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Abstract

The pea leaf weevil, Sitona lineatus L. (Coleoptera, Curculionidae), is a significant pest of field pea

(Pisum sativum L.) and broad bean (Vicia faba L.) crops throughout Europe, Asia, Africa and North

America and it has recently become an established pest in the Canadian prairies. The geographical

expansion and current distribution of S. lineatus, its life history, economic impact and control

strategies are reviewed. Primary hosts of the pea leaf weevil, on which pre-imaginal development

can occur, are identified, in addition to its secondary hosts, which provide nourishment for adults

when not in their reproductive phase. The importance of pheromones and host plant volatile

compounds for mate finding and host plant location is reviewed. Research on control strategies

for S. lineatus is summarized, but to date surprisingly little effort has been expended to develop and

implement integrated pest management (IPM) programmes, even though combining insecticide use

with host plant resistance, cultural and biological control strategies promises to enhance its

management. The development of an effective population monitoring system for pea leaf weevil,

scientifically derived economic threshold values, and designing an IPM programme for S. lineatus

comprise the most critical research needs for improving the sustainable management of this insect.

Keywords: Sitona lineatus, Pisum sativum, Vicia faba, Field pea, Broad bean, Integrated pest management

Review Methodology: Literature for this review was obtained from 7 January to 30 November 2008 by searching the databases

Agricola, Web of Science, Biological Abstracts, CAB Abstracts, and Zoological Record using the keywords Sitona lineatus, field pea

and broad bean. Older literature was identified using reference lists given in articles found in the databases.

Introduction

Current agricultural cropping practices, especially the

mass production of cash crops grown in extensive mono-

cultures over vast geographical areas and the rapid

transport of goods on a global scale, have facilitated the

introduction and movement of invasive insect pests in

agro-ecosystems worldwide [1, 2]. The pea leaf weevil,

Sitona lineatus L. (Coleoptera: Curculionidae), is an inva-

sive pest that has dramatically expanded its geographical

range and abundance in association with these practices.

S. lineatus has been responsible for enormous losses in

yield and quality of some legume crops [3–6], and its pest

status appears poised to increase in future years.

Field pea, Pisum sativum L. (Fabales: Fabaceae), one of

the two primary host plants of S. lineatus [7], has recently

undergone considerable expansion in production and this

has been accompanied by increases in pea leaf weevil crop

damage. The crop is currently grown on over 25 million

ha worldwide [8], with approximately 1.5 million ha an-

nually devoted to its production in Canada [9] and 0.35

million ha in the USA [10]. Approximately 3 million ha

are committed to field pea production in Australia and

Europe combined [8]. In Europe, fertilizer inputs are
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greater relative to those in North America [11], and the

scale of field pea production in Europe tends to be re-

duced relative to North America, because of the smaller

average size of farms in Europe and the production of

monocultures over vast areas in North America [12].

Other significant production regions include Russia and

China [8]. Field pea is an attractive rotational crop for

farmers because its high protein content is ideal for animal

and human consumption [6, 13], and its nitrogen-fixing

capability benefits soil fertility [6, 14].

Areas devoted to the production of legume crops

worldwide will almost certainly continue to increase in

future years, with concomitant increases in crop damage

inflicted by insect pests including S. lineatus. The primary

appeal to producers for increasing production of crops

like field pea, especially in North America, is the oppor-

tunity to reduce fertilizer input costs [15]. Escalating

agricultural expenses associated with the impact of world

fuel price increases on nitrogen fertilizer production,

especially anhydrous ammonia [16], are important incen-

tives to increase production of crops that fix nitrogen and

so help reduce dependence on inorganic fertilizers.

Climate change poses a significant new threat to crop

production as a result of invasive insect pests of agri-

cultural crops. Climate change is predicted to cause a

northward shift of suitable habitat for many insect species,

and bioclimatic models of several agricultural crop pests

predict that both the geographical ranges and abundances

of these species will increase with global temperature

increases of 1–7�C [17]. In Canada, the pea leaf weevil is

currently well established in Alberta and Saskatchewan

[18–20], and its continued northward range expansion,

potentially exacerbated by climate change, poses a serious

threat to sustainable pulse crop production in the Ca-

nadian prairies.

Potential changes in geographic ranges and relative

abundances of insect pests such as S. lineatus, wrought by

modern production practices, crop expansion and climate

change emphasize the need to design sustainable pest

management programmes based on a thorough under-

standing of the pest. The objective of this review is to

describe the current distribution of the pea leaf weevil, its

life history, current management strategies and to identify

new research directions needed to improve its sustainable

management.

Pea Leaf Weevil Geographical Expansion

Linnaeus described S. lineatus in 1758, and by the 1920s

the pea leaf weevil had been reported throughout con-

tinental Europe, the UK [7] and northern Africa [21]. The

pea leaf weevil and other members of the genus Sitona

are well-known legume pests, with at least one species

associated with every species of legume [7]. In North

America, S. lineatus was first found in 1936 at Royal

Oak, near Victoria, British Columbia, Canada [22]. It

spread southward and established in Washington, Ore-

gon, northern California, northwestern Idaho and other

northwestern regions of the USA in the 1930s [21]. In

1984, the pea leaf weevil was recorded in northeastern

USA for the first time [21]. In 2002, Bloem et al. [23]

reported that S. lineatus had been trapped in Jefferson

County, Florida along with seven other non-native Cur-

culionidae species.

S. lineatus is a significant pest throughout Europe,

Africa, Asia and North America [21, 23–25]. A number

of Sitona species have been accidentally introduced to

Australia, including Sitona humeralis Stephens (now Sitona

discoideus Gyllenhal) [26]. The potential for expansion of

the pea leaf weevil into Western Australia has raised

concerns regarding pea crop damage and yield loss [25].

In 1997, S. lineatus was reported for the first time in

southern Alberta, and no geographical barriers remain to

prevent its spread throughout Canada’s primary region

of pulse crop production [27, 28]. Ongoing surveys in

southern Canada indicate northern and eastern spread of

the weevil, as in 2007, S. lineatus damage was reported in

southern Saskatchewan, Canada for the first time [20].

Intercontinental dispersal of S. lineatus is most likely

facilitated by import and export industries. Between 1940

and 1963, for example, S. lineatus specimens were inter-

cepted along the eastern coast of North America, most

commonly on cut flowers from Europe and Bermuda [21].

After reaching a new continent, range expansion is likely

facilitated by flight. Although little research has focused

on long-range flight patterns of the pea leaf weevil, local

migratory flight has been observed, and Hamon et al. [29]

found that most pea leaf weevil adults were trapped at

heights of 7–10 m above the ground. Flight at such heights

suggests that this species has potential to disperse over

substantial distances.

The recent expansion of the pea leaf weevil range into

western Canada likely resulted from an increase in the

area devoted to legume production, and climatic condi-

tions conducive to the establishment and reproduction of

the weevil. In 1991 in Canada, 198 000 ha were planted to

field pea; by 2005, 1.32 million ha of pea were sown [30].

A similar increase in field pea production area occurred in

France between 1980 and 1992, which was also associated

with increased populations of legume pests [4].

S. lineatus Morphology, Life History and Host

Plants

Morphological characters of the pea leaf weevil were

described by Jackson [7]. Adults range from 3.6 to 5.4 mm

in length and are distinguished by brown and grey ochre-

ous scales arranged on the elytra in longitudinal stripes.

Eggs are yellow-white when first deposited and become

melanized in 2–3 days. Although some variation in egg

morphology has been observed, eggs are commonly

oblong and oval-shaped. Larvae have cylindrical bodies
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that taper at the extremities; the abdominal segments are

creamy-white with reddish brown bristles on each seg-

ment. Larvae have no antennae, easily distinguishable jaws

and no eyes. Pupae are creamy white with dorsal bristles.

Adults and pupae can be sexed based on differences in

the size and shape of the pygidium (eighth abdominal

tergite).

Adult S. lineatus overwinter in shelterbelts [7] or in the

vicinity of perennial legumes including clover and vetch

species [31, 32]. During the non-reproductive stage,

adults are oligophagous, consuming a variety of legumi-

nous species before and during overwintering [33], as

feeding occurs when winter temperatures are mild [32].

Depending on the region, the pea leaf weevil emerges

from overwintering sites in March and April [7], and

adults then migrate to annual legume crops [33]. Spring

migration to annual legume hosts is limited by a lower

temperature threshold of 12.5�C in England [29].

Field pea and broad bean, Vicia faba L. (Fabales:

Fabaceae), are the preferred hosts of post-diapause adults

[33]. After weevils arrive at host plants, mating occurs and

females begin laying eggs. The duration of the oviposition

period varies depending on the region. Jackson [7] noted

that egg-laying continued until a short time before death,

or until the end of June to early July in England. Ovi-

position peaks at temperatures between 12 and 22�C
[34]. The number of eggs laid ranges from 354 to 1655

per female [7]. At the beginning of the oviposition period,

only 1–5 eggs are produced per female per day, but the

oviposition rate later increases to approximately 24 eggs

per female per day [7]. Eggs are scattered over the soil

surface by females as they feed [7, 21].

The duration of the egg stage of S. lineatus varies

depending on temperature and humidity. Jackson [7]

reported that eggs hatched in 20–21 days, but the incu-

bation period can be as short as 18 days [3, 21]. Research

by Lerin [35] indicated that eggs required 70+2.5 (S.D.)

days to hatch at 8�C, whereas only 6.2+0.5 days were

required at 29�C. At temperatures above 30�C, the time

required for hatching and mortality increased significantly

[35]. At 33�C, 100% of eggs failed to hatch, although

significant embryonic development had occurred [35].

The results of Lerin’s [35] investigation are in close

agreement with the earlier work of Andersen [36, 37].

Relative humidity can also affect the development time of

eggs, as Jackson [7] noted that eggs subjected to excessive

desiccation did not hatch.

After hatching, first-instar larvae burrow into the soil

surrounding the host plant. In the soil, larvae chew a

nearly undetectable hole in root nodules of the host plant

and crawl inside [7, 21]. All five larval instars feed on

Rhizobium leguminosarum Frank (Rhizobiales: Rhizobia-

ceae) [38], over a period ranging from 30 to 60 days,

depending on the geographical region and soil tempera-

ture [7, 21, 33]. Upon maturation, larvae create oval-

shaped pupation cells in the soil [7]. Pupation requires

16–19 days in Europe [7] or approximately 15 days in

North America [3, 21]. The adult remains in the soil until

its exoskeleton has fully sclerotized [7].

New-generation adults feed on the remaining green

tissue of field peas and broad beans. When those food

sources are exhausted or leaves have senesced, a period

of extensive flight begins, in which the weevils feed on a

variety of secondary leguminous host plants [7, 29, 32,

39]. This feeding period continues until late summer or

autumn, when adult weevils search for overwintering sites

[7, 21].

In North America and England, S. lineatus is univoltine

[7, 21]; however, the species may be bivoltine in some

regions [21, 34]. In the field, S. lineatus adults can live up to

11 months [31]; longevity is limited by food availability and

population density [31]. Female longevity is greater than

male longevity at low population densities [31].

S. lineatus Migration and Flight Activity

S. lineatus undergoes two distinct periods of migration: the

migratory spring flight from overwintering sites to peas

or beans, and late summer or autumn flight for over-

wintering [39]. Using omnidirectional flight traps, Fisher

and O’Keeffe [39] observed the flight patterns of S. line-

atus in the USA for 3 years. The greatest numbers of

weevils trapped in spring were collected at approximately

the same time every year, regardless of weather con-

ditions, P. sativum growth stage or S. lineatus population

density. The timing of the autumn flight was more vari-

able, and correlated to the timing of host plant senescence

[39]. However, during both the spring and autumn flight

periods, significantly more weevils were caught at heights

over 1.5 m, while in the interval between the peak flight

periods weevils were trapped only at lower elevations

[39]. These results are largely in agreement with those

from Europe [29, 40], although, Hamon et al. [29] ob-

served that the timing of the spring migration was tem-

perature dependent. Based on their results, Fisher and

O’Keeffe [39] concluded that the pea leaf weevil migrates

in the spring and late autumn, and that localized dispersal,

for example from areas of high to low density in a

production system, is achieved by low-elevation flight.

Migratory flight may not always be necessary for the pea

leaf weevil to locate its primary hosts, such as in small-

scale farming operations or in systems where crop ro-

tation is not practised.

Several authors have noted that consumption of V. faba

or P. sativum is required for reproductive system matu-

ration [29, 31, 33, 34, 39]. If this is indeed the case, spring

migration would be required for S. lineatus to find its

primary hosts, especially in regions where crop rotation is

practised, or where overwintering sites are far from

legume fields. In mid-summer, in-field dispersal of the pea

leaf weevil is achieved primarily by walking or occasional

low-altitude flight [29]. Flight at significant elevation is

believed to cease after the spring migration by the
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overwintered population as the flight muscles of S. lineatus

females may be sacrificed for the production of repro-

ductive material, as described by Johnson [41] and termed

the ‘oogenesis-flight syndrome.’

A number of factors influence the flight activity of the

pea leaf weevil. Hamon et al. [29] found that the timing of

the peak spring migration was associated with a minimum

temperature of 12.5�C. Light intensity was also associated

with peak flight times [34]. Within a period of 24 h, peak

flights occurred after 11:00 h, with peaks between 12:00

and 13:00 h, and no flight activity occurred between 02:00

and 11:00 h [29]. Stein [40] recorded a similar pattern of

no flight activity before 08:00 h or after 17:00 h for a

number of curculionid species. In several tests, the maxi-

mum temperature at which flight occurred ranged from

26�C to 30�C [40, 42]. Prevailing winds also affected pea

leaf weevil flight patterns, as migratory flight tends to

follow a downwind trajectory [29]. Peak flight altitude of

S. lineatuswas recorded at 152 and 183 cm by Fisher and

O’Keeffe [39], and ranged from 7 to 10 m, as recorded by

Hamon et al. [29].

Distinct migration periods for the pea leaf weevil have

been identified, but the duration of these periods differs

among regions. In England, the spring migration, based on

significant levels of flight (more than 10 weevils caught

during a period of 7 days), extended from 25 March until

23 May, with the autumn migration occurring over a

2-month period beginning in August [29]. The duration of

spring migration varies with temperature. Hamon et al.

[29] postulated that the timing of migration is triggered

by photoperiod but that the ability to migrate is limited

by temperature. The timing and duration of the autumn

migration period depends on the availability of food at the

emergence site [7, 29, 39].

Host-plant Preferences

Field pea and broad bean are the preferred hosts of post-

diapause S. lineatus adults [33]. Both plant species have a

symbiotic relationship with the nitrogen-fixing bacterium,

R. leguminosarum biovar viciae [43, 44], which may explain

the preference of S. lineatus for these species. Dantha-

narayana [45] suggested that leghaemoglobin is associated

with the tendency of all Sitona species to feed on nitrogen-

fixing legumes.

Reproduction of S. lineatus has been investigated with

respect to host plant consumption. Development of the

female reproductive system is a gradual process that

can be quantified by the lengths of the germaria and

vitellarium-lateral oviducts [46]. Reproductive develop-

ment occurs from July through March during feeding

on both primary and secondary hosts [46]. However,

oogenesis of S. lineatus is believed to require post-

diapause feeding on either P. sativum or V. faba [29, 33, 34,

39, 46]. Specifically, Schotzko and O’Keeffe [46] suggest

that early oviposition is facilitated by female feeding on

P. sativum, as individuals collected before March did not

oviposit when reared on alfalfa, Medicago sativa L. (Fabales:

Fabaceae). There are no records of larvae completing

their development on hosts other than field pea and faba

bean [21, 47–49].

Chickpea, Cicer arietinum L. (Fabales: Fabaceae), has

been investigated as an alternate primary host of the pea

leaf weevil, as there has been some evidence of larval

feeding on its root nodules [50]. Williams et al. [50]

suggested that the consumption of chickpea is the result

of a host-switch in regions where both pea and chickpea

occur simultaneously, but where peas are removed at the

green stage. After the removal of the peas, the weevils

may switch to the remaining chickpea crops to mate and

oviposit [50]. The potential for chickpea as a primary host

requires further investigation.

Pea leaf weevil feeding can vary among genotypes of its

primary hosts, and adults seem to feed preferentially on

certain pea cultivars [51–54]. Wojciechowicz-Zytko and

Młynarczyk [54] note that the lifespan and survival rate of

S. lineatus varies among faba bean cultivars. Pea nutrition,

including carbohydrate, nitrogen and protein contents,

varies with cultivar and the health of the plant [51]. This

characteristic may be used to develop host plant resist-

ance. Extrinsic resistance factors, such as epicuticular

waxes, may also influence pea leaf weevil feeding rates on

primary hosts [55–57].

Several studies have noted host preferences and

impacts on weevil longevity. Jaworska [58] noted that in

early spring, the population density on pea cultivars was

15.5 weevils/m2, compared with only 0.25 weevils/m2 on

faba bean cultivars. Research by Greib [59] and Weich

[60] yielded similar results. In May, during oviposition, faba

beans were the more attractive hosts [58]. Alternating

between hosts in this way is possibly due to changing

nutrient requirements of the pea leaf weevil at different

stages of its life cycle [58]. Of the two primary hosts,

peas were more attractive to weevils, but longevity was

greatest on faba bean [61]. Longevity of the pea leaf

weevil, however, is also dependent upon the population

density and the number of eggs a female lays in her life-

time [31]. At low population densities, for example single

mating pairs, longevity was greater on peas than on any

other legume [31].

A number of perennial legumes serve as secondary

hosts to S. lineatus in spring before the emergence of

annual legumes, in the late summer and fall when annual

legumes have senesced, and during the overwintering

period [7, 21, 29, 32, 39, 49, 62]. Markkula and Köppä [63]

noted that in late summer, several Sitona species were

collected on white clover, Trifolium repens L. (Fabales:

Fabaceae), and of those, S. lineatus was the most abundant,

accounting for 59–96% of the specimens collected. In

England, S. lineatus can significantly damage white clover,

consuming up to 30% of the photosynthetic area of plants

during overwintering [49]. In field tests, weevils preferred

sweet clover, Melilotus albus L. (Fabales: Fabaceae), and
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alfalfa [64–67]. Lupin, Lupinus albus L. (Fabales: Fabaceae),

incurred significant levels of feeding damage in Germany

[48].

In addition to T. repens, M. albus, M. sativa and L. albus,

other secondary hosts can include red clover (Trifolium

pratense L., Fabales: Fabaceae), sweet clover, black medic

(Medicago lupulina L., Fabales: Fabaceae), Siberian pea

shrub (Caragana arborescens Lam., Fabales: Fabaceae) and

black locust (Robinia pseudoacacia L., Fabales: Fabaceae)

[47, 68]. Alfalfa, a longer-season crop than field pea,

supported larger populations of weevils for a longer

period than P. sativum [31]. There is some evidence that

S. lineatus exhibits ‘limited polyphagous behaviour’ [69],

because in the absence of legumes, prostrate knotweed

(Polygonum aviculare L., Polygonales: Polygonaceae) and

rose species (Rosa spp. Rosales: Rosaceae) have been

consumed in laboratory and field experiments [68, 69].

Only two legumes have been rejected in host suitability

tests. The common bean, Phaseolus vulgaris L. (Fabales:

Fabaceae), was never fed upon in greenhouse studies, was

rejected in the greenhouse by gravid females in search of

oviposition sites and was rejected by larvae [70]; how-

ever, damage to P. vulgaris has been recorded in the field

[37]. Lentils, Lens culinaris Medik. (Fabales: Fabaceae),

were never fed upon in choice tests [31, 47, 68] or in the

field [47] and adult weevils starved if lentils were the only

food choice offered [31].

Pheromone and Chemical Signalling

Blight et al. [71] demonstrated the use of an aggregation

pheromone by S. lineatus. The pheromone, 4-methyl-3,

5-heptanedione, is produced by males when they feed

upon V. faba [71, 72]. The pheromone is produced

in spring and is attractive to both male and female

weevils [72]. Traps baited with an analogue of 4-methyl-3,

5-heptanedione caught significantly more individuals than

those without the analogue [71–73] and traps baited

with higher concentrations trapped greater numbers of

S. lineatus [71]. Cone traps baited with the pheromone

were much more species-specific than sticky traps [73],

and pheromone-baited cone traps caught more weevils

than sticky traps likely because weevils could access cone

traps via the air or ground [72]. Weevils were observed

to move upwind after detecting the pheromone, either by

flight or by walking [73]. The use of pheromone-baited

cone traps has potential for both monitoring and mass

trapping programmes [71–73].

There is some evidence that S. lineatus is sensitive to

host plant odours during spring migration [74], and that

field pea releases volatile compounds that attract S. line-

atus. Landon et al. [75] found that cis-3-hexen-1-yl acetate

made up 87% of the volatiles released by field pea. This

compound occurs in other legumes but in much lower

proportions [75]. During spring migration, cis-3-hexen-

1-yl acetate was significantly attractive to S. lineatus [75].

Effects of Pea Leaf Weevil on Agricultural

Systems

Both adults and larvae damage field pea and faba bean.

Adult foliage feeding can destroy seedlings and young

plants in the spring [7]. Characteristic ‘U’-shaped notches

result from adult feeding, and under severe infestations,

growing shoots may be completely destroyed [7]. Adult

feeding limits the photosynthetic capacity of legumes,

which reduces the ability of the plant to produce repro-

ductive organs or support root nodules [5, 76]. The

extent of damage to primary host plants during adult

feeding in the spring depends on the timing of attack and

weevil density [5]. For example, Williams et al. [5]

observed that losses of photosynthetic area through

defoliation in faba beans reached 50% at the time of plant

emergence but declined to 35% when defoliation began a

week later. In the absence of compensation, defoliation

can reduce the number of pods produced per plant [5].

Nielsen [77] reported that reduction in pod number

contributed to a yield loss of 28%. Yield losses would be

expected to increase as defoliation rates increase, a result

in part of the poor sequestering of nutrients by pea

reproductive organs [78]. In chickpea, weevil feeding

caused 50% defoliation [50].

Pea leaf weevil larvae can significantly damage root

nodules [7, 79], and the highest rate of nodule destruction

coincides with flowering of peas [7]. In greenhouse trials,

larvae damaged 40–80% of nodules, mostly on the main

root [13]. Cantot [80] observed that 90% of root nodules

were destroyed when 12 larvae were found on a single

plant. El-Dessouki [70] determined that when infested

with 100 S. lineatus eggs, 98% of root nodules were

destroyed and that the number of pods produced by the

plant was reduced by 27%. However, it is unlikely that

100 eggs result in a population of 100 larvae, because of

intraspecific competition, plant carrying capacity, infertile

eggs, predation or poor hatching rates as a result of

abiotic conditions. In greenhouse trials using S. hispidulus

eggs and red clover plants, El-Dessouki and Stein [81]

observed that when densities were 50 and 100 eggs per

plant, only 44 and 46% of larvae, respectively, were re-

covered after 4 weeks. After 5.5 weeks, only 17 of a

possible 100 larvae were recovered, and at the end of the

experiment, the larval density was similar in both treat-

ments (50 and 100 eggs added) [81]. Based on these

results, the maximum carrying capacity of clover plants is

in the range of 17 larvae per plant [81], and a similar

carrying capacity is expected for field pea and faba bean

plants.

Although root nodule destruction affects yield in-

directly, larval damage is expected to have a greater

negative impact on yield than adult feeding [6, 82]. Root

damage can make plants more susceptible to secondary

infection and may alter the nitrogen balance between

roots and aboveground structures [82]. Two major con-

cerns related to root nodule destruction include the loss
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of nitrogen nutrition in seeds and reduced nitrogen inputs

to the soil [4, 6], although it has been noted that in the

Netherlands, economic yield losses occur when the larval

density is as low as two larvae per plant [83]. As damage

through pea leaf weevil herbivory increases, the amount

of nitrogen derived from fixation decreases [6] which,

contributes to reduced residual soil nitrogen available for

subsequent crops [4]. This relationship is exacerbated

in the presence of weeds [6]. When damage scores for

defoliation were low, root nodule damage was also low

and 72% of the total nitrogen was derived from nitro-

gen fixation; however, when damage scores and nodule

damage increased, only 49% of nitrogen was derived from

fixation [6]. When soil is fertilized, pea and bean root

nodulation may be significantly or completely suppressed

[79]. Hence, in fertilized plots, 50% reduction in root

nodule number had no negative impact on yield, including

reduction of root nodule number through larval con-

sumption [79].

The relationship between pea leaf weevil damage and

plant compensation requires further investigation. Quinn

and Hall [84, 85] tested the compensatory potential of

alfalfa when attacked by S. hispidulus Fabricus (Coleoptera:

Curculionidae). They suggested that the compensatory

ability of plants varied over time, as plants overcom-

pensated when damaged at early growth stages compared

with later growth stages. Although more nodules were

produced than were lost at early plant stages, it is possible

that new nodules are not as efficient at fixing nitrogen as

older nodules [84].

During the late summer, autumn, winter and early

spring, S. lineatus utilizes a number of alternate hosts

[7, 21]. Murray and Clements [32, 49] found that up to

30% of the photosynthetic area of white clover, primarily

the trifoliate leaves, was consumed by overwintering pea

leaf weevils. Reduction in biomass was significantly greater

than the controls when densities were 1.0 and 0.5 weevils

per plant, referred to as ‘high density’ [32]. In spring, high-

density populations (ranging from 0.5 to 1.0 weevils per

plant) of S. lineatus reduced dense stands of white clover

seedlings by 50% in 7 days [32]. When alfalfa plants were

defoliated by pea leaf weevils, root biomass was 45%

less than that of control plants [76]. In addition to feed-

ing damage, S. lineatus has been identified as a vector of

bacterial wilt (Clavibacter michiganensis ssp. insidiosus) in

alfalfa [86]. The leguminous secondary hosts of S. lineatus

also contribute nitrogen to the soil; therefore, damage to

these plants cannot be disregarded.

Managing Pea Leaf Weevil Populations

The adult of S. lineatus is most readily collected and

monitored in the field, but most crop damage is usually

inflicted by its larvae. Consequently, considerable re-

search effort regarding population monitoring and econ-

omic threshold development has focused on investigating

the relationship between adult densities and nodule

damage by larvae. Cantot [52, 80] developed a model to

predict nodule damage by larvae based on adult feeding

pressure using the numbers of box-trapped overwintered

adults, leaf notches from adults and larvae collected

per plant. Table 1 summarizes the rating system used by

Cantot [80], as well as the approximate range of larvae at

each rank. A highly significant correlation was observed

between the number of adult feeding notches on the first

node of field peas and the resultant larval population [80].

For example, a leaf-notch score of three indicated that the

mean density was 12 larvae per plant and the amount of

damage at this density resulted in destruction of 90% of

root nodules [80].

However, leaf notching by adults may not be an accu-

rate indication of larval or adult pea leaf weevil popu-

lations or the amount of nodule damage. Nielsen [77]

found that larval attack intensity was not dependent upon

the extent of adult attack, despite a significant correlation

between adult attack levels and the number of leaf

notches. Landon et al. [33] also found an increase in leaf

notches with increasing population density or of increas-

ing feeding intensity. El-Dessouki [70] found that larval

attack had no impact on leaf size or the number of flowers

produced by the host plant. Cantot’s model also does

not consider leaf density per plant or the density of the

plant stand [77]; however, both factors influence the

overall ability of a crop to compensate for herbivory. A

number of factors affect the size of pea leaf weevil larval

populations, including adult population density, intraspe-

cific competition, cultivar or host plant variety and host

carrying capacity [33, 70, 77].

Given the complexity of the relationship between host

plants, weevil damage and abiotic factors, there are no

comprehensive economic thresholds currently available

for pea leaf weevil. Thresholds used for timing insecticide

application include the presence of 10 eggs per plant [4],

three or more adult weevils per sweep [87] and indirect

measures based on the number of leaf notches [33,

52, 80].

Monitoring legume crops for S. lineatus is vital for

appropriately timing control measures and developing

economic thresholds. Research by Nielsen and Jensen

[73] suggested that cone traps baited with pea leaf

weevil aggregation pheromone could be effective for

monitoring population changes in low-density pea leaf

Table 1 The range of leaf notches and resultant larval
populations used to rank the degree of S. lineatus feeding
damage by Cantot [80]

Leaf notch
score

Number of
notches

Number of
larvae

0 0 0–1
1 1–5 2–6
2 6–15 7–11
3 15 and above 12 and above
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weevil populations. The use of pheromone traps at field

margins provides an earlier indication of infestation than

counting leaf notches [73]. Therefore, the use of pher-

omone traps may facilitate more efficient foliar insecticide

usage. Similarly, pheromone traps baited with 4-methyl-3,

5-heptanedione effectively monitored population size, but

the number of weevils trapped was not related to the

amount of damage to pea seedlings [88]. The use of pea

leaf weevil aggregation pheromone trapping systems is

currently limited to monitoring. To be of greater use in a

pea leaf weevil management system, a relationship must

be established between the capture rate of weevils in

pheromone traps and yield reduction [73].

Research investigating S. lineatus chemical control has

focused on identifying the most efficacious insecticidal

products and application procedures. Table 2 summarizes

a variety of chemical products that have been investigated

for use in the control of S. lineatus. Foliar insecticides

can reduce adult pea leaf weevil populations and protect

yields [89]. For example, cyhalothrin-lambda reduced

populations by approximately 56% compared with un-

treated controls [90]. Other foliar insecticides evaluated

for S. lineatus control include imidacloprid, cypermethrin,

aldicarb, permethrin, deltamethrin, parathion, cyfluthrin,

benomyl and carbofuran [4, 83, 89–96]. Foliar applications

have no direct effects on larvae, but timely application can

decrease adult pea leaf weevil populations, egg production

and eventual larval populations [90]. Foliar sprays must be

applied as soon as weevils are detected in order to con-

trol larval populations, as adult weevils mate and oviposit

soon after arrival. If applied too late, egg production is

not prevented and control efforts will not impact larval

populations [83, 89, 97].

Williams et al. [98] investigated the effects of seed

primers on germination rates and plant compensation to

pea leaf weevil herbivory. Polyethylene glycol inhibited

compensation and exacerbated the effects of herbivory so

that overall plant development, including nodule devel-

opment, decreased [98]. Seed treatments to improve

P. sativum and V. faba emergence and compensation for

pea leaf weevil herbivory must be refined for optimal

benefit in programmes designed to limit the impact of pea

leaf weevil.

Using insecticidal seed treatments to protect the roots

of annual legumes and to provide systemic protection

to the foliage has had some success. Steene et al. [90]

Table 2 The active ingredient, chemical class, application method and application rate of selected insecticides that have
been investigated for use against S. lineatus L. (Coleoptera: Curculionidae)

Active
ingredient Chemical class

Application
format

Application
rate

Plant stage/month
when applied Reference(s)

Phorate Organophosphate Foliar spray 2.24 kg/ha Late May Horak and Buryskova [99];
King [97]; Bardner
et al. [89]

Aldicarb Carbamate Seedbed 10 kg/ha Sowing McEwan et al. [92];
Bardner et al. [89]

Carbofuran Carbamate In furrow 2.24 kg/ha Sowing Bardner et al. [89];
Griffiths et al. [95]

Carbosulfan Carbamate Granule (Foliar) 2.24 kg/ha 1 April to 31 May Bardner et al. [89];
Griffiths et al. [95]

Benfuracarb Carbamate Seed treatment 0.05% seed wt. Sowing Bardner et al. [89]

In Furrow 2.24 kg/ha Sowing Bardner et al. [89]

Seed treatment 2.0 g/kg of seed Sowing Ester and Jeuring [83];
Steene et al. [90]

Bendiocarb Carbamate Seed treatment 0.2% seed wt. Sowing Bardner et al. [89]

Furathiocarb Carbamate Seed treatment 2.0 g/kg seed Sowing Ester and Jeuring [83];
Steene et al. [90];
Rotrekl and
Cejtchaml [103]

Cyhalothrin-
lambda

Pyrethroid Foliar spray 6.25 g/ha N/A Steene et al. [90]

Permethrin Pyrethroid Foliar spray 0.15 kg/ha Early May McEwan et al. [92];
Bardner et al. [89];
Griffiths et al. [95]

Beta-cyfluthrin Pyrethroid Seed treatment 20 litres/tonne Sowing Rotrekl and Cejtchaml [103]

Imidacloprid Neonicotinoid Foliar spray 100 g/ha N/A Steene et al. [90]

Seed treatment 1.75 g/kg seed Sowing Steene et al. [90]

Thiamethoxam Neonicotinoid Seed treatment 20 litres/tonne Sowing Rotrekl and Cejtchaml [103]

Clothianidin Neonicotinoid Seed treatment 20 litres/tonne Sowing Rotrekl and Cejtchaml [103]
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observed that seed treatments significantly decreased pea

leaf weevil populations when infestation levels were low

to moderate. Compounds such as bendiocarb and pho-

rate had some impact on pea leaf weevil populations, but

did not increase yields [89]. Imidacloprid applied as a seed

treatment reduced adult feeding activity by 40 and 60%

in subsequent years, while furathiocarb and benfuracarb

did not consistently reduce weevil populations [90]. The

benefits of seed treatments may be reduced as treated

seeds tend to adhere to one another, which reduces the

sowing rate and the subsequent density of plant stands

[89]. Advances in seed treatment technology should

enable producers to circumvent these difficulties.

Control of S. lineatus may be achieved via the ap-

plication of seed treatments or seedbed treatments. For

example, Ester and Jeuring [83] found yields to be 10–20%

greater when seeds were treated compared with the use

of foliar sprays. Tested seed treatments include carbo-

furan, benfuracarb, fonofos, methiocarb and tefluthrin

[83]. Similarly, Horak and Buryskova [99] observed yield

increases of 28% in plots with carbofuran, aldicarb or

phorate as in-furrow treatments compared with control

plots, and Taupin and Janson [100] observed that fur-

athiocarb as a seed treatment was more effective than

foliar sprays.

Bardner et al. [89] reported that phorate was an

effective in-furrow treatment for reducing adult herbivory

and larval numbers, but the effects degraded over several

months, leaving subsequent crops prone to infestation.

Both aldicarb and carbofuran as in-furrow treatments

controlled pea leaf weevils equally well at high and mod-

erate application rates [89]. In general, in-furrow treat-

ments increased yields by 5–36% relative to untreated

plots [89]. Dieldrin and lindane applied as seedbed

treatments increased yields in 23 of 26 plots and reduced

larval populations by 70–80% when applied at high rates

[91]. However, both dieldrin and lindane have extensive

residual activity and pose significant threats to the envir-

onment [89, 91]; therefore, these products have been de-

registered in many countries worldwide, and have been

completely banned in others [101, 102].

De-registration and restriction upon the usage of cer-

tain insecticidal compounds has led to the investigation

of new products with novel modes of action. In the Czech

Republic, for example, furathiocarb, a product used to

coat legume seeds such as alfalfa for protection against

Sitona weevils, has recently been restricted [103]. In

response, the efficacy of products including Cruiser 350

FS (thiamethoxan) and Elado 480 FS (beta-cyfluthrin and

clothianidin) have been investigated [103]. In field and

greenhouse trials, neither product significantly reduced

alfalfa germination compared with untreated controls

[103]. In greenhouse trials, both Cruiser 350 FS and Elado

480 FS at 10 litres/tonne of seed were as efficacious

as furathiocarb; at 20 litres/tonne only 6.3% of treated

plants had sustained damage 3 days after infestation when

treated with Elado 480 FS [103]. In field trials, both

Cruiser 350 FS and Elado 480 FS at 20 litres/tonne

significantly reduced damage to alfalfa plants compared

with the untreated control [103]. Based on these results,

Rotrekl and Cejtchaml [103] recommend that these

products replace furathiocarb.

Several factors can limit insecticide efficacy. Manage-

ment of pea leaf weevil using insecticides requires accu-

rate monitoring and timely spraying [83, 89, 97]. In the

past, seed treatments and furrow treatments have been

applied unnecessarily when weevil populations were low

[91]. Because S. lineatus invades crops over a period

spanning several weeks in spring [29], persistent insecti-

cides have the best potential to control adult weevils [29],

but compounds with residual activity such as chlorpyrifos

threaten non-target organisms [82] and the environment

[89, 91]. Correct application, using appropriate equipment

in order to maximize coverage will enhance insecticide

efficacy [93, 94] and help protect the environment from

pesticide drift.

Ward and Morse [104] reported that the negative

effects of insecticides could be reduced by only applying

insecticides to portions of the field. Ward and Morse

[104] sprayed areas of plots where pea leaf weevils were

at high infestation levels and found that in untreated areas,

weevil numbers were much lower than expected. Their

results suggest that weevils redistribute from areas of high

density to those where populations have been reduced

by spraying. During redistribution, individual weevils may

emigrate or come into contact with chemical residues and

die. Ward and Morse [104] suggest that by only spraying

portions of the production area, weevil populations may

be significantly reduced in both sprayed and unsprayed

areas. Targeted spraying has the potential to decrease

selection pressures for insecticide resistance and maintain

natural enemy populations [104].

A more sustainable S. lineatus management option

involves breeding resistant legume varieties. Field pea

genotypes vary in the amount of waxy bloom on their

leaves [55, 57]. Manipulation of the genes that control

this characteristic may introduce an extrinsic resistance

characteristic to the plant [56], given that more weevils

occur on plants with reduced waxy bloom [55, 57].

However, overall numbers of herbivores were greater on

waxy plants because predator pressure was lower than on

varieties with reduced waxy bloom [55, 57]. Chang et al.

[57] postulated that S. lineatus will select peas with the

reduced waxy bloom trait. Hence, there is some potential

for the use of reduced waxy bloom plants as trap crops, as

the pea leaf weevil is highly mobile and able to select its

preferred hosts.

Breeding for S. lineatus resistance has been attempted

numerous times. After examining all pea varieties in the

breeding collection at the University of Idaho, one cultivar

of Austrian winter pea was found with significant resist-

ance to S. lineatus relative to other cultivars. However,

in a breeding experiment using the resistant ‘Melrose’

cultivar, no increase in resistance was observed in the
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progeny [105]. Nouri-Ghanbalani et al. [105] observed

that all progeny exhibited reduced resistance when

compared with the parent cultivars. Wnuk and Wiech

[106] observed some differential preferences among

pea cultivars in laboratory studies. The cultivars ‘Alaska

Ekspres’ and ‘Cukrowy Iłowiecki’ were unacceptable

hosts for consumption, while ‘Cud Kelvedonu’, ‘Rarytas’

and ‘Nora’ cultivars were acceptable hosts [106]. At low

or moderate S. lineatus population density, the cultivars

‘Scotch Green’, ‘Garfield’ and ‘Latah’ were damaged less

than other cultivars [107]. Tulisalo and Markkula [108]

noted that in field and greenhouse trials, ‘English Sword’

was the most susceptible cultivar, while ‘Early Onward’

was the most resistant. However, over the 5 years of

their trial, no statistically significant differences were

observed in the field [108]. Auld et al. [107] suggested that

because of additive gene action in existing pea popu-

lations, breeding programmes will potentially yield a re-

sistant cultivar. However, breeding attempts to date have

yielded mixed results, and the observation that resistance

is quickly lost in successive generations and crosses

suggests that the potential for success of breeding pro-

grammes is limited.

S. lineatus seems to exhibit varying levels of preference

for field pea genotypes based on differences in biochemi-

cal content and phenotype. Havlickova [51] noted that

S. lineatus fed at different rates on different field pea cul-

tivars. A comparison of three cultivars, ‘Gorkovskij’,

‘Lancet’ and ‘Neuga’, indicated that Gorkovskij incurred

the highest rates of injury. Biochemical analysis indicated

that fructose, glucose, maltose and saccharose levels in

the three cultivars varied [51]. High saccharose levels

stimulated most feeding, which may explain the pre-

ference of S. lineatus for the Gorkovskij cultivar [51]. In

addition, Havlickova [51] found that the amino acid

tyrosine inhibited herbivory, as did thick pea leaves [33].

Understanding the impact of differences in nutritional

levels of pea cultivars, as well as phenotypic differences

such as leaf thickness, may aid in the selection of field pea

cultivars for planting in regions prone to pea leaf weevil

infestation.

Cultural methods to control S. lineatus have been in-

vestigated in most regions, with varying levels of success.

McEwan et al. [92] investigated the impact of nitrogen

fertilization and irrigation on S. lineatus in a faba bean

production system and found that nitrogen fertilization

had no effect on overall yields, but did decrease the

number of larvae, which is attributed to the production of

fewer root nodules by fertilized plants, as observed by

George [79]. Interestingly, bio-fertilizers composed of pig

and poultry waste decreased the amount of S. lineatus

feeding damage when compared with unfertilized control

plots [109]. Larval populations were lower in irrigated

plots, and the highest larval densities were observed in the

driest year of the field trial, suggesting that larvae do not

tolerate high levels of moisture well [92]. Irrigation also

increased the yield and biomass of faba beans, including

nodule biomass, but nitrogenase activity decreased [92].

The relationship between larval success and irrigation

requires further investigation, as moist, humid conditions

that result from irrigation should promote higher egg

hatch rates [7, 35], which would in turn result in higher

larval population densities.

The impact of conventional and conservation tillage

on S. lineatus colonization and success has recently been

investigated in the USA. Using aerial traps, Hanavan et al.

[110] compared the densities of weevils arriving at tilled

and un-tilled plots. Significantly more weevils were caught

in the traps in conventionally tilled plots during the spring

migration period, and this is likely to be because cooler

soil temperatures and surface residues delay pea emer-

gence in no-till systems [110]. Colonization of no-till plots

occurred later and less feeding damage was incurred by

peas in no-till plots [110].

Planting crops in no-till or conventional-till production

systems is similar to sowing earlier or later in the growing

season, which can uncouple the phenological relationship

between pests and their hosts, and can be used to avoid

periods of high pest pressure [111]. This strategy has had

some success in controlling the Hessian fly, Mayetiola

destructor Say (Diptera: Cecidomyiidae), in wheat in the

northern USA [112], and flea beetles, Phyllotreta spp.

(Coleoptera: Chrysomelidae), in canola in western Canada

[113]. Several researchers have found that annual legume

crops sown early in the season undergo more damage

than crops planted later [4]. The benefits of this control

method will depend on the length of the growing season

[111]. For example, Doré and Meynard [4] suggest that in

France, late sowing is a viable option, but acknowledge

that in other regions it is not. Williams et al. [98] deter-

mined that plants were most susceptible to attack by adult

weevils immediately after seedling emergence and that

plants that emerged early in the season must become

established quickly to prevent significant yield losses [98].

If field pea and pea leaf weevil emergence coincide, seed

treatments that promote rapid stand establishment may

reduce yield losses under high pea leaf weevil pressure

[98].

Intercropping legumes with cereal crops is a common

practice in tropical regions and in small-scale operations

[114, 115], and may be a viable cultural method for the

management of S. lineatus. Baliddawa [116] examined the

effects of a series of different V. faba and oat, Avena sativa

L. (Poales: Poaceae), intercrop systems on pea leaf weevil

populations. Results indicated that all mixtures of the two

crops significantly reduced weevil numbers when com-

pared with monocultures. Baliddawa [116] suggested that

oat in the intercrop system interfered with the ability of

the weevil to find suitable hosts by (1) providing a physical

obstruction or barrier between the weevils and their

hosts, (2) adding plant volatiles to the immediate atmos-

phere that confused the weevils, and (3) altering the

visual appearance of the crop system which prevented

the identification of host plants. Pea leaf weevils were
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also observed to emigrate from dicultures or polycultures

[116]. In addition to controlling S. lineatus, intercropping

may help control other legume pathogens and pests,

such as crenate broomrape, Orobanche crenata Forsk.

(Scrophulariales: Orobanchaceae), in the Mediterranean

and southern Europe [117]. Moreover, intercrops have

been found to increase natural enemy populations by as

much as 32% [118].

Intercrops have significant potential for reducing the

impact of S. lineatus and other pests of legumes. However,

the effect of intercropping on the other component(s) of

the intercrop, and on yield may not always be positive.

Given the nitrogen-fixing capability of legumes, it is ex-

pected that legumes would provide nitrogen to the other

component; however, this was not the case in a pea-

barley (Hordeum vulgare L.) intercrop investigated by

Jensen [119]. Rather, Jensen [119] observed that the two

crop components utilized soil and atmospheric nitrogen in

a complementary fashion: meaning that the barley utilized

the nitrogen present in the soil, while the peas fulfilled

their nitrogen requirement via fixation. The yield of the

pea–barley intercrop was less variable and greater than

the yield of monocultured peas, but less than mono-

cultured barley [119]. The potential of intercropping for

the control of S. lineatus is also limited by the willingness

of growers to use intercrop systems and the technology

available to harvest these crops.

Crop rotation may be of limited efficacy for the man-

agement of the pea leaf weevil, given the migratory habits

of the weevil and its flight potential. Distance between

sites is important as a result of the migratory and dispersal

habits of S. lineatus. For example, Kokorin [120] observed

that if peas or beans were grown after clover (in the same

field) or in sites adjacent to clover, severe feeding damage

occurred. Similar rates of damage were also observed

when peas or beans were grown near forests [120], or

adjacent to alfalfa [64]. The least degree of damage was ob-

served in plots located the greatest possible distance from

clover swards [120]. A significant distance will be required

for crop rotation to be effective, especially in regions of

large-scale production where monocultures cover large

areas and support high weevil population densities.

Biological control, or the regulation of pest populations

by natural enemies, can be very effective in some agro-

ecosystems [121]. Natural enemies of S. lineatus include

birds [7], Hymenoptera [34] and carabid beetles [122].

Several parasitoid species can impact pea leaf weevil

populations in Europe and northern Africa, including

Allurus muricatus (Haliday), Microctonus aethiopoides (Loan),

Perilitus rutilus (Nees) and Pygostolus falcatus (Nees) (Hy-

menoptera: Braconidae) [26]. The egg parasitoid Patasson

lameerei Debauche (Hymenoptera: Mymaridae) is found

throughout southern Europe [26], and targets non-

melanized eggs that are exposed on the soil surface [123].

S. lineatus eggs and adults are the principal targets of

hymenopteran parasitoids, as larvae live sheltered within

root nodules [26, 122].

Hamon et al. [122] investigated the impact of carabid

beetles (Coleoptera: Carabidae) on pea leaf weevil popu-

lations. Their results suggest that adults emerging from

pupae are more susceptible to predation (2.6–23.8%

mortality) than larvae (0.6–10.5% mortality) [26, 122].

Carabid beetles are more active near the soil surface, thus

larvae may avoid predation because of their belowground

habitat [82]. Periods of peak carabid beetle activity cor-

respond with the peak time of new-adult pea leaf weevil

emergence in late July to mid-August [122]. Tests using

starved carabid beetles in the laboratory determined that

a single beetle could consume 20 or more adult weevils

per day, although in the field, only one or two weevils

are expected to be consumed daily [122]. Overall, Hamon

et al. [122] predicted that 30% or more of the pre-

overwintering pea leaf weevil population could be

reduced by carabid beetle predation.

In England, several ground beetle species occurred at

high densities in fields infested by S. lineatus, including

Pterostichus madidus Fabricius, P. melanarius Illiger, Harpalus

rufipes DeGeer and Agonum dorsale Pontoppidian (Col-

eoptera: Carabidae) [122]. In Poland, two carabid species

were observed to coincide with S. lineatus [124]. Ptero-

stichus cupreus L. (Coleoptera: Carabidae) was active dur-

ing the pea leaf weevil oviposition period, while Bembidion

properans Stephens (Coleoptera: Carabidae) was more

active in June and preyed upon both eggs and emerging

S. lineatus larvae [124].

Several fungal species appear to have some potential

for controlling populations of S. lineatus including Beau-

veria bassiana Vuilleman (Hypocreales: Clavicipitaceae),

Metarhizium flavoviride Metschn. (Hypomycetes: Moni-

liales), Metarhizium anisopliae Metschn. (Hypomycetes:

Moniliales), Paecilomyces farinosus Holmsk. (Eurotiales:

Trichocomaceae) and Paecilomyces fumosoroseus Wize

(Eurotiales: Trichocomaceae) [34, 125, 126]. A strain of

B. bassiana isolated in southern France is effective in the

control of S. discoideus Gyllenhal [127]. The efficacy of

entomopathogenic fungi will vary with the virulence of the

fungal strain, the concentration of fungi in the soil and the

life stage of the weevil at the time of attack [13, 126].

Poprawski et al. [126], for example, investigated five fungal

species for their effects on pea leaf weevil eggs, larvae and

pupae. Their results suggested that S. lineatus eggs were

resistant to all except M. flavoviride, which produced

32% mortality when applied at high concentrations. Newly

enclosed S. lineatus larvae exposed to fungi were suscep-

tible to all five fungi tested (M. anisopliae, M. flavoviride,

B. bassiana, P. farinosus and P. fumosoroseus) [126]. In

an investigation of the efficacy of B. bassiana in central

Europe, Müller-Kögler and Stein [125] found that when

soil was inoculated with 107 conidia/cm3 the number of

emerging adults was 48% less than the number of weevils

emerging from the control. The longevity of S. lineatus

adults infected with B. bassiana decreased as the severity

of the infection increased, and approximately 50% of

infected adults died within 10 days of infection [125].
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These results suggest that if fungi are present at the time

of hatching, pea leaf weevil larval populations may be

significantly reduced.

Results of field studies by Verkleij et al. [13] using

M. anisopliae illustrate that the efficacy of fungal appli-

cations may be limited. Using indigenous M. anisopliae

conidia, Verkleij et al. [13] applied known concentrations

of conidial suspensions to soil. The fungal application did

not significantly reduce nodule damage or pea leaf weevil

populations. The fungal application was expected to have

a significant impact, as pea leaf weevils infected with

M. anisopliae were found occurring naturally in nearby

fields [13]. The poor results of the field application were

attributed to two factors. First, it was noted that the

concentration of fungal conidia in the soil declined over

time, rather than becoming established as expected.

Second, it was possible that the fungal strain applied was

not virulent [13]. In addition to these factors listed by

Verkleij et al. [13], Müller-Kögler and Stein [125] sug-

gested that at low conidial concentrations, weevils must

be exposed to the fungi for a longer period of time to

become fatally infected. The degree of target organism

specificity of entomopathogenic fungi requires further

investigation, as B. bassiana may infect non-target bene-

ficial arthropods such as Carabidae [128].

Trials using entomopathogenic nematodes have been

successful in Europe. When S. lineatus larvae were ex-

posed to Steinernema carpocapsae Weiser (Rhabditida:

Steinernematidae), Steinernema feltiae Filipjev (Rhabditida:

Steinernematidae) or Heterorhabditis bacteriophora Poinar

(Rhabditida: Heterorhabditidae) for 6 days, 100% of

weevils died [61]. When adult weevils were exposed to

H. bacteriophora at a rate of 300 nematodes per weevil,

mortality reached 50% after 6 days and 100% after 14 days

[129]. H. bacteriophora infective juveniles penetrate the

cuticle of their hosts [130], which explains the success of

this species in infecting adult weevil hosts. Jaworska and

Ropek [131] noted that pea leaf weevils fed V. faba were

less susceptible to infection than weevils fed P. sativum.

Mortality of third-instar larvae fed P. sativum reached

100% in 4 days [131]. Nematode reproduction was

greater in weevil hosts reared on bean compared with

weevil hosts reared on pea [61].

Several factors must be considered before embarking

upon a nematode-based biological control programme for

the pea leaf weevil. First, introducing nematodes or aug-

menting existing populations is costly and the overall

impact of the nematodes is unlikely to compare favourably

with the level of control provided by more cost-effective

insecticides [132]. However, Nielsen and Philipsen [133]

suggested that upon introduction, nematode populations

should persist if large numbers of potential hosts are

present. Second, nematode populations increased be-

tween spring and autumn [133], suggesting that winter

conditions limit nematode populations. In North America,

nematodes are currently used to control a number of soil-

dwelling pests, but are limited to use in more temperate

regions [134]. The use of nematodes to control pea leaf

weevil in northern regions where P. sativum and V. faba

are grown is limited by abiotic conditions, including rela-

tive humidity [135], moisture levels [136, 137] and soil

type [136].

Methods of increasing nematode efficacy have been

explored in an attempt to equalize the impacts of nema-

todes and insecticides. The efficacy and pathogenicity of

S. carpocapsae and H. bacteriophora increased after expo-

sure to magnesium and manganese ions prior to release

[138]. The use of ions to stimulate nematode activity

may be limited by effects on non-target organisms when

applied to entire cropping systems [138].

The direct impact of nematodes on non-target organ-

isms must also be considered. Ropek and Jaworska [124]

found that S. carpocapsae and H. bacteriophora had no

significant impact on the longevity of carabid beetles.

Carabid beetles should escape nematode attack because

nematodes and carabids utilize different habitats, although

there is also speculation that carabid beetles may be

resistant to nematodes [124]. The impact of nematodes

on other beneficial insects in pea and bean production

areas warrants further investigation.

Pea leaf weevil aggregation pheromone has been in-

vestigated for its use in a stimulo-deterrent diversionary

strategy (SDDS) [139–141], designed to reduce pea leaf

weevil populations in harvestable crops [142, 143]. SDDS

is described as a push-pull system, and consists of several

control measures with limited efficacy combined into one

control programme with increased efficacy [140, 141,

143]. Smart et al. [142] described several possible com-

ponents of a push-pull control system for S. lineatus,

including: (1) the male-produced aggregation pheromone,

to ‘pull’ weevils away from a pea or bean crop, (2) an

antifeedant, such as neem oil produced by the neem tree,

Azadirachta indica, A. Juss. (Sapindales: Meliaceae), to

‘push’ weevils away from the crop, (3) a trap crop to

which the weevils are attracted by the pheromone, and

pushed to by the antifeedant and, (4) an insecticide applied

to the trap crop to reduce weevil populations. Neem oil

can effectively deter feeding by crop pests, and when

applied to P. sativum and V. faba plants, neem oil sig-

nificantly reduced weevil damage and larval numbers

relative to control plants [142]. However, the use of

neem oil is limited by its short residual efficacy and the

need for frequent re-application [142]. Crop cultivars may

also be used to repel pea leaf weevils from P. sativum and

V. faba crops [143]. Applying insecticides such as delta-

methrin to trap crops, in conjunction with the use of

attractants to pull pests away from crops significantly

reduced both feeding damage and larval populations [142].

Using chemical control measures in conjunction with

attractants requires that the chemical used not be a

repellent [142].

Attempts have been made to control pea leaf weevil by

genetically altering R. leguminosarum through the inser-

tion of genes from Bacillus thuringiensis subsp. tenebrionis
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Berliner (Bacillales: Bacillaceae) that express endotoxins

[144–146]. Expression of the cryIII gene for protein pro-

duction in R. leguminosarum caused pea leaf weevil

mortality, a decrease in the rate of pea leaf weevil de-

velopment and a reduction in the rate of denodulation

[144, 146]. Similar results were found for S. hispidulus

larvae feeding on genetically altered M. sativa root nodules

[144, 146].

The competitiveness of Rhizobium sp. containing cryIII

genes with unaltered Rhizobium sp., as well as the overall

effect of altered nodules on plant biomass, may limit the

use of cryIII-gene insertion in programmes to control pea

leaf weevils. Bezdicek et al. [144] found that when altered

Rhizobium bacteria were introduced to the soil, these

occupied 40–97% of root nodules, suggesting that altered

strains are competitive. The effects of altered Rhizobium

bacteria on overall plant biomass have been harder to

assess. Bezdicek et al. [144] found that while denodulation

by S. lineatus decreased significantly when altered bacteria

were present in root nodules, the overall biomass of

plants was significantly increased when plants were in-

oculated with the wild-type strain. Therefore, widespread

use of this management strategy requires further investi-

gation to better understand the nature of the symbiotic

relationship between altered R. leguminosarum and the

host plant. If larval damage to root nodules can be pre-

vented using altered R. leguminosarum, lost biomass may

not represent a significant loss compared with the po-

tential losses by the weevil.

Research Needs for Pea Leaf Weevil Management

Improved Integrated Pest Management (IPM) systems for

the pea leaf weevil are necessary to maintain the eco-

nomic and environmental viability of P. sativum and V. faba

production. By definition [147], this will require the

incorporation of cultural practices and biological controls

with chemical control strategies but to date, research in

this direction is lacking. Two significant research gaps

in need of immediate attention are: (1) development

of simple and sufficiently accurate monitoring systems,

and (2) determination of reliable economic threshold

estimates. In the absence of these, IPM programmes,

especially those with a significant chemical component,

are almost certain to be inefficient.

Accurate population monitoring is a cornerstone

principle of IPM [147], and considerable research remains

to be completed to improve monitoring of S. lineatus

populations. A promising monitoring method involves

the use of the male-produced aggregation pheromone,

4-methyl-3, 5-heptanedione [71–73]. However, there is a

need to correlate trap catches with damage levels [73]. It

would be beneficial to develop a pea leaf weevil fore-

casting strategy that utilizes 4-methyl-3, 5-heptanedione

to estimate the size of the newly emerged population

in late summer and autumn. Such information may be

instrumental for advising growers of risks associated with

S. lineatus attack in the next year, and so enable them

to alter crop selections depending on the S. lineatus risk

assessment.

In addition to conducting research to improve pher-

omone-monitoring systems, other monitoring approaches

should also be assessed. Sweep netting is inappropriate

early in the season when weevils are invading because pea

or bean plant stands would be too small to sample with

this method. Another inherent difficulty involved with

sweep sampling is the habit of S. lineatus to play dead and

fall from the foliage when disturbed [7]. The use of pitfall

traps, located on field margins and within fields, may be an

efficient method by which to detect the arrival of weevils

in the spring, but would require that producers are able

to easily identify S. lineatus in the traps. Extension pro-

grammes for producer education regarding the identifi-

cation and habits of the pea leaf weevil would be

necessary if pitfall trapping is used as a monitoring tool.

A pitfall trap monitoring approach could yield valuable

information for producers, but would be somewhat im-

practical because of the considerable effort required to

maintain traps and process the samples.

Degree-day models can be used to predict the occur-

rence and duration of emergence and flight peaks of

S. lineatus, and so improve the timing of chemical, bio-

logical and cultural control procedures as well as our

understanding of egg and larval mortality. However,

no such models currently exist for this species. Infor-

mation on the degree-day requirements of S. lineatus can

allow researchers and producers to explore and exploit

relationships that might exist where cultural practices

such as planting time could influence those pest popu-

lations.

Viable economic thresholds for the pea leaf weevil

must be developed in a manner that includes the effects

of plant health, plant density and above- and below-

ground damage. Density-damage relationships that have

been established to date have been criticized for ignoring

such factors [33, 70, 77, 80]. Solving the complex rela-

tionship that exists between S. lineatus adult numbers and

crop damage by larvae will be difficult, but nevertheless

it is required to ensure that P. sativum and V. faba pro-

duction remains profitable and environmentally sustain-

able.

Although developing crop plant resistance to S. lineatus

has not yet proven fruitful, more research effort needs

to be expended in this direction. This should begin with

identification of such behaviour-modifying chemicals as

attractants, arrestants, deterrents, stimulants and repel-

lents. Leaf wax contents have been investigated for con-

ferring host plant resistance to the pea leaf weevil [55,

57], but other morphological characters like trichomes

should also be investigated. Greater understanding of how

the pea leaf weevil responds to such attributes can pro-

vide plant breeders with more specific targets in their

breeding programmes for resistance.
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Several approaches to S. lineatus control have been

explored worldwide, but in the future, these strategies,

which are not mutually exclusive, must be employed in

tandem. Advances in chemical control strategies, including

the application of neonicotinoid compounds as seed

treatments, should be considered for incorporation in

IPM programmes because they use a relatively small

amount of active material [148] and are more target

organism-specific than the use of foliar sprays. Similarly,

the development and implementation of resistant crop

cultivars will reduce the need for insecticide application,

and resistant cultivars would also support populations

of natural enemies. In contrast to monocultures, inter-

crops will increase the diversity of production systems

and promote the activity of natural enemies [149].

To date, several potential natural enemies of Sitona

species have been identified from the Mediterranean

region, including Microctonus aethiopoides Loan [26, 150],

which has been introduced to Australia for biological

control of S. humeralis [26]. The introduction of classical

biological control agents to North America will require

significant investigation, but if successful, will add another

crucial layer to an IPM programme. If efficacious bio-

logical control agents can be identified, the benefits will

outweigh the costs involved with implementing biological

control. To date, one of the most promising integrated

control strategies described in the literature is the

push-pull system that has been outlined by Smart et al.

[142], combining the use of natural antifeedants with

trap crops, pheromone traps and foliar insecticides,

and more such innovative approaches need to be inves-

tigated.

Conclusions

S. lineatus is a successful pea and bean pest that is

expected to continue to expand its range, especially in

North America where field peas and beans are produced

on a large scale, for both yield and soil nitrogen aug-

mentation. To date, few research initiatives have focused

on the development of IPM programmes for this impor-

tant pest. Rather, biological, cultural and chemical control

methods have been assessed and implemented indepen-

dently. This single-strategy approach has not proven to

be particularly effective, as S. lineatus continues to cause

substantial damage to pea and bean crops worldwide.

However, the integrated use of intercropping, host plant

resistance, predators, parasitoids, pathogens and chemical

insecticides has potential for the improved management

of pea leaf weevil. In view of the shortcomings of existing

control strategies, a renewed research initiative for the

management of S. lineatus is required especially because

many research avenues remain unexplored and the ef-

fectiveness of various management strategies will vary

across the extremely broad geographical range of this

species.
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58. Jaworska M. Über den Befall einjähriger Leguminosen durch

den Erbsenrubler, Sitona lineatus L. (Col., Curculionidae).
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110. Hanavan RP, Bosque-Pérez NA, Schotzko DJ, Guy SO,

Eigenbrode SD. Early-season aeial adult colonization and

ground activity of pea leaf weevil (Coleoptera: Curculionidae)

in pea as influenced by tillage system. Journal of Economic

Entomology 2008;101:1606–13.

111. Teetes GL. The environmental control of insects using

planting times and plant spacing. In: Pimentel D, editor. CRC

Handbook of Pest Management in Agriculture, Volume I.

CRC Press, Boca Raton, FL, USA; 1981. p. 209–21.

http://www.cababstractsplus.org/cabreviews

16 Perspectives in Agriculture, Veterinary Science, Nutrition and Natural Resources



112. Wratten SD, Elliot NC, Farrell JA. Integrated pest

management in wheat. In: Dent D, editor. Integrated Pest

Management. Chapman and Hall, London; 1981. p. 241–79.

113. Dosdall LM, Dolinski MG, Cowle NT, Conway PM. The effect

of tillage regime, row spacing, and seeding rate on feeding

damage by flea beetles, Phyllotreta spp. (Coleoptera:

Chrysomelidae) in canola in central Alberta, Canada. Crop

Protection 1999;18:217–24.

114. Singh SR, van Emden HF. Insect pests of grain legumes.

Annual Review of Entomology 1979;24:255–78.

115. Vandermeer J. The Ecology of Intercropping. Cambridge

University Press, New York, USA; 1989.

116. Baliddawa CW. Movement and feeding activity of adult pea

leaf weevil, Sitona lineatus L. in an oat-broadbean diculture.

Insect Science and Its Application 1984;5:33–9.

117. Fernandez-Aparicio M, Sillero JC, Rubiales D. Intercropping

with cereals reduces infection by Orobanche crenata in

legumes. Crop Protection 2007;26:1166–72.

118. Weich K, Wnuk A. The effect of intercropping cabbage with

white clover and French beans on the occurrence of

some pests and beneficial insects. Folia Horticulturae

1991;3:39–45.

119. Jensen ES. Grain yield, symbiotic N2 fixation and interspecific

competition for inorganic N in pea-barley intercrops. Plant

and Soil 1996;182:25–38.

120. Kokorin AN. The protection of leguminous crops from

damage by species of Sitona (abstract). The Review of

Applied Entomology Series A: Agricultural 1966;54:550–1.

121. Van Driesche RG, Bellow TS. Biological Control. Kluwer

Academic Publishers, Boston, MA, USA; 1996.

122. Hamon N, Bardner R, Allen-Williams L, Lee JB. Carabid

populations in field beans and their effect on the population

dynamics of Sitona lineatus (L.) Annals of Applied Biology

1990;117:51–62.

123. Schotzko DJ, O’Keeffe LE. Ovipositional rhythms and egg

melanization rate of Sitona lineatus (L.) (Coleptera:

Curculionidae). Environmental Entomology 1986;15:601–6.

124. Ropek D, Jaworska M. Effect of an entomopathogenic

nematode, Steinernema carpocapsae Weiser (Nematoda,

Steinernematidae), on carabid beetles in field trials with

annual legumes. Anzeiger für Schädlingskunde, Pflanzen-
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