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Preface


The First North American Root Weevil Workshop was held at the Oregon State University North Willamette Research and Extension Center in Aurora, Oregon, November 1-2, 2001.  The participants discussed a range of topics about root weevil biology, detection, and monitoring, as well as the population dynamics and integrated pest management of root weevils in different parts of North America.

Highlights of the meeting included a description by Sharon Collman (US EPA, Region 10) of a 17-species complex of root weevils that affect nurseries or landscapes in the Northwest region.  Sharon also presented a brief overview of root weevil predators, parasitoids and pathogens.  A presentation by Richard Mankin (USDA-ARS) showed that it was possible to detect root weevil larvae feeding on plant roots using sensitive acoustic instrumentation, and that different weevil species had unique acoustic ‘signatures.’  Basic rearing techniques and methods for conducting trials with adults were covered in two papers presented by Richard Cowles (Connecticut Ag. Experiment Station).  Ralph Berry and Len Coop (Oregon State University) demonstrated the pest phenology modeling feature of their pest management program in mint.  Producers with internet access can run models forecasting the development of strawberry root weevils based on user-provided weather data, or input from one of the hundreds of weather stations plugged into the system.
An industry perspective on root weevils was provided by Rufus La Lone (J.M. Smucker Co.), who considered the effects of different species on agricultural production in the northwest.  Given the weevils that are out there, what is the impact in the end product?  In a nutshell, one grower with a weevil infestation can affect many other growers.  Jim Todd (Willamette Agricultural Consulting Co.) presented data showing that what was once considered a minor pest (Barypeithes pellucidus) has been increasing in importance in strawberries and conifers, and the strawberry root weevil has been observed using grass as an alternate host.  This last observation should not be a surprise, given the opportunity provide by Oregon’s vast acreage of grass seed fields.
The final two papers in these Proceedings are from invitees who had prepared reports but were unable to attend the workshop sessions.  The paper by Joe DeFrancesco et al. deals with the efficacy of soil-applied insecticides (chloronicotinyls, carbamates and biological) for root weevils in strawberry.  The paper by Bryon Quebbeman et al. tested new chemical insecticides (chloronicotinyls and carbamates) for the control of strawberry root weevil larvae and adults in mint.
Peter Gothro, Robin Rosetta, Richard Mankin, Editors
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An Aggregation of Root Weevils

Sharon J. Collman
Pesticides/IPM Outreach Coordinator

U.S. Environmental Protection Agency, Region 10

Pesticides Unit ECO-084

1200 Sixth Avenue

Seattle, WA 98101

Email: collman.sharon@epa.gov or collmans@wsu.edu
Abstract. When developing strategies for integrated management of root weevils in the Pacific Northwest, it is important to determine which species are present onsite, since each species may have different life cycles or respond differentially to pesticides.  A study which included a total of 450 nocturnal collections of adult weevils was conducted in landscapes and nurseries in the Pacific Northwest.  Although the majority (60%) of the technical root weevil literature and most of the literature on landscape and nursery plants focuses on the black vine weevil, Otiorhynchus sulcatus (F.), the new study revealed that the black vine weevil is not always the only weevil present.  Indeed, it is sometimes not the dominant weevil at a site.  As expected from the literature, 8 weevil species in 5 genera were commonly observed:  O. sulcatus, O. ovatus, O. rugosostriatus, and O. singularis, Nemocestes incomptus, Sciopithes obscurus, Trachyphloeus bifoveolatus, and Dyslobus granicollis.  However, 9 other species and three genera were found in the study: O. meridionalis, N. horni, N. montanus, Barypeithes pellucidus, Strophosoma melanogrammum, Sciaphilus asperatus, O. raucus (a new state record) and one undescribed species, Nemocestes n.sp. This brings the total to 17 species in 8 genera. A brief overview of the expected weevils, summary of the new species and a table with photo and brief synopsis of each weevil is presented; a short consideration of seasonal weevil activity is also included 

Introduction
Despite more than a century of research on root weevils and the registration of scores of pesticides, root weevils remain among the top pests that damage plants in the Pacific Northwest (PNW) and in the United States.  They cause substantial economic losses in nurseries and new landscapes, and aesthetic damage and some losses in established gardens.  The members of the Washington State Nursery and Landscape Association listed root weevils as one of their top five research priorities, and 43 of those responding specified root weevils as their number one research priority (Goodman 1993).  The Washington State Department of Agriculture (WSDA) has found that growers and pesticide applicators request Special Local Needs (SLN) labels and Section 18 exemptions for pesticides not currently registered for control of root weevils on ornamentals (Mary Toohey, Washington State Department of Agriculture 1997, personal communication). 

Before an effective integrated pest management (IPM) program can be developed, the pest species must be identified correctly.  Most of the primary literature published on root weevils focuses on the black vine weevil Otiorhynchus sulcatus (Fabricius), as do articles in trade publications and garden literature. It is reasonable to assume that most growers, pesticide applicators, and homeowners follow the management strategies in these articles.  However, these strategies for black vine weevil may not control the other weevil species that cause significant damage to landscape and nursery plants.

Failure to control root weevils might be a result of missing the “window of vulnerability” for the unidentified species when following recommendations outlined for black vine weevils.  Since timing of pesticide applications is aimed at the adult weevils it is important to know when the adults of different species are likely to be present. The literature points to about 2 week differences in emergence of O. sulcatus, O. ovatus and O. rugosostriatus.  Breakey (1965) found all stages of Nemocestes incomptus all year long 

Also, there are differences in response to pesticides by different root weevil species.  For example, Breakey (1965, p.3) reported that, “Both Eide […] and the writer have found that aldrin, dieldrin, heptachlor and chlordane have no effect on the woods weevil when incorporated in the soil for weevil control.”  Yet the native woods weevils (Nemocestes spp.) were killed by diazinon and DDT.  At the time, aldrin, dieldrin, heptachlor, chlordane, and DDT were the recommended, and very effective, pesticides for controlling introduced Otiorhynchus weevils such as black vine weevil and strawberry root weevil.  In recent studies, Rosetta et al. (1999) also found differences in efficacy of pesticides against different weevils. 
More than 60% of the RW literature focuses on black vine weevil (Otiorhynchus sulcatus) biology and control, but only a  few (0-20%) feature the  other 14 root weevil species found in this study.  Only 5 species in 3 genera (Otiorhynchus sulcatus, O. ovatus, O. singularis, Nemocestes incomptus and Sciopithes obscurus) have been studied extensively in the U.S.  Since most studies focus either on agricultural crops (berries, hops, and grapes) or nursery production grown under uniform conditions, the results must be adapted to landscapes and small nurseries with diverse plant material and environmental conditions.  Furthermore, many of the studies on ornamentals were for black vine weevil in Ohio, Connecticut, and New York where soils and climate differ significantly from the Pacific Northwest.  It is reasonable to expect that strategies designed to control the black vine weevil would not be as successful in the PNW or where BVW is but one in a complex of root weevil species in several genera.

It is also reasonable to assume black vine weevil is not the only weevil in landscapes and nurseries.  Wilcox, Mote and Childs (1934) found 11 species in 6 genera in strawberry fields in Oregon.  Andison (1948) reported that 4 species (O. sulcatus, O. singularis, O. ovatus and O. rugosostriatus) occur on small fruits in British Columbia.  Bell and Clarke (1980) stated that obscure root weevil (Sciopithes obscurus Horn) comprised 95% of the weevils collected on rhododendron in Oregon.  In 1971 Hatch’s Beetles of the Pacific Northwest, listed 181 weevil species in 61 genera that feed on roots of plants.  By eliminating the species that feed on field crops (such as alfalfa), seed crops, or vegetables this number is reduced to 43 possible pests of ornamentals in 13 genera.  This shorter list includes only species that have been reported in the literature as feeding on plants likely to be used in home or commercial landscapes, or on native species grown and used for restoration.  

In 1972, R. Lee Campbell (Washington State University Research and Extension Center, Puyallup) developed a key for 12 species in 8 genera that were root weevils of concern in nurseries and landscapes (unpublished file copy).  Carmean (1986) reduced this to 9 species in 8 genera.   All were potential pests of landscape plants, but few were documented extensively in the literature.

Is black vine weevil solely responsible for damage in PNW nurseries and landscapes?  Pilot field collections (Collman personal collection data) suggested that several other species were present and feeding in landscapes and possibly in nurseries and that the dominant weevil species varied among and within sites.  Research for my Ph.D. dissertation focuses on the relative abundance and species diversity of adult root weevils in nurseries, landscapes, public gardens, and remnant natural areas, timing of adult occurrence, and their in situ host preferences. The data are still being analyzed, however, it is possible to share some notes on the weevil species that have been identified from these sites. The results presented are based on 450 nocturnal field collections and observations of weevils on their in situ free-choice host plants.

Methods

Weevil Census in Nurseries and Landscapes
Of the 85 field sites, 77 are located in Washington, 3 in western Oregon in the U.S., and 5 in western British Columbia, Canada. Small and large nurseries, private landscapes, public gardens, and remnant natural areas are represented.  Sixty-nine of the Washington sites were visited at least once; many sites were visited monthly, weekly, or on consecutive nights. At the remaining Washington sites, weevils were collected during the day or sent in by homeowners.  Most of the study sites (61) were located in western Washington and eight sites were in eastern Washington. The sites ranged from sea level to the foothills of the Cascade Mountain Range; from the Puget trough to Spokane, and included two sites on San Juan Islands and three on Vancouver Island, B.C.  West of the Cascades sites stretched from Vancouver, B.C. to Corvallis, OR with most sites around the lowlands of Puget Sound.

Because this was a census of weevils at a site, most of the plants in a selected landscape or nursery area were inspected.  Where a site was too large for an evening’s survey, areas with known weevil problems were selected with guidance from the owner or manager.  Start time varied from shortly after dusk to after midnight. It usually took 2 to 4 hours to complete the census of an area.  Most collections were completed by 1:00 or 2:00 a.m. but on several occasions longer searches were conducted, and occasionally searches lasted until dawn.  

All the plants in a selected area of a site were visually searched by flashlight with a strong central beam (K-2, Garrity, MagLites, or BioQuip Headlamp). The light was focused on leaves (especially edges), stems, flowers or pods.  Shining the light through leaves (backlighting) sometimes revealed weevils hiding on the ventral surface.  Visual searching was necessary in order to determine whether the weevils were actually feeding on the host.  Each weevil was removed from the plant and placed in a collection container (sampling without replacement).  The host, and number of each weevil species were recorded.  Following the visual search, a beating sheet was often placed under plants and the foliage shaken to dislodge weevils hidden under leaves, in leaf axils or flower heads, or on branches. These weevils were also removed, identified, counted, and placed in the same container. The next day weevils in the container were identified to species and tallied.  

Environmental conditions for each night (wind, rain, clear, cloud cover, moon, temperature, and relative humidity.) were noted.  For each host plant, the time, method of collection, identity, and number of each weevil, and whether actual feeding was observed were recorded.  A weevil was determined to be feeding if the weevil was in the feeding position (posterior end tilted slightly away from the leaf), if the mouthparts were moving or the weevil was “rocking” as it chewed, or in very close proximity to fresh (wet) damage.  

Board Trap Study

Root weevils were collected daily from board traps by the owners of a nursery site east of Seattle,.  Weevils were placed in plastic vials with one square of SCOTTTM 1000 Tissue to absorb condensation, labeled and placed in a refrigerator.  Weevils were then sorted and identified to species and data noted. 
Results
Weevil Census in Nurseries and Landscapes

The following table (Table 1.) contains photos (left column) and species name and a subjective summary based on observations to date, along with some descriptive notes on weevil abundance or pertinent literature (right column).  The photos are arranged to facilitate identification of species that are similar in appearance, rather than taxonomically.  This is meant to serve only as a preliminary guide to some of the weevil species in nurseries, landscapes, public gardens, and remnant natural areas in the Pacific Northwest.

Board Trap Study

Based on the articles in both journal and popular literature, black vine and a few other weevils are generally considered to be a spring and early summer pests. In this study several species of weevil were found beneath boards: Otiorhynchus sulcatus, O. ovatus, O. rugosostriatus, O. singularis, Nemocestes incomptus, N. horni, N. montanus, and Sciopithes obscurus.  Though the data on individual species has not yet been completely analyzed, a monthly composite of all species in the system (Figure 1.) shows much higher numbers of weevils in autumn and the presence of adults throughout the year.  Subjectively, the high autumn numbers can be accounted for by the abundance of woods weevil, Nemocestes incomptus.  Their numbers began to increase in mid August and peaked in September and October. They remained active throughout the winter months. 
General subjective comments based on 450 site collections:

· Weevils were present and feeding through the entire night and until the first light of dawn whenever an all-night survey was conducted.  

· Weevils fed in the rain and cold (lowest temperature at which feeding was recorded was 37(F).

· Some species, notably those in the genus Nemocestes, are abundant and active all winter long in the mild Puget Sound climate. 

· A few individuals of species commonly thought to die off in the fall were found in winter months, although they were not numerous.  (On one occasion, individuals of several species were found the night before a snow storm.  None were present while snow was on the ground, but they returned even before the last patches of snow had melted during the week that followed.)
· Root weevils are still providing surprises after 8 years of nocturnal gathering.
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Figure 1.  Daily average number of all root weevils species per month.  Weevils were active throughout the year with the number peaking in August, September or October.  

Table 1.  Root Weevils Species Commonly Found in the Pacific Northwest Nurseries or Landscapes. 

Most of the photos presented here were taken with a Nikon CoolPix 950 digital camera through a dissecting scope by Dan Bennett except where noted.  The format follows that of Zimmerman’s Australian Weevils (1992).  Photos are not to scale.  They are arranged in order of similarity rather than taxonomically for easier comparison of features.  Dates of species introduction into the U.S. and the PNW and on species measurements are from Hatch’s Beetles of the Pacific Northwest (1971).

	Photo
	Notes on the Root Weevil Species
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	Otiorhynchus sulcatus (Fabricius 1775) – black vine weevil

· Introduced: E. N.Am. (since 1832); PNW (Victoria BC, 1891); (East Sound, WA, 1910 or 1911)

· Size: 8 – 11 mm;

· Color black with patches of yellowish hairs on elytra; thorax smooth with rounded tubercles.

· Adults are always very common in nurseries and landscapes but not always the most numerous or the dominant species at a site.

· Several hundred publications focus on this species.  Smith (1932) provided a comprehensive summary of the known biology and hosts in Pennsylvania.  Maier (1978) and Garth (1976) studied dispersal of adults. Cowles, (1995) and Cowles, et al. (1997) provide a comprehensive urban and nursery perspective.

· A summary of black vine weevil biology and links by Yongsoo Son, Dept. Entomology, Virginia Tech. can be found at http://filebox.vt.edu/users/yson/bvweevil.htm
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	Otiorhynchus ovatus (Linnaeus 1758) -- strawberry root weevil

· Introduced: N. Am.  (MA, 1852); PNW (Sydney, BC, 1894); (OR, 1900) 

       (Downes, 1922, argues that it is a native species)

· Size: 4 - 6 mm

· Shiny, reddish-black to black in color; appears smooth but with small hairs on magnification; legs reddish.

· Often present in small numbers, but only occasionally the dominant or co- dominant weevil at a site.

· A comprehensive review of this root weevil in Oregon is presented by Emenegger (1976).  Downes (1922) gave account of this weevil in British Columbia.  See also Wilcox and Mote (1930) and Shread (1950).  

· Ralph Berry has an excellent website with developmental and degree day modeling for this weevil based in mint, but applicable to other settings, at: http://mint.ippc.orst.edu/srwcycle.htm
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	Barypeithes pellucidus Boheman 1834  

· Introduced from Europe: N. Am. (NY, 1886); PNW (1931), (Ellensburg, WA 1939)

· Size: 2 - 4 mm 

· One of the smallest weevils; looks like a tiny strawberry root weevil but is thinner in the side profile; males and females (often tandem); color varies from dark to reddish brown; soft “down” of hairs

· In Oregon has begun to emerge as a pest of strawberry plantings (Todd, pers. comm., Jan. 2001)

· Appears in early spring and “seems” to disappear by mid-summer.
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	Otiorhynchus meridionalis Gyllenhal 1834. – ‘lilac’ or ‘privet’ weevil

· Introduced: N.Am. (CA. 1931); PNW  (Pullman, 1948)

· Size: 8 - 9 mm 

· Males smaller than females (often found tandem, possibly male “guarding”); both appear uniformly blackish and shiny. 

· The most common, and often dominant species, in eastern Washington. Known from collections in eastern Oregon.

· Unique damage was photographed in Ellensburg WA, in the 1960’s but the weevil has not been, and is not, listed in the PNW Insect Management Handbook.

· It would be instructive to conduct additional surveys in eastern WA and OR.
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	Otiorhynchus rugosostriatus Goeze 1777 – ‘rough strawberry root weevil’

· Introduced: N.Am. (NY, 1891); PNW (Oswego, OR, 1911),  (Seattle 1914)

· Size: 6 - 8.5 mm

· Distinguishable by the squared shape of the elytra when viewed from above; uniform dark mahogany color (reddish brown) with a “matte finish” and short stiff hairs (just barely visible in the outline of the elytra).

· Common but usually in low numbers.  Exception was one site in the Bellingham area where it was abundant and was the dominant weevil on weeds adjacent to field grown rhododendrons.
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	Strophosoma melanogrammum Forster, 1771 -- ‘nut leaf weevil’

· Introduced: N.Am. (NJ & MA; 1899; PNW (Agassiz, BC, 1923), (Spanaway, WA, 1960)  

· Size: 4.5 - 6 mm; 
· Small weevil with a distinctive, partial dorsal stripe and slightly iridescent coppery-brown scales
· Increasingly common in landscapes and native areas.  Hatch reported it from Spanaway, WA and Victoria, BC, as “introduced on Rhododendron, which it sometimes injures.”  The highest populations have been associated with rhododendrons in forested areas in western WA. and BC.
· Voracious feeder with somewhat distinctive feeding pattern, often a “maze” of channels from the leaf edge; often found in groups of several
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	Otiorhynchus singulars Linnaeus 1758 -- ‘clay colored weevil’

· Introduced: N.Am. (MA, 1891); PNW (Seattle, 1931& 1946) 

· Size: 6 - 9 mm

· Mottled brown (due to tan and brown scales) with scales on legs; no hairs on elytra or thorax; underside dark brown and shiny

· Common and often the most numerous and dominant in landscapes; less common in nurseries in WA.

· Andison (1941) summarized the biology of this weevil in Canada. Dr. Lynell Tanigoshi and Geoff Menzies have placed information from their studies in raspberries at http://whatcom.wsu.edu/ag/comhort/CCWREP1.htm
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	Otiorhynchus raucus Fabricius 1776  

· First record of this species in Washington (O’Brien, pers. com., 2001), found subsequently in southwest. WA by Tanigoshi; known to occur in Oregon. 

· Slightly shorter and broader than clay colored weevil 

· Light brown with a darker thorax; thorax with hair like setae; underside dull brown rather than shiny (photo not to scale)

· So far, found most commonly on fences and around foundations especially in fall at a two adjacent sites in East Wenatchee, WA; reported to be diurnal

· Additional surveys would be instructive.
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	Trachyphloeus bifoveolatus (Beck 1817) -- grass weevil, crusted grass weevil

· Introduced: N.Am. (NY, 1917); PNW (southeast. BC, 1934), western WA, 1944)

· Size:  3 - 4 mm 

· Tiny. gray-brown weevils 

· Uncommon in gardens, though frequently found entering houses in large numbers in fall.

· Barstow & Getzin (1985) reported on the fall migration from grassy areas to, and spring return from, buildings in Puyallup Valley, WA.

· Rarely taken on vegetation; found migrating to garage foundation in fall at one site.
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	Sciopithes obscurus Horn 1876 – obscure root weevil

· Native:  this native species often associated with wooded areas but has been reported as a pest in strawberries and nurseries in Oregon.

· Size: variable from 3 - 6.6 mm

· Actual specimens appear more gray with brownish markings (than this photograph), note the V-shaped line at the declivity (rump)

· Consistently present in low numbers in WA; abundant at just a few sites and dominant at only one nursery and one landscape in WA. Reported to be a serious problem Oregon; dominant (~90%) in two Oregon sites.

· Bell and Clark (1980) reported on the larval development and adult activity of this weevil on strawberries in western Oregon and on adult host preferences within the genus Rhododendron. (See also Bell’s MS Thesis, OSU)
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Photo:  S.J. Collman, 


	Nemocestes incomptus Horn 1876 -- woods weevil 

· Native species: very common in landscapes and field plantings of some nurseries in western Washington and in landscapes in British Columbia, Canada.  

· Size:  6 - 9 mm 

· Sooty dark brown to blackish color with short hairs on thorax and elytra.

· Adults emerge in late summer with numbers peaking in fall.  They feed throughout the winter months.  Breakey (1965) found all stages throughout the year.

· Adults can lay eggs at cold temperatures (in refrigerated storage) and with increased production with rising temperature when they are brought out to room temperature.

· Breakey’s (1965) short Experiment Station publication emphasizes the biology of woods weevils, and plus other species in western Washington. 
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L-R:  N. incomptus, N. horni, N. montanus. 
	Nemocestes horni Van Dyke 1936 -- Horn’s woods weevil

· Native:  rarely abundant except dominated one site on San Juan Island, WA.

· Size:  5 - 8 mm

· Easily mistaken for woods weevil but slightly smaller with lighter color

Nemocestes montanus Van Dyke 1936  -- 
· Common in small numbers at many sites; occasionally abundant.

· Size: 4 - 5 mm, sooty brown with light stripe along pronotum and first 1/3 of elytra (typical of the Nemocestes)

· Seems to be more abundant in the fall

Photo by Eric LaGasa, Washington Department of Agriculture
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	Dyslobus (syn. Lepesoma) granicollis Leconte 1869 – ‘woodburn weevil’

· Native: found in low numbers at some sites especially near wooded areas; became “dominant” in 2001 in one landscape in eastern WA.

· Size:  7 - 9 mm

· Occasionally a pest in strawberry fields (Wilcox et al., 1934) 

· The genus Dyslobus was, for a time, listed as the genus Lepesoma
· Wilcox et al. (1934) provides a good overview of this genus in Strawberries;

Photo by S.J. Collman
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Damage to rhododendron by Strophosoma melanogrammum
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Abstract. Several different acoustic sensor systems have been used successfully to detect root weevil infestations in nursery containers in laboratory and field environments, including a portable accelerometer system and an acoustic emission detector adapted from applications in utility pipe leak detection.  Considerable experience has been obtained about different types of sounds produced by subterranean insects and methods to distinguish insect-produced sounds from incidental background noise.  This experience is being applied in development of modified instruments with improved utility for insect detection applications.  Training materials have been developed to instruct persons about the use of an acoustic detection system in field survey applications.

Introduction

Subterranean insects are difficult to detect and study, but they cause billions of dollars damage yearly to container-grown crops, agricultural crops, trees, turf, and golf courses (Tashiro 1987, Crocker et al. 1996, Riley et al. 1997, Cowles et al. 1997, Nigg et al. 2001).  The traditional method for detecting subterranean insects in the field is a labor-intensive, visual search for damaged vegetation, followed by destructive digging, removal of the root mass, or water flushing of samples (e.g., Cobb and Mack 1989, Villani and Wright 1990).  Growers and managers need new tools to assess infestation and reduce management costs.  Researchers need new tools to develop basic knowledge about life cycles, behavior, and population distributions, and determine the efficacy of pest insect management strategies.


Acoustic technology offers potential as a means of identifying and targeting insect populations that can be found now only by laborious, destructive techniques.  Several acoustic systems have been developed for monitoring and detecting hidden infestations.  Examples include the insect activity monitoring systems of Hagstrum et al. (1991, 1996), the acoustic location fixing insect detector (Shuman et al. 1993, 1997), the multiple acoustic sensor system (Hickling et al. 1994), the acoustic emissions detector (Fujii et al. 1990, Scheffrahn et al. 1993), and the biomonitor of Shade et al. (1990).  Recently, Mankin et al. (2000, 2001) and Brandhorst-Hubbard et al. (2001) conducted laboratory and field studies with a soil microphone and an accelerometer system that have potential for subterranean insect detection applications.  Digital signal analysis methods were developed to distinguish subterranean larval sounds from incidental environmental noises and sounds made by earthworms and other nonpest organisms.  The success of these studies has fostered further interest in the development of practical acoustic instruments for field application.  A notable example is the AED-2000 instrument from Acoustic Emission Consulting, Inc. (AEC, Fair Oaks, CA see URL: www.aeconsulting.com).  A field-portable version of the AED-2000 has been adapted for acoustic detection and quantification of insect activity.


This report describes recent experiments conducted with currently available acoustic sensors and instruments to detect Otiorhynchus sulcatus (Fabricius) (Coleoptera: Curculionidae), and offers some perspective on the future use of acoustic technology as an insect detection tool in the container-crop industry.

Materials and Methods


Insects and Plants. 
 Laboratory studies at AEC, Inc. were performed on wheat kernels infested with Sitophilus oryzae (L.) (Coleoptera: Curculionidae) from a colony maintained at the ARS Center for Medical, Agricultural, and Veterinary Entomology (CMAVE), Gainesville, FL. A field study in 2001 included Hydrangea arborescens L. 'Annabelle', Picea abies ‘Mariana Nana’, Picea abies ‘Pumila’, and Andromeda glaucophylla Link.  Temperatures were maintained at 20-24 oC in the laboratory tests but were only 10-15 oC in the nursery tests.


One method to acoustically monitor a plant for O. sulcatus infestation was to insert a 30-cm nail (waveguide) into the root system and magnetically attach an accelerometer (see Acoustic Instruments below) to the head.  Sounds detected by the accelerometer were monitored with headphones by an experienced listener and simultaneously recorded.  The recorded signals were subsequently analyzed in the laboratory with custom-written signal processing software (Mankin et al. 2000, 2001).


The second measurement method included an AED-2000 detector (see Acoustic Instruments) with one of two different input sensors.  One sensor was a custom-designed piezoelectric crystal with a 40-kHz resonance frequency and an integrated preamplifier.  Like the accelerometer, the crystal unit was attached to the end of a metal waveguide inserted into the root system.  The second input was a piezoelectric film sensor, less bulky but somewhat less sensitive than the piezoelectric crystal system.  The film was attached to the trunk of the plant using wall-mount mastic, or taped to a waveguide inserted into the soil.  Sounds detected by the AED-2000 were monitored with headphones and recorded on a digital audio tape recorder (DAT) or observed on an oscilloscope.


At the nursery, the acoustic tests were conducted inside a greenhouse to reduce background noise.  The roots of each plant were examined and any insects found were identified and weighed after the acoustic measurements.

Acoustic Instruments.  
The initial studies were conducted with an acoustic system that included an accelerometer (Brüel and Kjær [B&K] Nærum, Denmark), sensitivity 10 pC/ms-2, weight 54 g), a charge amplifier (B&K model 2635), and a DAT.  A >180-s period was recorded on the DAT and monitored with headphones at each container.  Subsequent studies also used an AED-2000 system with two different sensors.  One sensor included a custom-designed piezoelectric crystal with a 40 kHz resonance frequency and an integrated preamplifier (1 kHz - 2 mHz bandpass).  The second included a Measurement Specialties, Inc., Model SDT1-028k piezoelectric film (www.msiusa.com, Norristown, PA) and a Model 2460 preamplifier (40 dB, 1-30 kHz bandpass).  The AED-2000 detector included a user-adjustable amplifier (0-60 dB), a buffered signal output for oscilloscopes or recorders, headphones for audio monitoring and quality control, a RS232 serial port for data logging to a Windows-based computer, and a LCD display for visual monitoring of signal intensity and sound pulse counts.  Adaptations that have been incorporated into the AED-2000 for O. sulcatus detection include a demodulator that converts the audio output, enabling a listener to monitor signals at higher frequencies than normal hearing levels.  The demodulator feature is particularly useful near highways and other sources of high-intensity, low-frequency background noise because the bandpass can be set to filter out signals below 1 kHz or 25 kHz.

Signal Analysis. 
The signals recorded on the DAT were digitized and analyzed with a digital signal processing system (Mankin 1994, Mankin et al. 2000, 2001) that provided computer assessment of activity and distinguished larval sounds from background noise.  Moving and feeding larvae generated short (0.5-5 ms) pulses that were distinguished from non-insect noises by computer subroutines that analyzed differences in temporal pattern or frequency.  High-frequency signals were analyzed using a Tektronix model 3012 portable oscilloscope.
Results and Discussion

Tests with the accelerometer and AED-2000 systems in a variety of laboratory and field environments have confirmed that O. sulcatus larvae can be detected in nursery containers by acoustic techniques.  In the 2001 field tests with both the accelerometer and AED-2000 systems, for example, sounds were detected in 2 P. abies ‘Mariana Nana’, 2 A. glaucophylla and 1 H. arborescens from which 805, 412, 44, 9, and 5 O. sulcatus were recovered, respectively. Neither system detected sounds in the container of 1 H. arborescens, and 1 P. abies ‘Pumila’, and no larvae were recovered from those containers.  Examples of sounds produced by O. sulcatus larvae in containers with different plants can be found at URL: cmave.usda.ufl.edu/~rmankin/blackvineweevilsounds.html.  The frequency spectra of O. sulcatus sounds have high frequency components that can be used by an experienced listener or a computer to distinguish them from background noise (see Fig. 6 in Mankin et al. 2000).  Typical backgrounds sounds also have been recorded and analyzed for comparison with insect-produced sounds and can be used as training tools to instruct new users (see URL: cmave.usda.ufl.edu/~rmankin/soundlibrary.html).

Although the initial acoustic tests have been successful, experience suggests improvements that would further improve the efficacy of currently available detection systems for practical entomological applications.  The accelerometer systems used in this study, although portable, were designed primarily for laboratory use, and considerable training and care were required to collect and interpret the acoustic signals.  Precautions were taken to protect the instruments that would not be practical for long-term field applications.  High winds and high background noise, e.g., near a major highway, sometimes impeded analysis of accelerometer-collected sounds.  Because these sounds are primarily of low frequency, they can be filtered out of the signals from the AED-2000 instrument if the insect produced sounds have sufficient high-frequency components.  Figs. 1-2, for example, show the spectra of two different sound pulses produced by a S. oryzae larva, recorded using the piezoelectric crystal with a 1 kHz filter, and a 25 kHz filter.  In Fig. 1, there are significant peak near15 and 25 kHz.  In Fig. 2, the 15-kHz peak is reduced due to filtering, but there remains a significant peak near 25 kHz.  Low-frequency interference cannot be filtered from the accelerometer signal as easily as from the piezoelectric crystal signal because the accelerometer is not designed to detect high-frequency signals.  Consequently, the handheld AED-2000 proved in many respects to be a more practical system for field use.  However, the housing for the piezoelectric film sensor was not sufficiently durable for long-term field use, and under conditions of low background noise, the accelerometer was more sensitive to low-intensity insect sounds than either the piezoelectric crystal or the film.  An ideal system would have high sensitivity from ~0.5 kHz to ultrasonic frequencies, with a user-adjustable filter to reduce background noise.

Several potential improvements are being addressed in a new version of the AED-2000 sensor unit.  The new unit will include a more sensitive piezoelectric crystal and house it in a repackaged structure to isolate it from external sounds except at the connection to the waveguide inserted into the soil.  The goal is to obtain ~20 dB of noise immunity between the waveguide and the handle assembly.  Alternatively, background noise could be reduced by use of a large, acoustically shielded box that held the plants during testing.
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Fig. 1.  [Top] Sound pulse recorded from S. oryzae using a 1-kHz high-pass filter (0.2 ms per division on horizontal axis); [Bottom] Frequency spectrum of sound pulse (5 kHz per division on horizontal axis).
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Fig. 2.  [Top] Sound pulse recorded from S. oryzae using a 25-kHz high-pass filter (0.2 ms per division on horizontal axis); [Bottom] Frequency spectrum of sound pulse (5 kHz per division on horizontal axis).
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Abstract.  This paper provides a brief account of natural enemies of root weevils as reported in the literature and focuses on a pilot survey of parasitoids and their adult root weevil hosts.  Field-collected adult root weevils were caged in petri dishes with food and held at room temperature until death.  Parasitoids that emerged were held until adults emerged.  Two, and possibly three, species of tachinid and one species of braconid, as yet unidentified, were reared from several species of root weevil adults.  This suggests an area for future research into the impact of parasitoids on root weevil populations and the potential for including natural enemies in an integrated pest management (IPM) program.
Introduction

The research on root weevils has a long and impressive history.  Smith (1932) summarized historical and his own extensive research on the black vine weevil (Otiorhynchus sulcatus Fabricius); Wilcox et al. (1934) provided an extensive coverage of the weevils in strawberries in Oregon, with an excellent synthesis of existing literature and their own investigations.  Much of the early work on root weevils was focused on the taxonomy or biology of the weevils, with especially heavy emphasis on the control of root weevils.  It is not surprising therefore, that research focused on the worst and most common species of weevil: the black vine weevil, Otiorhynchus sulcatus F.; strawberry root weevil, O. ovatus L.; clay-colored weevil, O. singularis L.; rough strawberry root weevil, O. rugosostriatus Goeze; woods weevil, Nemocestes incomptus Horn; and obscure root weevil, Sciopithes obscurus Horn.

Until recently, research focused on pesticides that would control large populations of pest weevils.  Aside from a few studies and observations, relatively little information on the predators and parasites of root weevils was available.  Both Smith (1932) and Wilcox et al. (1934) summarized the information on insect parasitoids in a single paragraph.

As citizens began to voice their concerns about pesticide impact on human health and the environment, many of the pesticides (aldrin, dieldrin, heptachlor, chlordane, and DDT) that were highly effective against root weevils were banned.  Under the Food Quality Protection Act requiring that manufacturers submit data for reregistration of pesticides, many others have been voluntarily cancelled and others have been banned. This has provided incentives and improved funding opportunities for investigations into alternatives such as the use of predators and parasitoids in production systems.  In general, there has been a shift away from the heavy emphasis on broad spectrum pesticides to an integration of pesticides that target the pest and are less harmful to beneficials in the system. An increased emphasis in augmenting naturally occurring predators and parasitoids is also evident.

Insect Parasitic Nematodes and Fungi 

Researchers working on insect parasitic nematodes and fungi have been at the forefront of biological control of root weevils. It is currently possible to purchase the insect parasitic nematodes Steinernema carpocapsae, S. feltiae, and Heterorhabditis bacteriophora and the insect parasitic fungi Metarhizium anisopliae and Beauveria bassiana for the control of root weevils.  Berry and Liu have surveyed the coastal areas in Oregon and have isolated native species of nematodes better adapted to the cooler winters of the Pacific Northwest. One species, Heterorhabditis marelatus, shows particular promise at lower temperatures (Gentle 2001, Berry 2000).  The literature on insect parasitic nematodes and fungi for root weevils is abundant.  This topic deserves special consideration and is beyond the scope of this paper.
Predators

Smith (1932) and Wilcox et al. (1934) have both summarized the world literature on natural enemies.  Various researchers have reported predators of root weevils, mainly of black vine weevil. They list moles, hedgehogs, skunks, and deer mice; a number of birds, including starlings and poultry; and lizards and toads.  The insect predators on weevil larvae and/or adults included staphilinid and carabid beetles, ants, mites, various spiders, and a digging wasp. (Wilcox et al. 1934).  Currently, some researchers are investigating the effectiveness of carabid beetles as predators of weevils in nurseries (Cowles 1995).  
In this pilot study of parasitoids, carabid beetles were sometimes observed during nocturnal surveys. Spiders were the most obvious predators of root weevils; silk-wrapped root weevils were commonly found in or below spider webs, especially along house foundations and in stairwells.

Parasitoids

There is a paucity of information on the parasitoids of root weevils.  Feytaud (1914) mentioned that Blacus tuberculatus (Hymenoptera: Braconidae) parasitized adult black vine weevils.  A few authors have documented that tachinid flies parasitize weevils.  Wilcox et al. (1934, p.24) cited Thiem (1922) as stating that “the Tachinid parasite from larvae (B. sulcatus), believed to be Pandelleia sexpunctata Pand., seems to be of greater value [than mites or toads].”   However, Wilcox also wrote that “Weed (1884), Lovett (1913), and Treherne (1914) were unable to find any parasites of B. ovatus.”  Smith (1932) reported that “Feytaud…stated that sulcatus larvae were comparatively free of parasites.  The present writer found no insect parasites of any of the stages in his studies.”  Perhaps the lack of parasitoids in early studies discouraged further research in this area.

Bell and Clark (1980) found that Dolichotarsus (Brooks) “sp. unknown” (Diptera: Tachinidae) had parasitized an average of 32% of the obscure root weevils, Sciopithes obscurus collected weekly from rhododendrons.  Ninety-six percent of the parasitized weevils came from a single garden located in Springfield, OR.  The ovarioles in parasitized adults were not completely developed and oocytes did not mature.  In addition, the weevils died when the larvae emerged to pupate.

Blackith (1986) reported on a braconid (Pygostolus sticticus Fab.) parasitizing Otiorhynchus singularis L. in Ireland.  McGavin and Graham (1993) recorded Otiorhynchus rugosostriatus, as a new host for Dirhicnus ramealis (Nees) (Hymenoptera: Chalcidoidea; Pteromalidae).   Compared to insect parasitic fungi and nematodes, there are still relatively few published papers on parasitoids of root weevils or their potential contribution to an overall IPM program.

In the course of a study of root weevils in nurseries, landscapes, public gardens, and wild areas in Washington about 15 tachinid flies emerged from caged lilac weevils (Otiorhynchus meridionalis Gyll.)  This suggested the possibility that parasitoids might be present in other weevils from a variety of study sites and prompted a new direction for research.  This pilot study had the objective of determining if naturally occurring parasitoids of adult root weevils occur in Washington.

Methods and Materials

Root weevils were collected from a variety of sites throughout the year. At night, weevils were handpicked from plants or dislodged from damaged plants onto a beating sheet.  Additionally, one grower daily collected weevils hiding under board traps.  The weevils collected from each site were stored in plastic containers, each with one square of unscented toilet tissue (SCOTT® 1000 Tissue).  This reduced condensation in the container and prevented drowning (and decomposition) of the weevils in the free moisture that formed when containers were refrigerated on hot days.  In this manner, weevils survived and remained healthy in refrigeration for a month or more. 

Weevils from each site and date were separated by species, placed in petri dishes, and labeled.  When there were only a few of one species from a site, several consecutive dates were combined. Each petri dish received a small amount of Rhododendron ‘Blue Diamond’ foliage and a single crumpled square of the unscented toilet tissue.  The petri dishes were then sealed with a ¼” strip of Parafilm (Parafilm® Laboratory Film; American National Can™, Chicago, IL). Petri dishes were then placed in a tray and held at normal room temperature (daytime high = 74(F; nighttime low = 65(F).  

Each week weevils were transferred to a new petri dish and given fresh Rhododendron ‘Blue Diamond’ foliage.   Any parasitoid puparia or cocoons were removed to another container, sealed with Parafilm®, and held until the adult emerged.  Occasionally, parasitoid adults were found to have emerged in the Petri dish.  The number of weevils possibly killed by fungi (determined infected if a white fungus mycelia were emerging from joints, mouth, or anus) was also recorded. It took up to 30 hours per week (depending on number of Petri dishes and number of weevils per dish)  to transfer weevils to new dishes and food, remove parasitoids, and tabulate the week’s mortality and causes. Some of the weevils in this study lived for a year.  

Results

The information reported here must be considered preliminary until the data analysis has been completed.  At that time information on the species of host weevil, collection sites, and emerged parasitoid species and number will be available.  By rough count, more than 50 parasitoids were reared in this study.  Both tachinids (Diptera: Tachinidae) and braconids (Hymenoptera: Braconidae) emerged in the laboratory setting.  Some mortality of parasitoid pupae occurred.

Most of the parasitoids were reared from weevils in the genus Nemocestes, (N. incomptus Horn and N. montanus Van Dyke)  the predominant species collected daily from board traps at the nursery site.  Parasitoids have been reared from other weevil species as well.  The data have yet to be compiled. 

Tachinid flies were the most numerous parasitoid to emerge (primarily from species in the genus Nemocestes).  As near as can be determined (by cadavers in the petri dishes) only one parasitoid emerged per host.  The tachinid larva left the host and pupated in the petri dish. It appeared that they emerged from between the abdomen and thorax, resulting in a separation of the two sections.  There are distinctly two and possibly three species, not yet identified. 

Daniel J. Bennett tentatively identified the braconids as belonging to the subfamily Euphorinae and genus Microctonus, (email, Bennett 2000). Goulet and Huber (1993) state that this is a “genus said to attack adult beetles especially weevils, carabids and chrysomelids” though there was no mention of weevil hosts. The braconid larvae exited from the weevils and spun whitish to cream-colored silken cocoons. They emerged a week or two later but the point of exit from the cadaver is indeterminate. None of the tachinid or braconid parasitoids were observed in the field at night.  And though two species of ichneumonid wasps (Hymenoptera: Ichneumonidae) were collected, no ichneumonids emerged from the weevils in the lab.  

Insect parasitic fungi were suspected (by the fungus emerging from body openings) to have caused the gradual death of weevils in the lab. However, subsequent attempts by Denny Bruck, ARS laboratory, Corvallis OR. (personal communication) failed to isolate insect parasitic fungus species.  Mortality seemed to be highest when condensation developed in the dishes, however weevils that died naturally had the more typical fungal bloom associated with mold.   

Discussion

It is hardly surprising that parasitoids of root weevils have received little study:  the process of collection, observing and rearing parasitoids from adult weevils in a controlled environment is for the very patient.  The period for emergence of the parasitoids is lengthy, or unpredictable, and they are easily overlooked because of their small size.  

The presence of even relatively modest numbers of parasitoids in weevil populations in Washington, observed in this study, is an encouraging sign.  Braconid wasps in the genus Microctonus have been reported as naturally occurring and they also have been released for control of other weevils in the United States and elsewhere (Goulet and Huber 1993).   Coupled with new and fairly targeted control tactics, it seems possible that augmentive releases or conservation of natural populations of parasitoids could be developed and would provide one more management tool for root weevil control.  

Parasitoids now have been documented as occurring in root weevils in Washington. The cadavers and parasitoids have been curated and photographed and voucher specimens will be provided to the Maurice T. James Entomological Collection at Washington State University, Pullman.  The results are presented here to encourage further study of the presence and impact of parasitoids in research programs and to stimulate consideration of their potential role in an IPM program.  

Acknowledgements

I am indebted to Daniel J. Bennett, entomologist specializing in the Braconidae as part of his work on the International Kuril Island Project (University of Washington, Department of Fisheries); to Wanda Booth, Kathy Lange, Jutta Rhinehart, Marilyn Tilbury  and Holly Zox, volunteers who helped collect, transfer, feed, and count weevils and record the data; and to Liz Seder for editing help and advice..

* Sharon J. Collman is currently the Extension Water Quality Liaison at EPA, Region 10 in Seattle (collman.sharon@epa.gov) and adjunct faculty in the Department of Entomology at Washington State University, Pullman. (collmans@wsu.edu)
References Cited

Bell, H. T. and R. G. Clarke.  1980.  Larval development, adult activity, and a new parasite of the obscure root weevil. Environ. Entomol.  9(6):826-828.

Berry, R. 2000. Parasitic nematodes for biological control of soil insects in nursery crops.  SARE 2000-Western Regional Conference Proceedings.  http://wsare.usu.edu.sare2000/077.htm
Blackith, R.  1986.  Pygostolus sticticus (Hymenoptera: Braconidae) parasitic on Otiorhynchus singularis L. (Coleoptera Curculionidae) in an Irish Pine Forest.  Irish Naturalists' Journal.  22(2):69-71.

Cowles, R. S.  1995.  Black vine weevil biology and management.  J. Am. Rhododendron Soc.. 49:83-85, 94-97.

Feytaud, J.  1914.  Black vine weevil (Otiorhynchus sulcatus Fab.).  New York. State. Entomol. Rept. 33:57-59.

Gentle, T. 2001.  The seaside nematode: natural born killer.  Oregon’s Agricultural Progress. Fall 2000/Winter 2001.  http://eesc.orst.edu/agcomwebfile/Magazine/01Winter/Feature04.html

Goulet, H. and J. T. Huber (editors)  1993.  Hymenoptera of the World : an Identification Guide to Families.  Agric. Canada , Ottawa.  688pp.

Lovett, A. L.  1913.  Strawberry pests in Oregon.  The strawberry root weevil.  Oregon Agric. Exp. Sta. Biennial Crop, Pest and Hort. Rept. for 1911-1912.  pp.122-134.

McGavin, G. C. and M. W. R. De V. Graham. 1993. A host record for Dirhicnus ramealis (Nees) (Hymenoptera: Pteromalidae).  Entomologist’s Monthly Magazine. 129(1544-1547):39-40.

Smith, F. F. 1932.  Biology and control of the black vine weevil.  U. S. Dept. Agric. Tech. Bull. No. 325.  45pp.

Thiem, H.  1922. Zür biologie und bekampfung des gefurchten Dickmaulrusslers (Otiorhynchus sulcatus, F.).  Zeitschr. Angew. Ent. Berlin 8(2):389-402.

Treherne, R. C. 1914.  The strawberry root weevil, (Otiorhynchus ovatus Linn.). Can. Dept. Ag. Div. Ent. Bull. 8, 44pp.

Weed, C. M. 1884.  The strawberry crown girdler.  14th Rept. Michigan. Hort. Soc. pp.84-88.

Wilcox, J., D. C. Mote and L. Childs. 1934. The root weevils injurious to strawberries in Oregon.  OSU Ag. Expt. Sta. Bull. 330. 109pp.
	Parasitoids and Predators of Root Weevils in Washington
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Photo by  Eric LaGasa 
	Adult tachinid:  

The adult flies are somewhat smaller than a small house fly.   

Typical tachinid puparia and cadaver of Nemocestes.
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Typically, the larva emerges from between the thorax and abdomen, resulting in separation of the thorax from the abdomen.  
Puparium (top) cadaver (bottom) (Photo by  D. J. Bennett))
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Photo by Daniel J. Bennett
	Tachinid from Otiorhynchus meridionalis Gyll.

Adult fly that emerged from lilac weevil collected from a landscape in East Wenatchee (Douglas Co.), WA.  They remained unnoticed in the rearing cage for some time as the adult weevils were only kept for preliminary observation.    
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Photo by Eric LaGasa
	Braconid wasp (Hymenoptera: Braconidae: Euphorinae)
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These small parasitoid wasps were reared from several species of root weevils. Subjectively, they seemed to emerge more frequently from smaller Nemocestes, such as Nemocestes montanus Van D. 

Adult cadaver and braconid pupal cocoon

Photo by Daniel J. Bennett
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Photo by Daniel J. Bennett
	Entomophagous fungus (indicated by arrows)

· Several entomophagous fungi have been reported from root weevils including Beauveria bassiana, and Metarhizium anisopliae.   It is typical for these fungi to emerge from joints, mouth and anus.

· There are no plans to identify the fungi from these weevils.  However, all cadavers have been kept and labeled with root weevil species, collection site, date of collection and date of weevil death and are available for further study.  
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	Predators in Nurseries and Landscapes

· Researchers are investigating whether carabid beetles could play a role as biological control agents for root weevils.

· Adult carabid beetles were not very abundant in the landscapes and nurseries but were occasionally observed or collected.  In a 1999 unpublished pitfall trap study of Oregon nurseries, some traps were filled with carabid beetles. Pitfall traps were not deployed in this study  Photo:  by permission OSU Ken Gray Image Collection http://www.ent3.orst.edu/kgphoto/index.cfm


Techniques in Black Vine Weevil Research: Part I, Pot Studies and Rearing

Richard S. Cowles
Conn. Agric. Expt. Station, Windsor, CT  06095-0248
Rcowles@caes.state.ct.us

Over the past 10 years, my efforts in conducting container studies with black vine weevil have progressed from failing to achieve larval-infested pots to consistently obtaining meaningful results.  The following procedures are successful methods I have developed or adapted from Carl Shank’s lab at Washington State University.


I collect adult weevils from the field, either at night with a sweep net in strawberry fields or by beating during the day or evening in infested field-grown yew nurseries.  Live adults are also recovered from pitfall traps in my field studies.  Adults are held in 5-gallon (20-liter) plastic buckets with ample yew foliage.  The bucket is greased along the inside top 2 inches (5 cm), and is covered with a wooden-framed aluminum screen.  Foliage is not allowed to touch the screen.  Adults tolerate crowded conditions; we’ve kept ~10,000 weevils in one oviposition bucket.  Despite disagreements in the literature regarding the optimal diet for vine weevil adults (Nielsen and Dunlap 1981, Shanks 1980, Hanula 1988), I have had great success with a pure yew foliage diet, resulting in 99+% viable eggs.  I also refrigerate first-year adults for 1-2 weeks just as they are starting to lay eggs, then return them to the warmer insectary (see conditions given below).  This interval of refrigeration appears to allow them to bypass the interval during which they normally would lay a high proportion of inviable eggs.  The increased oviposition rate and egg viability following refrigeration are currently unexplained phenomena.  When there are sufficient eggs for setting up experiments, adults can be refrigerated with yew foliage in a plastic container.  One must limit the ventilation to prevent drying, and check weekly to ensure that adults do not have dry food.  It is important to remove them from the refrigerator every 6 months for a couple days of intensive feeding.

Conditions for egg laying are 75 F (24 C) or cooler, greater than 85% RH (Shanks and Finnigan 1973), and light conditions of 16:8 L:D (Nielsen and Dunlap 1981).  It is extremely important not to allow foliage to dry or to become depleted.  If the rearing room is too dry, then cover the top of the screen with plastic to conserve moisture.  High humidity is required for eggs to properly develop, but cool temperatures then become necessary to prevent fungal epizootics among the adults (John Buxton, ADAS, Worcester, UK, personal comm.).

While fresh foliage may need to be added every 2-3 days, eggs should be harvested on a weekly basis.  More frequent egg collection results in many eggs being immature, white, and sticky (which makes cleaning them difficult).  Collection frequency longer than 11 days can result in some of the eggs hatching in the oviposition bucket (Smith 1932).  Beating the yew branches in an ungreased 5-gallon bucket shakes weevil adults, eggs, and frass from the foliage.  The material at the bottom of the oviposition cage is also collected to separate out the eggs; it may have to dry to allow sieving.  The material containing eggs from both buckets is then screened through standard soil sieves: No. 10 (2000 (m opening), No. 20 (850 (m), and No. 40 (425 (m).  Adults and leaf fragments accumulate in the top sieve, frass in the middle, and fine frass mixed with eggs in the bottom.  Do not use a No. 25 mesh, as the eggs fit into and stick in the center of the openings.  Eggs are rolled on a sheet of paper to separate them from the remaining frass.  The eggs are next measured volumetrically to determine their number (there are 4620 eggs per ml), then disinfected with a 2-minute soak in 1:10 bleach solution.  Surface disinfection is essential, as otherwise the hatched larvae turn a distinctive magenta color and succumb to Serratia marcescans infection.  Following the bleach treatment, eggs are rinsed with water in a Büchner funnel, and the moist filter paper supporting the eggs placed in a Parafilm-sealed petri dish.  Eggs can be refrigerated for 4 weeks before using them in experiments, but we generally use them immediately to artificially infest pots.

The number of eggs needed to infest into pots is determined by the quality of the root systems.  I have had success with 100 eggs per #1 pot (2.4 liters), with average larval recoveries in untreated checks of 25-50% with those excellent hosts listed above.  Larval recovery is reliable enough to permit 6 replicates to statistically separate treatment effects.  To measure the eggs easily, allow them to dry just enough to be able to pour or roll them.  A convenient method for “counting” the eggs needed for infesting a pot is to manufacture a measuring scoop that has the volume for the required number of eggs (100 eggs equals 21.6 (l).  Place the eggs 3-5 cm deep in a slit or hole adjacent to plant roots, and then cover them.

For larvae to develop successfully, hosts must have extensive, highly nutritious root systems.  Poor choices are mint (Cowles 2001) or rhododendron (Hanula 1988).  Excellent hosts include arborvitae, Astilbe, Heuchera, Primula, Sedum, strawberry, or yew (Cowles 2001, Blackshaw 1987).  The most readily available, fastest-growing host may be strawberry.  Crowns with some roots can be obtained from nurseries – these should be disinfected for 20 minutes in 1:10 bleach solution and then rinsed thoroughly before planting.  This disinfection procedure is intended to kill any insect pathogenic nematodes that may adhere with soil to the roots.  The best plants are those grown for 2-3 months before infesting with weevil eggs.


There are variations in survival of larvae related to potting mix characteristics.  The optimal media have adequate pore space and allow excellent drainage, which will improve root growth and prevent anaerobic conditions if the pots are overwatered.  Overwatering often becomes an issue because the pots with greater numbers of larvae may strip the plants of their roots, and without effective evapotranspiration, these pots become increasingly wet.  The ideal media do not contain perlite, vermiculite, styrofoam pieces or white gravel, as these make recovery of larvae difficult later.  Composted pine bark mixed with peat and sand is a medium that has worked very well.

An absolutely critical consideration is to maintain soil temperatures for larvae below 27 C (81 F) (Stenseth 1979).  During the summer, this requires burying pots into the soil.  This method may increase the risk of inadvertent entry of insect pathogenic nematodes from the splashing of surrounding soil.  For these reasons, I prefer running bioassays during the winter in a moderately heated greenhouse (16 C, 60 F).

Whenever possible, I allow experiments to run for 100 days.  Sometimes plants die too soon, in which case I may end an experiment earlier, or insert disinfected carrots or yew shoots into the pots to provide supplemental food for the larvae.  To evaluate larval populations, plants and media are removed from pots and the larvae are picked from media.  If the roots allow internal feeding, they may have to be dissected to recover all the larvae.
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The effectiveness of black vine weevil control with an adulticide strategy can be measured by two principal approaches: field plots and laboratory assays.  Field experiments are most easily attempted where there are preexisting high population densities of root weevils.  Crops where I’ve successfully conducted such trials include Colorado blue spruce grown as Christmas trees, field-grown yew, and strawberries.  The most important factor in being able to obtain data from these tests is isolation of treatment units.  To prevent movement of weevils from one plot to another, I surround plots with exclusion barriers.  These consist of 15-cm (6-inch) wide aluminum flashing inserted into a slit in the soil to a depth of 5 cm.  Grease is applied to the top 5 cm and foliage overhanging the barrier is clipped off.  Intersecting corners are fitted together by slitting the aluminum halfway on both pieces so that they may interlock (like cardboard inserts in multicompartment cartons).

Following a spray, populations of weevils are assessed with 5-minute timed counts of live and dead weevils, or with a combination of counts, pitfall catches, and counts of larvae from fixed-volume soil and root samples taken in October.  After doing a 5 minute timed count, any remaining dead weevils are removed from the plots to prevent including their mortality during the next assessment.  From these studies, I’ve found populations of black vine weevil for which labeled dosages of azinphos-methyl and deltamethrin are ineffective (no difference from the treated group and the untreated check).  A well-conducted test should hopefully demonstrate that the activity of adult weevils (measured with pitfall traps) is inversely proportional to the number of dead weevils, and is correlated with the resulting number of larvae (Cowles 1996).

There are many designs of pitfall traps.  My current method is to use two 530-ml (18 fl. oz.) plastic cups with four holes (2-mm diameter) drilled into the bottom of each for drainage.  The bottom cup serves to hold the soil in place while emptying out the top cup.  The top cup is then coated along the inside top 5 cm with Rain-X (Blue Coral-Slick 50, Ltd., Cleveland, OH) to make it unclimbable.  This Teflon-like coating lasts through a full field season, and unlike grease, will not become coated with soil.  Both cups have to be buried into the soil so that the topmost edge is level with the soil surface.  A #2 plastic pot is then modified to make a rain shelter.  Cut three supporting legs into the rim and invert it over the pitfall, then tape over any drainage holes in center of the pot.  Insert two metal stakes through side drainage holes to prevent the rain shelter from being disturbed by the wind.  The most effective use of pitfall traps places them at the corners of the enclosed plots.  My field trapping in nurseries has shown that placing the traps at the corners increases the catches about 5-7 fold over having the pitfall trap next to the side of a barrier or placed in the middle of the plot.  The adult weevils exhibit wall-following behavior; when they encounter a corner of the plot, their turning probably increases the chance that they’ll fall into the pitfall trap.

Laboratory studies permit detailed evaluation of insecticide characteristics.  If sufficient weevils can be collected from a problem field, various insecticides can be sprayed at the normal field rate onto foliage and caged with those weevils to directly evaluate mortality.  In this manner, I’ve found populations that were not killed by acephate, carbaryl, chlorpyrifos, endosulfan, and fenpropathrin.  Additional studies I’ve found useful include tests of field residual activity, field half-life, and feeding bioassays to determine dose response, insect growth regulator effects, and synergism; examples of these studies are given below.

Field half-life determination.  Analytical chemistry can be used to directly determine how rapidly insecticide residues degrade under field exposure to sun, wind, and rain.  However, some insecticides, including fipronil and imidacloprid, may break down into metabolites that are also insecticidal.  Calculating the toxicity of the resulting mixtures could be extremely difficult, so direct evaluation through bioassay can be the easiest method to determine the “effective” half-life of the insecticide/metabolite mixture.  By “effective” half-life, I mean the time that is required for the toxicity to be reduced to that equivalent to material sprayed at half the concentration.  To conduct one of these tests, apply an insecticide in a doubling series of rates, and then measure mortality at several dates after spraying for each dosage.

The effective field half-life for fipronil was investigated by spraying yew foliage in the field (200 gal/Ac, ) with dosages of 0, 10, 20, 40, 60, 80, 160 and 320 g [a.i.]/ha.  There were three replicates in a randomized complete block design.  Adult black vine weevils (20 per experimental unit) were caged with shoots clipped at 0, 3, and 7 days after spraying; a total of 1440 weevils were used in this experiment.  Mortality was recorded at 3, 6 or 7, and 10 days after caging adults on foliage.  The mortality response at 6-7 days of weevil exposure to treated foliage shows very clearly the decline in residual activity due to degradation of residues in the field (Fig. 1).  The smooth lines connecting the points for each dosage were generated by the “spline” feature from the graphical package (SigmaPlot, SPSS).

The next step in determining the field half-life is to draw a horizontal line across the graph at selected mortality levels.  For example, the horizontal line representing 63% mortality intersects the curve for the 80 g dosage at 3 days field exposure, and also intersects the 20, 40, 160, and 320 g dosages at various days of exposure.  The difference in days between each of these successive curves represents independent assessments of the effective half-life of fipronil.  The difference in days for two successive curves represents the time required for fipronil to decay to 25% of the higher dosage, and the difference in days between three curves (doses of 320 g and 40g, or 160 and 20 g) represents the time to decay to 12.5% of the higher dose.  When these data are graphed as the difference in days of field exposure versus the log of the percent of the dosage remaining (50, 25, 12.5, or 6.25%), the resulting regression gives the slope for the exponential decay equation: Ct = C0ert, where C is the concentration at time 0 and t, t is the number of days, and r is the decay constant (Fig. 2).  By defining the concentrations of interest to be C0 = 2 and Ct = 1, we can calculate the half-life by solving the equation for t.  In the case of these fipronil data, this estimated effective half-life is 1.63 days.

Dose-response feeding bioassay and synergism.  Laboratory dose-response bioassays typically consist of a logarithmic concentration series of insecticides applied as a small droplet (in an acetone solution) to the insect, by allowing adults to walk over a coating on the inside of a glass petri dish, or by feeding on sprayed foliage or dipped leaves.  These studies almost always use probit analysis (a form of non-linear regression), which permits calculation of the median lethal concentration (LC50), other LCs (e.g., LC90) and the slope of the dose-response relationship (Robertson and Preisler 1992).

The toxicity of very slow-acting ingested toxicants must be evaluated with a different approach.  Even when presented with different concentrations on leaf disks, adults will simply continue to feed until they have ingested a lethal dose (which makes the usual method for analysis impossible).  However, if the actual lethal dose for each individual can be calculated, based on quantitatively coating the leaf disks and measuring the area consumed, then the dose-response can be visualized by graphing these ranked lethal dosages vs. the cumulative proportion of the population each individual represents.  The calculated dosages actually give the LD relationship directly, as the dosage required to kill the 30th individual out of a population of 60 individuals is by definition the median lethal dose.


To quantitatively dose leaves with fipronil, sugar maple leaf disks (20 for each concentration) were cut with a 19.7 mm diameter cork borer, and then dipped into 7, 10, 14, and 20 ppm insecticide solutions to which 0.02% Silwet L-77 organosilicone surfactant had been added.  The surfactant allowed sheeting of liquid over the leaf surface.  The dipped leaf disk was held vertically for a few seconds with the edge of the disk just touching the dipping solution to allow the excess to drain. The insecticide solution on the leaf disks was then allowed to dry on a sheet of aluminum foil. To investigate synergistic interaction of fipronil with acetamiprid, a formulation containing 4% fipronil and 16% acetamiprid was diluted so as to generate concentrations of 7, 10, 14, and 20 ppm of fipronil, 0.02% Silwet L-77 was added, and the leaves dipped as before.  The loading of insecticide solution onto the leaf was determined by weighing a set of leaf disks before and immediately after dipping.  The increase in weight was converted to the volume of liquid adhering to the disk (16 mg, equivalent to16 (l).  With the concentration of the insecticide solution and the leaf area known, the average quantity of insecticide per unit of leaf area could then be calculated.

To run the bioassay, individual black vine weevil adults were caged with a leaf disk in a petri dish.  To prevent drying (and shrinking) of the leaf disk, filter paper dampened with 1 ml water lined the bottom of the dish, and petri dishes were held in plastic bags.  Leaf disks were removed for measurement as soon as the weevil became incapacitated.  The leaf area consumed was calculated by measuring the remaining portion of each leaf disk with a flatbed scanner and SigmaScan Pro software (SPSS, Chicago, IL), and then compared with the average area of intact leaf disks. 

The dose response of the black vine weevils was somewhat biased by the concentration of the solution into which the leaf disks were dipped.  At the higher concentrations, the weevils were able to consume a larger dose before they became intoxicated and died (Fig. 3).  The “true” median lethal dose, therefore is best estimated by the lowest concentration tested, and is approximately 18 ng per weevil.  However, the composite graph from the four dosages demonstrates how the LD50 can be directly estimated (Fig. 4).  Fipronil was synergized when combined with acetamiprid.  The dose-response has the same slope (through the mid-portion of the curve) but the LD50 is shifted to 9 ng (fipronil) per weevil.  When synergized by acetamiprid, there were no indications of an upward bias in the estimation of median lethal dose with increasing concentration.

Effect of azadirachtin on black vine weevil reproduction.  Previous authors have discovered through adult feeding studies that some insect growth regulators (apholate and dimilin) interfere with black vine weevil oviposition (Cram 1967, Zepp 1979).  Growth regulator effects are too subtle to be easily observed in field studies, and so they have to be evaluated with laboratory studies.  I investigated the effects of azadirachtin (SureFire Japanese Beetle Repellent) on black vine weevil reproduction by caging weevils with yew foliage dipped in 0, 12.5, 25, 50 and 100 ppm of azadirachtin.  Each adult was individually caged in a petri dish with moist filter paper and treated foliage.  Eggs were counted and removed, then held in petri dishes to evaluate whether they would mature to the brown stage, indicating viability (Smith 1932).  From this test, it is evident that black vine weevil reproductive function can be interrupted with azadirachtin in a dosage-dependent manner (Fig. 5).  Unlike dosage-mortality relationships, the response of the weevils in this bioassay is not quantal (dead or alive, an all or nothing response), but was a graded response.  Individual weevils laid fewer eggs as the dosage of azadirachtin increased, and of these eggs, the proportion of viable eggs also decreased. At 100 ppm, there were no viable eggs laid.  Future studies will determine whether these effects are reversible, either by removing the weevils from the azadirachtin-containing diet, or by dosing the weevils with an oviposition-enhancing growth regulator (fenoxycarb).
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A Food Industry Perspective on Root Weevils

Rufus S. La Lone

The J. M. Smucker Company, Woodburn, OR 97071
rrufus@yahoo.com 
Introduction
Insects have longed played a major role in the production of the foods we eat.  Studies discussed at seminars such as this tend to center on insects that cause direct economic injury to food crops, i.e., root weevil research on strawberries and mint, represented here by Drs. Ralph Berry and Jim Fisher.  I intend to present the role of root weevils as indirect pests on food – as contaminants of harvested fruit.  A different perspective that I trust will reveal the challenge that these particular Curculionids present to the small fruit food processing industry here in the Pacific Northwest (PNW), and even regions outside the United States.  

While I do not have here today statistical data, charts, and graphs, I speak from 22 years of experience working as an applied entomologist for Smucker’s, the world’s leader in preserves, jams, jellies, ice cream toppings, etc.  Seeking to minimize pesticide residues on berry crops, we have quietly implemented IPM strategies with many of our growers since the late 1970’s.

Throughout this discussion, when I refer to root weevils, I am speaking primarily of the black vine weevil (BVW, Otiorhynchus sulcatus Fabricius) and the obscure root weevil (Sciopithes obscurus Horn).  These two species account for over 90% of the weevils that I have identified in harvested caneberries in the PNW since 1978.   The remaining 10% are distributed rather equally among various species of the Dyslobus, Otiorhynchus, and Nemocestes genera.

The Problem
The focus for this presentation will be on the red raspberry portion of the 130 million pounds of caneberries produced in the PNW annually.  Red raspberries represent over 60% of that volume.  While root weevils have been found periodically on all varieties of harvested caneberries, incidents of contamination occur most frequently on red raspberry.  What is particularly interesting about this situation is that relatively few red raspberry acres even have weevil populations present (<25% of approx. 9,700 acres).  There are two key points to understanding why these critters pose such an industry problem.

First, during the process of mechanically harvesting red raspberries, it takes anywhere from 2/3 – 1 full acre of berry plants to yield a pallet of 80 crates (plastic trays).  Each crate is filled with about 10 pounds of berries.  This represents the “concentrating” of up to 1 acre of potential insect contaminants onto a single pallet of fruit.  As we know, root weevils cannot fly, and have adapted excellent clinging behavior to manage windy situations.  Hence, they are difficult for the mechanical harvester’s blowers to remove.  When I pre-harvest sample (using a small sheet, striking canes with a stick), as few as 2-3 weevils per 10 samples down 1,000 ft. of row (~ ¼ acre) often equates to an infestation high enough to cause significant economic impact.

Weevil contamination results in downgrading (dockage) or dumping of fruit if weevils are too numerous or tenacious to remove economically. Fruit processors are forced to process otherwise excellent red raspberries as juice grade because of weevil contamination, or reject such loads.  Every processor has their own set of guidelines, or thresholds, for determining the impact of contamination.  Typically, four weevils per sample would cause a load to be downgraded to juice, with a resultant price drop of 50% or more.  Rejection of a load can occur if more than 10 weevils per sample are found.

The downgrading goes beyond just the contaminated load only, which leads to my second key point.  In many processing plants, several belts carry fruit to a common container area for filling (i.e., 55 gallon drums).  If the contaminated load is not discovered soon enough (or if fresh fruit sampling failed to identify the actual level of contamination), perfectly good fruit gets cross-contaminated, and all the fruit that was mixed with the weevil-infested fruit must be downgraded.  This compounding typically magnifies the infestation as much as 6-fold by volume, posing a significant economic impact to a processor.  For example, one contaminated load of 5,000 lb. of red raspberries can eventually affect and downgrade 30,000 lb. of fruit.
Control Strategy
Although weevil populations are reported from a relatively small portion of the total red raspberry acreage, the problem was becoming steadily worse following the loss of chlorinated organic insecticides in the late 1970’s.  Azinphosmethyl and Malathion remain labeled for use, but their efficacy is not satisfactory.  Emergency exemptions for the use of carbofuran and permethrin during the 1980’s and early 1990’s provided the raspberry industry moderate relief.

The availability of bifenthrin, beginning with emergency EPA exemptions in 1993, has provided outstanding control of weevil infestations.  During the first year of use (0.1 a.i. per acre, 3 day PHI), growers known to have weevils in their raspberry fields applied bifenthrin approximately one week before the initiation of harvest (late June).  Red raspberry harvest usually extends 4-6 weeks.  Excellent weevil control lasted 2-3 weeks.  However, it became apparent that late emerging of new F1 generation adult black vine weevils was causing renewed downgrading of the late-season harvested fruit.  (Obscure root weevil control lasted the entire harvest.)

Results from my dissections of the ovaries of BVW collected from berry fields over several years had shown BVW to have a 3 – 6 week preoviposition period.  This knowledge prompted a slightly different strategy for BVW control in our second year of bifenthrin applications.  Surmising that early emerging adults would not be depositing eggs until after the balance of the adult weevils had emerged, and given bifenthrin’s fairly persistent residual, I recommended delaying the initial treatment (only 2 are allowed by EPA) until after the first week or so of harvest.  This strategy required both the grower and the processor to concede to the risk of weevil contamination of first deliveries.

The strategy worked.  In all raspberry fields (excluding one that had very dense foliage) there was total control of root weevils.  No second application was necessary. Remarkably, those same fields did not require treatment for weevils in subsequent years.

An interesting “twist” to this story, and one that runs counter to common perceptions, is that of raspberries from a foreign country.  About 5% of the red raspberries consumed in the U.S. are imported from Chile.  Like growers in the U.S., Chilean raspberry farmers have battled root weevils.  As discussed, U.S. growers “cleaned up” their weevil problem with bifenthrin.  The Chilean government does NOT allow the use of bifenthrin on berries in Chile.  As a result, there are buyers now declining significant sales of Chilean red raspberries into the U.S. because of weevils.  This story illustrates a fact opposite to the common belief that foreign growers have an “unfair advantage” when it comes to the use of pesticides.  And, it illustrates the international reach of the weevil contamination issue.

Summary
This report shows the tremendous impact that root weevil populations can have on an industry, even when densities are present far below a level that could cause noticeable physical injury to crops. 

Insect contaminants on crops bound for processing often require an entirely different perspective as to economic thresholds and IPM strategies.  Even the presence of the “good guys” like honeybees and other highly beneficial insects in harvested crops can raise contamination issues in the food industry.  The consumer does not differentiate between pests and beneficial insects.  All too often, the consumer seeks litigation to win the “food lottery” whenever an insect contaminant is found in their food, despite the fact that “a bug” rarely presents a health risk.

In addition, when fresh fruit or vegetable grading standards are applied to grower deliveries, the “tolerance” or “threshold” for contaminants can vary substantially between food processors, all while remaining within the established guidelines of the FDA and the USDA.  Establishing IPM programs that can address such large variations in grading standards presents a serious challenge, indeed, to the practitioner.

The education and training of entomologists specializing in IPM should include an understanding of the ramifications of food contamination and the resulting search for successful control strategies in the field.
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Introduction

Root weevils have long been identified as a key pest in nursery production throughout North America and Europe. Although documentation of existing management practices allows evaluation and description of successful tactics for monitoring and control of root weevil populations, little information about these practices has been assessed systematically. There is a stigma attached to occurrences of root weevil infestations. Many nursery owners hesitate to speak openly about this particular pest problem. In order to better understand the practices and the needs of growers managing root weevil problems in rhododendron production, nurseries across a diverse range of production scale and location were surveyed in 1998.

Methods and Materials

Two hundred and seventeen nurseries across a diverse range of production scale and location were surveyed in 1998. Written questionnaires were distributed to nursery personnel who make pest management decisions regarding root weevil control. Survey participants remained anonymous by using a coding system. To facilitate comparison of pest management practices, questions were limited to control of weevils on one plant species, rhododendron. Rhododendron was chosen as it is grown by a large number and diversity of nurseries and is a favored host for root weevils. Information gathered included: monitoring methods; decision criteria; control methods and timing; effectiveness of tactics; direct and indirect costs; and plant losses.  Data was analyzed using SAS Chi-Squared analysis. In-person interviews with a subsample of nurseries of varying sizes occurred to see practices in the field and to gain better perspective. 
Results and Discussion
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There were 71 responses to the survey (33% return). The majority of growers (50%) had both container and field production with the remaining producing in containers only (32%), field only (17%), or in greenhouses (1%). Root weevils were considered a problem by 59% of the respondents. Many growers (62%) had multiple root weevil species present at their site; 38% had only one species present. Black vine weevil was the most common root weevil species, present in 62% of the nursery sites, followed by strawberry root weevil (40%), obscure root weevil (23%), Woods weevil (8%), and other (2%).  Over a third of the respondents (34%) weren’t sure which species of root weevils were present at their sites. Nursery size (dollar value of sales) did have an effect on whether the species of root weevils present were identified. Larger sized nurseries more frequently identified root weevil species present at their site.


Growers have noticed patterns of root weevil infestation in their nurseries. Root weevils were associated with wooded areas by 56% of the respondents; nursery boundaries by 35%; shaded areas by 21%; low sites by 11%; and compost piles by 9%. Sixty-six percent of those answering said their production areas bordered other susceptible crops. Larger pot sizes were more likely to be infested: three gallon (64%); one gallon (52%); five gallon (37%); and smaller than one gallon (23%). 
Monitoring
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Rhododendron growers are monitoring (80%). Most (74%) are monitoring for both larval and adult life stages of the weevils. Some (17%) monitor for adults only, 7% for larvae only, and 2% for notching only. The monitoring at these sites is being conducted by growers or employees (97%), agricultural consultants (21%), and/or supplier field reps (12%).   Adults are most commonly monitored in the months of June (83%), May (80%), July (77), August (75%), and September (62%). Larvae are most commonly monitored in the months of March (72%), February (68%), January (60%), April and November (56%). The most commonly cited reason for not monitoring was lack of trained employees (40%), lack of monitoring guidelines (30%), and cost (20%).

Management - Adult Control

Ninety-three percent of respondents use pesticides for adult control. Growers are using a variety of criteria to time applications: adults present (69%), spray at regular intervals (57%), visible leaf notching (48%), larvae present (32%), and root injury noted (26%). Adult root weevil control sprays are most commonly applied during: June (77%), May (74%), July (68%), and August (58%). The most frequently cited number of applications for adults was three (23%) and four (23%) followed by five per season (19%). 
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The most commonly applied insecticides used for adult control by these growers were the organophosphate insecticides: Orthene and Dursban; followed by the pyrethroid insecticides: Talstar and Tempo; and the carbamate, Turcam. Adult control sprays are applied during the day by 48% of those answering this question and during the night by 47%, the remaining five percent applied during both times.  As almost equal numbers of respondents apply adult control sprays during the day as during the night, there is a need for insecticides that can be efficacious when applied during the day when there is limited contact with this nocturnal insect.

Management - Larval Control

Fifty-four percent of respondents use pesticides for larval control. Again, growers are using a variety of criteria to time applications: Larvae present (63%), spray at regular intervals (33%), adults present (12%), and visible leaf notching (9%), girdling (4%). Larval control applications are most commonly applied during January (47%) and October (45%), followed by February (42%), November (40%), March (47%) and December (47%). The most frequently cited number of applications for larvae was three (29%), two (21%), and four (17%).
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The most commonly applied insecticides for larval control are organophosphates including Dursban, Furadan, and Orthene. Sixty-five percent of the respondents use alternative forms of control to manage root weevils, most commonly entomopathogenic or “beneficial” nematodes. This was rather a surprising finding given the cost and stringent requirements required for successful use of these biocontrol organisms. Sixty-three percent of respondents rotate pesticides. Fifty-three percent of those applying pesticides were satisfied with the control achieved with their applications. Only seven percent have had a shipment rejected or returned due to root weevils. Fourteen percent had stopped growing a rhododendron cultivar due to root weevils. Nine percent considered discontinuing rhododendron production due to root weevils.
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Economic impact

[image: image33.wmf]Number of Nurseries

15

23

19

<100,000

>100,000<1,000,000

>1,000,000

Total Sales

703,000

10,095,000

324,800,000

<100,000

>100,000<1,000,000

>1,000,000



Fifty-seven of the nurseries responded to economic queries. Economic analysis began by dividing nurseries into categories based on the annual sales of the nurseries. Three divisions by size were annual sales of less than $100,000; between $100,000 and $1,000,000; or greater than $1,000,000. Total annual sales of the responding nurseries were greater than $300,000,000. Annual sales in each nursery size division averaged $46,867 for small nurseries; $456,136 for mid-size nurseries; and $2,788,088 for large nurseries. Rhododendron sales as a percentage of total nurseries sales varied greatly. In general the smaller the nursery, rhododendrons made up the greater percentage of sales. Although rhododendron sales were a smaller proportion of their overall sales, large size nurseries accounted for the largest average rhododendron sales. Nursery sales size (dollar value) does not have an effect on the dollar value losses to weevils. In other words, smaller nurseries have greater losses as a percentage of sales. Conversely large size nurseries have lower losses to weevils as a percentage of sales. Over 65% of all growers reported 0-2% losses in saleable materials to root weevils.  Ninety percent of the medium/large-sized growers ($500,000-$1,000,000 sales) reported only 0-2% losses to root weevils. Overall, only 13% of nurseries described their losses to weevils as 5% or more.  If crop loss was less than five percent, then the average crop loss in dollar value was $823/nursery/year. If the crop loss was greater than five percent, the average crop loss in dollar value was $7,310/year/nursery. Overall, the average loss per year/nursery was $2,264.
Economic Threshold
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It appears that there is a correlation between the percentage losses to root weevil damage and the level of satisfaction with the root weevil management program. The level of satisfaction dips sharply once the rhododendron crop losses reach over 2% or greater.  Of growers that are “satisfied” with their weevil management programs, the average losses per year to weevils were $1,232/year/nursery. Of those growers “not satisfied” with their weevil control, losses averaged $4,789/year/nursery. Perhaps more telling, dissatisfied growers with more than 5% crop losses to weevils lost an average of $9,464/year/nursery.  In this case, the weevil is winning and they know it.
Integrated Pest Management on Peppermint - IPMP3.0

Ralph E. Berry and Leonard B. Coop

Department of Entomology and Integrated Plant Protection Center

Oregon State University, Corvallis, OR 97330

A new version of IPMP3.0 (Integrated Pest Management on Peppermint) has been developed that is accessible over the internet (http://mint.ippc.orst.edu). This decision-support program is the culmination of over 30 years of research on pest management on peppermint.  Many of the same insects that occur on peppermint also may be important pests in nursery crops, particularly root weevils.

The value of this program is that it brings together in one resource many of the important aspects needed by growers and field representatives to make informed decisions about pest management on peppermint.  Even though IPMP3.0 was developed for IPM on peppermint, it may be useful for other commodities since many of the insects that occur on peppermint, such as root weevils, also occur on other crops.  For example IPMP3.0 includes information on insect management, weed management, nematode management, and disease management.  Each of the pest management modules contains colored pictures of the different life stages of the pests, their biology and life history, and methods to manage the pests. In some instances, information is available on day-degree models and sampling methods. Online versions of the Pacific Northwest Insect and Weed Control Handbooks are included as are links to the Pacific Northwest Disease Control Handbook. The publication, "A Guide to Nematode Biology and Management in Mint" prepared by Russell Ingham and Kathy Merrifield also is included in IPMP3.0. The capability to search for specific information is included as is a section for Frequently Asked Questions (FAQs) and an e-mail Request More Information form that can be returned to individual research and extension specialists.

Insect Management

For the purposes of this workshop, information was presented on strawberry root weevil, including identification, biology and life cycle, a sequential sampling program and day-degree model. Colored pictures of the different life stages of root weevils can be used to assist growers in identifying root weevils. The biology and life cycle can be used to assist growers in timing control measures and sampling programs. A sequential sampling program for strawberry root weevil can be used to provide more precise information for decisions about population density and action thresholds. The sampling plan would need to be modified for nursery crops. The day-degree model for strawberry root weevil would permit growers to predict when damaging stages occur, but like the sampling plan, the day-degree model would need to be modified and validated for nursery crops.  Other insects and mites that occur on peppermint, which also may be important in nursery crops, include several species of cutworms and loopers, and spider mites. Information on beneficial insects is included, which may also be of value for insect biological control programs in nursery crops.

Weed Management

The information available in the Weed Management module includes colored pictures of different life stages of the major broadleaf and grass weeds of economic importance on peppermint. The biology and life cycles of the weeds on peppermint also are included to assist users in timing applications of herbicides. A link to the Pacific Northwest Weed Control Handbook is available for users to get the latest information on herbicides registered on peppermint. 

Nematode Management

"A Guide to Nematode Biology and Management in Mint" is included in IPMP3.0. This guide, which was prepared by Russell Ingham and Kathy Merrifield, includes colored pictures of the major nematode species affecting peppermint production. Information also is available on the biology and life cycles, feeding behavior and symptoms and effects on plant growth cause by nematodes. Information also is included on the population dynamics of the different nematode species as well as sampling programs and economic injury levels. A link to the Pacific Northwest Disease Control Handbook is included.

Disease Management

The information available in the Disease Management module includes a link to the Pacific Northwest Disease Control Handbook, which provides information on the biology and management of the major diseases affecting peppermint. Information is available on verticillium wilt, rust, powdery mildew and other diseases affecting peppermint. Information on nematode-verticillium wilt interactions also is included.

Observations for Proceedings of the
North American Root Weevil Conference, November 1-2, 2001
James G. Todd

Willamette Agricultural Consulting, Inc, Salem, OR  97301

I.  Barypeithes pellucidus:

This small root weevil has been present in Oregon for decades, but has not been considered an economic pest.  Recently it has damaged strawberry and noble fir Christmas trees.  Injury to strawberry consists of larval feeding on roots and adult feeding on fruit buds and spurs.  The adults do not confine their feeding to strawberry leaves as do most other species.  In a Christmas tree field, newly transplanted noble fir were girdled at the soil line in May & June by adults migrating from adjacent mature trees that were heavily infested.

B. pellucidus pupates in early spring and adults emerge in late April, approximately a month earlier than Otiorhynchus ovatus and O. sulcatus.  This early emergence and changes in chemical controls may explain the recent appearance of B. pellucidus as an economic pest.  During the 60's and 70's chlorinated hydrocarbons such as chlordane were applied to strawberry at planting and suppressed root weevil species for the life of the stand.  In the 80's and 90's Furadan was applied as a soil insecticide in Aug. & Sep. when the root weevil species in our area are in the larval stage.  Today adulticides are applied in late Jun. to Aug., targeted against Otiorhynchus spp.  B. pellucidus are already below ground in the larval stage by this time and are protected from these treatments.

II.  Otiorhynchus ovatus:  alternate host


In the Willamette Valley fine fescue (Festuca rubra) grown for seed is an alternate host for O. ovatus.  Adults are commonly found on grass seed harvesting machinery in July.  Strawberry planted in May, after several years of fine fescue, have been severely damaged by O. ovatus larvae in Aug. & Sep. 

Root Weevil Larvae Control in Oregon Strawberries
J.T. DeFrancesco, G.P. Koskela, and G.C. Fisher
Oregon State University 97330
A field trial was conducted in a 3-year old field of ‘Totem’ strawberries located at OSU’s North Willamette Research and Extension Center near Aurora, OR, to determine effects of soil-applied insecticides on root weevil larvae populations.  Experimental design was a randomized complete block with four replications.  Each plot was comprised of one strawberry row, 25 feet long by 40 inches wide.  Untreated plant rows, serving as buffers, separated the treated rows.  Treatments were broadcast applied using a CO2 - powered backpack sprayer equipped with a 2-nozzle boom at 40 psi, delivering 50 gallons of water per acre. 

After strawberry renovation, treatments were applied to pre-irrigated strawberry plots on July 27, 2000.  Plots were irrigated again immediately after treatment applications with approximately 1.5” of irrigation (overhead sprinklers).  Treatments were evaluated in early March 2001 for efficacy in controlling root weevil larvae by digging four strawberry plants per plot, screening soil and strawberry crowns and roots through a series of sieves, and counting number of live larvae.  The root weevil complex in this field was roughly 55% strawberry root weevil (Otiorhynchus ovatus), 30% black vine weevil (Otiorhynchus sulcatus), 10% rough strawberry root weevil (Otiorhynchus rugosostriatus), and 5% Barypeithes pellucidus (no common name)

Treatments

Thiamethoxam (Cruiser 2SC) @ 0.2 lb. a.i./Ac

Beauveria bassiana (Naturalis-L) @ 43 fl. oz. product/Ac

Carbofuran (Furadan 4F) @ 2.0 lb. a.i./Ac

Untreated check

Results
Thiamethoxam and carbofuran had significantly fewer root weevil larvae than the Beauveria bassiana treatment or the untreated check.  These results are comparable to a similar field trial we conducted in 1999; in that trial, thiamethoxam provided 73.5% control, carbofuran 72.0% control, Beauveria bassiana 0% control.

Table 1.  Root weevil larvae control with soil-applied insecticides, NWREC, 2001.

Treatments




          Number live larvae         Control (%)

	Beauveria bassiana (Naturalis-L)
	            42.5 b*
	            8.0

	Carbofuran (Furadan 4F)
	              8.0 a
	          82.7

	Thiamethoxam (Cruiser 2SC)
	            10.5 a
	          77.3

	Untreated check
	            46.2 b
	           - - - 


*Means followed by the same letter within a column do not differ significantly, based on Fisher’s protected LSD (P(0.05).

Registration of New Insecticides for Mint

Bryon Quebbeman1, Darrin Walenta2, and Mark Morris3
1Quebbeman’s Crop Monitoring, LeGrande, OR 97850
2Union County OSU Extension Service, LeGrande, OR 97850
3A.M. Todd Co, Jefferson, OR 97352
Abstract: Platinum 2SC and Furadan 4L provided significant control when applied directly to strawberry root weevil (Otiorhynchus ovatus) larvae, while Steward failed to provide control. However, naturally occurring strawberry root weevil larvae were not controlled when Platinum 2SC, Steward or Furadan 4L were chemigated into the soil.  Strawberry root weevil adults that were directly treated were effectively controlled with Orthene 75S, Steward, and all rates of Actara 25 WG.

Introduction
The need continues to find effective pesticides that can replace pesticides that may be lost due to the Food Quality Protection Act (FQPA).  In addition, these new pesticides need to be compatible with biological control, thus assisting growers in lowering input costs by reducing pesticide applications.  The focus of this research was to test new pesticides that may fit these criteria. In the following studies, we tested the efficacy of  (1) Platinum 2SC (thiamethoxam) and Steward (indoxacarb) for control of strawberry root weevils in the larval stage and (2) Actara 25WG (thiamethoxam) and Steward for control of strawberry root weevil adults.

Objective 1: Platinum (thiamethoxam) and Steward (indoxacarb) for control of strawberry root weevil larvae in mint.

Strawberry root weevil (SRW) larvae (Otiorhynchus ovatus) feed on mint roots and weaken or kill the plant. The current SRW control targets only the adult stage and not the larvae.  We wanted to test insecticides that may have efficacy in controlling SRW in the larval stage.

Materials and Methods
Experiment 1:

A completely randomized design (CRD) was used for this experiment with four replications. Groups of eleven SRW larvae were placed in open containers. The exposed larvae were treated directly with the following treatments delivered by a C02 powered backpack sprayer (28 psi at 20 GPA): (1) untreated check, (2) Furadan 4F at 1 lb ai/a, (3) Platinum 2SC at 0.19 lb ai/a, and (4) Steward at 0.1 lb ai/a.  No surfactant or additives were used in any treatment. After the treatments were applied, the treated larvae were moved into small containers filled with untreated soil. Treatments were evaluated six and twelve days after treatment (DAT) by counting the number of live SRW larvae.

Experiment 2:

A CRD was used with three replications.  Strawberry root weevil larvae were put in small containers filled with two inches of soil. After the soil was saturated with water the following treatments were applied with a C02 powered backpack sprayer (20 GPA at 28 psi): (1) untreated check, (2) Platinum 2SC 0.19 lb ai/a, (3) Platinum 2SC 0.38 lb ai/a, (4) Success 0.16 lb ai/a, (5) Success 0.32 lb ai/a, (6) Steward 0.1 lb ai/a, (7) Steward 0.2 lb ai/a, and (8) Orthene 75S 2.0 lb ai/a. After treatments were applied, additional water was applied until excess water drained from the bottom of the containers. No surfactants were used with any treatment.

Experiment 3:

Mint plants were planted in a fallow field early in the spring. A fine mesh screen was placed under each plant to completely encompass the soil around the roots.  At the time of planting, 25 SRW larvae were released in the root zone of each plant. On April 28, the treatments were applied using a C02 powered backpack sprayer (20 GPA at 28 psi).  The following treatments were applied as a CRD with six replications: (1) untreated check, (2) Furadan 4F at 1 lb ai/a, (3) Platinum 2SC at 0.19 lb ai/a, and (4) Steward at 0.1 lb ai/a.  The soil surface was saturated from rain when the treatments were applied. Additional water was applied immediately after treating with a total of one-inch of water within four hours. Plots were evaluated by screening plant material and soil for SRW larvae from May 19 through May 24.

Experiment 4:
This trial was located in a production field of peppermint with a native population of SRW larvae. A randomized block design (RBD) was used with the following treatments replicated four times: (1) untreated check (2) Furadan 4F at 1 lb ai/a, (3) Platinum 2SC at 0.198 lb ai/a, and (4) Steward at 0.1 lb ai/a. Treatments were applied on May 5 by mixing each insecticide in 1.5 gallons of water.  The treatments were applied with watering cans to each 4-ft2 plot. An additional inch of water was applied immediately to wash the insecticides into the soil. Treatments were evaluated between May 29 though June 4 by sifting the soil shaken from the mint roots, though screens.

Results and Discussion
Experiment 1:

A significant number of SRW larvae died in the Platinum 2SC and Furadan 4F treatments showing that these two products do have some activity on the SRW larvae (Table 1). The control obtained by the standard treatment of Furadan 4L may have been lower than expected because a lower rate of 1 lb ai/a was used instead of 2 lb ai/a.

Table 1: Mean number of live strawberry root weevil larvae, treated directly, six and twelve DAT. (n=11)
           Treatment
                Rate
           Mean no. alive 6 DAT     Mean no. alive 12 DAT

            Untreated check
     ---


9.75 a


   8.25 a

            Steward 

0.1 lb ai/a

9.25 a


   8.25 a

            Platinum 2SC
0.19 lb ai/a

6.50  b


   5.25    b

            Furadan 4F
1.0 lb ai/a

5.00  b


   3.25    b

Sample means were compared with Fisher’s Protected LSD
 (p=0.05). Means with the same letter are not significantly different (Petersen 1985)

Live weevils six DAT F=7.5; df =3,12; p<0.05

Live weevils twelve DAT F=8.7; df =3,12; p<0.05
Experiment 2:
Results show no statistical differences between any of the treatments (Table 2). The lack of control by any treatment may have been caused by the products being too diluted with water or because the larvae were starting to change into the pupae stage and were not susceptible to insecticides.

Table 2. Mean number of live SRW larvae eighteen days after treatment (DAT). (n=10)

                 Treatment
     
            Rate
       Mean no. alive

                 Untreated check
             ---


9.0 a

      Platinum  

        0.19 lb ai/a

7.7 a

                  Platinum  

        0.38 lb ai/a

6.0 a

                  Success 

        0.16 lb ai/a

6.0 a

                  Success

        0.32 lb ai/a

8.3 a

                  Steward 

        0.1 lb ai/a

7.7 a

                  Steward 

        0.2 lb ai/a

8.3 a

                  Orthene

        2.0 lb ai/a

9.0 a

Sample means were compared with Fisher’s Protected LSD
 (p=0.05). Means with the same letter are not significantly different (Peterson 1985)

Live weevils F=1.1 df =7,16; p<0.05
Experiment 3:

Results show no statistical differences between any of the treatments (Table 3).  The treatments may have been ineffective because the SRW did not receive a lethal dose. Perhaps a higher rate of each product is needed to overcome the protective nature of the soil. In addition, the larvae were nearing the end of the larval stage, at the time of this experiment.  Whether this may have affected their susceptibility to insecticides is not known. No phytotoxic response was observed on the mint plants from any treatment.

Table 3. Mean number of live strawberry root weevil larvae 21-26 DAT. (n=25)

Treatment
Rate


Mean no. alive per plant

                   Untreated check
               ---


11.3 a

                   Platinum  2SC

0.19 lb ai/a

              12.7 a

                   Steward

0.1 lb ai/a

              11.5 a

                   Furadan 4F

1.0 lb ai/a

                9.5 a

Sample means were compared with Fisher’s Protected LSD
 (p=0.05). Means with the same letter are not significantly different (Petersen 1985)

Live weevils F=0.9; df =3,20; p<0.05

Experiment 4:

No statistical differences were found between any of the treatments (Table 4). Again, the larvae were at the end of their larval stage and were changing into pupae. No phytotoxic response was observed on the mint plants.

Table 4.: Mean number of live strawberry root weevil larvae per ft2, 24-30 DAT

                         Treatment

   Rate


     Mean no. alive 

                    Untreated check
                 ---

             12.6 a

                     Furadan 4F

1.0 lb ai/a

             16.8 a

                     Platinum  2SC
0.19 lb ai/a

             19.7 a

                     Steward

0.1 lb ai/a

             16.2 a

Sample means were compared with Fisher’s Protected LSD
 (p=0.05). Means with the same letter are not significantly different (Petersen 1985)

Live weevils F=2.3; df =3,9; p<0.05

Objective 2: Actara 25WG (thiamethoxam) and Steward (indoxacarb) for control of adult strawberry root weevils in mint.
Currently, the only effective control of SRW adults is with two well-timed night applications of Orthene. Actara 25WG is soft on beneficial organisms and is a potential replacement if Orthene were lost due to FQPA. In 2000, our field tests with Actara 25WG showed some activity on SRW adults when applied at the highest labeled rate at night.  Due to the thick plant canopy, the ability of the spray to contact the SRW adults was questioned. To test the efficacy of Actara 25WG and Steward against adult SRW, these products were applied directly to the adults and to the plants upon which they were placed.

Materials and Methods
A CRD was used for this experiment with five replications. Thirty SRW adults were placed in  shallow, open containers. The following treatments were applied directly to the adult SRW with a C02 powered backpack sprayer (20 GPA at 28 psi): (1) untreated check, (2) Orthene 75S 1 lb ai/a, (3) Actara 25WG 0.023 lb ai/a, (4) Actara 25WG 0.047 lb ai/a, (5) Actara 25WG 0.062 lb ai/a, (6) Actara 25WG 0.124 lb ai/a, and (7) Steward 0.1 lb ai/a. Treatment number six was a 2x rate of the maximum labeled rate of Actara 25WG. Potted mint plants were also treated.  After treating, the SRW adults were placed in the pots of the treated mint plants so that they would have an opportunity to feed on treated plant material in addition to having been directly contacted with the insecticides. The treated plants with the SRW adults were placed in screen cages. 

Results and Discussion
All products and rates were effective against the SRW adults after 21 days (Table 5).  No feeding was observed for the first 14 days even for the untreated check.  SRW adults moved to the bottom of the cage and would not climb on the potted plants to feed.  After fourteen days, mint stems were taken off the plants, and placed on the bottom of the cages to encourage feeding.  Feeding on the plant material at the bottom of the cage was observed only in the untreated check from 14 to 21 DAT. After 21 days, some of the Steward treated SRW were still alive but had not moved for seven days.  These immobilized SRW were counted as dead. 

Table 5. Mean number of live SRW adults, 14 and 21 days after treatment (DAT) (n=30)
	Treatment
	     Rate
	Mean no. alive fourteen DAT
	Mean no. alive 

twenty one DAT

	Untreated check
	      ---
	25.8 a
	           16.8 a

	Orthene 75S
	1.0 lb ai/a
	      0.2     d   
	0.0   b 

	Actara 25 WG
	0.023 lb ai/a
	   9.4  b
	2.2   b

	Actara 25 WG
	0.047 lb ai/a

	      3.0    cd
	0.6   b

	Actara 25 WG
	0.062 lb ai/a

	     5.8  bc
	0.4   b

	Actara 25 WG
	0.124 lb ai/a

	       0.8    cd
	0.0   b

	Steward
	0.1 lb ai/a
	     6.4  bc
	0.0   b


Sample means were compared with Fisher’s Protected LSD
 (p=0.05). Means with the same letter are not significantly different (Petersen 1985)

Live weevils F=39.9; df =6,28; p<0.05
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