 S1.3) and the seeds were dried at 121 °C and weighed.

Statistical Analysis

The statistical analysis was performed using R version 4.1.1 (R core team, 2021). Data
were fitted to a linear model to test for normality, equal variance, and independence variance.
Here for the statistical analysis, as there are two main independent variables the number of
notches/ plant and the number of larvae/ plant. Also, plant growth measurements (number of
nodes/plant, number of leaves/plant), number of nodules/plant and visual rating were used as
independent variable /response variable. While variety, species, blocks were quantified against
each of independent variable separately; they were used as fixed effects (treatments). The level
for the factor ‘species’ were ‘pea’, ‘faba’, ‘lentil’, ‘chickpea’. The level for the factor variety
were ‘AC Agassiz’, ‘Aragorn’, ‘SW Arcadia’, ‘CDC Treasure’, ‘Greenwood’, ‘Delta’, ‘DS
Admiral’, ‘Hampton’, ‘Lifter’, ‘Majoret’, ‘Faba bean’, ‘Faba bean ss’, ‘Sierra’, ‘CDC Orion’,
‘CDC Richela’ and ‘Pennell’. Shapiro-Wilk test was performed test to normality. Field data
were analyzed on a yearly basis. Variety/plant species were considered fixed treatment effects
and replicate (blocks) was considered random. ANOVA was conducted to test significance of
the main effects. Within GLM analysis of variance (ANOVA) was conducted to test for
significance of treatment factors followed by a post hoc ranked Tukey HSD test using the

‘multcomp’ package (Hothorn et al. 2008) in R version 4.1.1.

Visual leaf damage data was fitted to a generalized linear model using ANOVA.
Assumptions of normality and constant variance were met. Mean separation using a post hoc

ranked Tukey HSD test was conducted using the ‘multcomp’ package (Hothorn et al. 2008) in R
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version 4.1.1.Pearson correlation was performed to analyze presence of any correlation between
number of notches/plant and number of leaves/plant and between number of nodules/plant and

number of larvae/plant.

Results

During the two-year trial, on-site total monthly precipitation and average daily
temperature at the Arthur H. Post Agronomy Farm reflected the drought conditions affecting
areas of the western US. Cumulative rainfall from 1 April to 31 August 2020 was 165.5 mm,
and 200.4 mm for 2021, while long-term cumulative April to August rainfall averaged over the
last 63 years (1958-2021) was 403.86 mm (Table 1). During the growing season, total monthly
precipitation was much lower in May 2020, June 2021 and July 2020 and 2021, compared to the
long-term average (Table 1). Comparatively, May 2020 received less rainfall (19.8 mm) than
May 2021 (78.9 mm) while June received more rainfall in 2020 compared to 2021 (92.7 mm and
20.3 mm, respectively) (Table 2.1) and July was relatively drier for both years (16.8 and 21.1
mm, respectively) (Table 2.1). The average daily temperature for the year was 8.5 °C in 2020
and 8.6 °C in 2021, higher than the long-term average of 6.4 °C. During June and July 2021
average daily temperatures were higher compared to the long-term average. Average daily
temperatures in June and July 2021 were notably warmer (18.6 and 22.5 °C, respectively)
compared to June and July 2020 (15.3 and 18.3 °C, respectively). The highest temperatures were
recorded on 19 August 2020 (34.4 °C) and 15 August 2021 (37.2 °C) and the last damaging
spring frost (a low below -0.6 °C) was recorded on 11 May in 2020 and 6 June in 2021. The first

damaging fall frost was recorded on 8 September in 2020 and 21 September in 2021, resulting in
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a frost-free period of 120 days in 2020 and 107 days in 2021, compared to the long-term average

of 106 days.

Adult PLW feeding on the different pulse crops and varieties was assessed during the
first week of June in 2020 and 2021, when most pea varieties were at the five to six node stage
(Tables 2.2 and 2.3). Adult weevils were observed within the experimental plots shortly after
crop emergence, feeding and mating on or near emerging seedlings. The number of notches per
pea plant was not correlated with the number of leaves per plant.in 2020 (r =0.17, p = 0.17,
Pearson correlation) (Figure. 2.2A.) and in 2021 (r = 0.3. p = 0.06, person correlation) (Fig.

2.2B) (Appendix Al).

Pitfall traps baited with aggregation pheromone and deployed near the experiment plot
detected adult male and female activity between 10 May to 19 May 2020, when traps were
deployed and first emptied, respectively (Figure 2.1.A). During 2020 average trap catches were
highest between 3 June and 11 June. In 2021 pheromone traps catches were first deployed on 26
May and emptied on 2 June, during which an average of 5.2 + 1.6 adults were captured per trap,
increasing to an average of 17.2 £ 4.3 adults between 2 June and 14 June 2021 (Figure 2.1.B).
Average trap catches declined during early July 2021 but then increased to their highest levels
on the subsequent and last sampling date of 20 July (24.2 + 6.3). Trap catches between the 11
and 20 July 2021 likely reflect the next generation of adults emerging from pupae that developed
during June. Pupae were recovered from soil samples taken on 10 July 2020 (Table 2.4) and

pupae and newly emerged adults from soil sampled on 20 July 2021 (Table 2.5).

Adult feeding was consistent throughout the experimental plots and was relatively higher

in 2020 compared to 2021. Feeding preference was assessed by counting the number of notches
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per plant, the number of notches specifically on the terminal clam leaf, and by visually rating the
amount of feeding damage. With the exception of Lifter, the number of notches per pea plant
ranged from 76.2 £ 4.51t0 86.3 £ 3.3 in 2020 (Table 2.2) and 56.2 + 2.5t0 70.8 + 7.3 in 2021
(Table 2.3). However, the range of notches per pea clam leaf was lower in 2020 (1.8 £ 0.5t0 5.8
+ 0.5) compared to 2021 (3.8 £ 0.5t0 7.1 £ 0.7). Visual rating of overall feeding on the 10 pea
varieties was similar between experimental years (ranges, 3.5+ 0.2t0 3.9+ 0.1 and 3.6 + 0.1 to
4.0 £ 0, 2020 and 2021 respectively) (Tables 2.2 and 2.3) (Appendix A3 and A4). These values
correspond to “most leaves having several notches” to “notches circling most leaves” (Table
2.6.S1.1). Since clam leaves are recent terminal growth, clam leaf notching to pea varieties
recorded on 2 June 2020 and 8 June 2021 indicates active adult feeding on these dates,
consistent with adult male and female captures in the pheromone baited traps (Figure. 2.1A and
1B).

Nine of the 10 field pea varieties were semi-leafless, and the number of notches/plant
was not statistically different between these varieties in 2020 or 2021 (p = 0.05, Tukey HSD
Test) (Tables 2.2 and 2.3). However, in both years, the pea variety Lifter had significantly more
notches per plant compared to the nine semi-leafless pea varieties (Lifter is a true-leaf pea
variety). Statistically significant differences in the number of notches per clam leaf or the

feeding damage score was not observed for any of the 10 pea varieties in 2020 or 2021.

Adult pea leaf weevil feeding on faba bean was not significantly different from the semi-
leafless pea varieties whereas feeding on the lentil and chickpea varieties was significantly less
(Tables 2.2 and 2.3). The average number of notches per faba bean plant ranged from 39.2 +£ 2.2

to 69.8 £ 4.1 during the two-year study. In 2020 only one faba bean variety (P1222216) was
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available, and to maintain an experimental site with 64 plots, the same variety was planted
twice. This duplicated entry yielded consistent values for all variables recorded (leaves/plant,
nodes/plant, notches/plant, notches/clam leaf and feeding damage score) (Table 2.2). In 2021 a
second variety of faba bean (faba bean ss) was added to the experimental design (both were
varieties bred for forage consumption). While the difference was not statistically different, this

variety sustained less adult feeding, 39.2 + 2.2 compared to 72.7 + 0.8 notches/plant.

The two lentil varieties sustained very light adult feeding while almost no feeding was
observed on the two chickpea varieties. Compared to pea and faba bean, adult feeding notches
on lentil plants was 90% less, ranging from 3.3 £ 0.5 to 8.2 + 1.3 notches/plant during the two-
year trial period (Tables 2.2 and 2.3). A range of only 0.5 + 0.4 to 1.6 + 0.4 notches per chickpea
plant was observed. By the 2 June 2020 and 8 June 2021, feeding on lentil and chickpea plants
had ceased, since there was no notching to the clam leaves on these dates, but clam leaf feeding
on faba bean and pea varieties continued. During the 2020 growing season, but not 2021, adult
PLWs appeared to prefer feeding on the faba bean clam leaves as notching was 4 to 10 times
higher on the 2 June compared to the pea variety clam leaves (p= 0.05, Tukey HSD test) (Tables

2.2 and 2.3).

Similar to adult feeding, the range of larval populations at the first sampling date was
higher in 2020 compared to 2021 (Tables 2.4 and 2.5). The average number of larvae per pea
plant ranged from 4.0 £ 1.5t0 12.4 + 4.2 on 23 June 2020 and 1.6 + 1.0to 4.8 = 1.1 on 25 June
2021 (Appendix B2). Three to four weeks later (10 July 2020 and 20 July 2021) the number of
larvae per pea plant decreased, ranging from 0 to 1.5+ 0.5 and 0 to 1.2 £+ 0.6, respectively.

Consistent with decreasing numbers of larvae, pupae and newly eclosed adults were recovered
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from the soil surrounding pea plants on the second evaluation date (Tables 2.4 and 2.5). Variety
effects on larvae/plant, nodules/plant, pupae/plant and adults/plant were not significant at the
second sampling date for either experimental year (P > 0.05). Nodules/plant on the first
sampling date in 2021 also was not a significant factor, and nodules per plant in 2020 was
significantly different only between Greenwood (25.9 + 3.8) and the two lentil varieties

(‘Pennell’, 8.4 + 3.4; and ‘CDC Richela’, 9.8 + 3.3) (Tables 2.4 and 2.5).

During the first sampling date in 2020 faba bean plants had about 80% fewer larvae
compared to the pea varieties, 1.6 £ 0.5 and 1.5 + 0.9, respectively (Table 4) (Appendix B1).
The number of larvae per faba bean plant did not decline on the second sampling date in 2020
(2.0 +1.5and 1.3 + 1.6) and fewer pupae were recovered. During 2021 essentially no larvae
were recovered from the two faba bean varieties (Table 2.5). Similarly, essentially no larvae,

pupae or newly eclosed adults were recovered from lentil and chickpea plants in 2020 or 2021.

The number of nodules per plant was counted at the same time larvae were dissected
from root samples stored at 4 °C. Storing nodules under these conditions does not impede their
accurate assessment.® During the first larval damage assessment the average number of nodules
per plant (field pea varieties) ranged from 12.8 + 5.1 to 25.9 + 3.8 in 2020 and 9.3 £ 3.2 t0 14.2
+0.3in 2021 (Tables 2.4 and 2.5) (Appendix B1 and B2). The highest numbers in 2020 were
recorded from Greenwood (25.9 + 3.8) and Delta (24.3 + 2.4) while SW Arcadia had the fewest
in 2020 that is 12.8 = 5.1. The highest numbers of nodules in 2021 was recorded from CDC
Treasure (14.2 + 0.3) and AC Agassiz (14.1 £ 1.7) while SW Arcadia (9.3 £ 3.2) had the fewest

in 2021 (Appendix B3).
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During the second larval damage assessment the average number of nodules per plant
(field pea varieties) ranged from 11.0 + 1.3t0 16.5+2.1in 2020 and 5.4 £2.1t0 11.7 £ 2.6 in
2021 (Table 4 and 5) (Appendix B2, Appendix B4). The highest numbers of nodules in 2020
were recorded from Delta (16.3 + 1.9) and Lifter (16.5 + 2.1) while SW Arcadia had the fewest
in 2020 (11.0 £ 1.3). The highest numbers of nodules in 2021 was recorded from Majoret (11.7

+ 2.6) and Hampton (11.5 £ 1.2) while Delta (5.4 £ 2.1) had the fewest in 2021.

Discussion

Pea leaf weevil populations at the experimental site were high in 2020 and 2021,
providing sufficient pest pressure to evaluate the different pulse crops and field pea varieties.*?
Larval populations in 2020 reached an average of 12.4 £ 4.2 per pea plant, approximating the
estimated carrying capacity of pulse crop root systems where the nitrogen fixing nodules are a
limiting resource.®” This dryland production site supported these high larval populations despite
the low average rainfall in the 2020 growing season, half that compared to long-term average.
Dry vs. wet growing seasons are not believed to favor PLW populations.® During the following
2021 season PLW populations were noticeably lower, adult feeding on pea foliage was ca. 23-
30% less and ca. 60% fewer larvae were collected. While the 2021 growing season received
more precipitation compared to 2020, June 2021 received less than ¥4 of the June 2020 rainfall;
adequate soil moisture during late May to early July may be an important factor for larval
development and survival.® In addition, lower temperatures during May 2021 (last frost was
June 6™ compared to May 2020, followed by higher average daily temperatures during June and

July 2021, may have reduced the duration of adult activity and pest pressure compared to 2020.
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Therefore, air temperature is important as it influences severity of PLW.*® During both years

adult pheromone trap catches were highest during the first two weeks of June.

Breeding programs that produce crop varieties able to resist pest damage through non-
preference or negative effects on insect development have been one cornerstone of IPM
programs.*” A few laboratory and field studies have suggested host preference based on adult
PLW feeding varies between different cultivars. Studies of pea and broad bean cultivars in
Poland provided evidence that some were preferred over others by the adults.*3#° Preference of
adult feeding on different varieties of non-reproductive hosts (white clover, Trifolium repens and
lupin, Lupinus mutabilis) has also been demonstrated.®*°! This study evaluated adult feeding and
larval numbers on 10 field pea varieties common to Montana and the region (9 semi-leafless and
one true leaf variety). Large numbers of adult feeding notches were recorded on pea plants
during both experimental years and the results were consistent between the 9 semi-leafless
varieties (averages ranging from 73.3 — 86.3 notches per plant in 2020 and 56.2 — 70.8 in 2021)
with no significant differences. Lifter, a pea variety with normal leaflets, had statistically
significantly greater numbers of notches during both years, averaging 135.5 and 95.0 notches
per plant in 2020 and 2021, respectively (Tukey HSD test, p = 0.05). However, the stipules of
Lifter are larger compared to the semi-leafless varieties, providing additional area for adult
feeding, a factor that cannot be eliminated in this study. The lack of any significant difference in
notching to the developing clam leaves between the 9 semi-leafless varieties and Lifter suggests
that preference was not the cause of the higher observed number of notches per plant. These
results agree with Tulisalo and Markkula (1970)°2, where no differences in adult feeding were

observed between 84 different pea varieties and lines tested in Finland.
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Food resources, specifically the seasonal availability of N-fixing root nodules and their
total number per plant, correlate to the numbers of PLW larvae that can develop successfully on
a root system.3"*3-%5 Differences between pea varieties in the number of larvae supported could
also indicate additional genetic factors that might limit larval development. Significant
differences in the number of root nodules per pea plant variety were not detected in either year.
While not statistically different, SW Arcadia recorded the fewest nodules at the first assessment
date in both years, but the numbers of larvae recovered from this variety were not the fewest
observed, suggesting root nodules between different varieties was not a limiting factor. The
number of larvae recovered from each variety was variable, ranging from an average of 4.0 -
12.4 per pea plant in 2020 and 1.6 -4.8 in 2021, and no significant differences were detected.
Collectively these results suggest no evidence for resistance to PLW adults or larvae among the
pea varieties tested. Future efforts to identify traits that provide resistance to PLW, that
incorporate greater genetic diversity such as wild progenitor germplasm or biotechnological

approaches, may be more fruitful.

During the late summer and early fall season when the next emerged generation is
preparing to overwinter adult PLW feed more broadly on a variety of legume species. 9395657
After spring emergence and mating, however, adults prefer to feed specifically on reproductive
hosts that stimulate female egg production.?2%:222358.5% peg and bean plants are the two known
primary reproductive hosts of the PLW*-32080 and this study included two faba bean (small seed
high tannin varieties), chickpea and lentil varieties. Consistent with prior studies, adult PLW
feeding on the non-reproductive chickpea and lentil hosts was significantly lower compared to

peas (Tukey HSD test, p = 0.05). At least 97.2 — 98.8% fewer notches were recorded on lentil
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plants compared to peas, consistent with reports that PLW adults only feed on lentils under no-
choice conditions.®® No pupae and only a couple of larvae were recovered from the 20 lentil
plots planted over two years. After harvesting a pea crop, adult PLWs have been reported to
migrate into chickpea fields where they feed and lay eggs, raising concerns that chickpea could
become a reproductive host.?° Notching of the chickpea varieties tested in this study was as
much as 9 times greater compared to lentil but remained at least 94% lower compared to peas.
Almost no larvae were recovered from the 20 chickpea plots but a few pupae were recovered in
2021. With the exception of the lentil variety Pennell no notching was observed on the lentil and
chickpea clam leaves, suggesting that the limited feeding that was observed occurred at earlier

crop stages.

Faba bean is reported to be equal or better compared to pea as a reproductive host for
PLW.® Notching of ‘Snowbird - a medium seed size zero tannin variety of faba bean - was
approximately double of that recorded for the pea variety CDC Meadow when planted side-by-
side in a recent insecticide trial (untreated controls, 50.8 vs 26.2 average notches, respectively).*?
In our study, small seed faba varieties with high seed tannin content were used (accession
numbers P1222216 and XXXYYY from the Plant Introduction Station in Pullman, Washington
and propagated by Dr. Perry Miller at Montana State University). In our comparison notching to
the faba bean varieties was not significantly different from the pea varieties. Interestingly, and
contrary to Willsey et al. (2021)#?, the number of larvae recovered from the faba beans plots was
quite low, less than half of lowest value from the pea varieties in 2020 and an average of 0 and
0.3 in 2021 (compared to the lowest value of 1.6 from the pea varieties). Due to plot variation,

statistically significant differences resulted only between the highest pea variety values (Majoret
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in 2020 and AC Agassiz in 2021) and the faba bean varieties, p = 0.05, Tukey HSD test.
Different development times between pea and faba bean and the availability of suitable root
nodules for newly hatched larvae may be one factor affecting the number of larvae collected.
Faba bean tended to have fewer nodes at the first assessment date compared to peas, particularly
in 2021 when early spring temperatures were cool (7 of 10 pea varieties has significantly more
nodes compared to faba bean in 2021, p = 0.05, Tukey HSD test). Adult PLW have been
reported to shift hosts during the reproductive period apparently in response to nutritional quest
in the foliage that may reflect quality of the root system/nodules for developing larvae.®* Here it
is interesting to note that in 2020 (but not 2021) adults clearly preferred feeding on the faba bean
clam shell leaves (an indicator of recent feeding) compared to peas. Preference of PLW for its
reproductive hosts may be influenced by interactions between variety and growing conditions

that affect host suitability for larval development.

Further studies on host plant preference and PLW development may provide a basis to
develop pest management approaches based on trap crops and push-pull strategies. Planting the
boarder of spring wheat fields with varieties that attract ovipositing females has been developed
in Montana as a strategy to reduce damage caused by the wheat stem sawfly within the field.%2%3
In the case of the PLW, field boarders planted with early emerging spring or winter varieties, or
a mixture of reproductive host plant varieties that mature at different rates, may attract and
concentrate ovipositing females. This strategy could be used in conjunction with insecticide
treatments to the boarder plants and application of the aggregation pheromone. In this study
PLW adults fed on the faba bean varieties but commensurate numbers of larvae were not

collected from the plots. Determining whether females oviposit in the direct vicinity after
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feeding on a reproductive host, and subsequent survival of newly hatched larvae on the root

nodules of small seed high tannin varieties, may help guide future trap crop studies.
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Table 2.1. Total monthly precipitation (mm) and average daily temperature (°C) during
January to August 2020 and 2021 at the Montana State University Arthur H. Post
Agronomy Farm compared to the long-term average for the period 1958 to 2021.

Month Total monthly precipitation (mm) Average daily temperature (°C)

2020 2021 1958-2021 | 2020 2021 1958-2021
Jan 7.9 18.5 13.2 -0.6 -2.4 -5.0
Feb 21.3 22.6 13.5 -2.9 -8.2 -2.9
Mar 31.5 14.5 25.9 0.9 2.9 1.1
Apr 22.1 27.9 42.4 5.6 5.9 5.8
May 19.8 78.9 66.0 11.5 10.1 10.7
Jun 92.7 20.3 67.8 15.3 18.6 15.0
Jul 16.8 21.1 32.2 18.3 22.5 18.9
Aug 14.2 52.1 31.2 20.3 18.4 18.4
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Table 2.2. Plant growth and adult pea leaf weevil damage in 2020. Number of leaves/plant, nodes/plant,
adult feeding notches/plant, and notches/clam leaf were determined in the laboratory after subsampling
10 plants per plot on 2 June 2020 (10 field pea and two faba bean, lentil and chickpea varieties). Plant

feeding damage scores were visually determined within-field on 31 May using a 0-5 scale

(Supplementary Table 1). Values for each plot are an average of 10 plants/plot, n = 4 plots/variety (X + SE).

Variety Leaves/plant Nodes/plant Notches/plant Notches/clam Damage score
AC Agassiz 11.0 + 0.5a 5.7 + 0.3bcdef 86.3+3.3b 2.9 + 0.9bcd 3.6 +0.3c
Aragorn 8.6 + 0.3bcde 4.2 £0.1ef 774 +2.4b 5.8 +£0.5b 3.7+0.2c
CDC Treasure | 10.2 +0.5abc 5.6 + 0.3cdef 77.0+3.7b 2.2 + 0.8bcd 3.6 £0.3c
Delta 11.2 +0.8a 5.1 + 0.4cdef 82.8 +6.4b 1.8 + 0.5bcd 3.6 +0.1c
DS Admiral 10.9 + 0.4ab 5.5 + Ocdef 81.9+6.1b 2.0 + 0.4bcd 3.5+0.2c
Greenwood 11.4 +0.4a 6.0 + 0.3bcde 83.5 + 6.5b 2.4 + 0.8bcd 3.8 +£0.2bc
Hampton 9.5 + 0.5abcd 4.7 £ 0.2def 83.5+8.1b 5.0 £ 0.9bc 3.7 £ Obc
Lifter 10.6 + 0.3ab 6.9 + 0.2abc 142.4 + 10.5a 1.3 +0.5cd 3.9 + 0.1abc
Majoret 10.6 £ 0.7ab 5.4 + 0.3cdef 73.3+4.7b 2.9 + 0.4bcd 3.7+ 0.1bc
SW Arcadia 10.3 + 0.2abc 4.9 + 0.2def 75.7 +£3.3b 3.6 £ 0.5bcd 3.9 £ 0.1abc
Faba bean 1 8.0 + 0.3cde 4.0 £ Oef 69.8 +4.1b 175+ 2.6a 4.5+0.1a
Faba bean 2 7.5 £ 0.5de 4.2 £0.1f 66.0 + 5.6b 20.0 £ 0a 4.5 +0.1ab
Pennell ! 7.0 £ 0.4e 6.1 + 0.7bcd 4.3+0.7c od 0.5+0.1d
CDC Richela ! 6.8 +£0.3e 5.4 + 0.4cdef 8.2+ 1.3c 0d 0.6 £0.1d
Sierra ? 8.6 + 0.4bcde 7.6 +£0.9ab 0.9 £ 0.4c 0d 0.1+ 0d
CDC Orion ? 9.7 £ 0.2abcd 8.6 £ 0.6a 0.6 £0.2c od od
Lentil

2Chickpea
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Table 2.3. Plant growth and adult pea leaf weevil damage in 2021. Number of leaves/plant, nodes/plant,
Adult feeding notches/plant, and notches/clam leaf were determined in the laboratory after subsampling
10 plants per plot on 8 June 2021 (10 field pea and two faba bean, lentil and chickpea varieties). Plant

feeding damage scores were visually determined within-field on 2 June using a 0-5 scale
(Supplementary Table 1). Values for each plot are an average of 10 plants/plot, n = 4 plots/variety (X + SE).

Variety Leaves/plant Nodes/plant Notches/plant Notches/clam Damage score
AC Aqgassiz 12.8 +0.2a 6.4 +£0.1cd 66.4 +5.5b 4.2 +1.0ab 3.7+0.2c
Aragorn 12.7 £ 0.4a 6.1 +0.3cd 65.5 +5.8b 5.9+ 1.5ab 3.8+0.1c
CDC Treasure | 11.9 + 1.6abc 5.8 + 0.7cde 57.0 £9.0b 6.6 + 3.1a 4.0+ Obc
Delta 12.1 + 0.9abc 5.8 £ 0.7cde 64.3 +£ 10.0b 5.3+ 1.2ab 3.9+0.1bc
DS Admiral 13.5+0.2a 6.5 + 0.1bcd 63.9 + 7.4b 4.2 +0.8ab 3.7+0.2c
Greenwood 13.7 £ 0.4a 6.8 + 0.1bcd 64.3 +4.1b 5.3+ 1.0ab 3.7+0.1c
Hampton 11.8 + 0.4abc 6.0 £ 0.2cd 57.3+4.1b 7.3+1.3a 3.8+0.1c
Lifter 12.2 + 0.5ab 5.7 + 0.3de 95.0 + 8.6a 5.5 + 2.0ab 3.6 +0.1c
Majoret 14.2 £ 0.4a 7.1 + 0.2bcd 70.8 + 7.3ab 3.8 +£0.5ab 3.9+0.1bc
SW Arcadia 12.2 £ 0.3ab 6.1 +0.2cd 56.2 + 2.5b 7.1+0.7a 3.9+0.1bc
Faba bean 7.7 +£0.6d 3.6 +0.2f 39.2+2.2b 5.9+ 1.3ab 4.6 £0.1a
Faba bean ss 8.5+ 0.8cd 4.1 £0.1ef 72.7 £ 0.8ab 5.4 £ 0.7ab 4.3 +£0.1ab
Pennell ! 9.3 £ 0.7bcd 8.0+ 0b 6.5 +2.3c 0.2+0.2b 0.1+0.1d
CDC Richela ! 8.2+0.2d 7.3 +0.1bc 3.3+0.5¢c Ob od
Sierra 2 11.3 £ 0.1abc 10.3+0.1a 1.6 £ 0.4c Ob od
CDC Orion 2 12.0 +£ 0.1abc 11.2 £ 0.3a 0.5+0.4c Ob od
Lentil

2Chickpea
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Table 2.4. Pea leaf weevil development and root nodulation, 2020. Larvae/plant and nodules/plant

were recorded on 23 June 2020 and larvae/plant, nodules/ plant, pupae/plant and newly emerged adults/plant

were recorded on 10 July 2020, from 5 subsampled plants/plot (10 field pea and two faba bean, lentil and
chickpea varieties). Values for each plot are an average of 5 plants/plot, n = 4 plots/variety (X + SE).

23 June 10 July
Variety Larvae/plant Nodules/plant Larvae/plant® | Nodules/plant® Pupae/plant®
AC Agassiz 4.0 + 1.5abc 20.9 + 3.1ab 1.2+1.1 13.7+0.8 0.6+0.4
Aragorn 6.5 + 2.0abc 19.5 +4.3ab 0.4+0.2 158+1.7 1.7+0.6
CDC Treasure 4.4 +1.1abc 17.0 + 2.9ab 0.8+0.5 13.0. £ 0.8 2.3+0.8
Delta 11.5 + 2.4ab 24.3 +1.3ab 0.2+0.1 16.3+1.9 48+24
DS Admiral 10.8 + 2.9ab 18.2 + 1.4ab 0 129+19 0
Greenwood 10.2 £ 3.2ab 25.9 + 3.8a 0.6+0.6 154+1.2 1.8+1.8
Hampton 8.1 +1.9abc 20.5 + 8.5ab 0.4+0.2 14.3+2.0 0.8+0.8
Lifter 10.4 + 1.8ab 20.2 + 1.4ab 0.3+0.3 16.5+2.1 35+20
Majoret 12.4 + 4.2a 24.0 + 1.8ab 0.2+0.1 11.4+£1.7 2.8+1.3
SW Arcadia 9.1 + 2.4abc 12.8 £ 5.1ab 1.5+0.5 11.0+1.3 1.3+0.7
Faba bean 1 1.6 £ 0.5bc 13.4 £ 1.1ab 20+15 13.7+1.6 04+04
Faba bean 2 1.5+ 0.9bc 10.2 £ 2.2ab 1.3+0.6 19.8 £5.9 0.1+£0.1
Pennell ! Oc 8.3+ 3.4b 0 12.6 £ 0.8 0
CDC Richela ! 0.1+0.1c 9.8+3.3b 0 9.5+04 0
Sierra 2 0.2+0.1c 12.0 £ 2.2ab 0.3+£0.3 16.1+£3.0 0
CDC Orion 2 Oc 12.5 £+ 2.0ab 0 17.3+1.3 0
Lentil
2Chickpea

ab.¢Means in columns followed by the same letter are not significantly different according to Tukey’s HSD

test (P <0.05).
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Table 2.5. Pea leaf weevil development and root nodulation, 2021. Larvae/plant and nodules/plant were
recorded on 25 June 2021 and larvae/plant, nodules/ plant, pupae/plant and newly emerged adults/plant
were recorded on 20 July 2021, from 5 subsampled plants/plot (10 field pea and two faba bean, lentil and
chickpea varieties). Values for each plot are an average of 5 plants/plot, n = 4 plots/variety (X + SE).

Variety 25 June 20 July
Larvae/plant | Nodules/plant | Larvae/plant | Nodules/plant | Pupae/plant | Adults/plant
AC Agassiz 48+1.1a 14.1+1.7 0.3+0.2ab 8.3+2.8 0.3+0.3 0
Aragorn 2.7+1.1ab 12.6 £ 0.8 0.3+0.2ab 106 +1.6 0.1+0.1 0
CDC Treasure | 3.5+ 0.6ab 14.2 £ 0.3 0.1+0.1b 74+29 0.1+0.1 0
Delta 3.8 +0.9ab 13.6 +0.1 Ob 5.4+3.2 0.5+05 0.1+0.1
DS Admiral 2.2+ 1.0ab 12.7 £ 0.6 0.1+0b 9.9+37 0.1+0.1 0.1+0.1
Greenwood 2.8 +1.4ab 13.6 +0.9 0.1+0.1b 11.3+1.6 0.6+04 0
Hampton 1.6 + 1.0ab 11.7+4.6 1.2 +0.6a 11.5+1.8 0.3+0.3 0
Lifter 3.2 +0.8ab 13.7+0.9 0.2 +0.1b 10.6 £1.0 0.3+0.3 0.2+0.1
Majoret 2.5+0.7ab 13.6 £ 0.6 Ob 11.7£3.9 0.3+0.2 0.3+0.3
SW Arcadia 4.3 +1.6ab 9.3+3.2 0.1+0.1b 10.7 £ 0.7 0.3+0.3 0
Faba bean Ob 9.4+3.3 Ob 9.8+4.5 0 0
Faba bean ss 0.3+0.1b 8.5+3.1 Ob 44+26 0 0
Pennell ! Ob 6.9+2.6 Ob 8.0+17 0 0
CDC Richela* Ob 9.1+1.0 Ob 9.9+1.8 0 0
Sierra? Ob 9.3+0.6 Ob 8.9+0.6 0.1+£0.1 0
CDC Orion? Ob 6.1+0.4 Ob 8.3+3.0 0 0
Lentil
2Chickpea

a.b.¢Means in columns followed by the same letter are not significantly different according to
Tukey’s HSD test (P < 0.05).
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Table 2.6. Supplementary Table 1.1. Planting and field sampling dates in 2020 and
2021 at the Montana State University Arthur H. Post Agronomy Farm.

Task 2020 2021
Planting 27 April | 29 April
Install pheromone traps 12 May 26 May
Empty traps 1 19 May 2 June
Empty traps 2 27 May 14 June
Empty traps 3 3 June 24 June
Empty traps 4 11 June 11 July
Empty traps 5 20 June 20 July
Adult damage assessment 2 June 8 June
Rating scale 31 May 3 June
1% larval damage 23 June | 25 June
2" Jarval damage 10 July | 20 July
Yield 8 August
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Table 2.7. Supplementary Table 1.2. Definition of six categories (0-5) used to visually rate
overall plant feeding by adult pea leaf weevil.
Feeding Damage Definition
0 notches/plant
< 3 notches/plant
> 5 notches/plant
Most leaves have several notches
Notches circles most leaves
Defoliated plant

OB WIN - |O
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Table 2.8. Supplementary Table 1.3. Grain yield (g) in 2020 from a 2 m? area subsampled from
the 3 and 4™ row of each plot, n = 4 plots/variety (X + SE).

Grain vield (g/2 m?)

Variety
AC Agassiz 393.3 + 26.1a
Aragorn 270.8 + 25.5abc
CDC Treasure 381.1 + 40.0a
Delta 338.6 £ 15.4a
DS Admiral 331.9 +48.2a
Greenwood 396.4 +31.1a
Hampton 352.7 + 36.6a
Lifter 278.7 £ 19.5ab
Majoret 328.2 +£ 29.0a
SW Arcadia 299.1 + 35.9ab
Faba bean 1 92.2 +6.0c
Faba bean 2 125.8 + 12.7hc
Pennell ? 329.3 + 35.5a
CDC Richela? 353.8 + 44.6a
Sierra? 316.0 + 52.5a
CDC Orion ? 355.4 +57.7a
ILentil

2Chickpea
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Figure 2.1. Adult pea leaf weevil pheromone trap catches in A) 2020 B) 2021. Values represent
the number of adults accumulated between sampling dates, reported on the day were emptied, n
=4 traps in 2020 and 5 traps in 2021 (X + SE).
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Figure 2.2. Correlation coefficient of average notches/plant with average leaves/plant in field
pea varieties in A) 2020 B) 2021 during adult damage assessment.
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Figure 2.3. Correlation coefficient of average larvae/plant with average nodules/plant in field
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pea varieties in A) 2020 B) 2021 during first larval damage assessment.
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Figure 2.4. Correlation coefficient of average larvae/plant with average nodules/plant in field
pea varieties in A) 2020 B) 2021 during second larval damage assessment. r represents the

correlation coefficient.
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Figure 2.5. Supplementary Figure 1. Geographic location of field plots at the Montana State
University Arthur H. Post Agronomy Farm.
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Figure 2.6. Supplementary Figure 2.A) Adult Pea leaf weevil and B) Adult Pea leaf weevil
mating on pea.
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Figure 2.7. Supplementary Figure 3. Pea leaf weevil larvae A) under electron microscope and
B) inside root nodules under electron microscope.

Figure 2.8. Supplementary Figure 4. A) Notches made by adult pea leaf weevil on pea plant
and B) Vegetative structure of pea plant.
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Figure 2.9. Supplementary Figure 5.A) Notches made by adult pea leaf weevil on faba bean
and B) Pea leaf weevil mating on faba bean.
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Figure 2.10. Supplementary Figure 6. Growth stage of lentil, faba bean, pea and chickpea
when visual damage assessment for rating scale and adult damage assessment of pea leaf weevil
was conducted.
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A field experiment was conducted to assess the efficacy of an aggregation pheromone
combined with a contact insecticide as an attract-and-kill method to reduce adult pea leaf weevil
(PEA LEAF WEEVIL) populations. The attractant, PEA LEAF WEEVIL aggregation
pheromone (4-methyal-3,5-heptanedione) was provided by ChemTica International (Heredia
Province, Santo Domingo, Costa Rica), as plastic pellet (Appendix C2 B), and rubber septa
formulations (Appendix C2 A). DeltaGard G Insecticide Granules (0.1% deltamethrin) were
used as a contact insecticide. The objective of this field experiment was to assess and
demonstrate the potential of an attract-and-Kkill strategy as a new PEA LEAF WEEVIL
management tactic to reduce pest pressure using adult aggregation pheromone.

The field site was located at the Montana State University Arthur Post Agronomy Farm,
Bozeman, Montana, where field peas have been grown with a consistent history of PEA LEAF
WEEVIL infestation. As a low-cost approach, pheromone baits and granular insecticide were
placed in the bottom of small circular pits dug into the soil measuring 5 cm deep and 6 cm in
diameter. Six treatments were placed in the bottom of these simple pit fall traps: 1) one
pheromone pellet plus insecticide; 2) three pheromone pellets plus insecticide; 3) five pheromone
pellets plus insecticide; 4) one pheromone rubber septum plus insecticide; 5) one pheromone
rubber septum and no insecticide; and 6) insecticide only. Treatments with insecticide received
0.3 gram of DeltaGard G Insecticide Granules. Treatments were replicated four times in a
Complete Randomized Block Design (CRBD) during the 2020 field season. An experimental
block consisted of six pitfall traps spaced 10 m apart along a linear transect, with four parallel
transects separated by 10 m representing the four replicated blocks. The first treatments were

placed in the field on May 11", 2020 and evaluated every 8-10 days from May 18" to June 19",
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2020. During each evaluation PEA LEAF WEEVIL adults were collected from the pitfall traps
and stored in the lab in 95% ethanol, counted, and identified (Appendix C1). The male:female
ratio was approximately even. PEA LEAF WEEVIL counts were entered and analyzed in R
studio cloud version 4.0.3 (R Studio team, 2020). The response variable, the total number of
adult PEA LEAF WEEVIL collected, was transformed on a log scale (Total+1) to normalize the
distribution for general linear modelling using ANOVA, followed by a post-hoc Tukey HSD test.

Treatment and assessment date were statistically significant factors in this experiment, p
< 0.001 (Table 1). Experimental block was not a significant factor. Treatment 5, pheromone
rubber septum only, trapped the fewest PEA LEAF WEEVIL while Treatment 4, pheromone
rubber septum plus granular insecticide trapped the highest number of PEA LEAF WEEVIL
(Table 2), significant at p = 0.05, Tukey HSD test. Treatment 5 results can be explained by
attraction of PEA LEAF WEEVIL to the pheromone rubber septum, and subsequent dispersal
away in the absence of a contact insecticide. However, Treatment 4 resulted in higher mortality
and higher numbers of adult PEA LEAF WEEVIL recovered from the pitfall traps. PEA LEAF
WEEVIL counts in Treatment 6, insecticide only, reflect incidental trap catches from adults
crawling on the ground. After the first incidental catch, Treatment 6 pitfall traps may have
become attractive if the trapped PEA LEAF WEEVIL emitted pheromone naturally. The number
of PEA LEAF WEEVIL adults trapped using the pheromone pellets was more variable. Only
Treatment 2, three pheromone pellets plus insecticide, was significantly different from Treatment
5, pheromone rubber septum alone (p = 0.05, Tukey HSD test) and it was not significantly
different from Treatment 6, insecticide only. In general, PEA LEAF WEEVIL trap catches were

the highest on the first assessment date and declined in number each successive collection date
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(Table 2). Field observations of PEA LEAF WEEVIL feeding damage and mating adults
indicated that activity extended well into June. The successive decline in PEA LEAF WEEVIL
adult counts can be explained by degradation of the pitfall traps that were not replenished with
pheromone and insecticide. Declining pheromone levels, degradation of the simple soil pits by
weather erosion and declining insecticidal activity could all explain sequentially lower trap
catches during the experimental period. Better performance of pitfall traps baited with larger
pheromone rubber septum suggests higher pheromone release rates may enhance PEA LEAF
WEEVIL attract-and-kill strategies. Results from this preliminary study have demonstrated the
potential of PEA LEAF WEEVIL aggregation pheromone as an attract-and-kill method under
field conditions. Future research is needed to determine optimal field application methods to
dispense the pheromone attractant and insecticide treatments for suppression of adult populations
below economically damaging levels. Combining attract-and-kill and push-pull strategies to
concentrate adult PEA LEAF WEEVIL populations migrating into emerging field pea crops may

be an effective approach.

This research was supported by a MT Specialty Crop Block Program through award Grant

19SCG04712, United States Department of Agriculture (NIFA).
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Table 3.1. Analysis of variance (ANOVA) showing the effects of block and date on
treatment in 2020 at Montana State University Arthur H. Post Agronomy Farm.

ANOVA factor | Sum of squares | Degrees Freedom F- value p-value

Treatment 24.891 5 13.76 6.8e-10

Date 17.710 4 12.23 6.1e-8
Block 1.685 3 1.55 0.21

Table 3.2. Average number of adult pea leaf weevil collected in six different treatments
(n -4) through attract and kill method in 2020 at Montana State University Arthur H. Post
Agronomy Farm.

Treatment Materials Total PEA| Average |Weekly PEA LEAF
umber LEAF [PEA LEAF|WEEVIL counts (Average,
umbe WEEVIL | WEEVIL |n=4)
Counts Counts
(n=4)
18th 26th 2nd 10th 19th
May |May |Jun| Jun | Jun
1 1 Pheromone pellet + 7 1.4bc 05 (0751 0| 0 |05
insecticide
2 3 Pheromone pellets + 54 10.6b 6 [3.75/35/ 0 | O
insecticide
3 5 Pheromone pellets + 24 48bc [4.67| 1 |0.75 0 |0.25
insecticide
4 Pheromone septum + 157 3l.4a 22.51254.75 1 0
insecticide
5 Pheromone septum 1 0.2c 0 (025 0| O 0
only
6 Insecticide only 20 4bc 15|115|0|15|05
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CHAPTER FOUR

SUMMARY

Growers in Canada, Montana and North Dakota have expanded the range of pea
production in recent years. This has increased the area for legume production and suitable
climatic conditions may have allowed increased pea leaf weevil populations to develop. Pea leaf
weevil damage across the pulse crops has been rising across Montana. Adult pea leaf weevil
damage is not considered as economic as larval pea leaf weevil damage. Pea leaf weevil larvae
reduce photosynthetic capacity of the defoliated leaves impact root nodulation, yellowing of
leaves, nitrogen deficiency and reproductive organ development thus leading to decrease in
yield. Larval growth and density are affected by host species, variety, soil condition, plant
growth stage, root nodule availability, carrying capacity of the host. Abiotic factors like
temperature, precipitation influences the adult and larval feeding behavior.

In this study, among four pulse crops, adult pea leaf weevil concentrated its feeding in
pea and faba bean. To some extent adult feeding was seen in chickpea followed by lentil. While
among 10 varieties of pea, Lifter had the highest number of notches. This might be due to Lifter
being true leaf variety and having more surface area for adult feeding as it has bigger stipules.
Similarly in case of larval feeding, this study shows pea leaf weevil preferring peas in the early
growth stage (1% larval damage assessment, 4-6 node stage) which shifted to faba bean at the
later growth (2" larval damage assessment, flowering stage) as when pupae were found in field
pea, only larvae were found in faba beans during second larval damage assessment (flowering
stage). This shows that faba beans can support pea leaf weevil development for a longer period.

Larval damage among field pea varieties was not seen statistically significant.
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Integrated pest management of pea leaf weevil has been focused on larval damage of pea
leaf weevil since it causes economic damage. Foliar application, input of nitrogen, cultural and
biological control are some of the tools that has been tested against managing pea leaf weevil
population. Semiochemical management is also another method for effective management of pea
leaf weevil where aggregation pheromone (4—methyal-3,5-heptanedione) is deployed. Pea leaf
weevil are sensitive to host plant odor (cis-3-hexen-1-yl) which is produced by peas in higher
quantity compared to other leguminous crops. Incorporating aggregation pheromone, host plant
volatiles in attract and kill, and push-pull strategies may be an effective approach to concentrate
adult pea leaf weevil populations migrating into emerging field pea crops.

Further research efforts are needed to understand the effect of temperature on relationship
between damage and population density of pea leaf weevil. Distribution maps of pea leaf weevil
would have been effective to forecast weevil population density if these relationships were
known which would have guided insecticide application for effective management of pea leaf
weevil. Research focusing on development of a quantitative model that helps to estimate adult
weevil population in spring will be effective. Since, pea leaf weevil larvae are concealed inside
root nodules in soil, chemical control of pea leaf weevil populations is difficult and expensive.
Combining trap crops (faba bean) with a pheromone increases effectiveness as it attracts more
pea leaf weevil to the trap crops. There should be more investigation on the effect of tillage on
pea leaf weevil population. Further research efforts are needed to understand the impact of soil
nitrogen on plant yield and pea leaf weevil populations since little research has been done in this
area. The pheromone monitoring system could be used to detect adult pea leaf weevil invasions

in areas where they are expected. This study focuses on adult and larval damage assessment
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which is labor intensive and time inefficient. Therefore, alternative ways for effective damage

assessment should be explored and more research is needed.
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FIGURES FOR ADULT DAMAGE ASSESSMENT
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Appendix Al Figure. Bar-graph of average notches per plant without notches in clam leaf with
the standard error of different variety of four different pulse crops in June 2020.
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Appendix A2 Figure. Bar-graph of average notches per plant without notches in clam leaf with
the standard error of different variety of four different pulse crops in June 2021.
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Appendix A3 Figure. Bar-graph of average rating scale per plant with the standard error of

different variety of four different pulse crops in June 2020.
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Appendix A4 Figure. Bar-graph of average rating scale per plant with the standard error of
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APPENDIX B

FIGURES FOR LARVAL DAMAGE ASSESSMENT
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Appendix B1 Figure. Bar-graph of first larval damage assessment with the standard error of
different variety of four different pulse crops in June 2020.
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Appendix B2 Figure. Bar-graph of second larval damage assessment with the standard error of
different variety of four different pulse crops in July 2020.
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Appendix B3 Figure. Bar-graph of first larval damage assessment with the standard error of
different variety of four different pulse crops in June 2021
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Appendix B4 Figure. Bar-graph of second larval damage assessment with the standard error of
different variety of four different pulse crops in July 2021.
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APPENDIX C

FIGRUE FOR ATTRACT AND KILL
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Appendix C1 Figure Bar-graph of total number of PLW collected through attract and Kill
method in summer 2020.
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Appendix C2 Figure. A) Pheromone septum in the pitfall trap B) Pitfall trap with pheromone
pellets plus insecticide.
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