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INSTRUCTIONS FOR AUTHORS

Editorial Policy

The Journal of Agricultural and Urban Entomology is devoted to the
publication of original research concerning insects and related arthropods of
agricultural and urban significance, including those affecting humans,
livestock, poultry, and wildlife. The Journal is particularly dedicated to the
timely publication of articles and notes pertaining to applied entomology,
although it will accept suitable contributions of a fundamental nature related to
agricultural and urban entomology.

Authors should submit manuscripts documenting original research that has
not previously been published and is not being considered for publication
elsewhere. The source of any data included in a manuscript which were not
collected as part of the current study must be clearly cited in the legend of the
table or illustration reporting such data.

The Journal of Agricultural and Urban Entomology is published under the
auspices of the South Carolina Entomology Society, Inc. A subscription to JAUE
accompanies membership in the SCES, and prospective authors are encouraged
to join. Inquires may be sent to the Secretary/Treasurer, SCES, P.O. Box 582,
Clemson, SC 29633-0582.

Manuscript Preparation and Submission

In general, the Journal conforms to the standards of the Entomological
Society of America in Publication Policies and Guidelines for Manuscript
Preparation, and authors are encouraged to consult this booklet, available
through the ESA, 9301 Annapolis Road, Lanham, MD 29706. Authors also are
urged to consult the latest issue of the Council of Biology Editors (CBE) Style
Manual, a Guide for Authors, Editors, and Publishers in the Biological Sciences,
available through the CBE, 9659 Rockville Pike, Bethesda, MD 20814.

Authors should submit an original and three copies of a manuscript to be
considered for publication to the Editor, Journal of Agricultural and Urban
Entomology, Dept. of Entomology, 324 Leon Johnson Hall, Montana State
University, Bozeman, Montana 59717-3020. Authors should supply the names
and addresses of at least three potential reviewers when submitting a
manuscript to the Editor. Authors will be notified of receipt of their
manuscripts. Failure to format a manuscript in JAUE style will result in it
being returned to the author for reworking before initiating the review process.
Refer to the most recent issue of JAUE for style guidelines. The Editor will
select a Subject Editor from the editorial staff, and this person will forward the
manuscript to at least two peer reviewers. If acceptance of the work is
recommended, the Subject Editor will return reviews and editorial comments to
the author and ask for revisions and incorporation of any style changes.
Authors must then return two hard copies of the revised manuscript and a 3.59
HD/DD diskette in IBM MS-DOS, Windows, or Macintosh format, to the Subject
Editor. On the diskette, specify what computer (IBM compatible PC or Apple
Macintosh) and software, including version, was used (but consult the Subject



Editor for wordprocessing software that is acceptable) and provide file
names. Include the text file and separate table and illustration files on the
diskette. High-quality hard copies of figures also are acceptible for scanning.
The contents of the hard-copy final version of a manuscript and the diskette
MUST match or all material will be returned for reworking. Authors should
retain a back-up diskette. The Editor will make the final acceptance decision for
each revised manuscript, based on reviewer and Subject Editor comments. The
Editor will copyedit an accepted manuscript and forward it to the printer.
Authors will receive instructions on handling galley proofs from the Editor in a
formal acceptance letter. Corrections other than printer’s or Editor’s errors will
be billed to authors at a rate of $2.00 per line. Adherence to the above procedures
will accelerate the turnover time from receipt of a manuscript to print and reduce
the number of mistakes that appear in the final paper.

Reasons for rejection. A manuscript will be rejected if it is a preliminary
report, a progress report, or the result of undue splitting of a large manuscript.
A manuscript will be rejected if the data are inappropriately or incompletely
analyzed to the extent that re-review of the manuscript is necessary. Other
factors contributing to rejection are the presentation of little or no new
information, duplicated research, inconclusive results, poor writing,
inappropriate subject matter, or excessive speculation.

If the author disagrees with the Editor’s decision to reject a manuscript, the
author may request an appeal of the rejection. To initiate an appeal, the author
must submit nine copies of the following to the Editor, JAUE, Dept. of
Entomology, Montana State University, Bozeman, Montana 59717-3020.

1) A letter justifying the author’s reason for the appeal
2) The letter of rejection from the Editor
3) Comments of the reviewers
4) An unmarked copy of the original, unrevised manuscript
5) Other relevant correspondence between the author and Editor or Subject Editor.
The Editor will then forward the materials to the current chair of the Appeals

Committee, who will distribute the materials among members of the committee.
The author, Editor, and members of the Editorial Committee will be notified in
writing of the decision of the Appeals Committee. The decision of the committee
is final.

Page charges. A charge of $55.00 per page will be made; photos, figures,
tables, etc., are charged at an additional $20.00 each. Excessive or complicated
tables, sideways tables, oversized figures or photos may be subject to an
additional charge of $5.00–$20.00 per page depending on number, length,
complexity, etc. Page charges are subject to change without notice.

General Guidelines

Format. Type all material (including the title page, text, all parts of tables,
footnotes, references cited, etc.) double spaced on one side only of standard
sized 22 × 28 cm (8.5 × 11 in.) nonerasable, high-quality paper. All margins
should be 3.2 cm (1.25 in.). Manuscripts should be prepared with a legible
typeface. Sections of the manuscript should be arranged in this order:

2 J. Agric. Urban Entomol. Vol. 16, No. 1 (1999)



title page
abstract (including 3–10 key words, listed beneath the abstract)
text pages
acknowledgment
references cited
footnotes
tables
figure legends
running heads
original figures

Each section should begin on a new page. Each page should be numbered
consecutively, starting with the title page and ending with the running head
page. Refer to a recent copy of the JAUE for format.

All measurements should be given in metric units, or in metric with English
units in parentheses.

Title page. The upper right hand corner of the title page should include the
complete name, address, telephone and FAX numbers, and e-mail address (if
available) of the person to whom galley proofs and other correspondence should
be sent.

Abstract page. The abstract should be a concise but informative description
of the significant contents and the main conclusions of the research. The abstract
should not exceed 250 words.

Key words. Three to 10 key words should be included on the abstract page.
Please pay careful attention to the selection of these key words, as they are the
only words used for journal indexing. Please include the order, family, genus
and species of the research organisms. Each key word may actually be
comprised of more than one word; for example, “Spodoptera frugiperda” would
be considered a single key word, as would “pest management.”

Tables. All segments of the table, including the title, headings, body, and
footnotes, should be double spaced. A table can be typed on more than one sheet
of paper. Authors will be asked to revise tables not conforming to this standard
before the review process is initiated. A notation should be made in the left or
right margin adjacent to the text line where the table is first mentioned.

Running head. Authors should include a running head consisting of no
more than 60 characters (including authors names).

Figures. Authors should refer to the CBE Style Manual for excellent guidelines
for preparing illustrative material. Figures not conforming to acceptable standards
will be returned for revision. Authors should designate an approximate page size
for all figures (e.g., half or whole page) at the time a manuscript is submitted, and
should indicate the orientation of the figure with an arrow. Figures should be
clearly labelled (on the back if necessary) with figure number, manuscript number
(when designated), author names, and title summary.

Photographs are acceptable in either black and white or color, but authors should
note that reproduction of color photographs is a costly process (up to five times the
cost of black and white). Please consult the Editor for a quotation of current rates.

The quality of the printed figure directly reflects the quality of the submitted
figure. Always submit original figures or high-quality reproductions. All figures
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should be clearly labelled. A notation should be made in the left or right margin
adjacent to the text line where the figure is first mentioned.

Insect names. Unless justified in writing, JAUE will only allow the use of
common names of insects that have been approved by the ESA Committee on
Common Names of Insects. Authors should refer to the most recent issue of
Common Names of Insects & Related Organisms (ESA, Lanham, Maryland) for a
listing of currently accepted names. Provide the scientific name and authority
the first time a species is mentioned in both the abstract and in the body of the
text. It is also helpful to include the common name, if one has been designated.

If an organism is first mentioned in a table or figure, the authority name
would appear in the table or figure, rather than in the text.

Voucher specimens. Voucher specimens are preserved organisms (or parts
thereof) that serve as future reference for a name used in a scientific
publication. Voucher specimens ensure the credibility and endurance of
research results because they document the identity of studied organisms.
Therefore, although not required for publication in JAUE, the preservation of
voucher specimens is recognized by the Editorial Board as one of the most
important responsibilities when publishing research. Accordingly, the Board
has adopted the following policy statement:

‘Authors are encouraged to designate, properly prepare, label, and
deposit high-quality voucher specimens and cultures documenting
their research in an established permanent collection and to cite the
repository in publication.’

For the recommended procedure for designating a voucher specimen, please
refer to J. Agric. Entomol. 5(4): 296, 1988.

Reference citations within the text. Use chronological, then alphabetical
order.

(Smith 1973)
(Smith & Jones 1978)
(Smith 1973, Smith & Jones 1978, Ward 1978)
(Smith et al. 1973a,b, Jones 1987, Roberts 1987, 1988)
(Jones 1987, 16–25) for specific pages
(Jones 1987; L. J. Smith, Bigtime Univ., personal communication)
(L. J. S., unpublished data) for the paper’s author—use instead of personal

communication. This applies to either unpublished or submitted works.
(Smith & Jones in press). This applies to works accepted, but not yet

published.
(PROC GLM, SAS Institute 1985, 139–199) for software
Reference citations in tables. When a series of citations are provided as a

footnote in a table, references should be listed alphabetically.
References cited section. Abbreviations should only be used for serials;

Experiment Station bulletins and technical reports should be spelled out. JAUE
uses Serial Sources for the BIOSIS Data Base (Biosis, 2100 Arch Street,
Philadelphia, Pennsylvania 19103) for serial abbreviations.

All references should be double- or triple-spaced. If the references cited
section does not conform to this format, authors will be asked to correct it
before the review process is initiated.
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Journal Articles
One or two authors are listed alphabetically; three or more authors should

be listed chronologically:
Elsey, K. C. & J. A. Klun, 1989. Pickleworm sex pheromone: potential for use in

cucumber pest management. J. Agric. Entomol. 6: 275–282.
Jones, M. A. 1986. Article title—lowercase after colon or dash unless it is a

proper noun. Abbr. J. 00: 00–00.
1988a. Title. Abbr. J. 00: 00–00.
1988b. Title. Abbr. J. 00: 00–00.

Jones, M. A. & R. Burns. 1975. Title. Abbr. J. 00: 00–00.
Jones, M. A. & R. Burns. In press. Title. Abbr. J. 00: 00–00.
Jones, M. A. & A. B. Skyler. 1973. Title. Abbr. J. 00: 00–00.
Jones, M. A., A. B. Skyler & H. H. Monroe. 1973. Title. Abbr. J. 00: 00–00.
Jones, M. A., R. Burns & L. O. Curtin. 1979. Title. Abbr. J. 00: 00–00.

1980. Title. Abbr. J. 00: 00–00. (for another Jones, Burns and Curtin citation).

Books
Burns, D. A. 1957. Title: same rules for subtitles—don’t forget lowercase.

Publisher, city, state or province (spell out), 346 pp.
Borror, D. J., D. M. DeLong & C. A. Triplehorn. 1981. An introduction to the

study of insects, 5th ed. Saunders, Philadelphia, Pennsylvania, 827 pp.
Mitchell, E. R. [Ed.]. 1981. Management of insect pests with semiochemicals:

concepts and practice. Plenum, New York, 514 pp.

Article or Chapter in a Book
Myler, A. 1985. Article or chapter title, pp. 00–00. In I. S. Burke, Jr. and L. B.

Armstrong [Eds.], Book title. Publisher, city, state, 233 pp.
Reynolds, H. T., P. L. Adkisson & R. F. Smith. 1975. Cotton insect pest

management, pp. 379–443. In R. L. Metcalf and W. H. Luckmann [eds.],
Introduction to insect pest management. Wiley, New York, 587 pp.

Royer, T. A., J. V. Edelson & B. Cartwright. 1988. Onion thrips control, 1987, p.
129. In Insecticide and acaracide tests, vol. 13. Entomological Society of
America, College Park, Maryland, 459 pp.

Proceedings
Reynolds, H. T. 1985. Pesticides: a dependable component of IPM, pp. 21–24. In

Proceedings, Regional workshop on pesticide management, Nairobi, Kenya,
128 pp.

Rossignol, P. A. 1988. Parasite modification of mosquito probing behavior, pp.
25–28. In T. W. Scott and J. Grumstrup-Scott [Eds.], Proceedings of a
symposium: The role of vector-host interactions in disease transmission.
Miscellaneous Publication 68, Entomological Society of America, College
Park, Maryland, 50 pp.
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Reports
Baker, W. H. 1972. Eastern forest insects. United States Department of

Agriculture Forest Service Miscellaneous Publication 1175, Washington,
D.C., 672 pp.

Colorado Agricultural Experiment Station. 1989. Annual report. Colorado State
University, Ft. Collins, 62 pp.

Webster, J. A. & D. H. Smith, Jr. 1983. Developing small grains resistant to the
cereal leaf beetle. United States Department of Agriculture Technical Bulletin
1673, Washington, D.C., 12 pp.

Young, D. A. 1986. Taxonomic study of the Cicadellinae (Homoptera:
Cicadellidae). Part 3: Old World Cicadellinae. North Carolina Agricultural
Experiment Station Technical Bulletin 281, Raleigh, 639 pp.

In Press
Rogers, L. E. & J. F. Grant. In press. Infestation levels of dogwood borer

(Lepidoptera: Sesiidae) larvae on dogwood trees in selected habitats in
Tennessee. J. Entomol. Sci.

No Author given (use anonymous as a last resort)
Department of Agriculture. 1985. Insects of eastern forests. United States

Department of Agriculture Forest Service Miscellaneous Publication 1426,
Washington, D.C., 608 pp.

International Rice Research Institute (IRRI). 1977. Title. International Rice
Research Institute, Manila. Philippines, 336 pp.

Theses and Dissertations
Anway, C. L. 1982. Male-produced aggregation pheromone of the maize weevil

and effect of diet on production and response. MS thesis, Univ. of Wisconsin,
Madison, 66 pp.

Hogsette, J. A., Jr. 1979. The evaluation of poultry pest management
techniques in Florida poultry houses. PhD dissertation, Univ. of Florida,
Gainesville, 307 pp.

Abstracts and Translations
Barker, S. 1989. Toxicity of XXX. Chem. Abstr. 18: 193a.
Hooker, M. W. & E. M. Barrows. 1989. Clutch sizes and sex ratios in Pediobius.

Ann. Entomol. Soc. Am. 82: 460 (abstr.)
Shenderovskaya, L. P. 1979. Introduced insect enemies and microorganisms.

Zash. Rast. (Kiev) 3: 52–56 (in Russian).
Shenderovskaya, L. P. 1979. Introduced insect enemies and microorganisms.

Zash. Rast. (Kiev) 3: 52–56. (translated in OTS 61: 31267), U. S. Department
of Commerce, Washington, D.C.

Magazine Articles
Headley, J. C. 1979. Economics of pest control. Chem. Eng. News, Jan. 15 pp.

55–57.
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Other
Code of Federal Regulations. 1986. Title. 7 CFR Chapter III, Section 318.13-46,

pp. 128–129.
SAS Institute. 1985. SAS user’s guide: statistics, version 5 ed. SAS Institute,

Cary, North Carolina, 956 pp.

Publication of Other Scholarly Works

Scientific Notes. The Journal of Agricultural and Urban Entomology will
consider publication of research reports which are considered to be of a
preliminary nature in the form of a scientific note. The format for a scientific
note is as follows:

1. NOTE will appear above the title of the manuscript.
2. Names and affiliation of author(s) of the note will be placed at the

beginning of the note, beneath the title, as with a full manuscript.
3. There should be no abstract nor section divisions (e.g., Introduction,

Materials and Methods, etc.)
4. Notes should not exceed three journal pages (including figures and tables).
5. They should contain not more than two figures or two small tables, or one

of each.
6. References should be kept to a minimum, and are to be placed at the end of

the note, as with a full manuscript.

Surveys. The Journal will consider surveys for publication, as long as they
are well-designed, appropriately analyzed, and are pertinent to the readership of
JAUE. Surveys will be subject to the same rigorous review process as research
manuscripts.

Symposia. Proceedings of symposia, informal conferences, etc. may be
submitted for publication when the subject material is pertinent to readers of
JAUE. The Editorial Committee requests that the moderator provide a list of
authors, titles, and abstracts of works in the symposium, preferably in advance
of the meeting at which the symposium will take place. If the content of the
symposium is deemed appropriate subject matter for the JAUE, then each
manuscript will be evaluated individually, and must pass through the standard
review process. A majority of authors involved in the symposium must submit
written manuscripts. To publish the proceedings in a timely manner, the
Committee requests that written manuscripts be submitted within three
months of the date of the symposium.
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ATTENTION

The South Carolina Entomological Society (http://entweb.clemson.edu/scesweb)
proudly introduces its new Journal title:

Journal of Agricultural and Urban Entomology

Recognizing the growing importance of urban entomology in today’s global
society, we have unanimously approved a proposal to incorporate a broader
range of interests in our scientific publication and close the link between
urban and agricultural entomology.

The Journal of Agricultural and Urban Entomology (formerly: Journal of
Agricultural Entomology * Jan 1984 through Oct 1998) is published quarterly
under the auspices of the South Carolina Entomological Society, Inc. The
Journal publishes contributions of original research concerning insects and
other arthropods of agricultural and urban importance to include those
affecting humans, livestock, poultry, and wildlife. The Journal is particularly
dedicated to the timely publication of articles and notes pertaining to applied
entomology, although it will accept suitable contributions of a fundamental
nature related to agricultural and urban entomology.

Single issues and complete sets of the Journal of Agricultural Entomology,
volume 1 through 15 are available. Single issues cost $20 each. Complete sets
(1984–1998) are offered at $1000 plus shipping.



Developmental Stage- and Gender-Dependent Differential
Susceptibility of German Cockroaches (Dictyoptera:

Blattellidae) to Various Commercial Baits1

Walid Kaakeh and Gary W. Bennett2

Department of Plant Production, Faculty of Agricultural Sciences
P. O. Box 17555

United Arab Emirates University, Al-Ain, United Arab Emirates

J. Agric. Urban Entomol. 16(1): 9–24 (January 1999)
ABSTRACT The toxicity of five commercial bait formulations (Raid Max,
Combat, Maxforce, Avert PT310, and Magnetic Roach Food) against various
stages and sexes of JWax-susceptible and Muncie-resistant strains of German
cockroaches, Blatella germanica (L.), was investigated in choice and no-choice
bioassays. The role of strain, bait, stage, sex, and feeding bioassay main effects
on cockroach mortality was determined. The biological toxicity of all five baits
differed markedly among the different stages and sexes of both strains in both
types of feeding bioassays. The range of LT50s for each bait tested against
various life stages in choice bioassays was wider and slower in killing cock-
roaches than in no-choice bioassays. The LT50s of nymphs differed significantly
for each bait tested. Large nymphs were less susceptible to baits than small
nymphs. Except for exposure to Maxforce bait, all baits tested affected adult
genders differently.

Palatability ratio values were highly variable in this study. At the LT50

levels, the values of palatability ratios for all baits tested against most stages
and sexes were significantly >1.0. These values may indicate feeding deter-
rence. The magnitude for certain stages and sexes was small, however, and the
values may well be explained purely by random feeding. Palatability of a
toxicant bait was different among baits offered to cockroaches with or without
a bait station. In the feeding bioassays, the resistance ratios for various com-
mercial baits to different stages and sexes were similar and low (with few
exceptions). Factors affecting the susceptibility of various strains, stages, and
sexes to baits are discussed.

KEY WORDS Blattella germanica, Dictyoptera, Blattellidae, bait, palat-
ability, resistance ratio

New technologies in cockroach baits and baiting strategies have made some
baits (gel, paste, granule, dust, or solid in protective trays) as effective as residual
insecticide formulations in controlling Blattella germanica (L.) (Appel 1990, 1992;
Kaakeh & Bennett 1996). Besides killing quickly following ingestion, baits also
act as contact poisons (Rust & Reierson 1981). Laboratory and field performance

1Accepted for publication 1 September 1998.
2Center for Urban and Industrial Pest Management, Department of Entomology, Purdue University,
West Lafayette, Indiana 47907-1158.
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of baits against B. germanica have been reported (Milio et al. 1986; Silverman &
Shapas 1986; Reid et al. 1990; Koehler & Patterson 1991; Koehler et al. 1991;
Appel 1990, 1992; Kaakeh et al. 1994a, b; Appel & Benson 1995; Kaakeh &
Bennett 1996, 1997; Kaakeh et al. 1996, 1997). Improvements in toxicants, bait
matrix, and application methods have made cockroach baits a reliable control
strategy. The development of baiting technologies has been important to pest
control specialists in their quest to provide environmentally sensitive services in
residential and industrial accounts.

Factors such as physiological and behavioral resistance, developmental stage,
gender, age, and reproductive and nutritional status may influence the toxicity of
insecticides to insects (Brattsten & Metcalf 1973, Yu 1983, Suiter et al. 1993,
Kaakeh et al. 1997, Ross 1997). Nongravid females of B. germanica were found to
be significantly more tolerant of insecticides in five classes than adult males
(Abd-Elghafar et al. 1990). Late-stage nymphs of an insecticide-susceptible and
resistant strain were reported to be significantly less susceptible to organophos-
phorous, carbamate, and pyrethroid insecticides than adult males or females
(Koehler et al. 1993). Nymphs were up to 27-fold more tolerant than adult males
in topical insecticide bioassays. In addition, differential lipid content between
genders may affect insecticide toxicity (Hodgson & Guthrie 1984).

This study reports the biological activities of baits to various stages and sexes
of both insecticide-susceptible and resistant strains of B. germanica in continu-
ous-exposure toxicity tests. In addition, very little information is available con-
cerning interstage and intersex variations in response of B. germanica to com-
mercially available baits. Bioassay design also considered the effects of alternate
food sources on the performance of each bait against various stages and sexes.

Materials and Methods

Test insects. Laboratory experiments were conducted in 1996 and 1997 at
the Center for Urban and Industrial Pest Management at Purdue University in
West Lafayette, Indiana. Two strains of B. germanica were used in this study.
The Johnson Wax (JWax) strain is insecticide susceptible and was isolated by S.C.
Johnson & Sons (Racine, Wisconsin) from a field population in the late 1930s,
before the introduction of synthetic organic insecticides. The Muncie’86 strain
was established in July 1986 from collections in multifamily apartments at the
Parkside Complex in Muncie, Indiana. This strain possesses an esterase and a
cytochrome P450 monooxygenase mechanism of resistance (Scharf et al. 1996),
with additional glutathione transferase activity (Hemingway & Small 1993).
Cockroaches were maintained in culture on a laboratory diet consisting of Teklad
#8604 (Harlan Teklad, Madison, Wisconsin) and exposed to a photoperiod of
12:12 (L:D) h at 26 ± 1°C (22 ± 1°C for Muncie) and 55 ± 2% RH. There are five
nymphal stages for both strains. The mean (SE) developmental time for the JWax
strain is 7.1 (1.3), 6.2 (1.6), 7.3 (2.1), 8.4 (1.5), and 11.1 (2.3) d for the first, second,
third, fourth, and fifth instars (nymphs), respectively. The mean (SE) develop-
mental time for the Muncie strain is 7.4 (1.7), 6.5 (1.9), 8.2 (2.3), 9.2 (1.7), and 13.1
(2.0) d for the first, second, third, fourth, and fifth instars, respectively. The mean
developmental time between nymphal instars of the two strains were not
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significantly different (P > 0.05). The mean body mass of 16 males, virgin females,
or gravid females was determined prior to initiating the bioassays.

Baits. Five commercial baits were used: Raid Max Roach bait, solid formu-
lation inside a bait station (reported in the text as Raid Max [in]), 0.528 chlorpy-
rifos, S. C. Johnson & Sons; Combat Roach Killing System, solid formulation
inside a bait station, 1% hydramethylnon, Clorox; Maxforce gel, 2.15% hydram-
ethylnon, Clorox; Avert PT310 powder, 0.05% abamectin + 0.04% related mate-
rials, Whitmire Research Laboratory, Inc.; Stapleton’s Magnetic Roach Food
(MRF), 33.3% boric acid, paste formulation, Blue Diamond Exterminating Co.
Raid Max Roach bait (reported in the text as Raid Max [out]) also was evaluated
after removing the toxic tablet from the bait station.

Continuous-exposure bioassays. Plastic boxes (30 cm × 24 cm × 10 cm;
Tristate Plastic, Dixon, Kentucky), providing 720 cm2 of floor area were used as
arenas (Fig. 1). Harborage, positioned in the center of the arena, was fashioned
from a noncorrugated cardboard. Two 25-ml water vials with cotton stoppers
were positioned along the walls of the arena, and four food dispensers (2 cm × 2
cm plastic weigh boats) were glued to the floor of the arena, positioned in the
corners. Resources were positioned to allow an unobstructed, 1-cm runway
around the perimeter of the arena floor. Arenas were made escapeproof by use of
ventilated, friction-fitted lids and the application of an impassable barrier of
petrolatum and mineral oil (1:2) to the arena walls. This barrier was applied to
within 2 or 3 cm of the arena floor to prevent test insects from climbing the arena
walls, thereby forcing all exploratory behaviors to the arena floor and the arena’s
provisions.

The effect of competitive food sources on bait performance also was considered.
There were two basic patterns of the bait placement: (1) no-choice, where baits
were placed in opposing corners of the arena, and (2) choice, where supplemental
competitive food sources (2 g each of laboratory diet and Concord grape jam
[Smucker Co., Orrville, Ohio] were placed in the corners opposite the stations.
Cockroaches in the control treatment were provided with alternative food and
water in the choice bioassay, and water only in the no-choice bioassay. The test
population for each strain and treatment was composed of 20 cockroaches. The six
treatments were as follows: (1) a mixture of second and third instars (defined as
small nymphs), (2) a mixture of fourth and fifth instars (defined as large nymphs),
(3) newly eclosed (<48 h) adult males, (4) newly eclosed virgin females, (5) gravid
females (14–18 d old), and (6) a mixture of individuals (four small nymphs, four
large nymphs, four males, four virgin females, and four gravid females). Nymphs
of both strains were not sexed at the beginning of the experiment. Cockroaches
were released into the arenas and, after a 36-h acclimation period, bait stations
were randomly assigned to arenas. In daily observations, beginning the day after
insect release in the box, dead individuals were counted and removed. Daily
percentage of cockroach mortality was corrected for control mortality by using
Abbott’s formula (Abbott 1925). Cockroach mortality, by stage and gender, was
observed at 24-h intervals for 14 d. All experiments were conducted at 25 ± 1°C
and 55–58% RH.

Data analyses. Four replicate arenas were used for each strain, bait, life
stage (nymphs, adults of various sexes, or mixture of nymphs and adults), and
feeding bioassay (i.e., choice and no-choice) in a completely randomized design.
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Daily cockroach mortalities at selected days after baiting (1, 7, and 14 d) were
analyzed with analysis of variance (ANOVA) and means were separated within
strain by the least significant differences (LSD) test at P 4 0.05 (SAS Institute
1990). Percentage data were transformed by arcsine √p. The lethal time (LT) in
each bait for each stage and feeding bioassay treatment was determined from the
regression of the cumulative, corrected probit mortality versus log10 of the time
(d) (SAS Institute 1990). The Pearson’s Goodness-of-Fit (the measure of how well
data fit the assumption of the model) was presented; the chi-squares and fiducial
limits were calculated (SAS Institute 1990). Using the LTx values for the probit
analyses, palatability ratios (PRs) were calculated for each bait using the formula:
PRx 4 LTx (choice)/LTx (no choice). A criterion of nonoverlapping 95% confidence
limits (CL) of LTx was used to define significant differences between treatments.
In addition, the resistance ratio (an expression for the degree of resistance of the
Muncie strain) with 95% CL were calculated for each toxic bait and stage by
comparing estimates from the resistant strain (Muncie) with corresponding esti-
mates from the susceptible strain (JWax) by using methods described by Robert-
son & Preisler (1992). With this analysis, wherever the 95% CL of a ratio includes
a value of 1, no significant differences exists between the probit levels of mortality
being compared.

Fig. 1. Bioassay arena for evaluating cockroach baits in the choice bioassay.
Laboratory diet and grape jam were removed in the no-choice bioassay.
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Results and Discussion

The overall results for the three-factor ANOVA within a given strain (bait,
stage, and food main effects), for the percentage of mortality, were significant
(P < 0.05) at 1, 7, and 14 d after baiting (Table 1). Bait, followed by stage and food,
was the most significant main effect in the model for each strain. Mortality due
to bait at 1, 7, and 14 d for both strains explained more of the total experimental
variation (86.6, 43.3, and 32.1% for the JWax strain; and 84.2, 51.2, and 40.6% for
the Muncie strain, respectively) than the other main effects. Stage explained less
experimental variation 7 and 14 d after baiting (7 and 9.0% for JWax and Muncie
strain, respectively) than did bait, but was still significant (P < 0.05). Comparing
the percentage of the total experimental variations at selected days after baiting
revealed that some interactions explained more of the total experimental varia-
tion than did the stage and food main effects (e.g., bait stage for both strains; bait
food for the JWax strain). The overall results for four-factor ANOVA model be-
tween strains (strain, bait, stage, and food main effects), for the percentage of
mortality at 1, 7, and 14 d after baiting, indicated that strain, followed by bait and
stage, explained more experimental variation (34.1, 23.5, and 25.6%, respectively;
P < 0.05) than other main effects.

The toxicity of all five baits differed markedly among the different stages and
sexes of JWax-susceptible and Muncie-resistant strains of B. germanica in both
feeding bioassays (Tables 2 and 3). The range of lethal times for each bait tested
against various life stages in the choice bioassays was wider and slower in killing
cockroaches than in no-choice bioassays. Lethal times for Raid Max [in] ranged
from 0.01 to 0.8 d and from <0.01 to 0.9 d for various stages and sexes of JWax
strain in the no-choice and choice bioassays, respectively; lethal times for MRF
ranged from 3.9 to 12.2 d and from 6.5 to 19.2 d for various stages and sexes of
Muncie strain in the no-choice and choice bioassays, respectively.

For nymphs, LT50s differed significantly (95% CL do not overlap) for each bait
tested against both strains and in both feeding bioassays (Tables 2 and 3). Large
nymphs were less susceptible to the bait than small nymphs, with the exception
of Maxforce bait. The difference in nymphal mortality for each bait may be at-
tributed to differences in bait consumption (with different active ingredients)
because of gender (nymphs were not sexed at the beginning of the test) and age
(i.e., small nymphs consisted of second and third instars, whereas large nymphs
consisted of fourth and fifth instars). Due to physiological differences, there may
be differences in consumption between nymphs of different sexes.

Bait toxicity differed among adults of both strains, and all baits tested affected
the adult sexes differently (Tables 2 and 3). The pattern of mortality between
sexes seems related to active ingredient and bait formulation, and most likely to
body size. The mean weight of males was significantly different from virgin or
gravid females (Table 4). Males have relatively more homogenous physiological
makeup and similar size and weight compared with adult females. Males, con-
trary to females, maintain a constant life feeding pattern (Hamilton & Schal
1988). It was expected that lower LT50s would result for the smaller sex (males).
In my study, newly eclosed males weighed significantly less than virgin or gravid
females (Table 4). Male weight fluctuates little but female weight fluctuate
greatly depending on their reproductive cycle. Females carrying oothecae
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Table 1. Percentage of total experimental variation, at selected times (d) after treatment, for the percentage of
mortality of B. germanica caused by bait, stage, and food (feeding bioassay) main effects.

Source

JWax susceptible strain Muncie resistant strain

df 1 7 14 d 1 7 14 d

Bait 5 86.6* 43.3* 32.1* 84.2* 51.2* 40.6*

Stage 5 0.1ns 7.5* 7.0* 0.4ns 11.6* 9.9*

Bait stage 25 1.6* 16.9* 33.6* 1.9* 17.4* 31.2*

Food 1 1.7* 14.5* 7.9* 2.1* 10.5* 9.2*

Bait food 5 8.2* 13.4* 12.1* 8.6* 6.6* 5.7*

Stage food 5 0.3* 0.3ns 1.7* 0.7* 0.2ns 1.0*

Bait stage food 25 1.5* 4.1* 5.6* 2.1* 2.5* 2.4*

Percentage of total experimental variation 4 (source sum of square/model sum of square) 100. The presence of ns and * with the percentage indicate nonsignificance
and significance at the 5% level, respectively.
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Table 2. Lethal time (LT50 in days) for various commercial baits used for
the control of susceptible and resistant strains of B. germanica
in choice bioassays.

Feeding
bioassay Bait Stagea nb

JWax susceptible strain

nb

Muncie resistant strain

x2c Slope ± SE LT50
d (95% CL) x2c Slope ± SE LT50

d (95% CL)

Choice Avert SN 360 4.6 4.3 ± 0.4 1.7 (1.5–1.8) 480 5.2 3.7 ± 0.3 3.6 (2.2–4.3)

LN 480 5.3 3.8 ± 0.3 2.5 (2.3–2.8) 540 2.3 6.1 ± 0.4 4.2 (3.6–4.6)

M 540 2.3 6.4 ± 0.5 3.9 (3.7–4.2) 540 4.6 6.4 ± 0.4 5.3 (4.5–5.9)

VF 540 19.0* 4.8 ± 0.6 2.9 (2.4–3.4) 540 14.1 4.2 ± 0.5 4.1 (3.4–5.1)

GF 420 1.0 3.6 ± 0.4 1.4 (1.1–1.6) 420 1.0 3.5 ± 0.3 2.4 (1.7–2.9)

Mix 720 5.5 13.3 ± 1.0 7.8 (7.6–8.1) 600 4.5 4.2 ± 0.3 9.1 (8.2–10.1)

Combat SN 840 55.3* 4.0 ± 0.5 5.7 (4.8–6.6) 840 11.2 3.1 ± 0.2 7.1 (6.1–7.9)

LN 840 11.1 3.1 ± 0.2 7.0 (6.5–7.5) 840 14.1* 3.9 ± 0.5 8.0 (7.1–8.8)

M 600 5.8 6.3 ± 0.5 3.8 (3.5–4.1) 600 5.4 5.9 ± 0.4 5.1 (4.3–5.5)

VF 840 5.4 2.3 ± 0.2 9.2 (8.4–10.3) 840 5.1 2.2 ± 0.1 9.9 (8.2–11.1)

GF 840 4.5 4.4 ± 0.3 5.6 (5.2–5.9) 840 4.1 4.2 ± 0.2 6.6 (5.6–7.1)

Mix 840 6.8 3.9 ± 0.3 5.9 (5.5–6.3) 840 5.2 3.8 ± 0.2 7.7 (6.4–8.5)

Maxforce SN 780 6.0 3.9 ± 0.3 3.6 (3.3–3.9) 840 11.1 3.1 ± 0.2 5.1 (4.1–6.1)

LN 780 10.6 3.3 ± 0.2 3.0 (2.7–3.3) 780 9.6 3.1 ± 0.2 3.2 (2.6–3.3)

M 360 6.5 6.7 ± 0.7 2.0 (1.8–2.1) 360 5.9 5.5 ± 0.5 2.5 (2.1–2.9)

VF 540 18.2* 4.2 ± 0.5 2.1 (1.6–2.5) 540 14.1* 4.1 ± 0.4 2.3 (1.9–2.6)

GF 600 7.7 4.0 ± 0.3 3.3 (3.0–3.6) 600 6.7 4.0 ± 0.3 3.5 (3.0–4.0)

Mix 720 3.4 3.3 ± 0.2 2.8 (2.5–3.1) 720 3.1 3.1 ± 0.2 3.1 (2.6–3.4)

MRF SN 840 7.0 3.9 ± 0.3 9.2 (8.6–9.7) 840 7.2 4.1 ± 0.2 11.2 (9.8–13.2)

LN 840 5.3 3.9 ± 0.5 16.6 (14.8–19.8) 840 5.1 3.8 ± 0.5 19.2 (14.5–20.2)

M 720 6.1 6.3 ± 0.4 4.8 (4.5–5.0) 840 6.9 5.9 ± 0.4 6.5 (5.2–7.1)

VF 840 4.1 4.7 ± 0.3 8.7 (8.3–9.2) 840 5.1 4.6 ± 0.3 10.2 (9.4–12.2)

GF 840 3.2 5.1 ± 0.4 8.7 (8.3–9.1) 840 3.6 5.2 ± 0.3 9.6 (7.9–10.2)

Mix 840 7.2 3.5 ± 0.3 9.4 (8.8–10.1) 840 7.1 3.9 ± 0.3 9.9 (7.9–11.1)

Raid [in] SN 360 1.1 1.6 ± 0.4 0.2 (0.01–0.2) 420 1.3 1.8 ± 0.3 0.4 (0.3–0.6)

LN 420 1.2 1.9 ± 0.4 0.4 (0.3–0.7) 420 1.3 1.8 ± 0.3 1.5 (0.8–1.9)

M 60 —** — —** 240 1.0 1.2 ± 0.6 1.3 (0.8–1.9)

VF 120 —** 19.0 ± >10k 0.9* 240 1.0 1.4 ± 0.5 1.6 (1.0–2.0)

GF 120 —** 17.1 ± >10k 0.8* 240 1.2 1.6 ± 0.6 1.8 (1.2–2.1)

Mix 120 —** 19.1 ± >10k 0.8* 240 1.0 1.9 ± 0.5 1.3 (0.6–2.0)

Raid [out] SN 840 7.7 1.7 ± 0.1 2.9 (2.4–3.4) 840 7.1 1.6 ± 0.2 4.1 (3.2–4.9)

LN 840 66.1* 2.2 ± 0.4 6.2 (4.7–8.1) 840 15.1* 2.2 ± 0.4 6.9 (5.1–7.4)

M 840 42.4* 1.7 ± 0.3 5.0 (3.7–6.4) 840 24.2* 1.8 ± 0.3 6.2 (4.9–6.9)

VF 840 39.6* 1.9 ± 0.3 3.5 (2.5–4.4) 840 31.2* 1.4 ± 0.4 4.4 (3.6–4.9)

GF 840 18.6* 1.9 ± 0.2 3.7 (2.9–4.3) 840 17.1* 1.9 ± 0.3 5.1 (3.6–5.9)

Mix 840 29.4* 2.0 ± 0.3 5.5 (4.5–6.5) 840 18.1* 2.2 ± 0.4 6.9 (4.9–7.5)

aSN, small nymphs; LN, large nymphs; M, males; VF, virgin females; GF, gravid females; Mix, mixture
of cockroaches.
bNumber of observations included in the regression analysis.
cPearson’s Goodness-of-Fit (the measure of how well data fit the assumption of the model). Because the
chi-square is small (P < 0.1), fiducial limits were calculated using a t value of 1.96. The large chi-square
(values with one asterisk) is not caused by systematic departure from the model. A t value of 2.11 was
used in computing fiducial limits. The ** indicates zero degree of freedom for the Goodness-of-fit tests.

dNumber of days before death of 50 of the test insects following exposure to toxic baits. In some instances
(values with an asterisk), the use of a very large t value caused a nonrealistic confidence interval to be
calculated. The ** indicate that there was a single response value; no lethal time estimate was done.
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Table 3. Lethal time (LT50 in days) for various commercial baits used for
the control of susceptible and resistant strains of B. germanica
in a no-choice bioassays.

Feeding
bioassay Bait Stagea nb

JWax susceptible strain

nb

Muncie resistant strain

x2c Slope ± SE LT50
d (95% CL) x2c Slope ± SE LT50

d (95% CL)

Nochoice Avert SN 600 15.3* 2.9 ± 0.3 2.6 (2.1–3.0) 600 14.1* 3.1 ± 0.2 3.1 (2.8–3.9)

LN 480 8.0 3.9 ± 0.3 3.0 (2.7–3.2) 480 7.2 3.4 ± 0.3 3.9 (3.3–4.7)

M 300 9.6 5.1 ± 0.9 2.5 (1.8–3.3) 360 4.9 5.0 ± 0.3 3.0 (2.2–3.5)

VF 360 4.9 5.0 ± 0.4 2.0 (1.8–2.1) 420 10.5* 4.0 ± 0.4 3.1 (2.5–3.7)

GF 300 3.8 5.0 ± 0.5 2.1 (1.9–2.3) 360 3.7 4.6 ± 0.3 2.4 (2.0–2.6)

Mix 420 10.6* 4.0 ± 0.5 2.0 (1.6–2.4) 420 9.8 3.8 ± 0.4 2.5 (2.0–2.9)

Combat SN 540 12.9* 6.1 ± 0.6 4.5 (4.1–4.9) 600 18.0* 5.2 ± 0.5 5.0 (4.8–5.8)

LN 840 21.0* 3.4 ± 0.3 4.9 (4.4–5.5) 840 17.9* 3.1 ± 0.3 5.5 (4.1–6.1)

M 360 3.3 11.2 ± 1.2 3.4 (3.3–3.6) 360 3.1 6.2 ± 0.4 3.9 (3.1–4.1)

VF 840 18.5 3.1 ± 0.2 5.6 (5.1–6.0) 840 14.1* 3.1 ± 0.2 6.5 (6.1–6.9)

GF 420 5.8 9.4 ± 0.9 3.4 (3.2–3.5) 540 9.8 9.1 ± 0.8 4.5 (3.8–5.4)

Mix 600 18.2* 5.3 ± 0.6 3.7 (3.2–4.1) 840 14.6* 5.2 ± 0.5 4.5 (3.6–5.6)

Maxforce SN 600 11.1 3.5 ± 0.3 3.0 (2.7–3.3) 600 9.8 3.1 ± 0.2 3.5 (2.9–3.9)

LN 360 9.0* 6.0 ± 0.9 1.9 (1.5–2.3) 360 8.2 5.5 ± 0.7 2.3 (1.8–2.5)

M 240 0.03 11.8 ± 2.3 2.0 (1.8–2.1) 240 0.2 9.1 ± 1.1 2.5 (2.2–2.9)

VF 480 19.1* 4.0 ± 0.6 2.1 (1.6–2.6) 480 16.1* 3.8 ± 0.4 2.6 (1.9–2.9)

GF 360 6.9 7.5 ± 0.8 2.2 (2.1–2.4) 360 5.5 6.2 ± 0.6 2.9 (2.6–3.6)

Mix 420 11.0* 4.8 ± 0.6 2.0 (1.6–2.4) 480 14.1* 4.0 ± 0.5 3.2 (2.7–3.7)

MRF SN 660 3.9 6.7 ± 0.5 5.1 (4.8–5.3) 600 4.1 6.2 ± 0.4 7.1 (5.8–8.8)

LN 840 1.4 4.4 ± 0.3 9.8 (9.3–10.5) 840 1.5 4.3 ± 0.2 12.2 (9.1–13.9)

M 300 0.3 9.4 ± 1.1 2.5 (2.3–2.6) 360 6.9 7.1 ± 0.7 3.9 (2.9–4.2)

VF 600 4.5 4.7 ± 0.3 3.3 (3.0–3.5) 600 4.3 4.2 ± 0.3 5.1 (3.9–6.2)

GF 540 3.5 7.4 ± 0.6 4.6 (4.4–4.8) 600 4.3 5.2 ± 0.5 6.2 (5.6–7.9)

Mix 840 2.8 3.2 ± 0.2 5.5 (5.1–5.9) 840 2.7 3.3 ± 0.2 6.7 (5.9–7.6)

Raid [in] SN 180 0.6 1.8 ± 1.4 0.1* 240 0.8 1.6 ± 0.7 0.3 (0.1–0.5)

LN 120 —** 17.6 ± >10k 0.8* 180 0.6 1.7± 1.0 1.1 (0.7–2.1)

M 120 —** 17.1 ± >10k 0.8* 240 0.7 1.7 ± 0.8 1.3 (0.6–1.6)

VF 240 0.7 1.5 ± 0.9 0.1* 240 0.6 1.4 ± 0.8 0.3 (0.1–0.5)

GF 180 0.8 1.1 ± 1.4 0.01* 240 0.8 1.0 ± 0.8 0.01*

Mix 240 0.7 1.7 ± 0.8 0.1 (0.07–0.5) 240 1.1 1.8 ± 0.6 0.2*

Raid [out] SN 420 3.3 2.5 ± 0.3 1.3 (1.0–1.6) 420 2.9 2.6 ± 0.2 1.4 (1.2–2.0)

LN 420 9.0 1.2 ± 0.3 0.3 (0.03–0.6) 420 8.0 1.3 ± 0.2 1.0 (0.5–1.2)

M 180 0.6 1.8 ± 1.4 0.1* 240 0.7 1.5 ± 0.9 0.1*

VF 180 1.3 1.7 ± 1.1 0.1* 180 1.1 1.6 ± 1.0 0.2*

GF 180 1.1 3.0 ± 0.9 0.5 (0.1–0.7) 240 1.2 3.1 ± 0.8 1.2 (0.5–2.1)

Mix 480 4.8 1.9 ± 0.3 0.8 (0.5–1.1) 480 4.6 1.8 ± 0.2 1.1 (0.6–2.0)

aSN, small nymphs; LN, large nymphs; M, males; VF, virgin females; GF, gravid females; Mix, mixture
of cockroaches.
bNumber of observations included in the regression analysis.
cPearson’s Goodness-of-Fit (the measure of how well data fit the assumption of the model). Because the
chi-square is small (P < 0.1), fiducial limits were calculated using a t value of 1.96. The large chi-square
(values with one asterisk) is not caused by systematic departure from the model. A t value of 2.11 was
used in computing fiducial limits. The ** indicates zero degree of freedom for the Goodness-of-fit tests.

dNumber of days before death of 50 of the test insects following exposure to toxic baits. In some instances
(values with an asterisk), the use of a very large t value caused a nonrealistic confidence interval to be
calculated. The ** indicate that there was a single response value; no lethal time estimate was done.
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weighed significantly more than males. In addition, the mean weight of virgin and
gravid female B. germanica was not significantly different (Table 4). Gravid fe-
males were equally susceptible or more susceptible to certain baits than virgin
females or males. This may be due to a greater fat content in gravid females. They
are more metabolically active when forming eggs (Cornwell 1968). Cochran (1983)
found that gravid females did not drink for 6 or 7 d, and the presence of an ootheca
in the genital chamber of females inhibited feeding and drinking. In addition, the
development of ovarioles by pregnant B. germanica requires increased metabolic
activity that lowers the levels of enzymatic detoxification of insecticides (Cornwell
1968). Gravid females can, therefore, be expected to be more sensitive to certain
insecticides than either males or nongravid females.

Differential susceptibility among stages and sexes to baits with the same ac-
tive ingredient occurred (Tables 2 and 3). Maxforce killed cockroaches faster than
Combat (95% CL do not overlap) for both strains and feeding bioassays. The
attraction of different stages and adult sexes of both strains to a particular bait
is attributable mostly to the formulation of the bait (i.e., gel in Maxforce versus
solid in Combat bait station) and the concentration of the active ingredient (i.e.,
2.15% in Maxforce and 1% in Combat).

The MRF was repellent in the choice test. The results are in agreement with
those reported by Strong et al. (1993) and Ross (1997). A decrease in avoidance to
MRF coupled with slower kill in both strains indicates development of behavioral
resistance (Negus & Ross 1997). Behavioral resistance to a commercial bait has
been well documented (Silverman & Bieman 1993, Silverman & Ross 1994).

In my study, mortality of adults of both sexes and nymphs differ markedly. The
active ingredient of the bait may affect each life stage differently. Differences in
bait efficacy are probably caused by differences in size, gender, stage, strain,
metabolism, physiology, concentration of the bait’s active ingredient, bait formu-
lation, feeding assay, and experimental conditions (Matsumura 1980, Reierson
1995, Kaakeh et al. 1997). Also, the harborage-to-resource distance in laboratory
arenas can influence feeding and drinking in adults of different reproductive
classes (Silverman & Shapas 1986). Koehler et al. (1993), Valles et al. (1996), and
Kaakeh at al. (1997) showed that B. germanica nymphs are considerably less
susceptible to insecticides than adult males (i.e., stage-dependent effect). The
mechanism responsible for this phenomenon was due to enhanced detoxification

Table 4. Average weight (mg) of adults of JWax-susceptible and Muncie-
resistant strains of B. germanica

Adult

Mean ± SE

JWax Muncie

Males 51.3 2.7a ns 54.1 3.1a
Virgin females 97.1 9.8b ns 98.5 8.7b
Gravid females 105.5 9.5 ns 108.6 10.6b

Means in the same column followed by the same letter are not significantly different (P < 0.05, LSD test,
n 4 16 for each sex). The ns indicates no significant differences between adjacent means.
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(Valles et al. 1996). Hodgson & Guthrie (1984) indicated that differential lipid
content between sexes may affect insecticide toxicity. Also, rate of metabolism of
foreign compounds and sex-related differences in toxicity depend on whether
detoxification mechanisms is influenced by hormones (Dauterman 1984).

Analysis of palatability (Table 5) revealed the effect of alternate foods on lethal
time values; if the bait formulation displays any nonpalatable qualities, LT50s
will increase in the choice bioassay relative to the no-choice bioassay. If the
resulting 95% CL encompass 1.0, there is no significant change in bait efficacy
and minimal interference to the bait caused by the presence of an alternative food
source. If the 95% CL does not encompass 1.0, there is interference with bait
efficacy caused by the presence of alternate food. Palatability ratios were highly
variable in this study (Table 5). At the LT50 levels, the PR50 values for all baits
tested against most stages and sexes were significantly greater than 1.0; this may
indicate a feeding deterrence. Their magnitude for certain stages and sexes, how-
ever, was small and the values may well be explained purely by random feeding.
The palatability ratios over 2, for any stage or sex, indicates interference with bait
efficacy caused by the presence of alternate food for both strains.

Palatability of a toxicant bait was different among baits offered to cockroaches
with or without a bait station. The palatability ratios of Raid Max [in] for various
stages and sexes were small and indicated a minimal interference to the bait with
the exception of gravid females (palatability ratios reached 80.0 and 18.0 for
JWax and Muncie strain, respectively). The high mortality caused by Raid Max
[in] was probably due to cockroaches using the bait station as a harborage site and
therefore these cockroaches had more chance to feed on bait. When the bait
toxicant was removed from the station and offered to the cockroaches (i.e., Raid
Max [out]), the bait was repellent and there was an interference with the efficacy
of the bait caused by the presence of alternative food. Therefore, the slow rate of
kill (longer days) was recorded for all stages and sexes of both strains. The re-
pellency of chlorpyrifos (the active ingredient in Raid Max) also was reported in
the choice-box tests (Rauscher et al. 1985, Appel 1990). Ross (1997) also stated
that the strong attraction of susceptible nymphs to Raid Max bait indicates any
repellency to susceptible nymphs may be overcome with a sufficiently attractive
bait base, but behavioral resistance associated with chlorpyrifos-resistant strains
presents a problem difficult to address.

In my study, mortality of a mixed group of cockroaches (not individual stage or
sex) caused by Avert bait was significantly faster in the no-choice than the choice
bioassay for both strains. This indicates an avoidance of cockroaches to Avert, and
there was an interference of the bait by alternate food. Ross (1997) stated that no
evidence of high-level physiological resistance to abamectin (active ingredient of
Avert) has been found in the B. germanica.

Resistance ratios (RRs) are important to detect and monitor resistance in B.
germanica and, as calculated in this study, were based on the feeding bioassays
(Table 6). The methods used for measuring physiological resistance to fast-acting
insecticides (applied as liquids), however, may not be suitable for slow-acting
insecticides (applied as baits). Feeding bioassays used to measure resistance to
insecticides formulated as baits may potentially be influenced by strain differ-
ences in feeding habits, food preferences, and behavioral responses to bait ingre-
dients (Reierson & Rust 1984, Sparks et al. 1989, Negus & Ross 1997, Ross 1998).
Also, the dose of insecticide delivered to an insect during a test period will vary
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Table 5. Palatability ratios for commercial baits to various stages and
sexes of JWax-susceptible and Muncie-resistant strains of B.
germanica

Bait Stageb

PR50
a (95% CL)

JWax Muncie

Avert SN 0.7 (0.5–0.8) 1.2 (1.1–1.8)
LN 0.9 (0.8–1.0)* 1.1 (1.1–1.3)
M 1.6 (1.3–1.8) 1.8 (1.6–2.0)
VF 1.5 (1.3–1.8) 1.3 (1.1–1.5)
GF 0.7 (0.5–0.8) 1.0 (0.9–1.1)*
Mix 3.9 (3.3–4.6) 3.6 (3.3–4.1)

Combat SN 1.3 (1.1–1.5) 1.4 (1.2–1.6)
LN 1.4 (1.3–1.6) 1.5 (1.2–1.6)
M 1.1 (1.0–1.2)* 1.0 (0.9–1.2)*
VF 1.7 (1.5–1.9) 1.5 (1.2–1.9)
GF 1.7 (1.5–1.8) 1.5 (1.1–1.8)
Mix 1.6 (1.1–1.4) 1.7 (1.3–1.9)

Maxforce SN 1.2 (1.1–1.4) 1.5 (1.2–2.0)
LN 1.5 (1.3–1.8) 1.4 (1.2–2.0)
M 1.0 (0.9–1.1)* 1.0 (0.9–1.3)
VF 1.0 (0.8–1.3)* 0.9 (0.8–1.2)*
GF 1.5 (1.3–1.7) 1.2 (1.1–1.4)
Mix 1.4 (1.2–1.7) 1.0 (0.9–1.3)*

MRF SN 1.8 (1.7–1.9) 1.6 (1.4–2.0)
LN 1.7 (1.5–2.0) 1.6 (1.4–2.0)
M 1.9 (1.8–2.0) 1.7 (1.5–2.1)
VF 2.7 (2.5–2.9) 2.0 (1.9–2.3)
GF 1.9 (1.8–2.0) 1.5 (1.6–1.9)
Mix 1.7 (1.6–1.9) 1.4 (1.3–1.8)

Raid Max [in] SN 2.0 (0.0–3.4) 1.3 (1.1–1.4)
LN 0.5 (0.0–.) 1.4 (1.2–1.5)
M . (.–.) 1.0 (0.9–1.1)*
VF 9.0 (0.0–.) 5.3 (4.4–6.2)
GF 80.0 (0.0–.) 18.0 (8.2–21.0)
Mix 8.0 (0.0–.) 6.5 (5.6–7.3)

Raid Max [out] SN 2.1 (1.6–2.7) 3.2 (2.8–3.6)
LN 2.1 (6.5–68.7) 6.9 (5.6–7.6)
M 48.8 (1.9–516.3) 62.0 (5.1–112.6)
VF 30.9 (1.1–78.5) 20.5 (3.2–66.2)
SF 0.6 (0.2–1.4)* 4.3 (3.4–5.1)
Mix 7.0 (4.5–10.9) 6.3 (5.4–7.1)

Palatability describes the effect alternate food has upon the rate of kill in the choice bioassay versus the
no-choice bioassay.
aThe palatability ratios (PR50 with 95% CL), at LT50 estimator, with an * indicate no interference to
efficacy of the bait caused by the presence of alternate food. Confidence intervals determined after
methods described in Roberston & Preisler (1992).

bSN, small nymphs; LN, large nymphs; M, males; VF, virgin females; GF, gravid females; Mix, mixture
of cockroaches.
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Table 6. Resistance ratios (RR) for various commercial baits to different
stages and sexes of B. germanica in a choice and no-choice
bioassays.

Bait Stageb

RR50
a (95% CL)

No-choice Choice

Avert SN 1.3 (1.1–1.4) 2.1 (1.8–2.3)
LN 1.1 (1.0–1.2) 1.7 (1.4–2.0)
M 1.2 (1.0–1.3) 1.3 (1.2–1.6)
VF 1.6 (1.3–1.8) 1.4 (1.2–1.8)
GF 1.1 (0.9–1.2) 1.7 (1.3–2.1)
Mix 1.3 (1.0–1.4) 1.2 (1.1–1.4)

Combat SN 1.1 (0.9–1.2) 1.2 (1.0–1.5)
LN 1.1 (1.0–1.2) 1.1 (0.9–1.2)
M 1.1 (1.1–1.2) 1.3 (1.1–1.4)
VF 1.2 (1.0–1.4) 1.1 (0.9–1.3)
GF 1.3 (1.2–1.4) 1.1 (1.0–1.2)
Mix 1.2 (1.1–1.4) 1.1 (1.1–1.3)

Maxforce SN 1.2 (1.1–1.4) 1.4 (1.1–1.5)
LN 1.2 (1.0–1.5) 1.1 (0.9–1.3)
M 1.3 (1.1–1.6) 1.3 (1.1–1.6)
VF 1.2 (1.1–1.6) 1.1 (1.1–1.2)
GF 1.3 (1.1–1.5) 1.1 (1.0–1.4)
Mix 1.6 (1.3–2.0) 1.1 (1.0–1.5)

MRF SN 1.4 (1.1–1.6) 1.2 (1.0–1.3)
LN 1.2 (1.1–1.5) 1.2 (1.1–1.4)
M 1.6 (1.2–2.1) 1.4 (1.2–1.8)
VF 1.5 (1.2–2.0) 1.2 (1.1–1.4)
GF 1.3 (1.1–1.6) 1.1 (0.9–1.2)
Mix 1.3 (1.1–1.7) 1.1 (0.9–1.2)

Raid Max [in] SN 3.0 (2.6–3.4) 2.0 (1.8–2.3)
LN 1.4 (1.2–1.6) 3.8 (2.9–4.1)
M 1.6 (1.4–1.9) 1.3 (1.1–1.4)
VF 3.0 (2.6–3.4) 1.7 (1.5–1.9)
GF 1.0 (0.9–1.2) 2.2 (2.0–2.6)
Mix 2.0 (1.8–2.3) 1.6 (1.4–1.8)

Raid Max [out] SN 1.1 (1.0–1.2) 1.1 (1.0–1.5)
LN 3.3 (2.9–3.6) 1.2 (1.1–1.4)
M 1.0 (0.9–1.1) 1.0 (0.9–1.2)
VF 2.0 (1.8–2.3) 1.2 (1.1–1.4)
GF 2.4 (2.0–2.6) 1.4 (1.2–1.7)
Mix 1.4 (1.0–1.5) 1.3 (1.1–1.4)

Resistance ratio (RR) is an expression for the degree of resistance of the Muncie strain.
aThe RR50 (95% CL) at PR50 estimator. Confidence intervals determined after methods described in
Roberston & Preisler (1992).

bSN, small nymphs; LN, large nymphs; M, males; VF, virgin females; GF, gravid females; Mix, Mixture
of cockroaches.
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according to the amount of bait consumed. Unequal doses delivered to JWax and
Muncie strains may have influenced the LT50 estimates. Starving the cock-
roaches, however, for 36 h before providing treated baits should have decreased
strain and behavioral differences in feeding and increased the potential of all life
stages (nymphs and adults) to consume nearly the same amount of bait.

The basis for categorizing resistance ratios depends upon the assay used. In
general, resistance ratios based on topical application (LD50) are considerably
higher than those based on a time-mortality contact method or a feeding method
(LT50). Cochran (1989) reported that resistance ratios of 1.0–2.0 provided by the
time-mortality response method (LT50) indicate little, if any resistance; values
between 2.0 and 10.0 indicate moderate resistance; and resistance ratios of >10
indicate high levels of resistance. In my feeding bioassays, low resistance ratios
were obtained for most baits tested against various stages and sexes of both
strains (Table 6). A ratio of 1.0 indicates that there was no resistance to the bait
for each nymphal stage or sex of adults. In the no-choice bioassays, resistance
ratios for various commercial baits to different stages and sexes were similar
(with few exceptions).

One of the most important management strategies for B. germanica is to con-
trol the most susceptible life stage. In this study, developmental stage- and gen-
der-dependent differential susceptibility to various commercial baits occurred.
Field treatments for B. germanica with residual sprays or baits are usually ap-
plied to control all stages (nymphs and adults) regardless of age and sex. Residual
deposits of spray chemicals are most likely to be contacted by late-stage nymphs
because of their greater mobility compared with younger nymphs or females
carrying oothecae (Ross et al. 1984). Controlling various stages with baits re-
quires development of an attractive, palatable food base. A proper baiting tech-
nique to deliver the bait matrix and enough active ingredient to affect the most
susceptible stage(s) are needed to understand the mechanisms associated with
any developmental bait tolerance by any stage or sex. Because nymphs have been
estimated to comprise >80% of field populations (Ross & Wright 1977), the tol-
erance of a particular nymphal stage to the bait my contribute significantly to the
failure of B. germanica control. Therefore, an attractant bait base should be
developed to control of the largest percentage of B. germanica population.

In the limited spatial environment of the bioassay and the highly controlled
food access afforded therein, the results of this study indicated that B. germanica
showed strain, developmental stage, and gender-differential susceptibility in B.
germanica to various commercial baits. Tolerance in the resistance strain could
be greatly magnified in the field where spatial constraint and resource abundance
are not limited. Because bait performance in the field does not always correlate
well with results obtained in the laboratory (Rust & Reierson 1981, Appel 1990),
field testing of the baits tested will provide information on other parameters
affecting their performance. This may lead to the improvement in the perfor-
mance, design, and dispensing of baits for the control of B. germanica.
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Natural Mortality of Leaffooted Bug (Hemiptera:
Heteroptera: Coreidae) Eggs in Cowpea1
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ABSTRACT Predation and parasitism of eggs of Leptoglossus phyllopus (L.)
were monitored from 1993 to 1997 by placing egg masses on cowpea [Vigna
unguiculata (L.) Walp.] and other wild and cultivated host plants. Hy-
menopteran parasitoids reared from eggs were Gryon carinatifrons (Ash-
mead), Gryon pennsylvanicum (Ashmead) (Scelionidae), Anastatus spp. (Eu-
pelmidae), and an unidentified encyrtid. Scelionids comprised 93% of
parasitoids, with a 4:1 ratio of G. carinatifrons: G. pennsylvanicum. Parasit-
oids were able to develop in coreid eggs that had been stored at <−20°C. Data
from 1995 and 1996 showed that intensity of egg parasitism varied among host
plants and was significantly lower on corn compared with cowpea and wild
Asteraceae, reaching a maximum of 61.9% on late-season cowpea. Egg preda-
tion was high on all host plants tested, ranging from 28.8% on blueberry,
Vaccinium corymbosum L., to 72.2% on the wild host Pyrrhopappus carolin-
ianus (Walter) DC.

KEY WORDS Gryon, Leptoglossus phyllopus, Heteroptera, Coreidae, Sce-
lionidae, predation, parasitism, cowpea, Vigna unguiculata

The complex of sucking bugs commonly found on cowpea, Vigna unguiculata
(L.) Walp., in the southeastern United States includes pentatomids, alydids,
mirids, and coreids. The southern green stink bug, Nezara viridula (L.) (He-
miptera: Heteroptera: Pentatomidae), is considered the most damaging, but cage
studies indicated that infestations of the leaffooted bug, Leptoglossus phyllopus
(L.), also can damage pods and reduce yield through seed abortion (Schalk and
Fery 1982). L. phyllopus also constitutes part of the stink bug complex in tomato,
Lycopersicon esculentum Miller (Muckenfuss et al. 1994), and other vegetable
crops.
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3Clemson University, Coastal Research and Education Center, 2865 Savannah Highway, Charleston,
South Carolina 29414.
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Biological control of N. viridula by Trissolcus basalis (Wollaston) (Hy-
menoptera: Scelionidae) has been extensively investigated (Jones 1988). This
egg parasitoid is an important component of the natural enemy complex of
N. viridula in South Carolina cowpea and tomato (Shepard et al. 1994) and also
may be useful in inundative releases (Justo et al. 1997). T. basalis is recorded
only from pentatomid hosts (Jones 1988), however, and does not parasitize eggs
of coreids. Our objective was to study the natural enemies of L. phyllopus eggs
in cowpea and other host plants, to determine seasonal patterns of parasitism
and predation, and to identify species of potential use in a biological control
program.

Materials and Methods

Field work was done at Clemson University’s Coastal Research and Education
Center, Charleston, South Carolina, from 1993 to 1997. Egg masses were ob-
tained from colonies of L. phyllopus established annually and reared on green
bean (Phaseolus vulgaris L.) and sunflower (Helianthus annuus L.) seeds supple-
mented with corn (Zea mays L.), zucchini (Cucurbita pepo L.), and cowpea. Bam-
boo skewers (1993 and 1994) or wooden applicator sticks (1995–1997) were pro-
vided for oviposition. Egg-laden sticks were collected daily, frozen, and stored at
<−20°C until placed in the field.

Plant species on which egg sticks were placed varied seasonally and from year
to year. Cowpea was included every year, other species tested were those on which
L. phyllopus nymphs or gravid females were observed and included weed species
commonly found in or near cowpea fields as well as other cultivated crops. Be-
cause the presence of naturally occurring L. phyllopus determined the inclusion
of a plant species in a given year, the set of host plants tested was not identical
for all years of the study. Wild L. phyllopus hosts were elderberry (Sambucus
canadensis L.), goldenrod (Solidago canadensis L. var. scabra Torrey & A. Gray),
and false dandelion [Pyrrhopappus carolinianus (Walter) DC]. Cultivated crops
were blueberry (Vaccinium corymbosum L.), corn (‘Snow Belle’), and pole-
grown longbeans (V. unguiculata ‘Sainan’ and ‘Maju’). Two varieties of cowpea
were included: ‘Pinkeye purple hull’ (planted 1 June 1993, 6 June 1994, 12 June
1995, and 22 May 1996) and ‘Ejura red’, a West African variety (planted 23 May
1996). All species, wild or cultivated, were reproductive at the time experiments
were conducted, as L. phyllopus does not colonize vegetative hosts (Mitchell
1980).

Cohorts of 10 or 30 egg sticks per plant species were set out in the field on each
test date. Egg masses were removed from the freezer and counted, and the loca-
tion of each mass on the stick was noted. If a stick had several masses, they were
treated as a single unit for analysis. Egg sticks were then attached to host plant
stems or petioles with small steel binder clips. After 7 d, sticks were collected
and held in test tubes in a rearing room at 24 ± 5°C, 60 ± 5% RH, and a photo-
period of 14:10 (L:D) h until parasitoids emerged. Eggs remaining on sticks were
counted and all missing eggs were presumed to have been eaten by predators. All
eggs were dissected to locate and remove unemerged or partially emerged adult
parasitoids; however, parasitoid juvenile stages (particularly the unsegmented
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early larval stages) could not be reliably located by this method. Eggs were clas-
sified as eaten if either some residue of the chorion remained on the stick, or no
residue remained; as parasitized if an exit hole or parasitoid was present; as
collapsed when triangular in cross section, with sides fallen in; or as intact, if
hemicylindrical shape was retained, with no exit hole and no parasitoid found
within.

Mortality was calculated as a percentage of eggs per mass. All eggs and egg
masses were included in calculating mean percentage of predation. The percent-
age of parasitism per mass was calculated by dividing parasitized eggs by para-
sitized + intact eggs (i.e., eaten and collapsed eggs were not included). Masses
that were completely eaten were eliminated from this analysis. Sample size for
assessing parasitism consequently varied with the intensity of predation, but the
minimum sample size used for all analyses was 10 egg masses. Parasitoids were
preserved for identification, and voucher specimens have been deposited in the
Clemson University Arthropod Collection.

Daily patterns of predation and parasitism were determined by field observa-
tion. Freezer-stored eggs were placed in false dandelion, corn, or cowpea, and
checked for natural enemy activity at 4-h intervals over a period of 24–96 h. To
reduce disruption of nocturnal activity, red lights were used for illumination.
Predators and parasitoids observed were sight-identified to family, and egg sticks
were returned to the laboratory to verify parasitism. Five sets of observations
were taken: 28 June–2 July 1995 (20 masses, false dandelion); 10–14 July 1995
(10 masses, cowpea; 10 masses, corn); 19–22 July 1995 (10 masses, cowpea; 10
masses, corn); 24–26 July 1995 (10 masses, cowpea; 10 masses, corn); and 18–19
July 1996 (30 masses, false dandelion).

Suitability of freezer-stored eggs as hosts for parasitic wasps was examined
through field exposure of fresh and frozen masses. Fresh egg masses used in this
test were <24 h old (i.e., the same age at which masses were frozen). Paired fresh
and freezer-stored egg sticks (n 4 30 pairs) were attached to petioles of adjacent
cowpea leaves, and egg mass size for each pair was matched as closely as possible
(X̄fresh 4 23.70 ± 14.19; X̄frozen 4 26.57 ± 13.00). The experiment was conducted
from 12 to 29 August 1997. Procedures were the same as described previously,
except that exposure time was shortened to 3 d to prevent eggs from hatching in
the field. Chi-square contingency table analysis (ProStat 1996) was used to com-
pare fresh and frozen samples for frequency of parasitism, predation, egg col-
lapse, and occurrence of parasitoid species.

Differences in egg mortality between host plants were determined for each
year by combining data for a given host plant over all consecutive weekly or
biweekly sampling periods. Mean percentage of predation and parasitism were
compared among hosts with one-way analysis of variance (ANOVA) followed
by Fisher’s least significant difference (LSD) test; if variances were not homoge-
neous by Bartlett’s chi-square test, the nonparametric Kruskal-Wallis test was
used (ProStat 1996). Patterns of mortality over time for eggs on a single plant
species also were determined for cowpea (predation: 1994, 1996; parasitism;
1996) and false dandelion (predation: 1996). In other years and on other host
plants, sample sizes or sampling durations were not sufficient for this type of
analysis.
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Results and Discussion

Field observations showed that ants, particularly the red imported fire ant
(Solenopsis invicta Buren), were the most common predators. Ant workers tended
to remove eggs completely, with little or no trace of the chorion remaining. In
contrast, orthopteran predators (e.g., Tettigoniidae, Gryllidae) chewed eggs
roughly, leaving large portions of the eggshell still attached to the stick. Justo
(1994) observed similar damage to eggs of N. viridula in coastal South Carolina,
by fire ants and snowy tree crickets (Oecanthus fultoni Walker). Bigeyed bugs
(Lygaeoidea: Geocoridae) and damsel bugs (Nabidae) also were observed on L.
phyllopus egg masses; however, damage caused by sucking predators was not
clearly visible when egg masses were examined and could not be quantified in our
study.

Parasitic wasps reared from field-exposed eggs included two scelionid species:
Gryon carinatifrons (Ashmead) and G. pennsylvanicum (Ashmead), with the
former composing 81.7% of all scelionids identified to species (n 4 905). G. penn-
sylvanicum is known to parasitize eggs of the squash bug, Anasa tristis (De Geer),
as well as three Leptoglossus species, including L. phyllopus (Masner 1983, Mitch-
ell & Mitchell 1983). G. carinatifrons is previously reported from A. tristis, Lep-
toglossus gonagra (F.) (Masner 1983), and Leptoglossus fulvicornis (Westwood)
(Wheeler & Miller 1990). Infrequent parasitism by Anastatus spp. (Hymenoptera:
Eupelmidae) and an unidentified encyrtid also was noted during the study. Over-
all occurrence, calculated as percentage of total eggs parasitized, was 93.1, 6.3,
and 0.6% for scelionids, eupelmids, and encyrtids, respectively (n 4 1,105). The
eupelmids were active early in the season on blueberry (6–29 June) and late in the
year on false dandelion (27 September) but were never reared from eggs placed on
cowpea. Both species of Gryon were active from early June through September, on
wild and cultivated plant species.

Parasitic wasps, ants, and bigeyed bugs were sufficiently common that pat-
terns of daily activity could be determined from field observations (Fig. 1). Fre-
quency was calculated as total number of attacks observed on egg masses during
a 4-h time category divided by the total number of observation periods for that
time category (n 4 16–19, unequal sample sizes are due to rain). Ants were active
at all times of day and on all plant species observed, whereas bigeyed bugs were
restricted to daylight and early evening hours (0800–2100 hours EST) and were
observed only on false dandelion. Parasitic wasps showed pronounced cyclic ac-
tivity, with no oviposition between 2400 and 0800 hours, and most activity con-
centrated in late afternoon (1600–2000 hours). Our results are consistent with
cyclic daily activity patterns for G. pennsylvanicum in laboratory and field studies
in Kansas (Vogt & Nechols 1991) in which wasps exhibited an aggregated resting
behavior during evening and night hours (2100–0800 hours CST). Vogt & Nechols
(1991), however, reported that most probing of egg masses and most oviposition
occurred during morning and early afternoon hours (0815–1630) in the labora-
tory.

Fresh and freezer-stored eggs were equally likely to be located by natural
enemies (for predators, x2 4 1.02, df 4 1, P > 0.05; for parasitoids, x2 4 0.22,
df 4 1, P > 0.05). Furthermore, the distribution of Gryon species did not differ
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between the two types of eggs (x2 4 0.23, df 4 1, P > 0.05). The frequency of
completely parasitized masses, however, was significantly higher in fresh eggs
(59%) compared with freezer-stored eggs (8.3%; x2 4 8.44, df 4 1, P < 0.01) and
may be explained by a significantly greater tendency of freezer-stored eggs to
collapse when placed in the field (x2 4 17.84, df 4 1, P < 0.005). Collapsed eggs
do not produce nymphs, nor do parasitic wasps develop successfully in such eggs;
therefore, field data were adjusted for analysis of percentage of parasitism by
deleting all collapsed eggs.

Scelionids vary greatly in their acceptance of dead host eggs. Gryon gnidus
(Nixon), a parasite of the African coreid Clavigralla tomentosicollis (Stål), does
not oviposit in infertile eggs or those killed by irradiation or freezing at −4°C
(Egwuatu & Taylor 1977). In contrast, eggs of N. viridula stored at −75°C are
equivalent to fresh eggs for development of Trissolcus basalis (Wollaston) (Powell
& Shepard 1982, Justo 1994). Our results indicate that intact freezer-stored
L. phyllopus eggs are suitable for development of G. pennsylvanicum and
G. carinatifrons and can be used (with a correction for egg collapse) to provide
an assessment of mortality caused by natural enemies. Freezer storage allows
host eggs to be accumulated until ready for use. Another advantage is that
pest populations are not augmented in study plots. The ability to rear parasit-
oids in freezer-stored eggs also could benefit mass-release biological control
programs.

Fig. 1. Frequency of natural enemy attacks on L. phyllopus egg masses at dif-
ferent times of day.
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Fig. 2. Average percentage of parasitism of L. phyllopus eggs on various culti-
vated and wild hosts, 1995 and 1996. Vertical bars represent SEM.
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Intensity of parasitism varied among plant species (Fig. 2; 1995: H 4 6.27,
df 4 3, P 4 0.099; 1996: H 4 9.63, df 4 3, P 4 0.022). Recorded parasitism of
eggs placed on corn was zero in 1995 and minimal in 1996. Highest parasitism
was recorded in goldenrod (41.1%, September) and pole-grown long-beans (50.9%,
late July-early August). Parasitism of eggs placed on false dandelion and cowpea
(Pinkeye purple hull) was similar and consistent in both years. Higher egg para-
sitism on pole-grown V. unguiculata (Sainan and Maju) compared with that on
Pinkeye purple hull (a bush variety) suggests that plant growth form may influ-
ence parasitoid activity.

The most striking difference in egg mortality was seen in spring; the absence
of parasitism of L. phyllopus eggs placed on elderberry in late May 1996 con-
trasted with a high incidence of parasitism on blueberry in early June 1995.
Whether this difference in parasitism represents the effect of timing or host plant
cannot be determined from our data. Parasitism of eggs placed on blueberry was
also high in late June 1994, when 4 of 10 masses were located by parasitic wasps.
Eupelmids, however, made up more than half of the parasitoids emerging from
eggs on blueberry in both years.

Predation on L. phyllopus eggs was high throughout most of the study, ranging
from 28.8% on blueberry in 1995 to 72.2% on false dandelion in 1996 (Fig. 3).
Mean percentage of predation did not differ significantly among plant species in
1995 (F 4 2.08; df 4 4, 161; P 4 0.09). In 1996, significantly higher egg predation
was found on false dandelion than on other plants (F 4 3.87; df 4 4, 264; P 4

0.0045). In 1994, percentage of predation (mean ± SEM) was 58.3 ± 9.8 for eggs
placed on blueberry, 36.2 ± 3.8 on cowpea, and 44.8 ± 4.9 on pole-grown long-
beans. Seasonal egg predation on cowpea in 1993, 16.9 ± 5.1%, was low compared
with the percentage of predation in other years.

Differences in the intensity of natural enemy activity between crops also are
known for other hemipteran pests. For N. viridula in coastal South Carolina,
predator activity in tomato was minimal but parasitism (predominantly T. basa-
lis) reached 70% of egg masses. Both parasitism and predation of eggs placed on
okra were lower than that on soybean [Glycine max (L.) Merrill] or wild radish
(Raphanus raphanistrum L.) (Shepard et al. 1994). Season-long predation on N.
viridula eggs (e.g., 11–33% for okra, 41% for soybean) appeared generally lower
than suggested by our results for L. phyllopus eggs on various crops. Such dif-
ferences are unexpected because the same generalist predators (e.g., ants, crick-
ets) attack eggs of both heteropteran species.

In laboratory experiments, parasitism by Gryon nixoni Masner on eggs of a rice
bug, Leptocorisa oratorius (F.), was higher on rice, Oryza sativa L., than on sev-
eral weedy grass species. The probability of a mass being located by a parasitoid
depended on the host plant, but once the mass was found, the percentage of eggs
attacked was independent of plant species (Morrill & Almazon 1990). Similarly,
Anastatus spp. parasitized significantly more eggs of L. phyllopus placed on its
host plant, Cirsium texanum Buckl., than on nonhosts; however, this trend was
not observed for G. pennsylvanicum, which located egg masses placed on host and
nonhost plants (Mitchell & Mitchell 1986).

One effect of intense predation in our study was to reduce the effective sample
size for assessing parasitism; for this reason, sample size was increased in 1996
from 10 to 30 egg sticks. Parasitism data for 1996 and predation data for 1994 and
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Fig. 3. Average percentage of predation of L. phyllopus eggs on various culti-
vated and wild hosts, 1995 and 1996. Vertical bars represent SEM.
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1996 are sufficient to allow examination of seasonal trends in egg mortality. In
1994, predation of eggs placed on cowpea showed extreme seasonal variation (Fig.
4A), with high levels of activity observed in July, decreasing steadily in August to
a minimum of 2.8%, and recovering to >50% by late September. In 1996, a less
pronounced decrease in predator activity was seen in cowpea, with a drop in
August to only 31%, whereas predator activity on false dandelion remained high
(>70%). Intensity of parasitism also varied seasonally on cowpea (Fig. 4C), in-
creasing to 61.9% in mid-September. This last measure of parasite activity was
taken on a different variety of cowpea (Ejura red), after harvest of the Pinkeye
purple hull fields. Parasitism on goldenrod in late September and early October,
41.1%, was also high. A final generation of the coreid host is completed on wild
Asteraceae after cowpea is harvested, but by October most naturally laid eggs
would presumably already have hatched.

A similar pattern of low early-season parasitism increasing over time and
reaching a maximum in late August has been shown for the harlequin bug [Mur-
gantia histrionica (Hahn)] in Virginia; however, the egg parasitoids did not ef-
fectively reduce harlequin bug populations (Ludwig & Kok 1998). In South Caro-
lina cowpea, intensity of predation on N. viridula eggs increased over time,
whereas parasitism by T. basalis decreased, reaching zero in late August (Shep-
ard et al. 1994). Differences in the pattern of predation on pentatomid and coreid
eggs in a similar environment are unexpected.

The low survivorship of L. phyllopus eggs placed on late-season hosts suggests
the possibility of augmentative release of G. carinatifrons on cowpea earlier in the
season. Neither G. pennsylvanicum nor G. carinatifrons is presently reared com-
mercially, nor has a mass-rearing program for Gryon spp. been developed (Olson
et al. 1996). Economic analysis of augmentative releases of G. pennsylvanicum to
control squash bug in pumpkin [Cucurbita pepo L. and Cucurbita mixita Pang.
(Duchesne)] by using cost estimates based on greenhouse rearing, showed that
biological control alone would not be a practical management approach but would
be feasible if used in combination with host-plant resistance (Olson et al. 1996).
If these wasps can be reared successfully on freezer-stored eggs, particularly
those of a coreid host more amenable than L. phyllopus to large-scale breeding,
biological control by using Gryon spp. may become more cost-effective. In con-
junction with augmentative releases of parasitoids, conservation of predatory
arthropods is essential for effective control. The high levels of egg predation
documented in this study illustrate the tremendous impact of red imported fire
ants and their potential as control agents in an integrated pest management
program. Release of commercially available predatory arthropods also might be
beneficial.
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Fig. 4. Seasonal patterns of predation and parasitism of L. phyllopus eggs. Ver-
tical bars represent SEM. (A) 1994 predation, (B) 1996 predation, (C)
1996 parasitism.
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ABSTRACT Individual colonies of Argentine ants, Linepithema humile
(Mayr), were collected and maintained in plastic containers and randomly
selected to receive a potted oleander (Nerium oleander L.) plant with one of
eight different soil treatments of fipronil, diazinon, or an untreated control.
Foraging and mortality rates were observed in each colony. Reductions in the
rates of ants foraging on plants were similar with all treatments; however, the
mortality rates of the colonies varied among treatments. For example, 1 wk
after exposure to treatments, the foraging rates on plants in all treatments
except the control had dropped to zero. Soil-mix treatments of fipronil had
killed >90% of worker ants at 1 wk, whereas broadcast treatments of fipronil
and diazinon killed <50% of workers. The soil-mix treatments of fipronil killed
all queens in 4 wk, whereas broadcast treatments of fipronil took 8 wk to kill
all queens. The diazinon broadcast treatment did not kill any queens. Only
fipronil soil-mix treatments prevented ants from establishing colonies in the
pot. These results suggest that when studying pesticide effectiveness against
Agrentine ant in the field, equivalent short-term reductions in foraging rates
should not be assumed to indicate equivalent mortality of ant colonies.

KEY WORDS Argentine ant, Hymenoptera, Formicidae, fipronil, nursery,
bioassay

Ant infestations are a widespread problem for the nursery industry. Infesta-
tions of container plants with any ant species can result in delay or rejection of
inter-regional shipments due to quarantines presently in place for fire ants (So-
lenopsis spp.) and other pests. In addition, some ant species, including Argentine
ants, Linepithema humile (Mayr) (4Iridomyrmex humilis), tend colonies of ho-
mopteran pests such as aphids, scales, and whiteflies. The ants collect their
honeydew as a food source and actively interfere with natural enemy activity
against homopteran pests, resulting in larger populations of pests when ants are
present (DeBach 1958, Addicott 1979, Bristow 1984).

Preventing ants from establishing colonies in nursery stock is an important
means for deterring the movement of exotic pest ant species. Lewis et al. (1992)

1Accepted for publication 11 September 1998.
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reported that nursery stock accounted for 5% of the interceptions of imported fire
ant, Solenopsis invicta Buren, at border stations in California. These may be
significant because they may often represent intact colonies. In fact, the one
eradication effort of S. invicta in California was at a nursery in Santa Barbara in
1988. Commercial shipments of plants contributed to the widespread distribution
of L. humile in the United States (Newell & Barber 1913, Smith 1965). Linepi-
thema humile was introduced into France in orchids and ferns from South
America (Passera 1994).

The major ant pest reported in nursery crops in southern California is the
Argentine ant. Argentine ants are difficult to control for several reasons. Little is
known about the foraging habits of the species. They are polydomous, meaning
that individual colonies of ants over a large area are actually interrelated, and
individual ants can easily move from one nest site to another if a colony is dis-
turbed (Markin 1968). This makes it particularly difficult to evaluate the effec-
tiveness of materials used to control Argentine ants. Observations of reduced
foraging rates of ants in treated sites may not give a true indication that ants
have been controlled. Ant populations may move from the treated area and shift
their foraging range into new or other existing nest sites. The distinction of
repellency effects from mortality effects can be particularly important in nursery
situations where ants may move to other locations within the same nursery and
continue to be a pest problem after treatment. Thus, to evaluate the efficacy of
pesticides for Argentine ant control, it will be necessary to distinguish the relative
contributions of repellency and mortality to reductions in foraging rates in treated
areas.

In our studies, individual ant colonies were isolated to observe colony mortality
and behavior in response to exposure to insecticides. Using these methods, we
determined if reduced foraging rates resulted from avoidance of treated areas or
from mortality of colonies due to treatments.

Materials and Methods

Potted oleander plants (Nerium oleander L.) were infested with black scale,
Saissetia oleae (Olivier), to produce a source of honeydew that would encourage
ants to forage across treated soil. Two-week-old rooted oleander cuttings were
infested with black scale by introducing scale crawlers onto seedlings. One month
later, after scale populations had established, the infested oleander seedlings
were transplanted into 15-cm-diameter pots with treated or untreated soil.

Eight treatments were used in this study: an untreated control; diazinon (5G)
broadcast on the soil surface at the labeled rate of 0.49 g (AI)/m2; three rates of
soil mixes of fipronil 61508A (0.05 G) (Chipco, Rhone-Poulenc, Research Triangle
Park, North Carolina) at 5, 10, and 25 ppm (AI); a soil mix of fipronil 60818A
(0.1G) (Rhone-Poulenc, North Carolina) at 10 ppm (AI); and two rates of fipronil
60818A broadcast on soil surface at rates of 14 and 28 g (AI)/ha. Soil treatments
were applied by mixing granular fipronil formulations with moist soil on a weight
to volume ratio (g [AI]/cm3 soil). The formulations for broadcast treatments were
mixed with 30 cm3 of air-dried soil to allow even sprinkling on the soil surface.
The soil used was sterile University of California Type III soil mix with a dry
weight density of 0.77 g/cm3 of soil (1330 cm3 of soil per pot).
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Twenty-four individual colonies of Argentine ants were assembled and main-
tained in plastic containers (25 by 30 by 10 cm) in a walk-in rearing room (30 ±
2°C and a photoperiod of 16:8 [L:D] h). Each colony was provided with an artificial
nest constructed from a plaster-filled petri dish (10 cm diameter) formed with an
4.5 cm diameter by 0.5 cm deep circular area in the center of the dish to serve as
an artificial nest (unpublished data). Dishes were covered with a black cardboard
disk that could be removed to observe the number of ants and queens in a nest.
Moisture was applied to nests through wicks embedded in the plaster. In addition
to an artificial nest, each colony container also was provided with one water
supply wick, a small dish of 5% sucrose solution over cotton, and one dish of fly
pupae. About 300–400 worker ants and several queens (4.6 ± 0.4, mean ± SE)
were introduced into each container.

After ants had acclimated for 1 mo, one infested oleander plant was introduced
into each ant colony. Treatments were arranged in a completely randomized
design; ant colonies were randomly selected to receive oleander plants in pots
treated with one of eight different treatments. Three replicates of each treatment
were used.

Foraging. To estimate the foraging rates of ants in each colony after treat-
ment, the number of ants foraging up the stem of the oleander plants in 1 min was
monitored and compared among treatments. Stems were observed for at least
three, 1-min counts per plant at 1, 2, 3, 4, 5, 7, 9, 14, 21, 28, 35, and 42 d after
treatment.

Mortality. To estimate mortality rates of worker and queen ants, dead ants
were removed from colonies 1, 2, 3, 4, 7, 9, 14, 21, 28, 35, 42, 49, and 52 d after
treatment by using an aspirator. Collected samples were examined under a stereo
microscope to identify body fragments. Only fragments that included an ant head
capsule were counted. Previous studies determined that head capsules of ants
remain even if the bodies are consumed by other ants (unpublished data). Queens
were differentiated from workers based on head capsule size. After 52 d, all ants
were removed from nests, plants, and soil to determine the total number of ants
remaining in each colony. The cumulative percentage of ant mortality for each
date was calculated. Mortality counts of worker and queen ants were analyzed
separately.

Soil exposure bioassay. At the end of the mortality trial, soil samples were
collected from the top, middle and bottom edges of pots and stored in petri dishes
to test the residual activity of soil treatments. Sixteen weeks after treatment,
ants were exposed for 24 h to each soil sample. Ninety-two milliliter vials were
coated with Teflont and a 2-cm-diameter section of moist filter paper was placed
on the bottom of each vial. Soil (1.2 cm3) was added to cover the filter paper, and
10 ants were introduced into each vial. Vials were covered with parafilm and held
at ambient temperature for 24 h. Contents were emptied into cool water to count
the number of live ants. The mean number of ants surviving after 24 h was
compared among treatments. All data were analyzed using one-way analysis of
variance (ANOVA) (Minitab Statistical Software) followed by a Fisher protected
least significant difference (LSD) test for comparison of means. Percentages were
arcsine transformed before analysis.
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Results

Foraging. When plants were initially moved into the colonies, ants in all
treatments began excavating soil from pots within the first 30 min. Many began
moving pupae from artificial nests into pots. By the next morning ants had modi-
fied their foraging behavior. In all soil-mix treatments of fipronil, the foraging
rate of ants on plants dropped to zero within 1 d, and ants completely avoided the
pots throughout the remainder of the experiment (Table 1). Diazinon broadcast
treatments also were effective in significantly reducing foraging rates of ants to
zero by day 1; however, foraging rates and soil colonization in diazinon-treated
pots began to increase after 30 d (Table 1). Foraging on plants was significantly
reduced with broadcast treatments of fipronil 2 d after exposure, and dropped to
zero by day 4 (Table 1). Unlike with fipronil soil-mix treatments, however, the
ants continued to excavate and inhabit the pots throughout the experiment by
entering through the drain holes on the bottom of the pots.

Mortality. Twenty-four hours after exposure, all soil-mix treatments of
fipronil killed significantly more workers than did controls or broadcast treat-
ments of fipronil or diazinon, effectively killing $93% of workers in about 1 wk
(Table 2; Fig. 1). Broadcast applications of fipronil killed a significant number of
workers 2 wk after exposure, and killed almost all workers by wk 5 (Table 2; Fig.
2). The higher concentration of broadcast fipronil took longer to kill ant colonies,
suggesting it may have been more repellent to ants than the lower broadcast
concentrations. There was significantly higher mortality in diazinon treatments
compared with controls 2 d after exposure. About 40% of the worker ants were
killed by diazinon in 1 wk; however, the percentage of mortality did not increase
much more after that time.

Queen mortality was significantly higher in ant colonies exposed to soil-mix
treatments compared with controls, with all queens killed 4 wk after exposure
(Table 3). Broadcast treatments of fipronil took longer to show effects on queens,
but killed a significant number of them 5 wk after exposure compared with con-
trols, and killed almost all queens by wk 8 (Table 3). In contrast, the diazinon
broadcast treatment did not kill any queens during the study (Table 3).

Phytotoxicity was observed on the three oleander plants treated with the high-
est level of fipronil 61508A soil mix (25 ppm). Leaves appeared dried and curved
longitudinally. There was no apparent effect of any of the treatments on the black
scale population.

Soil exposure. Exposure of ants to soil samples from all soil-mix treatments,
including samples from the top, middle, and bottom sections of the pot, resulted
in significant ($80%) mortality of ants within 24 h (Table 4). None of the soils
from broadcast treatments caused significant mortality of ants within the 24-h
exposure.

Discussion

In our laboratory studies, ant colonies were provided with everything neces-
sary for survival and did not need to forage on plants. Ants, however, initially
attempted to nest in the potting soil and forage on plants. Our foraging rates were
lower than rates reported for field trials on trees when a similar method of moni-
toring was used (Shorey et al. 1992). This is to be expected because our laboratory
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Table 1. Mean number of Argentine ants foraging up plants in 1 min at 1 d, 4 d, and 1, 2, 4, and 8 wk after treatment.

Number of ants foraging per min (mean ± SE)b

Time after initial exposure

Treatmenta 1 d 4 d 1 wk 2 wk 4 wk 8 wk

Control (Untreated) 2.1 ± 0.7a 1.9 ± 0.5a 1.1 ± 0.1a 1.8 ± 0.8a 1.75 ± 0.6a 2.5 ± 1.8a

BC diazinon, 4,900 g (AI)/ha 0 ± 0 0 ± 0b 0 ± 0b 0 ± 0b 0.1 ± 0.1b 1.1 ± 0.5ab

SM fipronil 61508A, 5 ppm (AI) 0 ± 0b 0 ± 0b 0 ± 0b 0 ± 0b 0 ± 0b 0 ± 0b

SM fipronil 61508A, 10 ppm (AI) 0 ± 0b 0 ± 0b 0 ± 0b 0 ± 0b 0 ± 0b 0 ± 0b

SM fipronil 61508A, 25 ppm (AI) 0 ± 0b 0 ± 0b 0 ± 0b 0 ± 0b 0 ± 0b 0 ± 0b

SM fipronil 60818A, 10 ppm (AI) 0 ± 0b 0 ± 0b 0 ± 0b 0 ± 0b 0 ± 0b 0 ± 0b

BC fipronil 60818A, 14 g (AI)/ha 2.2 ± 0.5a 0 ± 0b 0 ± 0b 0 ± 0b 0 ± 0b 0 ± 0b

BC fipronil 60818A, 28 g (AI)/ha 3.5 ± 1.4a 0 ± 0b 0.1 ± 0.1b 0 ± 0b 0 ± 0b 0 ± 0b

aBC, broadcast application; SM, soil-mix application.
bMeans within a column followed by the same letter are not significantly different (P < 0.05) (ANOVA, Fisher LSD).
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Table 2. Percentage of mortality of L. humile workers in colonies exposed to pesticide treated pots.

Percentage worker mortality (mean ± SE)b

Time after initial exposure

Treatmenta 1 d 1 wk 2 wk 5 wk

Control (Untreated) 3 ± 1a 6 ± 1a 9 ± 6a 14 ± 2a

BC diazinon, 4,900 g (AI)/ha 15 ± 6a 39 ± 5bc 44 ± 4b 48 ± 4b

Soil-mix fipronil 61508A, 5 ppm (AI) 59 ± 3b 99 ± 1d 100 ± 0d 100 ± 0c

Soil-mix fipronil 61508A, 10 ppm (AI) 46 ± 10b 99 ± 1d 100 ± 0d 100 ± 0c

Soil-mix fipronil 61508A, 25 ppm (AI) 50 ± 6b 95 ± 5d 97 ± 3d 100 ± 0c

Soil-mix fipronil 60818A, 10 ppm (AI) 44 ± 7b 93 ± 5d 98 ± 1d 100 ± 0c

BC fipronil 60818A, 14 g (AI)/ha 4 ± 2a 50 ± 13c 70 ± 8c 100 ± 0c

BC fipronil 60818A, 28 g (AI)/ha 5 ± 1a 19 ± 4ab 32 ± 1b 96 ± 3c

aBC, broadcast application.
bMeans within a column followed by the same letter are not significantly different (P < 0.05) (ANOVA, Fisher LSD).
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Fig. 1. Mean percentage mortality of workers after soil-mix applications of two formulations of fipronil (61508A 0.05 G and
60818A 0.1 G) compared with a broadcast (BC) application of diazinon (5G) and an untreated control.
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Fig. 2. Mean percentage mortality of workers after broadcast (BC) applications of fipronil (60818A 0.1 G) and diazinon (5G).
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Table 3. Percentage of mortality of L. humile queens in colonies exposed to pesticide-treated pots.

Percentage queen mortality (mean ± SE)b

Time after initial exposure

Treatmenta 1 d 1 wk 4 wk 8 wk

Control (Untreated) 0 ± 0a 8 ± 8a 8 ± 8a 8 ± 8a

Broadcast diazinon, 4900 g (AI)/ha 0 ± 0a 0 ± 0a 0 ± 0a 0 ± 0a

Soil-mix fipronil 61508A, 5 ppm (AI) 0.22 ± 0.22a 100 ± 0c 100 ± 0b 100 ± 0b

Soil-mix fipronil 61508A, 10 ppm (AI) 0 ± 0a 89 ± 11bc 100 ± 0b 100 ± 0b

Soil-mix fipronil 61508A, 25 ppm (AI) 0 ± 0a 83 ± 17bc 100 ± 0b 100 ± 0b

Soil-mix fipronil 60818A, 10 ppm (AI) 0 ± 0a 51 ± 26ab 100 ± 0b 100 ± 0b

BC fipronil 60818A, 14 g (AI)/ha 0 ± 0a 6 ± 6a 83 ± 17b 96 ± 4b

BC fipronil 60818A, 28 g (AI)/ha 0 ± 0a 0 ± 0a 28 ± 17a 100 ± 0b

aBC, broadcast application.
bMeans within a column followed by the same letter are not significantly different (P < 0.05) (ANOVA, Fisher LSD).
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Table 4. Percentage of mortality of L. humile workers 24 h after exposure to soil samples collected from treated pots.

Percentage worker mortality after 24 h (mean ± SE)b

Soil depth

Treatmenta Top Middle Bottom

Control (Untreated) 10 ± 6b 7 ± 7b 7 ± 3b

BC diazinon, 4900 g (AI)/ha 17 ± 9b 23 ± 3b 13 ± 9b

Soil-mix fipronil 61508A, 5 ppm (AI) 80 ± 20a 100 ± 0a 90 ± 10a

Soil-mix fipronil 61508A, 10 ppm (AI) 93 ± 7a 100 ± 0a 100 ± 0A

Soil-mix fipronil 61508A, 25 ppm (AI) 97 ± 3a 100 ± 0a 100 ± 0a

Soil-mix fipronil 60818A, 10 ppm (AI) 97 ± 3a 100 ± 0a 100 ± 0a

BC fipronil 60818A, 14 g (AI)/ha 3 ± 0.3b 7 ± 7b 3 ± 3b

BC fipronil 60818A, 28 g (AI)/ha 20 ± 1.0b 13 ± 7b 13 ± 7b

aBC, broadcast application.
bMeans within a column followed by the same letter are not significantly different (P < 0.05) (ANOVA, Fisher LSD).
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ant colonies contained <500 workers compared with unknown and relatively un-
limited numbers of ants present in the field. In addition, our populations had
nearby supplies of water, sugar, and protein and had no real need to concentrate
their foraging efforts on plants.

Although ants showed an avoidance behavior toward treated pots within a
short period of time after exposure, the fipronil soil-mix treatments were still
effective in killing the entire colony of ants, including queens, in 2–3 wk. This
suggests that initial foraging of workers on fipronil soil-mix treated pots resulted
in adequate exposure to affect the entire colony. In addition to preventing ants
from foraging on potted plants, soil-mix treatments of fipronil prevented ants
from establishing colonies in the pots. The use of such soil mixes may reduce the
number of ant colonies being transported in commercial plants. One benefit for
the consumer is that potted plants with treated soil mix will prevent ants around
structures from colonizing the pots, especially L. humile.

Diazinon broadcast treatments were initially effective in repelling ants and
killing ≈40% of the worker population. Unlike fipronil treatments, however, the
overall mortality rate from diazinon treatments did not continue to increase after
2 wk, and diazinon treatments did not kill any queens. This treatment may give
initial relief from ant infestations, but because only workers are killed, it may
result in quick resurgence and return of ants. In other systems, barriers of diazi-
non granules have provided repellent barriers around structures for up to 60 d
(Rust & Knight 1990) and around citrus trees for 3 mo (Moreno et al. 1987).

The efficacy of fipronil soil-mix treatments was maintained for at least 4 mo
after application. Exposure to soil samples from all soil-mix treatments were
effective in killing workers in 24 h, whereas the broadcast treatments were not
effective in killing workers, even when soil was taken from the top of the pot
where insecticides were concentrated.

There were similar reductions in plant foraging rates of ants observed with all
treatments; however, the mortality rates of the colonies varied greatly among
treatments. For example, 1 wk after exposure to treatments, the foraging rates on
plants in all treatments except the control had dropped to zero, which if inter-
preted alone might suggest equivalent levels of control among treatments. In
contrast, mortality counts indicated that at that time, the soil-mix treatments
had killed >90% of worker ants, whereas broadcast treatments had killed <50% of
workers. When studying pesticide effectiveness in the field, short-term reductions
in foraging rates should not be assumed to indicate significant mortality of ant
colonies. The majority of ants may survive exposure and simply move to another
site to forage. Repellency of ants from a particular crop or structure may be an
adequate method of control in some cases; however, in many crop production
systems avoidance of treated areas may result in equivalent or higher infestation
rates by the same ant colonies in other areas of production.
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Host Instar Suitability of Bemisia argentifolii
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ABSTRACT Studies were conducted to assess the suitability of instars of
Bemisia argentifolii Bellows & Perring attacked by Encarsia pergandiella
Howard. E. pergandiella parasitized all instars of B. argentifolii, although the
rate of parasitism of second, third, and early- or late-fourth instars was sig-
nificantly greater than for first-instar hosts. The highest percentage of para-
sitoid emergence (96.3%) was when third instars were parasitized, and the
least (69.4%) when first instars were attacked. The second, third, and early-
fourth-instar hosts resulted in the higher proportion of host mortality and
parasitoid survival. Parasitoids took significantly longer to develop after para-
sitizing first instars (14.9 d) than after parasitizing other instars (11.0–12.0 d).
The shortest period of progeny emergence (2.0 d) occurred when E. pergandi-
ella had parasitized the third instar. The longevity of unfed progeny was sig-
nificantly longer (2.3–3.0 d) for adults emerged from hosts attacked at the
third or early fourth instar compared with those following parasitization of
first (1.5 d), second (1.9 d), or late-fourth (1.4 d) instars. When E. pergandiella
parasitized the first or late-fourth instars, emerging females were significantly
smaller (0.437–0.444 mm) compared with those emerged from other instars
(0.483–0.495 mm). When E. pergandiella parasitized first, second, or third
instars, the parasitoid can be referred to as a koinobiont because after para-
sitization, the host continues to feed, grow, and develop. When E. pergandiella
parasitized early- or late-fourth instars, however, the hosts seemingly stopped
development (idiobiont).

KEY WORDS Encarsia pergandiella, Bemisia argentifolii, host, instar,
suitability, parasitoid, mortality, survival, biological parameters

Bemisia argentifolii Bellows & Perring (4sweetpotato whitefly, Bemisia
tabaci Gennadius, Biotype B) is a polyphagous pest species in the tropics and
subtropics on all continents (Brown et al. 1995). The reported host plants of the
B. tabaci species complex contain more than 500 plants representing 74 families,

This article reports the results of research only. Mention of a commercial or proprietary product does not
constitute endorsement by the U.S. Department of Agriculture.
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many of which are of economic importance (Greathead 1986). It causes economic
losses through direct feeding damage, excretion of honeydew, and plant virus
transmission. Since 1987, annual losses in the United States have exceeded $US
200 million, with an additional annual loss of 3,000–6,000 jobs (De Barro 1995).

Biological control is currently being used against B. tabaci in greenhouses in
Europe, and the development of integrated pest management programs for grow-
ers in other parts of the world includes the use of parasitoids. About 25 parasitoid
species have been recorded from the B. tabaci species complex. Tiny parasitic
wasps of the genera Amitus, Encarsia, and Eretmocerus are among the most
important natural enemies of whiteflies (Cock 1986, Hoelmer 1995).

Encarsia pergandiella Howard is probably endemic to the United States. It is
a heteronomous, biparental endoparasitoid. E. pergandiella females develop as
primary parasitoids on immature whiteflies, and males develop as secondary
parasitoids on females of their own or a related species (Hunter 1989). This
parasitoid has been the subject of several biological studies (Gerling 1965, 1966;
Buijs et al. 1981; Hunter 1987, 1989; Polaszek et al. 1992; Liu & Stansly 1996a,
b; Pedata & Hunter 1996; Schuster & Price 1996).

The research reported herein is part of a long-term study of interactions be-
tween host and parasitoids. Elucidating suitability is a critical prerequisite in
designing further studies on behavior and interspecific interactions, and it is
essential for developing an efficient rearing system. Unfortunately, studies of
host instar suitability for parasitization by E. pergandiella are incomplete and
remain to be investigated, especially for local populations.

The objectives of this study were to determine the influence of host instars
attacked by E. pergandiella on the following six factors: (1) instar-specific host
mortality due to parasitism, (2) parasitoid survival due to emergence, (3) para-
sitoid developmental time, (4) progeny longevity, (5) duration of emergence, and
(6) the size of parasitoid females.

Materials and Methods

Parasitoid and host culture. The E. pergandiella used in this study were
originally reared from B. argentifolii collected on berlandier fiddlewood, Cithar-
exylum berlandieri Robins. (Verbenaceae), in Weslaco, Hidalgo County, Texas,
and identified by M. Rose (Department of Entomology, Montana State Univer-
sity). The parasitoid culture was reared on B. argentifolii maintained on sweet
potato, Ipomoea batatas (L.) Lam.

The B. argentifolii was originally collected from cabbage, Brassica oleracea L.,
in Hidalgo County in 1994, and maintained in a greenhouse, primarily on tomato,
Lycopersicon esculentum Miller. Sweet potato was the host plant used in these
tests. Leaves were cut from plants and each petiole was placed in a floral aquapic
filled with a hydroponic solution (Aqua-Ponics International, Los Angeles, Cali-
fornia). Excised sweet potato leaves were found to readily root and did not dete-
riorate under the fluorescent lighting (20 watt, Vita-Lite©, Duro-Test Lighting,
Elk Grove, Illinois) within an incubator. We have observed that when adult white-
flies are transferred from one plant species to another, there is a period of ad-
justment before they will readily oviposit. Thus, adult whiteflies from greenhouse
tomato leaves were first transferred to sweet potato leaves for 24 h before being
transferred to the designated test leaves. About 50 adult whiteflies were trans-
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ferred to test leaves after chilling for several minutes in a plastic vial placed in a
refrigerator. Whiteflies were confined within a 3-cm-diameter clip cage to the
underside of each excised test leaf and allowed to oviposit for about 2 h. Each
rooted leaf with eggs was then placed in a 120 × 25 mm polystyrene tissue culture
dish (Corning, Inc., Corning, New York) covered with polyester organdy for ven-
tilation. Dishes were kept in an environmental chamber at 26 ± 2°C, 55 ± 5% RH,
and a photoperiod of 16:8 (L:D) h, at 1,400–1,725 lux. All experiments were
conducted under the conditions described previously. Host nymphs were allowed
to develop to the desired instar (first, second, third, or fourth). The fourth instar
was divided on two substages: early-fourth instar (nymphs) prior to developing
distinctive red eye spots and late-fourth instars that possess readily observable
red eye spots. The late-fourth instar is often called the red-eyed nymph stage.
When the designated instar was reached, all but about 35 nymphs were carefully
removed with an insect pin. Subsequently, two mated female parasitoids (<2 d
old) were released and confined with the nymphs in a clip cage. After 3 h, para-
sitoids were removed and leaves with parasitized nymphs were returned to an
environmental chamber.

Experimental indices and their assessment. The host instars tested were
first (n 4 5 replications; 182 nymphs), second (n 4 5 replications; 173 nymphs),
third (n 4 4 replications; 138 nymphs), fourth early (n 4 3 replications; 103
nymphs), and fourth late (n 4 3 replications; 116 nymphs). Following an initial
10-d incubation period, test leaves were examined daily for parasitoid develop-
ment and emergence. Time to emerge was recorded for each individual. The
median of emergence duration was calculated as described by Sokal & Rohlf
(1981). We assessed host development to determine if each host instar continued
growth following parasitization. We measured the length and width of the host
nymphs after parasitoid emergence with an ocular micrometer within a dissecting
microscope. Body sizes of parasitized nymphs were then compared with those of
unparasitized controls. The size of 25 parasitoid females emerged from each
whitefly instar was determined by measuring body length of frozen specimens
from the frons to the tip of the abdomen.

Longevity was measured for adults emerging from each host instar attacked;
these were held as unfed individuals in 1 × 3 cm glass vials. Mortality was
checked every 4 h.

For each instar, host mortality and parasitoid survival were calculated and
expressed as proportions. To calculate instar-specific host mortality, the number
of hosts dying was divided by the initial number of hosts used in each replicate.
The number of parasitoids that emerged successfully were divided by the number
of nymphs initially parasitized, to yield a proportion of parasitoid survival.
Nymphs containing unemerged parasitoids are readily observable.

Statistical analyses were conducted using analysis of variance (ANOVA), and
means were separated by Tukey’s studentized range test (Wilkinson et al. 1992).
The percentage of parasitism and emergence were arcsine transformed (Sokal &
Rohlf 1981).

Results and Discussion

Encarsia pergandiella parasitized all instars of B. argentifolii, although there
were some differences among them. The parasitization rate of second (48.7 ±
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4.6%), third (55.0 ± 7.3%), early-fourth (54.4 ± 3.9%), and late-fourth (40.5 ± 7.8%)
instars was significantly greater than first (26.3 ± 8.7%) instar hosts (F 4 13.6;
df 4 4, 15; P 4 0.001). Adult parasitoids emerged from all five nymphal instars
tested. When E. pergandiella parasitized second, third, or early-fourth instars,
the percentage of progeny emergence was 93.1, 96.3, and 94.6%, respectively, and
significantly higher than emergence rates when first- or late-fourth (69.4 and
69.9%, respectively) instar hosts were parasitized (F 4 8.6; df 4 4, 15; P 4

0.001). The shortest period over which adult progeny emerged (2 d) was when E.
pergandiella parasitized third instars. In contrast, it took 5 d for all adults to
emerge when attacked during the late-fourth instars. Nearly 92% of all adults
emerged on the second day after parasitizing third instars, compared with 39.6–
51.7% on the second day after parasitizing the other host instars (Fig. 1). The
mortality of third or early-fourth instar hosts induced by E. pergandiella was
1.2–2.1 times greater than that caused in the other host instars (Table 1). When
E. pergandiella parasitized the second, third, or early-fourth instars, the average
survival of the parasitoids was 1.4 times higher than when first or late-fourth
instars were parasitized. To summarize and compare the total effect of host suit-
ability among the instars of B. argentifolii, we propose a method for predicting the
number of female progeny per female. We multiplied the number of nymphs used
in each treatment (instar exposed) by the proportion of host mortality due to
parasitism, and also by the proportion parasitoid survival due to emergence, then
divided by the number of parasitoid females used in each treatment. The results
confirmed that second, third, or early-fourth instars served as more efficient hosts
than did first or late-fourth instars.

When first instars were parasitized, development was significantly longer
(14.9 d) than when older instars were parasitized (F 4 115.7; df 4 4, 195; P 4

0.001) (Fig. 2). Longevity of unfed adults was significantly longest (3.0 d) for those
that emerged from hosts attacked at the early-fourth instars; longevity was sig-
nificantly lowest (1.4 d) in adults from first and late-fourth instars (F 4 32.8;
df 4 4, 232; P 4 0.003) (Fig. 2).

Emerged parasitoid females were smallest when E. pergandiella parasitized
the first (0.444 ± 0.03 mm) or late-fourth (0.437 ± 0.02 mm) instars. The largest
parasitoids emerged from hosts parasitized in the second (0.483 ± 0.03 mm), third
(0.495 ± 0.04 mm), and early-fourth (0.479 ± 0.03 mm) instars (F 4 13.0; df 4 4,
105; P 4 0.001). Size is an important index because Lopez Avila (1988) showed
that the body length of Encarsia spp. females are positively correlated with their
fecundity.

Lopez Avila (1988) stated that Encarsia spp. are koinobiont parasitoids irre-
spective of the nymphal instars in which parasitism took place. Our results sug-
gest that E. pergandiella can be both a koinobiont and an idiobiont, depending on
what host instar is attacked. When E. pergandiella parasitized first-, second-, or
third-instar hosts in the current study, the parasitoid can be referred as a koi-
nobiont (Askew & Shaw 1986) because after parasitization, the host continues to
feed, grow, and develop. The size of the whitefly nymphs after emergence of the
parasitoid clearly demonstrated that the host continued to develop after being
attacked in the younger instars. When parasitized as first instars, host size after
parasitoid emergence measured 0.644 ± 0.08 × 0.483 ± 0.03 mm (length × width,
mean ± SD). When parasitized as second instars, host size after parasitoid emer-
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gence was 0.811 ± 0.06 × 0.609 ± 0.06 mm; when parasitized as third instars, host
size was 0.833 ± 0.08 × 0.602 ± 0.1 mm. The final size of the host after being
successfully attacked as first instars was not significantly different from unpara-
sitized third instars (0.627 ± 0.06 × 0.492 ± 0.05 mm) (P for length 4 0.64 and P
for width 4 0.59). Similarly, the final size of the host after being successfully
attacked as second or third instars was not significantly different from unpara-
sitized fourth instars (0.805 ± 0.02 × 0.594 ± 0.03 mm) (P 4 0.74 and 0.36; P 4
0.22 and 0.78, respectively). When E. pergandiella parasitized fourth instars,
however, the host evidently stopped development (idiobiont). After E. pergandi-
ella parasitized early- or late-fourth instars, we observed that segmentation of
antennae did not occur and the wings did not develop.

The results of the studies reported herein represent more precise measure-
ments of host instar suitability than previously reported because we divided the
fourth instar into two substages and the parasitoid exposure period was much
shorter (3 h) than that used in previously published reports (24–48 h) on para-
sitoids of Bemisia spp. The short 3-h exposure period was used to ensure unifor-
mity of host instar parasitism throughout the time exposed to parasitoids, which

Fig. 1. Distribution of emergence of E. pergandiella per day after parasitizing
different host instars.
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also had the effect of synchronizing parasitoid development. Because only no-
choice tests were performed, and the number of attempted ovipositions was not
observed, preference cannot be directly ascertained. There is clear evidence, how-
ever, that the second, third, and early-fourth instars are more suitable hosts.

Gerling (1966) reported that E. pergandiella parasitized all four instars of
Trialeurodes vaporariorum (Westwood), but the second and third instars were
most suitable. Nell et al. (1976) reported that E. formosa Gahan parasitized all
four instars of T. vaporariorum, but the third and fourth instars were more
suitable, whereas Nechols & Tauber (1977) observed that E. formosa attacked
more fourth instars of the greenhouse whitefly. Lopez Avila (1988) reported that
E. formosa, E. luteola Howard, E. adrianae Lopez Avila, and E. cibcensis Lopez
Avila parasitized all instars of B. tabaci, but the third instar incurred signifi-
cantly higher percentage of parasitism than the other instars. Lopez Avila (1988)
observed that pupation and adult emergence occurred in all instars of the host.
Liu & Stansly (1996a) also reported that E. pergandiella in no-choice tests ovi-
posited in all four instars of B. argentifolii but significantly fewer first instars
were parasitized. Schuster & Price (1996) observed that E. pergandiella accept all
instars of B. argentifolii, but a greater percentage of third and fourth instars were
parasitized. Our results differ slightly from those in the previously described
studies. Differences can be attributed to a number of factors such as host plant
species, parasitoid exposure time, and, perhaps to differences in biological attrib-
utes among geographic populations of the parasitoid.

The mechanisms of host instar suitability for whitefly parasitoids have not
been studied and can only be surmised. Suitability of later instars may be because
larger hosts provide better resources for larval development (Liu & Stansly
1996a). Host defense reactions such as cuticle thickness and host age, spines, and
wax filaments also may play a role in host suitability (Gerling 1990). Lopez Avila
(1988) suggested that Encarsia spp. have a particular strategy when they allocate
their feeding and oviposition bouts, using the youngest and oldest host instars
more intensively for feeding, and the intermediate ones for parasitization. We did
not examine host feeding.

Table 1. Effects of B. argentifolii instars parasitized by E. pergandiella
on host mortality and parasitoid survival.

Host instars

Proportion of
Predicted parasitoid

females/femaleHost mortality Parasitoid survival

First 0.263 ± 0.087b 0.694 ± 0.090b 3.1 ± 1.4b

Second 0.487 ± 0.044a 0.931 ± 0.057a 7.6 ± 1.0a

Third 0.550 ± 0.072a 0.963 ± 0.045a 8.8 ± 1.2a

Early fourth 0.544 ± 0.039a 0.946 ± 0.056a 8.6 ± 0.7a

Late fourth 0.405 ± 0.078a 0.699 ± 0.148b 4.6 ± 0.2b

Means (±SD) in each column followed by different letters are significantly different at the 5% level, as
determined by Tukey’s studentized range test.
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Gerling (1966) observed that developmental time of E. pergandiella females
did not vary with instar attacked. Lopez Avila (1988) determined that develop-
mental time among four Encarsia spp. was significantly faster when eggs were
deposited in third or fourth instars of B. tabaci than when deposited in first or
second instars. The observed differences in developmental rate were interpreted
as a sex allocation strategy. Liu & Stansly (1996a) reported that when E. per-
gandiella oviposited in first instars, developmental time was significantly longer
than when attacked in the second, third, or fourth instars.

Our research shows that a significantly higher percentage of parasitized
nymphs was on the second, third, early-, and late-fourth instars than on first
instars. The second, third, and early-fourth instars resulted in higher proportions
of host mortality and parasitoid survival compared with those attacked in the
first and late-fourth instars. The emergence rate, developmental time, progeny
longevity, and size of parasitoid females demonstrate that second through the

Fig. 2. Effect of instar attacked on developmental time and adult longevity of
parasitoids. Bars followed by different letters on top represent means (±
SD) that are significantly different at the 5% level as determined by
Tukey’s studentized range test.
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early-fourth instars are equally suitable. These findings represent important in-
formation useful for developing rearing techniques and understanding host—
parasitoid relationships in the field.
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Subsurface drip irrigation not only increases water and soil nitrogen use effi-
ciencies but also crop yield and quality compared with other irrigation systems
(Phene 1995). Other advantages of applying systemic insecticides through sub-
surface drip systems over spray applications are that drip applications can be
made in virtually any weather or field condition; applications can be made quickly
and inexpensively; airborne drift is eliminated; exposure of applicators and field
workers to the chemical is reduced; more of the insecticide may reach the plant,
allowing for lower dosages; coverage of the insecticide may be more uniform; and
it may be safer for natural enemies and other nontarget organisms. The main
disadvantages of subsurface drip systems are the relatively high cost of installa-
tion and maintenance of the system (Phene et al. 1987); possibility of poor uptake
of insecticides by the plants, which depends upon the insecticide, water pH, and
soil type; the danger of chemicals entering the surface or groundwater (However,
nitrate and salt contamination of groundwater has been prevented in subsurface
drip irrigation systems [Phene 1995].); and the potential accumulation of insec-
ticide residues in the soil or plant. Pierzgalski (1995) reported on subsurface drip
irrigation of hops (Humulus lupulus L.) in Poland.

Hop is a dioecious, perennial, climbing, herbaceous plant that dies down to the
roots in the winter (Neve 1991). In the spring, shoots emerge from the soil and
grow up strings tied to a trellis that is about 5 m in height. In the late summer the
hops are harvested by removing the plants from the fields and taking them to a
stationary picking machine where the cones are separated from the foliage.

The hop aphid, Phorodon humuli (Schrank), is a serious pest of hop in most of
the areas of the Northern Hemisphere (Neve 1991). In the south central area of
Washington state, where 76.9% of the U.S. hops were grown in 1996 (Wash. Agric.

1Accepted for publication 10 October 1998.
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Stat. Service 1997), almost every hop yard is treated at least once per year to
control hop aphids. The climate in this area is warm and dry during the summer
and hops must be irrigated. In recent years, many hop growers have installed drip
irrigation systems to increase the efficiency of water use. We tested the efficacy of
insecticides applied thorough a subsurface drip irrigation system in an experi-
mental hop yard for 6 yr. Some of the untreated plots had large numbers of aphids
and other untreated plots in the same hop yard had low numbers. Typically,
untreated hops have large infestations of hop aphids. We suspected that insecti-
cides applied in the previous year may have been responsible for the variation in
the number of aphids in untreated plots. The objective of this study was to de-
termine if insecticides applied through the drip system reduced the number of hop
aphids for one or more years following application.

Materials and Methods

Drip-irrigated hop yard. The drip system was installed in a mature hop
yard in the spring of 1992. The 1.32-cm ID in-pipe drip line (Rootguard, Geoflow,
Inc., San Francisco, California) was buried ≈40 cm below the surface. The emit-
ters were spaced 91.4 cm apart resulting in 5,064 emitters per hectare. Each
emitter delivered 1.89 liter/h, which is equivalent to 0.96 mm/h. Four varieties,
‘Mt. Hood’, ‘Liberty’, ‘Willamette’, and ‘Chinook’, were planted in the hop yard
with plant spacing at 2.13 × 2.13 m. Each variety block (0.19 ha) was divided into
12 plots that were each five rows wide and seven hills long (10.67 × 14.94 m). Plots
were irrigated independently of each other, so each plot was treated separately.

Insecticide treatments. The test chemicals were mixed in a volume of water
and injected into the system with an injection pump (Model 400, Ozawa R&D,
Inc., Ontario, Oregon). The chemicals applied and the range of their rates in kg
(AI)/ha were as follows: imidacloprid (BAY NTN 33893, Bayer Corp., Kansas City,
Missouri), 0.056 to 0.28; disulfoton (Di-Syston 8, Bayer Corp., Kansas City, Mis-
souri), 0.56 to 2.24; dimethoate (Dimethoate 400, United Agricultural Products,
Greeley, Colorado), 0.56 to 2.24; CGA-215944 (Ciba-Geigy Corp., Greensboro,
North Carolina), 0.11 to 0.22; oxamyl (Vydate, Du Pont, Wilmington, Delaware),
0.56; oxydemeton-methyl (Metasystox-R, Gowan Co., Yuma, Arizona), 0.56 to
1.12; phorate (Phorate technical, United Agricultural Products, Greeley, Colora-
do), 0.56 to 2.24; and triazamate (RH-7988, Rohm & Haas Co., Philadelphia,
Pennsylvania), 0.067 to 0.336. Treatments were applied from 1992 through 1997
and were randomly assigned to the plots every year, but insecticides and rates
varied from year to year.

Aphid sampling. Hop aphids were sampled from 1993 through 1997. We
sampled once or twice per week with starting dates ranging from early June to
early July and ending from mid-August to early September. Ten leaves were
collected per plot at a height of 2 m (Wright et al. 1990) and taken to the labo-
ratory, where the aphids were brushed off the leaves with a mite brushing ma-
chine (Leedom Engineering, San Jose, California) onto a sticky glass plate.
Aphids were counted under a binocular microscope, and numbers were expressed
as aphids per leaf.

Statistical analysis. Two separate analyses of variance (ANOVA) were used
to determine if insecticides reduced the number of aphids in the year following the
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applications. In the first analysis, we used aphid counts from plots that were
treated with insecticides in the initial year (year 0) and untreated the following
year (year 1). The treatments were dimethoate, disulfoton, imidacloprid, un-
treated (no insecticide), and a pooled treatment consisting of CGA-215944, ox-
amyl, oxydemeton-methyl, phorate, and triazamate. Insecticide, year, variety,
and the insecticide by year interaction were the sources of variation. Mean aphids
per leaf per untreated plot in the year following the insecticide applications was
used as the measure of insecticide activity. A one-tailed Dunnett’s test was used
to determine if the treatment means were significantly smaller than the un-
treated mean (PROC GLM, SAS Institute 1988).

The second ANOVA was done to determine if imidacloprid or disulfoton ap-
plied in year 0 reduced aphid numbers in year 1 even when other treatments had
been applied to those plots in year 1. This analysis compared disulfoton, imida-
cloprid, and a pooled treatment, which combined all other treatments including
the untreated control. The seasonal means of aphids per leaf per plot in the pooled
treatments in year 1 were the observations. Most of the insecticides were not
effective in controlling aphids in the year of application, so pooling the treatments
was similar to increasing the number of untreated observations. The ANOVA and
Dunnett’s test were conducted the same as in the first analysis.

The last analysis tested the 2-yr effect of imidacloprid and disulfoton on aphid
abundance in plots that had been untreated for 2 yr following the initial appli-
cation. The imidacloprid- and disulfoton-treated plots were compared separately
with a pooled treatment using t-tests, which were computed with PROC TTEST
(SAS Institute 1988). The imidacloprid test compared imidacloprid with a pooled
treatment that consisted of all treatments including disulfoton. Imidacloprid was
omitted from the pooled treatment in the disulfoton test.

Results and Discussion

Treated year 0, untreated year 1. Insecticides significantly reduced aphid
abundance (F 4 4.15; df 4 4, 37; P 4 0.0071) in the first ANOVA that used only
the untreated plots in year 1. Year was also a significant source of variation (F 4
4.64; df 4 4, 37; P 4 0.004) but variety (F 4 1.55; df 4 3, 37; P 4 0.219) and the
insecticide by year interaction (F 4 1.62; df 4 10, 37; P 4 0.138) were not
significant. Although aphid abundance varied significantly among years, the non-
significant year by insecticide interaction indicates that the two factors were
independent of each other. Imidacloprid- and disulfoton-treated plots had signifi-
cantly fewer aphids than the untreated plots but dimethoate and the pooled
treatment plots did not (Table 1).

Treated year 0, pooled treatments year 1. In the second ANOVA, in
which all treatments except imidacloprid and disulfoton in year 1 were pooled,
only insecticide (F 4 5.23; df 4 2, 113; P 4 0.007) significantly reduced aphid
abundance. Year (F 4 1.72; df 4 4, 113; P 4 0.151), variety (F 4 1.52; df 4 3,
113; P 4 0.213), and the insecticide by variety interaction (F 4 0.790; df 4 7, 113;
P 4 0.593) were not significant. Imidacloprid-treated plots had significantly
fewer aphids than plots receiving the pooled treatments, but the disulfoton plots
did not (Table 2). Both analyses indicate that imidacloprid residues remained in
the soil or in the plants and reduced the number of hop aphids for 1 yr following
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application. The carryover of disulfoton is more doubtful because it significantly
reduced aphids in only the first analysis.

Two-year carryover. The last test was to determine possible 2-yr effects of
imidacloprid or disulfoton. Plots treated with imidacloprid in 1 yr and untreated
for the next 2 yr (n 4 4) averaged 0.799 aphids per leaf per plot per year, whereas
plots receiving other treatments followed by two untreated years (n4 10) aver-
aged 51.64 (t 4 3.944, df 4 9, P 4 0.0034). Disulfoton-treated plots that were
followed by 2 yr of no chemical treatments averaged 54.9 aphids per leaf (n 4 4),
whereas the other plots (imidacloprid excluded) that had been untreated for 2 yr
(n 4 6) averaged 49.4 per leaf (t 4 0.197, df 4 8, P 4 0.849). Therefore, it appears
that the effect of imidacloprid, but not disulfoton, lasted for 2 yr. The results do
not necessarily indicate the comparative magnitude of residues because differen-
tial aphid susceptibility could bias the results.

Soil type may influence the persistence of chemicals in the soil. Soils in the
hop-growing region of Washington are primarily silt loam with smaller areas of
brown loam and loamy fine sand (Rasmussen 1971, 1976; Lenfesty & Reedy
1985). Soil in the drip-irrigated hop yard was typical of the region: an analysis of
the soil in the drip yard revealed that the soil texture was silt loam with 56.0%
silt, 31.0% sand, 13.0% clay, and 0.8% organic matter.

These data indicate that disulfoton reduced aphid numbers for 1 yr and imi-
dacloprid for up to 2 yr following application. The long-lasting activity of imida-
cloprid may be due to its effectiveness in extremely low concentrations and its
stability in the soil (Elbert et al. 1991) or possibly the plant. Szeto et al. (1983)
found that disulfoton residues declined relatively rapidly in the soil, but more
slowly in asparagus (Asparagus officinalis L.) plants. Wildman & Cone (1986)
applied disulfoton to asparagus through a drip irrigation system and found dis-
ulfoton residues in spears the following growing season. Probably the biggest
danger of applying imidacloprid or disulfoton through a drip system is exceeding

Table 1. Mean numbers of hop aphids in untreated plots that were
treated in the previous year with insecticides applied through
a subsurface drip irrigation system.

Treatment, yr 0 Treatment, yr 1 Mean aphids, yr 1a nb

Untreated Untreated 37.11 ± 11.08 14

Pooled insecticidesc Untreated 25.89 ± 10.67 10

Dimethoate Untreated 15.10 ± 11.34 10

Disulfoton Untreated 8.49 ± 3.46*** 12

Imidacloprid Untreated 3.92 ± 2.65*** 13

***indicates that the mean was significantly smaller (one-tailed Dunnett’s test, P 4 0.05) than the
untreated mean.

aMean numbers of hop aphids per leaf per season ± the standard error of the means.
bNumber of plots.
cPooled insecticides were CGA-215944, oxamyl, oxydemeton-methyl, phorate, and triazamate.
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the tolerance level for hops, but contamination of the soil or water also may be a
potential problem. If growers apply imidacloprid, disulfoton, or other insecticides
only when hop aphid numbers reach or exceed the economic threshold level,
however, the danger of accumulation should be minimized.
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Table 2. Mean numbers of hop aphids in plots receiving pooled treat-
ments that were treated in the previous year with pooled
treatments, disulfoton, or imidacloprid.

Treatment, yr 0 Treatment, yr 1 Mean aphids, yr 1a nb

Pooled treatmentsc Pooled treatments 19.62 ± 4.09 72

Disulfoton Pooled treatments 13.67 ± 3.96 27

Imidacloprid Pooled treatments 2.08 ± 1.13*** 31

***indicates that the mean was significantly smaller (one-tailed Dunnett’s test, P 4 0.05) than the
pooled treatment mean.

aMean number of aphids per leaf per season ± standard error of the means.
bNumber of plots.
c Only imidacloprid and disulfoton were significantly different from the untreated plots (see Table 1).

Therefore, CGA-215944, oxamyl, oxydemeton-methyl, phorate, triazamate, dimethoate, and the un-
treated control were combined into the pooled category.
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ABSTRACT Relative efficiencies of sweep-net, vertical beat sheet, and
ground cloth sampling methods for soybean [Glycine max (L.) Merrill] artho-
pods were evaluated by relative net precision criteria in close-row (drilled)
soybeans and in conventionally planted soybeans. Accuracy and precision were
determined by fidelity of relative sample means to arthropod means from an
absolute method. Fidelity to absolute population density was high in both
drilled and conventional soybeans for all relative methods except the sweep-
net for soybean loopers, Pseudoplusia includens (Walker). The ground cloth
method provided the highest degree of accuracy in both field types, but the
sweep-net showed a comparable degree of fidelity for common pests in drilled
fields. Precision of sampling methods in drilled soybeans, determined by direct
comparisons of relative variation of samples for each of the sampling tech-
niques, was best for the sweep-net for pentatomids and velvetbean caterpillar,
Anticarsia gemmatalis Hübner. The ground cloth yielded lower relative varia-
tions than other methods for lepidopterous larvae in conventional soybeans.
For all arthropod species in drilled soybeans, exclusive of soybean loopers in
both years, the sweep-net method resulted in a higher relative efficiency
(higher relative precision per unit of cost) than the ground cloth and vertical
beat sheet because the cost was low in work-hours required to obtain a satis-
factory level of accuracy and precision.

KEY WORDS Helicoverpa zea, Anticarsia gemmatalis, Pseudoplusia in-
cludens, Plathypena scabra, Lepidoptera, Noctuidae, Pentatomidae, sampling,
soybeans

Sampling efficiency is essential for rapid, economical, and accurate assessment
of pest densities in pest management programs (Binns & Nyrop 1992). Ruesink &
Haynes (1973) defined an efficient program as one that provides reliable results
per unit cost under specified conditions. In a comparative study of several sam-
pling procedures for green cloverworm, Plathypena scabria (F.), in soybeans, Gly-
cine max (L.) Merrill, Pedigo et al. (1972) developed the concept of relative net
precision based on the variability of samples and the expense of sampling proce-

1Accepted for publication 14 October 1998.
2Technical contribution number 4261 of the South Carolina Agricultural Experiment Station, Clemson
University.
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dures. Relative net precision considers the cost of a sampling method as a com-
ponent of the level of precision obtained by it.

Soybean arthropods have been sampled by using several techniques, including
direct observations, ground (or beat) cloth, sweep-net, vertical beat sheet, and
vacuum or suction-net (usually D-vac). Hillhouse & Pitre (1974) noted that direct
observations and ground cloth sampling closely approximated absolute popula-
tion determinations for some species. Mayse et al. (1978) reported that direct
observation showed more fidelity (exact correspondence) to absolute samples than
to sweep net samples and was more efficient in terms of number of sampled
species, consistency in results, and time consumption. Kretzschmar (1948) con-
cluded that the sweep net was not reliable for sampling many soybean arthropods
because the method overestimated the abundance of some of the species and
underestimated others. Boyer & Dumas (1963) introduced the ground cloth tech-
nique (also called beat-cloth) as a reliable means for sampling many soybean
species. Shepard et al. (1974) compared ground cloth, sweep net, and D-vac sam-
pling methods for estimating soybean arthropods. They found that greater mean
numbers of sampled species were collected by the ground cloth and that the three
methods had the same effectiveness for catching adult geocorids and nabids.
Shepard & Carner (1976) used the ground cloth technique to estimate the com-
mon pest arthropod species in soybeans. Turnipseed (1974) studied the efficien-
cies of ground cloth, sweep net, and D-vac for sampling soybean insects and found
that the ground cloth was more reliable in terms of sampled numbers, variability,
and time consumption. Hillhouse & Pitre (1974) conducted comparative studies of
ground cloth, sweep net, and an absolute sampling method of insect populations
in soybean in Mississippi and concluded that the ground cloth technique was the
most efficient for estimating lepidopterous larvae. Rudd & Jensen (1977) found
that population estimates from ground cloth and sweep net sampling techniques
were strongly correlated for soybean insects. Drees & Rice (1985) showed that the
vertical beat sheet and ground cloth techniques were comparable in terms of
efficiency. They viewed the vertical beat sheet as an attractive alternative to the
ground cloth.

An increasing number of growers in the southeastern United States have
implemented the practice of close-row (drilled) soybean production due to im-
proved profitability (Palmer & Privette 1992). No published information, how-
ever, is available on insect sampling techniques for drilled soybeans. The objective
of this research was to investigate the efficiencies of the common conventional
sampling techniques such as sweep net, ground cloth, and vertical beat sheet in
drilled soybeans.

Materials and Methods

From 8 August to 22 September 1995 and from 31 July to 12 September 1996,
weekly samples of insect pests and beneficial arthropods associated with soy-
beans were taken using sweep-net, vertical beat sheet, ground cloth, and absolute
sampling methods. In 1995, sampling was conducted in a 2-ha drilled field with
a 17.5-cm row spacing of ‘Deltapine 105’ soybeans planted 25 May, and a 10-ha
conventionally planted field (95-cm row spacing) of ‘Maxcy’ soybeans also planted
on 25 May. These fields were located approximately 1 km apart in Barnwell
County, South Carolina. In 1996, arthropods were sampled from a field of ‘NKS
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8330’ soybeans planted on 15 May. The field, located in Hampton County, was
divided into a 5-ha portion of 90-cm row spacing, and a 3.5-ha portion of 16.25-cm
row spacing. The conventionally planted fields were used in this experiment as a
control for comparative evaluation of methods in the drilled fields. The methods
used in these investigations with drilled soybeans were those commonly applied
in IPM programs in conventionally spaced soybeans.

Experimental design. In both fields, a randomized block design was
adopted. Within the drilled field, six blocks of 45 by 30 m each were delimited.
Four plots of 45 by 7.5 m each were designated in each block. Within each plot, the
arthropods were sampled randomly by using only one sampling technique.
Samples were taken at approximately the same time of day each week, and they
were initiated when plants were beginning to bloom and continued until seeds
started to form.

In each of the conventionally planted fields, six blocks of 45 by 17 m (19 rows
each) were delimited. In each block, four single row plots were selected for sam-
pling with three rows left undisturbed between them. Each plot was sampled with
a separate sampling method. Samples were taken at approximately the same
time of day throughout the sampling period, and within 1 d of sampling from
drilled fields. In both fields, the blocks were separated from each other by a 2-m
border.

Sampling techniques: sweep net. Sweep samples were taken with a 37.5-
cm diameter net. In the conventionally planted fields, insects were sampled by
sweeping 10 times across one row while walking forward. The net was swung
through the canopy so that its top passed through the uppermost leaves. In the
drilled field, samples were taken by sweeping 10 times across a 2-m wide area
(approximately 11 rows). Insects sampled from both conventional and drilled
fields were counted directly from the net in the field.

Vertical beat sheet. The sampler was modified from the prototype described
by Drees & Rice (1985). The sheet was constructed from a 0.33-mm galvanized
flashing that was crimped to provide a vertical beating surface 90 cm in height
and 90 cm in width and with a 10-cm-wide trough at the bottom. Plants were
beaten 20 times against the vertical surface of the sheet to dislodge the arthro-
pods along 90 cm of row. Dislodged arthropods that fell into the trough were
counted in the field.

Ground cloth. Ground cloth samples were collected and counted directly in
the field from a 90 by 90 cm piece of heavy white cloth attached scroll-like to
handles on opposite sides. In the conventional field, the cloth was placed between
two 95-cm or 90-cm rows with the person doing the sampling at one end. The
foliage of one row was carefully moved aside away from the cloth, and foliage from
a 90-cm section of the adjacent row was slowly bent over the cloth and beaten
vigorously 20 times by using a downward motion with hands and forearms. After
the sampled section of row was quickly pushed aside, arthropods were counted on
the cloth. Quick-moving arthropods were counted first and removed from the
cloth to avoid recounting. Within each block, this sampling technique was applied
once. In the drilled fields, the 90 by 90 cm cloth was rolled up and inserted
between two 17.5-cm or 16.25-cm rows, with the person doing the sampling at one
end. Plants were pressed to the ground as the cloth was unrolled over the top of
them. The adjacent row was slowly bent over the cloth and beaten as in conven-
tional sampling.
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Absolute sampling method. In the conventionally planted fields, the
ground cloth was placed between two 95-cm or 90-cm rows with the person sam-
pling at one end and a trash can at the other end. After one row was moved out
of the way, the plants on the 90-cm section to be sampled were carefully cut at the
base of the stems with pruning-shears, moved into the trash can, and shaken
vigorously to dislodge the arthropods. The sampled plants were then placed into
plastic bags for further separation and counting in the laboratory. Dislodged
arthropods were poured from the trash can onto the cloth and counted in the field.
The same sampling technique was used in the drilled field.

Time measurements. For each of the sampling techniques, the time re-
quired to collect and count the arthropods was measured six times at each sam-
pling date by an independent observer. The mean sampling time was computed
for use in a measure of relative net efficiency.

Statistical analyses. The accuracy of relative sampling methods was exam-
ined by comparing estimates produced by each of the relative methods separately
against the absolute estimates of targeted pests and by linear regression of esti-
mates against absolute observations. Each observation consisted of the number of
arthropods of a particular group collected by each method in the same week for
the same variety and row spacing. Major lepidopteran pests were considered
separately; stink bugs, consisting of Nezara viridula (L.), Acrosternum hilare
(Say), Euschistus servus (Say), and Podisus maculiventris (Say), were considered
as a single group, and all other arthropods, including nabids, geocorids, spiders,
blister beetles, plant hoppers, and plant bugs, were considered together as a
collective group for analytical purposes. Voucher specimens are housed in the
Clemson University Arthropod Collection.

Efficiency of the sampling techniques and relative net precision. An
additional measure of the sampling efficiency was evaluated by comparing sam-
pling costs as determined by Rudd & Jensen (1977), wherein sampling cost 4
(cost/unit × (time/observation) × (number of necessary observations). These costs
were incorporated into a relative net precision (RNP) as described by Ruesink
(1980), where RNP 4 100/(RV*CS), relative variation 4 (SE/X) × 100, SE is the
standard error, X is the mean number of arthropods, and CS is the total cost of n
samples used to compute the relative variation (on the basis of $10 per work-hour
in the current study).

Results and Discussion

Mean numbers of arthropods collected using all methods in 1995 and 1996 are
shown in Tables 1 and 2, respectively. In both field types, the absolute method
generally produced greater or equal mean numbers of targeted species than other
relative methods that sampled from the same unit of area. The sweep-net some-
times yielded greater mean numbers of arthropods, but this method sampled from
a much larger area. Relative collections from each sampling technique were simi-
lar in both years. Table 3 shows that more species of arthropods were collected
overall using the sweep-net than any other method and the vertical beat sheet
collected the least diversity of species.

Accuracy of methods and fidelity across sampling regimes. Accuracy
was determined through linear regression analyses, where relative mean num-
bers for each sampling method were regressed against the mean captures with
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Table 1. Mean numbers of arthropods collected by using four sampling
methods in conventionally planted (C) Maxcy soybeans and
drilled, close-row (D) Deltapine 105 soybeans (1995).

Speciesa Field Methodb 8/10 8/17 9/1 9/9 9/15 9/22

VBC C SN 0.00bc 4.50ab 7.00b 4.00b 24.33bc 6.16c
VBS 0.00b 3.33b 6.50b 3.50b 20.66c 5.83c
GC 0.16b 4.83ab 10.83b 6.33ab 32.16ab 10.66b
AB 0.50a 6.50a 16.00a 9.00a 36.50a 16.83a

VBC D SN 1.16a 2.00ab 1.00a 0.16b 14.00a 24.16a
VBS 0.00a 1.50b 2.00a 0.66b 4.66c 7.00b
GC 1.16a 2.00ab 2.00a 1.00ab 8.00bc 11.33b
AB 1.16a 3.33a 2.33a 2.33a 11.16ab 12.50b

GCW C SN 0.16a 0.16a 0 0 0 0
VBS 0.00a 0.00a 0 0 0 0
GC 0.00a 0.00a 0 0 0 0
AB 0.00a 0.00a 0 0 0 0

GCW D SN 1.50a 0 0 0 0 0
VBS 0.16b 0 0 0 0 0
GC 0.00b 0 0 0 0 0
AB 0.50b 0 0 0 0 0

CEW C SN 0.50a 0.66a 0.50a 0.00a 0.00a 0
VBS 0.16a 1.00a 0.16a 0.00a 0.00a 0
GC 0.33a 1.33a 0.50a 0.33a 0.00a 0
AB 0.50a 1.50a 0.83a 0.33a 0.16a 0

CEW D SN 0.16a 0.00a 0.50a 0.00a 0.16a 0
VBS 0.16a 0.16a 0.00a 0.00a 0.33a 0
GC 0.33a 0.16a 0.50a 0.00a 0.00a 0
AB 0.33a 0.16a 0.83a 0.16a 0.16a 0

SL C SN 0.00a 0.66a 0.50a 0.50a 0.16a 0
VBS 0.00a 1.33a 0.33a 0.50a 0.33a 0
GC 0.50a 2.17a 0.83a 0.66a 0.00a 0
AB 1.66a 2.50a 1.00a 0.83a 0.33a 0

SL D SN 1.00a 1.83a 3.66a 5.33ab 7.50a 0.50a
VBS 0.16a 1.33a 2.16a 3.50b 4.33b 1.00a
GC 0.33a 2.33a 3.66a 5.33ab 5.16ab 0.83a
AB 0.50a 2.33a 4.33a 9.00a 5.83a 0.83a

SB C SN 0.16a 0.16b 0.00a 0.66a 0.50a 0.66a
VBS 0.00b 0.66ab 0.16a 0.66a 0.00a 0.83a
GC 0.33ab 2.50a 0.50a 1.66a 0.33a 1.00a
AB 1.00a 2.66a 0.66a 1.66a 1.00a 1.16a

69SANE et al.: Sampling Close-Row Soybeans



the absolute method. In this case, absolute samples were assumed to represent
the true field densities of arthropod populations. Regression equations and coef-
ficients (r2 values) are provided in Table 4. The fidelity of sample means to the
population density of sampled species can be expressed as the correlative rela-
tionship between the sample mean and the mean of population density obtained
through the absolute method. Accuracy can thus be defined in terms of fidelity.
Where the variation in means of relative sampling can be attributed largely to the
variation in the population density of a sampled species (r2 is high), the fidelity of
the relationship between the sample mean and the true population mean provides
a measure of accuracy.

In the conventional field, sample means attained by all relative sampling
methods for major pest species showed a high degree of fidelity to the population
means. When these methods were applied to drilled field, however, the degree of
fidelity was reduced for some species.

Sweep-net. Linear regressions by using combined data for both years are
shown in Fig. 1 for each of the major arthropod groups sampled. Relative rela-
tionships between sweep-net samples and absolute samples were similar for both
field types throughout, with relatively high coefficients of determination in most
cases. The sweep net showed more fidelity for green cloverworm and soybean
loopers in the conventional field than in the drilled field, but a more accurate
estimate of corn earworms was attained by using the sweep-net in drilled soy-
beans.

Ground cloth. Relative relationships between the ground cloth and absolute
samples were almost identical in both field types (Fig. 2). The degree of fidelity of

Table 1. Continued.

Speciesa Field Methodb 8/10 8/17 9/1 9/9 9/15 9/22

SB D SN 4.16a 2.16a 6.50a 13.00a 14.16a 21.16a
VBS 3.00a 1.50a 3.66a 4.50b 8.66a 3.83b
GC 2.00a 2.50a 4.66a 5.83b 9.33a 8.50b
AB 9.16a 3.00a 6.66a 6.50b 11.33a 19.33a

OTH C SN 0.13a 0.22ab 0.11a 0.18ab 0.21b 0.59a
VBS 0.07a 0.10c 0.06a 0.10b 0.12b 0.15b
GC 0.10a 0.14bc 0.14a 0.18ab 0.32a 0.27b
AB 0.13a 0.36a 0.17a 0.24a 0.33a 0.38ab

OTH D SN 0.37a 0.32a 0.27ab 0.22a 0.48a 0.28a
VBS 0.07b 0.10b 0.10b 0.11a 0.14b 0.18a
GC 0.04b 0.13b 0.20b 0.10a 0.27ab 0.19a
AB 0.05b 0.15b 0.42a 0.12a 0.43a 0.21a

aVBC, velvetbean caterpillar (Anticarsia gemmatalis Hübner); GCW, green cloverworm (Plathypena
scabra F.); CEW, corn earworm [Helicoverpa zea (Boddie)]; SL, soybean looper [Pseudoplusia includens
(Walker)]; SB, stink bugs, and OTH, other arthropods.

bSN, sweep net; VBS, vertical beat sheet; GC, ground cloth; and AB, absolute method.
cMeans within each subset followed by the same lowercase letter are not significantly different at 95%
level of confidence (LSD).
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Table 2. Mean numbers of arthropods collected by using four sampling
methods in conventionally planted (C) and drilled, close-row
(D) NKS 8330 soybeans (1996).

Speciesa Field Methodb 7/31 8/8 8/15 8/22 8/29 9/5 9/12

VBC C SN 0 0.50abc 1.16a 7.33b 11.83b 22.16b 53.50a
VBS 0 0.00a 0.50a 7.66b 11.16b 21.50b 37.66b
GC 0 0.00a 2.00a 17.16a 23.83a 36.33a 51.83a
AB 0 0.50a 2.16a 18.66a 29.16a 44.50a 58.50a

VBC D SN 0 0.33a 2.83a 21.00a 22.83a 32.50ab 52.83ab
VBS 0 0.00a 1.50a 9.00b 11.83b 21.50b 35.00c
GC 0 0.33a 1.33a 14.83ab 18.83ab 33.66ab 47.50b
AB 0 0.50a 2.50a 19.83a 21.66ab 40.83a 58.00a

GCW C SN 2.83ab 1.83a 3.50b 2.00a 2.33ab 1.83b 3.00ab
VBS 1.50b 0.33b 3.83b 1.33a 1.33b 1.83b 1.83b
GC 2.33ab 1.67ab 7.83a 2.66a 2.83ab 3.16ab 2.83ab
AB 4.33a 2.33a 8.17a 2.66a 3.83a 3.67a 4.16a

GCW D SN 3.33a 1.83a 5.50a 2.10b 2.83b 2.83a 1.50b
VBS 1.83b 0.66a 2.67b 2.16b 1.83b 3.66a 1.16b
GC 1.33b 1.00a 3.67a 4.00ab 3.50ab 3.33a 1.66b
AB 2.00b 1.83a 5.33a 5.00a 5.83a 4.16a 4.16a

CEW C SN 1.16a 2.00ab 0.83b 0.83b 0.16b 0.83b 0.83b
VBS 0.33b 1.33b 0.83b 0.50b 0.50b 1.16b 0.83b
GC 0.33b 1.83ab 2.67a 1.05ab 2.00a 2.33a 2.00a
AB 1.66a 2.83b 3.50a 2.33a 2.33a 3.33a 3.00a

CEW D SN 0.83ab 1.50ab 1.50a 1.50b 1.16b 1.00b 1.83a
VBS 0.00b 0.50c 1.00a 1.33b 1.16b 1.33b 2.00a
GC 0.66ab 0.83c 1.67a 2.67ab 4.00a 3.16a 1.50a
AB 1.00a 1.83a 1.83a 4.00a 4.16a 3.16a 3.00a

SL C SN 0.33a 0.00b 0.00b 5.50b 2.66b 3.00c 1.66c
VBS 0.00a 0.00b 0.00b 4.33b 4.50b 6.50b 4.83b
GC 0.33a 0.33ab 1.50a 7.83ab 10.16a 10.50a 6.33a
AB 0.50a 0.67a 2.50a 11.00a 11.66a 11.83a 7.50a

SL D SN 0.17a 0.16a 0.00b 2.50b 3.00b 2.16d 1.50c
VBS 0.33a 0.16a 0.33b 2.66b 5.83b 8.16c 4.33b
GC 0.33a 0.33a 0.66b 4.33a 10.00a 11.33b 6.66ab
AB 0.66a 0.66a 1.66a 4.66a 11.16a 14.33a 7.83a

SB C SN 1.33a 1.50ab 2.66a 2.33a 2.83a 5.33a 6.16a
VBS 10.16b 0.33b 1.33a 0.50a 0.33b 2.00b 2.66a
GC 0.66b 2.66a 2.66a 2.00a 2.33ab 4.00ab 5.33a
AB 1.16ab 2.83a 3.66a 2.50a 2.33ab 5.83a 5.66a

SB D SN 0.50a 1.00a 1.66a 2.00a 2.83a 5.50ab 5.00a
VBS 0.16a 0.83a 0.83a 1.50a 1.00a 1.16b 1.50b
GC 0.00a 1.66a 1.33a 2.33a 1.50a 3.83ab 1.83b
AB 0.50a 2.00a 1.83a 4.00a 2.66a 6.00a 2.66ab
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ground cloth estimates to absolute population densities was high in both drilled
and conventional soybeans for all caterpillar species and arthropods exclusive of
caterpillars and stink bugs in both field types. Ground cloth samples showed less
fidelity to population densities for stink bugs. Overall, accuracy of the ground
cloth method was higher than other methods tested, regardless of field type.

Vertical beat sheet. The degree of fidelity of vertical beat sheet estimates to
absolute population densities for all caterpillars was high in both field types (Fig.
3), and, with the exception of stink bugs, most insects were sampled with similar
fidelity in both drilled and conventional soybeans. There was low fidelity of ver-
tical beat sheet estimates to absolute estimates of stink bug populations.

Precision. Precision of sampling methods in close-row soybeans was deter-
mined by direct comparisons of relative variation in samples for each of the
sampling techniques. Precision, as a criterion for sampling efficiency, is an indi-
cation of variation inherent in the sampling technique itself, and thus compari-
sons are made solely between methods used under identical conditions. The com-
parisons are shown in Tables 5 and 6 for 1995 and 1996, respectively. The lower
the relative variation, the more precise the technique. Southwood (1966) pointed
out that a relative variation of approximately 25 is probably sufficient for an
extensive sampling program, whereas a relative variation of 10 is required for an
intensive program. In 1995 samples, the relative variation exceeded 10 in nearly
every case (Table 5). In the NKS 8330 soybeans sampled in 1996, relative varia-
tions lower than 10 were observed for velvetbean caterpillar, soybean looper, and
the collective group of arthropods exclusive of caterpillars and pentatomids (Table
6). Greater relative variation values were noted where mean numbers of arthro-
pods were low. Shepard et al. (1974) noted that lower mean numbers of arthro-
pods within samples provided generally higher values of relative variation.

For all arthropod species in both years, the absolute method had the lowest
relative variation. Within the relative methods, the sweep-net showed lower rela-
tive variations than the ground cloth and vertical beat sheet for lepidopterous

Table 2. Continued.

Speciesa Field Methodb 7/31 8/8 8/15 8/22 8/29 9/5 9/12

OTH C SN 5.50a 9.50a 11.16a 10.66a 11.16a 18.66a 21.33a
VBS 1.16b 2.50b 2.33b 3.00b 4.83b 8.83b 7.00c
GC 2.16b 5.66ab 4.66b 7.16ab 7.83ab 13.66ab 13.33b
AB 2.85b 7.50a 9.83a 10.50a 9.66a 15.16a 18.66ab

OTH D SN 7.00a 8.16a 10.00a 13.16a 15.33a 16.83a 18.66a
VBS 1.00b 4.00b 4.00b 5.00b 5.83c 7.50b 6.83c
GC 2.83b 4.50b 6.00b 9.50ab 8.50bc 13.00ab 9.00bc
AB 3.66b 7.50a 7.50ab 12.50a 12.66ab 18.66a 13.33b

aVBC, velvetbean caterpillar (Anticarsia gemmatalis Hübner); GCW, green cloverworm (Plathypena
scabra F.); CEW, corn earworm [Helicoverpa zea (Boddie)]; SL, soybean looper [Pseudoplusia includens
(Walker)]; SB, stink bugs; and OTH, other arthropods.

bSN, sweep net; VBS, vertical beat sheet; GC, ground cloth, and AB, absolute method.
cMeans within each subset followed by the same lowercase letter are not significantly different at 95%
level of confidence (LSD).
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larvae, stink bugs, and other arthropods. In general, the vertical beat sheet pro-
vided the highest relative variations in drilled soybeans. Relative variation
among samples in the conventional plantings was generally lower than in the
drilled fields, especially in 1996. The absolute method showed the lowest relative
variation value for the entire sampling period.

In drilled soybeans, the sweep-net had the most favorable precision param-
eters, but in the conventional field the ground cloth showed consistently lower
relative variation than the sweep-net and the vertical beat sheet for lepidopterous
larvae for both years. The sweep-net showed lower relative variation for stink
bugs and other arthropods exclusive of caterpillars in both years. The vertical
beat sheet more often had the greatest relative variation, although its value was
sometimes lower than the sweep-net for lepidopterous larvae.

Relative net precision. Relative net precision (Pedigo et al. 1972) considers the
accuracy, precision, and cost of sampling techniques. Because the variation in
sampling methods can be influenced by the number of samples and the time it
takes to complete an entire sample, the relative net precision represents a mea-
sure of a sampling technique efficiency. The higher the relative net precision, the
more efficient the sampling method. The relative net precision values of the
sampling techniques in drilled soybeans are shown in Tables 7 and 8 for 1995 and
1996, respectively. Costs were based on average times to complete six samples at
$10/h. The mean times taken to complete sampling in each field type were 8 min
for either sweep-net or vertical beat sheet, 12 min for ground cloth, and 25 min for
absolute methods. For all arthropod species in both years, the sweep-net method
more often resulted in the greatest precision per unit of cost, followed by the
vertical beat sheet method. For sampling soybean loopers, however, the sweep-
net was less efficient than the ground cloth and the vertical beat sheet in both
years. The absolute method showed the lowest relative net precision, due to the
tedious nature of the method (high cost of accuracy). In general, the more expen-
sive sampling techniques provided less relative net efficiency for sampling all
arthropod species.

The relative net precision values in conventionally planted soybeans also are
given in Tables 7 and 8. As in the drilled fields, the sweep-net was often more

Table 3. Total numbers of arthropod species collected weekly by using
four sampling techniques in conventionally planted (C) and
drilled (D) soybeans in 1995 and 1996.

Method Field

1995 week # 1996 week #

1 2 3 4 5 6 1 2 3 4 5 6 7

Sweep-net C 7 12 6 9 13 15 8 14 16 14 15 20 19
D 14 11 11 10 12 14 11 13 15 16 16 20 21

Vertical beat sheet C 3 6 5 6 5 6 6 7 7 8 7 8 9
D 5 7 6 7 7 7 4 8 9 10 9 7 10

Ground cloth C 7 8 7 7 9 9 7 11 11 11 11 14 10
D 7 8 9 8 10 8 6 10 12 14 12 15 12

Absolute C 8 13 7 11 12 8 9 14 15 16 14 16 14
D 9 8 13 9 11 12 9 13 12 18 15 17 14
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Table 4. Regression coefficients for conventional sampling method re-
sults against absolute density measurements for common insect
populations in conventional (C) and drilled (D) soybeans.

Sampling method Species Field type Intercept Slope

r2

1995 1996 Combined

Swwep-net VBC C 1.35 0.80 0.93 0.86 0.94
D −1.46 0.86 0.93 0.98 0.94

CEW C 0.78 0.31 0.78 0.64 0.42
D 0.36 0.21 0.90 0.91 0.70

SL C −0.10 0.31 0.29a 0.73 0.78
D 0.23 1.11 0.70 0.05a 0.23

SB C −0.61 0.97 0.00a 0.85 0.85
D 0.25 1.01 0.71 0.56 0.82

GCW C 0.24 0.50 — 0.90 0.90
D 0.38 0.58 — 0.63 0.63

OTH C 0.14 1.15 — — 0.94
D 0.70 1.05 — — 0.93

Ground cloth VBC C −0.85 0.64 0.99 1.00 0.99
D 0.70 1.05 0.96 1.00 0.94

CEW C −0.04 0.71 0.96 0.99 0.91
D 0.11 0.82 0.83 0.47 0.89

SL C −0.23 0.85 0.80 0.98 0.98
D 0.01 0.81 0.90 0.76 0.96

SB C −0.33 0.56 0.90 0.88 0.75
D 0.75 0.47 0.47 0.95 0.71

GCW C −0.13 0.86 — 0.89 0.89
D 0.70 0.67 — 0.78 0.78

OTH C −0.11 0.75 — — 0.95
D 0.03 0.70 — — 0.99

Vertical beat sheet VBC C −0.28 0.58 0.95 0.95 0.95
D 0.58 0.58 0.93 0.99 1.00

CEW C 0.00 0.31 0.83 0.99 0.72
D 0.02 0.38 0.06a 0.74 0.74

SL C −0.19 0.48 0.49 0.89 0.91
D 0.00 0.54 0.21a 0.49 0.94

SB C −0.58 0.64 0.35 0.90 0.65
D 0.74 0.30 0.12a 0.45 0.44a

GCW C −0.01 0.44 — 0.91 0.91
D 0.08 0.39 — 0.85 0.85

OTH C −0.13 0.42 — — 0.87
D 0.08 0.44 — — 0.97

Slopes and intercepts provided for combined data sets; all regressions are significant at the P < 0.05 level
except as noted; VBC, velvetbean caterpillar; CEW, corn earworm; SL, soybean looper; SB, stink bugs (in
aggregate); GCW, green cloverworm.; OTH, other arthropods.
aNon-significant regressions (P > 0.05).
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Fig. 1. Linear regressions of sweep net estimates of soybean arthropods against
absolute densities in drilled (D) and conventionally planted (C) soybeans,
1995–1996. VBC, velvetbean caterpillar; CEW, corn earworm; SB, stink
bugs; SL, soybean looper; GCW green cloverworm. Regression statistics
provided in Table 4.
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Fig. 2. Linear regressions of ground cloth estimates of soybean arthropods
against absolute densities in drilled (D) and conventionally planted (C)
soybeans, 1995–1996. VBC, velvetbean caterpillar; CEW, corn earworm;
SB, stink bugs; SL, soybean looper; GCW, green cloverworm. Regression
statistics provided in Table 4.

76 J. Agric. Urban Entomol. Vol. 16, No. 1 (1999)



Fig. 3. Linear regressions of vertical beat sheet estimates of soybean arthropods
against absolute densities in drilled (D) and conventionally planted (C)
soybeans, 1995–1996. VBC, velvetbean caterpillar; CEW, corn earworm;
SB, stink bugs; SL, soybean looper; GCW, green cloverworm. Regression
statistics provided in Table 4.
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Table 5. Relative variation for four sampling methods employed for soy-
bean insects in drilled (D) and conventionally planted (C) fields
(1995).

Methoda Speciesb Field type

Date

8/10 8/17 9/1 9/9 9/15 9/22

SN VBC C — 20 21 36 14 20
D 11 28 63 325 14 10

SL C — 107 84 96 162 —
D 29 41 21 28 10 98

SB C 168 393 — 92 66 65
D 67 49 18 13 17 12

CEW C 50 63 54 — — —
D 81 — 68 — 81 —

OTH C 31 36 45 33 33 15
D 8 15 22 22 16 21

VBS VBC C — 28 23 41 15 21
D — 37 31 79 41 36

SL C — 53 127 96 79 —
D 181 57 36 42 18 49

SB C — 95 137 92 — 52
D 93 71 31 39 28 66

CEW C 156 42 169 — — —
D 81 94 — — 39 —

OTH C 57 80 83 60 58 60
D 43 50 60 45 57 33

GC VBC C 81 19 14 23 9 12
D 11 28 21 52 24 22

SL C 32 33 51 73 — —
D 88 33 21 28 15 59

SB C 81 25 44 37 100 43
D 139 43 25 30 26 30

CEW C 76 31 54 57 — —
D 39 94 68 — — —

OTH C 40 57 36 33 22 33
D 75 38 30 50 30 31

AB VBC C 26 14 9 16 8 7
D 11 17 27 22 17 20

SL C 16 27 42 58 79 —
D 58 33 38 36 13 59

SB C 27 24 33 37 33 37
D 30 36 17 27 21 13

CEW C 50 28 32 57 518 —
D 39 94 41 50 81 —

OTH C 31 22 29 25 21 24
D 60 33 14 42 19 28

aSN, sweep net; GC, ground cloth; VBS, vertical beat sheet; AB, absolute.
bVBC, velvetbean caterpillar; SL, soybean looper; SB, stink bugs; CEW, corn earworm; OTH, others.
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Table 6. Relative variation for four sampling methods employed for soy-
bean insects in drilled (D) and conventionally planted (C) fields
(1996).

Methoda Speciesb Field Type

Date

7/31 8/8 8/15 8/22 8/29 9/5 9/12

SN VBC C — 40 31 15 14 7 4
D — 76 9 7 8 9 5

SL C 82 — — 23 37 31 26
D 135 162 — 19 34 22 52

SB C 17 41 35 20 15 6 16
D 64 20 15 35 12 11 8

CEW C 24 23 40 40 206 41 48
D 37 20 29 35 47 57 28

GCW C 26 24 27 31 22 27 17
D 11 21 15 36 27 19 25

OTH C 17 11 8 8 9 4 4
D 11 7 8 6 5 5 3

VBS VBC C — — 72 14 15 7 5
D — — 17 16 15 13 7

SL C — — — 29 22 14 9
D 70 162 94 18 17 6 18

SB C 144 188 70 92 112 15 37
D 200 24 37 47 33 51 28

CEW C 85 35 40 66 66 29 48
D — 60 44 39 47 43 25

GCW C 49 136 25 47 39 27 28
D 21 57 31 36 42 15 33

OTH C 81 41 39 30 21 9 12
D 79 15 19 15 14 12 9

GC VBC C — — 18 6 7 4 4
D — 76 19 10 9 8 5

SL C 82 42 30 16 10 9 7
D 70 79 47 11 10 4 12

SB C 35 23 35 23 16 8 18
D — 12 23 30 22 15 23

CEW C 85 26 12 22 16 14 20
D 47 36 26 19 14 18 34

GCW C 32 27 12 24 18 15 18
D 28 38 22 20 22 16 23

OTH C 43 18 19 13 12 6 6
D 28 13 13 8 10 7 7

AB VBC C — 40 17 6 6 3 3
D — 50 10 7 8 7 4

SL C 54 21 18 11 8 8 6
D 35 49 19 10 9 3 10

SB C 20 22 25 18 16 5 18
D 64 10 17 18 12 10 16

CEW C 17 17 9 14 14 10 13
D 31 16 24 13 13 18 17

GCW C 17 19 12 24 13 13 12
D 19 21 15 16 13 13 9

OTH C 33 13 9 9 10 5 4
D 21 8 10 6 7 5 5

aSN, sweep net; GC, ground cloth; VBS, vertical beat sheet; AB, absolute.
bVBC, velvetbean caterpillar; SL, soybean looper; SB, stink bugs; CEW, corn earworm; GCW, green
cloverworm; OTH, others.
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Table 7. Relative net precision for four sampling methods employed for
soybean insects in drilled (D) and conventionally planted (C)
fields (1995).

Date

Methoda Speciesb Field Type 8/10 8/17 9/1 9/9 9/15 9/22

SN VBC C — 0.62 0.60 0.35 0.89 0.62
D 1.13 0.49 0.20 0.04 0.89 1.25

SL C — 0.12 0.15 0.13 0.07 —
D 0.43 0.10 0.59 0.49 1.25 0.13

SB C 0.07 0.03 — 0.13 0.19 0.18
D 0.25 0.20 0.23 — — —

CEW C 0.25 0.20 0.23 — — —
D 0.15 — 0.18 — 0.15 —

OTH C 0.40 0.35 0.27 0.38 0.38 0.83
D 1.56 0.83 0.57 0.57 0.78 0.50

VBS VBC C — 0.51 0.62 0.35 0.95 0.68
D — 0.39 0.46 0.18 0.35 0.40

SL C — 0.27 0.11 0.15 0.18 —
D 0.08 0.25 0.40 0.34 0.80 0.29

SB C — 0 0 0 — 0
D 0.15 0.20 0.46 0.37 0.51 0.22

CEW C 0 0 0 — — —
D 0.18 0.15 — — 0.37 —

OTH C 0 0 0 0 0 0
D 0.33 0.28 0.24 0.32 0.25 0.43

GC VBC C 0.10 0.44 0.59 0.36 0.92 0.69
D 0.76 0.30 0.27 0.16 0.35 0.38

SL C 0.26 0.25 0.16 0.11 — —
D 0.09 0.25 0.39 0.30 0.55 0.14

SB C 0.10 0.30 0.20 0.20 0.10 0.20
D 0.10 0.20 0.30 0.30 0.30 0.30

CEW C 0.10 0.30 0.20 0.20 — —
D 0.20 0.10 0.10 — — —

OTH C 0.20 0.20 0.20 0.30 0.40 0.30
D 0.10 0.20 0.30 0.20 0.30 0.30

AB VBC C 0.15 0.28 0.44 0.25 0.50 0.57
D 0.36 0.23 0.15 0.18 0.23 0.20

SL C 0.25 0.15 0.09 0.07 0.05 —
D 0.07 0.12 0.22 0.25 0.31 0.07

SB C 0.15 0.16 0.12 0.11 0.12 0.11
D 0.13 0.11 0.23 0.15 0.17 0.31

CEW C 0.08 0.14 0.12 0.07 0.007 —
D 0.10 0.04 0.10 0.08 0.08 —

OTH C 0.13 0.18 0.14 0.16 0.19 0.17
D 0.07 0.12 0.28 0.09 0.21 0.14

aSN, sweep net; GC, ground cloth; VBS, vertical beat sheet; AB, absolute.
bVBC, velvetbean caterpillar; SL, soybean looper; SB, stink bugs; CEW, corn earworm; OTH, others.
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Table 8. Relative net precision for four sampling methods employed for
soybean insects in drilled (D) and conventionally planted (C)
fields (1996).

Date

Methoda Speciesb Field Type 7/31 8/8 8/15 8/22 8/29 9/5 9/12

SN VBC C — 0.31 0.40 0.84 0.86 1.77 3.30
D — 0.16 1.36 1.81 1.59 1.43 2.70

SL C 0.15 — — 0.55 0.33 0.40 0.48
D 0.09 0.08 — 0.65 0.37 0.57 0.24

SB C 0.72 0.30 0.35 0.63 0.85 2.15 0.77
D 0.19 0.62 0.81 0.35 1.07 1.16 1.49

CEW C 0.50 0.50 0.30 0.30 0.10 0.30 0.30
D 0.33 0.62 0.42 0.36 0.26 0.22 0.45

GCW C 0.50 0.50 0.50 0.40 0.60 0.50 0.70
D 1.09 0.60 0.83 0.34 0.47 0.64 0.49

OTH C 0.70 1.20 1.60 1.50 1.40 2.80 3.30
D 1.11 1.67 1.64 2.16 2.38 2.38 3.69

VBS VBC C — — 0.17 0.88 0.81 1.72 2.32
D — — 0.72 0.77 0.82 0.94 1.79

SL C — — — 0.43 0.57 0.87 1.40
D 0.18 0.08 0.13 0.69 0.76 2.17 0.69

SB C 0.09 0.06 0.18 0.13 0.11 0.81 0.33
D 0.06 0.52 0.33 0.26 0.38 0.24 0.44

CEW C 0.20 0.40 0.30 0.20 0.20 0.40 0.30
D — 0.21 0.28 0.32 0.26 0.29 0.49

GCW C 0.30 0.10 0.50 0.30 0.30 0.50 0.50
D 0.60 0.22 0.41 0.34 0.29 0.83 0.38

OTH C 0.20 0.30 0.30 0.40 0.60 1.30 1.10
D 0.16 0.82 0.66 0.82 0.86 1.01 1.35

GC VBC C — — 0.46 1.32 1.16 1.94 2.13
D — 0.11 0.43 0.85 0.87 0.98 1.62

SL C 0.10 0.19 0.27 0.52 0.85 0.94 1.23
D 0.11 0.10 0.17 0.75 0.82 2.01 0.71

SB C 0.24 0.36 0.24 0.36 0.52 1.07 0.44
D — 0.69 0.36 0.27 0.38 0.54 0.36

CEW C 0.09 0.32 0.67 0.38 0.50 0.57 0.42
D 0.20 0.20 0.30 0.40 0.60 0.50 0.20

GCW C 0.26 0.30 0.68 0.35 0.45 0.53 0.46
D 0.30 0.20 0.40 0.40 0.40 0.50 0.40

OTH C 0.19 0.46 0.43 0.65 0.66 1.35 1.35
D 0.30 0.60 0.70 1 0.80 1.20 1.20

AB VBC C — 0.10 0.24 0.69 0.68 1.14 1.15
— 0.08 0.38 0.55 0.48 0.57 0.95

SL C 0.07 0.19 0.22 0.35 0.47 0.51 0.69
D 0.11 0.10 0.21 0.39 0.44 1.22 0.40

SB C 0.20 0.18 0.16 0.22 0.25 0.75 0.23
D 0.06 0.40 0.23 0.22 0.32 0.41 0.25

CEW C 0.24 0.24 0.42 0.28 0.28 0.39 0.30
D 0.13 0.24 0.16 0.31 0.30 0.22 0.23

GCW C 0.23 0.34 0.21 0.17 0.29 0.30 0.33
D 0.21 0.19 0.26 0.25 0.30 0.30 0.44

OTH C 0.12 0.29 0.44 0.46 0.39 0.72 0.91
D 0.18 0.49 0.39 0.65 0.59 0.80 0.84

aSN, sweep net; GC, ground cloth; VBS, vertical beat sheet; AB, absolute.
bVBC, velvetbean caterpillar; SL, soybean looper; SB, stink bugs; CEW, corn earworm; GCW, green
cloverworm; OTH, others.
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efficient for relative net precision than the ground cloth and the vertical beat
sheet for sampling most soybean arthropods. The sweep-net, however, was less
efficient for relative net precision than the ground cloth and the vertical beat
sheet for sampling soybean loopers.

Use of sampling methods for determining management threshold densities.
Conversion of sample numbers to area units (m2) for comparison to local economic
thresholds in conventional plantings is justifiable where economic thresholds
have been defined. No economic thresholds, however, have been determined in
the close, dense rows of drilled soybeans, and the economic (agronomic) similari-
ties and differences between conventional and drilled soybeans remain unknown.
The dense nature of the drilled fields would not permit use of conventional meth-
ods for measurement of economically injurious population densities defined in the
same way as they are in conventional row spacing. It is possible to convert sample
captures from each field situation to an area basis, and in most cases regressions
of sample estimates against absolute densities were almost identical on a linear
row basis for both field types. Conversions of estimates in these studies to area-
based densities cannot be used for transfer of threshold densities from conven-
tional to drilled soybeans, however, because the impact of various pest densities
are yet undetermined in drilled soybeans.

For most soybean arthropods, the absolute method yields the greatest num-
bers of individuals per area, followed by the ground cloth, vertical beat sheet, and
sweep-net. The sweep-net consistently underestimates the population density in
a unit of area because the sweep-net sample covers a smaller portion of plants per
unit area swept, whereas the other methods dislodge insects from the whole
plant. Underestimating by the vertical beat sheet can be attributed to inefficient
collection in the trough, or as with the ground cloth, to rapid movement of certain
insects off the counting surface.

No single sampling procedure provides accurate estimates of all soybeans ar-
thropods. Some sampling techniques were more effective than others in estimat-
ing particular insect species or groups of insect populations in close-row soybeans,
and in most cases, the relative effectiveness of techniques was similar for both
drilled and conventional soybeans. Direct comparison of mean numbers of arthro-
pods collected using sweep-net, ground cloth, and vertical beat sheet revealed
that fluctuations in insect population densities were similar in both field types.
All relative sampling methods were capable of tracking these trends accurately,
though the vertical beat sheet was the least accurate method. On the basis of
actual crop area sampled and mean number of arthropods collected, the ground
cloth was the most accurate. In conventionally planted soybeans, the ground cloth
was accurate more often than the sweep net and vertical beat sheet for all cat-
erpillars. The vertical beat sheet remained the least accurate method in conven-
tional soybeans.

Estimates of population density provided by relative sampling methods
showed somewhat greater fidelity to absolute population densities in conven-
tional fields than estimates from drilled fields. The differences may be due to the
fact that drilled soybeans tend to lodge in late season. Kogan & Herzog (1980)
noted that the more prostrate the plants, the more difficult the application of
sampling techniques. Sweep-net estimates revealed high fidelity to population
densities for all arthropods with the exception of soybean loopers in both field
types. Ground cloth sample means showed high fidelity to all arthropod popula-
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tion densities exclusive of stink bugs in both row spacings. Low fidelity of vertical
beat sheet estimates to stink bugs population densities was found in both field
types. Based on accuracy alone, there were species-related advantages to each of
the methods; however, if the precision and the cost of the sampling method are
considered for the purpose of insect pest management decision-making, the sweep
net and ground cloth were the most efficient.

In drilled soybeans, sweep net estimates for velvetbean caterpillar, stink bugs,
and arthropods other than lepidopterous larvae in drilled soybeans were more
precise than ground cloth and vertical beat sheet estimates. The ground cloth,
however, showed consistently lower relative variation than the sweep-net and
vertical beat sheet in conventional fields. In general, vertical beat sheet samples
produced the highest relative variations in both field types.

For all arthropod species, the absolute method showed the lowest relative
variation in both field types. Based on cost factors included in the calculation of
relative net efficiency, however, absolute sampling resulted in the lowest effi-
ciency rating in both field types due to the tedious nature of the method (high cost
of accuracy). The sweep-net method was rated most efficient for soybean arthro-
pods in both years. Although ground cloth was more accurate in conventional
soybeans, the sweep-net was more efficient than ground cloth and vertical beat
sheet for determining insect pest population densities in drilled soybeans.
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Evaluation of Commercial Pheromone Lures and
Comparative Blacklight Trap Catches for Monitoring

Z-Strain European Corn Borer (Lepidoptera: Crambidae)1

David W. Bartels,2 William D. Hutchison,3 David J. Bach,4 and
Thomas L. Rabaey4

Department of Entomology, University of Minnesota
219 Hodson Hall, 1980 Folwell Avenue

Saint Paul, Minnesota 55108-6125 USA

J. Agric. Urban Entomol. 1(16): 85–94 (January 1999)
ABSTRACT Field experiments were conducted during 1997 to evaluate
commercially available pheromone lures for Z-strain European corn borer,
Ostrinia nubilalis (Hübner) at Rosemount and Le Sueur, Minnesota. Improved
pheromone lures, available from Trece, Inc. and Hercon Environmental Co.,
were compared with a University of Minnesota pheromone lure (MN-lure) and
a conventional blacklight trap. The phenology of O. nubilalis flights, based on
pheromone and blacklight trap data, also was compared. Mean moth counts
were similar for the Trece, Hercon, and MN-lures. Although the pheromone
and blacklight traps did not differ in total male moth capture, the pheromone-
baited trap resulted in a delay of 4 to 8 d in detection of estimated peak
capture.

KEY WORDS Ostrinia nubilalis, European corn borer, pheromone lure,
blacklight trap, Hartstack trap, integrated pest management.

The European corn borer, Ostrinia nubilalis (Hübner), is a major pest of corn
(Zea mays L.) and vegetable crops throughout much of the United States and
Canada. Monitoring O. nubilalis is critical for integrated pest management (IPM)
programs, and blacklight traps are commonly used to monitor moth flights of this
pest (Mason et al. 1996). However, since the identification of the O. nubilalis sex
pheromone by Klun and Brindley (1970), researchers have sought to develop a
reliable pheromone monitoring system.
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55107-2094.
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Pheromone monitoring guidelines for O. nubilalis have improved considerably
in recent years. Refinements in pheromone isomer blends for both E- and Z-strain
O. nubilalis (Durant et al. 1995, Bartels et al. 1997), and research on the effects
of trap design (Bartels and Hutchison 1998) and trap placement (Mason et al.
1997a) have resulted in more consistent moth captures. Despite these advances,
recent studies also have shown that some commercial lures do not provide con-
sistent results (Mason et al. 1997b, Bartels et al. 1997). The objective of this study
was to determine the effectiveness of commercially available pheromone lures for
monitoring Z-strain O. nubilalis males in Minnesota. We also compared the tim-
ing of detection of O. nubilalis flights, based on pheromone and blacklight trap
data.

Materials and Methods

Pheromone lures were evaluated during 1997 at the Rosemount Experiment
Station, Rosemount, Minnesota and private farms near Le Sueur, Minnesota. O.
nubilalis in this region respond to a 98:2 (Z:E) isomer ratio and usually complete
two generations per year (Bartels et al. 1997). Commercial pheromone lures
tested included the Trece Iowa strain O. nubilalis lure (Trece, Salinas, California)
and the Hercon (Z)-strain O. nubilalis lure (Hercon Environmental, Emigsville,
Pennsylvania). These commercial lures were compared with a University of Min-
nesota lure (MN-lure). The MN-lure was prepared, as described in Bartels et al.
(1997) from stock obtained from Sigma Chemical Company (St. Louis, Missouri),
and contain a 98:2 (Z:E) isomer ratio.

Hartstack traps with a 75-cm outer cone diameter and a 50-cm inner cone
opening (Hartstack et al. 1979) were used to evaluate the lures (Bartels & Hutchi-
son 1998). Traps were spaced ≈30 m apart along one edge of each field. Sweet or
dent corn fields of ≈2 ha each were used as replicates, with three replicate fields
at each of the two locations. The bottom opening of the traps was set in grassy
vegetation (<0.5 m off the ground) as recommended by Mason et al. (1997), with
the pheromone suspended ≈3 cm below the opening. Pheromone lures were re-
placed every 7–10 d and traps checked 3–5 times per week, depending on the
intensity of the flight. Traps were monitored from 2 June to 24 September at
Rosemount and from 4 June to 12 September at Le Sueur. In addition to the
Hartstack traps, two 110-V AC-powered blacklight traps (Gempler’s, Mt. Horeb,
Wisconsin) were monitored at each of the two locations. Blacklight traps were
located 75–100 m from the closest Hartstack trap and within 750 m of all Hart-
stack trap replicates. O. nubilalis adults collected in blacklight traps were sepa-
rated by sex before counting. All traps were checked 3–5 times per week depend-
ing on the intensity of the flight.

Statistical analysis. First and second generation, and season total trap
catch data, for each location, were analyzed as separate one-way analyses of
variance (ANOVA) within the General Linear Models (GLM) framework (SAS
Institute 1988). Before analysis, data were tested for homogeneity of variances by
using Levene’s test (Levene 1960). The Ryan—Einot—Gabriel—Welsch multiple
F test (P 4 0.05) was used to distinguish mean differences among pheromone
lures tested. This means separation test controls the type I error rate while also
controlling type II errors (SAS Institute 1988).
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First and second generation O. nubilalis trap capture data also were used
to estimate the timing of peak capture (50% of cumulative captures) and to
compare pheromone lure and blacklight trap results. The time scale was con-
verted to degree-days by using the double-sine wave method (Allen 1976). A lower
threshold of 10°C was used (Mason et al. 1996), with accumulations starting on 1
January. Nonlinear regression models (Brown 1994) were fit to the cumulative
moth capture distribution of males inpheromone traps and males and females
in blacklight traps for each location and moth flight. The following four models
were used: PulseCum y 4 a+b(1-exp(−(x-dln(1−20.5/2)-c)/d))2, SDSCum y 4

a+b(2e(ln(exp((x+d/2)/e)+exp(c/e))-ln(exp((c+d/2)/e)+exp(x/e)))+d)/(2d), Lor-Cum
y 4 a+b(atan((x-c)/d)+p/2)/p, and LogNormCum y 4 a+0.5berfc(-ln(c/x)/(20.5d)),
for the Rosemount 1st, Rosemount 2nd, Le Sueur 1st, and Le Sueur 2nd genera-
tions, respectively. Each model was selected to provide the best fit for all data sets
within each location and generation, based on F statistic and r2 values. Cumu-
lative moth capture distributions were compared using 95% prediction intervals
of the fitted model at estimated 50% peak moth flight for each generation and
location.

Results and Discussion

Mean moth counts from within the 1st and 2nd generation flights and season
total did not differ (P $ 0.05) among pheromone lures at both locations (Table 1).
Both the Trece and Hercon lure traps captured moths in similar numbers to the
MN-lure traps. Mason et al. (1997b), in Delaware, also found no significant dif-
ferences among Trece, Hercon and a Delaware lure made from Sigma stock for
trapping Z-strain O. nubilalis.

There were also no significant differences (P $ 0.05) between male moths
caught in pheromone versus blacklight traps (Table 1). These results are similar
to those of Bartels and Hutchison (1998), in which no differences were detected in
the number of males captured in Hartstack and blacklight traps during 1995.
Furthermore, our results show significant improvement in the performance of the
Trece lure compared with 1992–1994 results (Bartels et al. 1997). These results
confirm that with a high-quality lure, efficient trap, and proper trap placement,
a pheromone monitoring system for Z-strain O. nubilalis can capture as many
male moths as a blacklight trap.

Despite equivalent catch, the timing of detection of peak capture as estimated
by Hartstack traps was delayed compared with estimates based on blacklight
traps (Fig. 1). For clarity, only the data for Trece pheromone lure are presented
graphically, as these data provided the highest mean catch. All pheromone lures,
however, produced nearly identical timing patterns. To quantify the differences in
flight timing, cumulative moth capture curves based on degree-days for each
flight were fit to nonlinear regression models for both generations and locations
(Figs. 2 and 3). Measurement of peak capture based on pheromone trap data was
delayed 100–180 degree-days (base 10°C) compared with blacklight trap data
(Table 2). This is equivalent to a delay of 4–8 d at typical midwestern summer
temperatures.
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Table 1. Mean ± SEM number of male Ostrinia nubilalis adults per
pheromone or blacklight trap, Rosemount and Le Sueur, Min-
nesota, 1997.

Rosemount

Lure or blacklight trap N 1st generation 2nd generation Total

MN-Lure 3 517 ± 235 1,430 ± 567 1,947 ± 793

Trece 3 385 ± 88 1,755 ± 692 2,140 ± 761

Hercon 3 269 ± 97 1,254 ± 185 1,523 ± 194

Blacklight trap males 2 386 ± 76 1,103 ± 76 1,489 ± 80

NS NS NS

(P 4 0.42) (P 4 0.73) (P 4 0.71)

Le Sueur

Lure or blacklight trap N 1st generation 2nd generation Total

MN-Lure 3 241 ± 92 980 ± 325 1,221 ± 417

Trece 3 284 ± 63 1,512 ± 314 1,796 ± 309

Hercon 3 136 ± 19 804 ± 227 940 ± 242

Blacklight trap males 2 140 ± 15 687 ± 137 827 ± 152

NS NS NS

(P 4 0.47) (P 4 0.33) (P 4 0.32)

Means within columns, within location, followed by the same letter are not significantly different (P 4

0.05) Ryan—Einot—Gabriel—Welsh multiple F-test. NS, not significant.
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Fig. 1. Five-day moving averages of O. nubilalis moth flights during 1997, Trece
lure males, and blacklight trap males and females (Rosemount and Le
Sueur, Minnesota).
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Fig. 2. First and 2nd generation cumulative O. nubilalis moth capture distribu-
tions (line, fitted model, see text) for Trece lure males and blacklight trap
males and females during 1997 (Rosemount, Minnesota).

90 J. Agric. Urban Entomol. Vol. 16, No. 1 (1999)



Fig. 3. First and 2nd generation cumulative O. nubilalis moth capture distribu-
tions (line, fitted model, see text) for Trece lure males and blacklight trap
males and females during 1997 (Le Sueur, Minnesota).
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In summary, with the current level of refinement in pheromone monitoring for
Z-strain O. nubilalis, moth catches were equal to those from the blacklight traps.
Compared with blacklight trap data, however, peak capture was delayed. Oloumi-
Sadeghi et al. (1975) and Roach (1975) found similar patterns with O. nubilalis
and Helicoverpa zea (Boddie), respectively, and concluded that pheromone
lures are most attractive after the majority of eggs has been laid. This would
suggest that pheromone lures are not highly competitive with calling female
moths and are attractive only after the majority of female moths has mated
and stopped calling. Despite the estimated delay in peak capture timing, phero-
mone monitoring systems may still correlate well with the initiation of oviposition
in nearby fields (Bartels 1998). Thus, pheromone traps should continue to
be useful as a supplement to additional monitoring methods, such as in-field
scouting. Refinements to improve lure competitiveness and the correlation be-
tween moth catches in pheromone traps and oviposition are still necessary before

Table 2. Predicted peak Ostrinia nubilalis moth capture results from
pheromone and blacklight traps, Rosemount and Le Sueur,
Minnesota, 1997.

Degree-daysa at peak (50%) moth capture
(95% prediction interval)

Lure or
blacklight trap

Rosemount Le Sueur

1st generation 2nd generation 1st generation 2nd generation

MN-lures
males 690 1,987 609 1,905

(656–730) (1,969–2,004) (599–620) (1,885–1,926)

Hercon lure
males 673 1,979 643 1,920

(643–706) (1,959–2,000) (633–652) (1,909–1,933)

Trece lure
males 661 1,972 643 1,887

(624–703) (1,957–1,988) (636–650) (1,873–1,903)

Blacklight trap
males 567 1,861 520 1,720

(547–586) (1,835–1,888) (507–533) (1,707–1,734)

Blacklight trap
females 602 1,844 551 1,740

(590–615) (1,831–1,856) (537–565) (1,726–1,754)

aDegree-days calculated using the double-sine-wave method (Allen 1976) with a base of 10°C, and cu-
mulative beginning 1 January.
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pheromone monitoring systems can be used to initiate control tactics in
IPM programs.
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Effect of Euphorbia esula on Growth and Mortality of
Migratory Grasshopper Nymphs1

J. L. Roberts2 and B. E. Olson

Department of Animal and Range Sciences
Montana State University-Bozeman

Bozeman, MT 59717-2900 USA

J. Agric. Urban Entomol. 16(2): 97–106 (April 1999)
ABSTRACT Most herbivores in North America avoid the invasive exotic
leafy spurge (Euphorbia esula L.), possibly because E. esula contains high
concentrations of terpenoids and condensed tannins. Our objective was to de-
termine if plant parts from undefoliated and previously defoliated E. esula
shoots, mixed in different proportions with grass hay, limit growth and in-
crease mortality of nymphs of Melanoplus sanguinipes F. Condensed tannins,
a secondary compound, were present in all E. esula plant parts, increased
seasonally, and were highest in stems from previously defoliated shoots. For E.
esula harvested in July, nymphs presented with leaves from previously defo-
liated shoots were heavier than those presented with other plant parts, indi-
cating that the high nutritive value of leaves of E. esula in July offset any
negative effects associated with secondary compounds. For E. esula harvested
in August, increasing proportion of E. esula in the diet reduced nymphal
weight, indicating nymphs were sensitive to higher concentrations of second-
ary compounds when nutritive value of this plant declines in late summer.

KEY WORDS Melanoplus sanguinipes, generalist grasshoppers, leafy
spurge, secondary compounds, condensed tannins

Leafy spurge (Euphorbia esula L.) is an introduced perennial weed infesting
millions of hectares in the Northern Great Plains (Lacey et al. 1985). Biological
control of E. esula has had limited success, possibly because secondary compounds
in the plant inhibit consumption by many herbivores (Lym & Kirby 1987). Sec-
ondary compounds in plants can reduce a herbivore’s ability to digest nutrients
and can be toxic when consumed at certain levels (Feeny 1976).

The latex of E. esula contains high concentrations of terpenoids (Kupchan et al.
1976, Evans & Kinghorn 1977), most of which have detrimental effects on insects
as toxins or feeding deterrents (Gershenzon & Croteau 1991). Condensed tannins
also are present in the plant (Roberts & Olson 1999). These polyphenols can bind
proteins and probably deter herbivory with their astringent taste (Harborne
1986). Furthermore, condensed tannins may have a structural defense role, con-
tributing to leaf toughness and woodiness (Haslam 1988).

1Accepted for publication 3 March 1999.
2Current Address: J. L. Roberts, 908 W. Washington, Lewistown, Montana 59457 USA

97

Prod. #JAE9827



Secondary plant compounds may affect several aspects of grasshopper biology.
Harley & Thorsteinson (1967) assessed the effects of 20 secondary plant com-
pounds on survival, development, and feeding behavior of the forbivorous grass-
hopper Melanoplus bivittatus (Say). They found that the triterpenoid saponin was
lethal. Diets containing > 10% saponin inhibit feeding of Locusta migratoria L. by
50% (Bernays & Chapman 1977).

Neonate grasshoppers (nymphs) are more sensitive to changes in diet than
adults (Westcott et al. 1992). When presented with different cereals, survival and
mean weight of the generalist grasshopper Melanoplus sanguinipes (F.) nymphs
varies depending on cereal consumed (Hinks et al. 1987). In a 5-d bioassay, M.
sanguinipes nymphs were exposed to 22 different secondary plant compounds
(Westcott et al. 1992). Alkaloids, flavonoids, phenolics, and terpenoids decreased
mean weights of these nymphs. Of these four compounds, only phenolics did not
affect nymphal survival.

Concentrations of secondary compounds may increase after defoliation, deter-
ring subsequent herbivory (Mihaliak & Lincoln 1989, Khan & Harborne 1990).
For example, grasshopper herbivory increases phenolic concentrations in western
wheatgrass [Pascopyrum smithii (Rydb.) Love] by 43% (Redak & Capinera 1994).
Grasshoppers readily consume old leaves of kochia (Kochia scoparia L.), but avoid
new growth due to increased concentrations of alkaloids or other antifeedants in
new growth (Olfert et al. 1990, Hinks et al. 1991).

Although E. esula contains secondary compounds, it has high nutritive value
based on traditional measures of crude protein and digestibility (Fox et al. 1991).
Our objective was to determine if plant parts from undefoliated or previously
defoliated E. esula shoots, mixed in different proportions with grass hay, limit
growth and increase mortality of nymphs of M. sanguinipes, a generalist grass-
hopper.

Materials and Methods

Mortality and mean weight of surviving grasshopper nymphs were used in this
bioassay of E. esula. Nymphs of a nondiapause strain of M. sanguinipes were
hatched at South Dakota State University (Brookings, South Dakota), sent to
Bozeman within 24 h, and used in our trials when they were 2–3 days old. Nymph
weights at the start of both trials averaged 0.36 ± 0.1 mg (SE).

Euphorbia esula was harvested from an infested site 3 km northeast of Boze-
man, Montana (45° 418 N 111° 008 W), elevation 1,525 m. Annual precipitation
averages 500 mm. Mean annual temperature is 5°C.

E. esula was harvested from a large contiguous, heavily infested area to mini-
mize variability that soils on the site may have on the secondary chemistry of E.
esula. It was defoliated with a string-type weed trimmer on 15 m × 15 m plots on
22 June and 27 July 1995. Undefoliated E. esula shoots were harvested on these
dates (initial growth). Undefoliated shoots and previously defoliated shoots were
harvested by hand 4 wk later, on 20 July and 24 August. Undefoliated shoots were
harvested from plots next to previously defoliated plots.

Forage analyses. All E. esula material was air-dried. Leaves, stems, and
flowers, if present, were then separated from undefoliated shoots. Regrowth
leaves and stems were separated from previously defoliated shoots. All plant
parts were ground to pass through a 1-mm screen in a Wiley mill (Thomas-Wiley
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Mill, Model 4, Swedesboro, New Jersey). Dry matter, ash, crude protein, and
ether extract were determined by standard methods (AOAC 1984). Neutral de-
tergent fiber, acid detergent fiber, and acid detergent lignin were determined by
the procedures of Goering & Van Soest (1970). Condensed tannins were extracted
and assayed according to the colorimetric procedure of Burns (1971), as modified
by Price et al. (1978).

Each E. esula plant part was mixed separately with grass hay (primarily
smooth brome Bromus inermis Leys; 6.72% crude protein) in the following five
proportions: (1) 100:0 (E. esula:grass hay), (2) 75:25, (3) 50:50 (4) 25:75, and (5)
0:100 (control). Grasses generally contain relatively low concentrations of second-
ary plant compounds, if any. The grass hay also was ground to pass through a
1-mm screen in a Wiley mill. Treatments were these four mixtures of the separate
E. esula plant parts (leaves, stems, flowers) harvested on each of the two sampling
dates, and the grass hay control.

Grasshopper bioassays. Pretrial nymphal weights were determined by av-
eraging weights of six randomly selected groups of 20 nymphs. Twenty 2–3-d-old
grasshopper nymphs were placed in acetate tubes 27 cm in length and 7.15 cm in
diameter. The ends of the tubes were closed with rings holding aluminum mesh
screen over the opening. Treatments (5 g) were weighed into each tube to provide
an ad libitum diet for the nymphs during the trial. Tubes were placed in an
incubator maintained at 28 ± 2°C under constant light. Water was provided by
placing a small piece of iceberg lettuce (Lactuca sativa L.) core into each tube
daily. After 5 d, surviving grasshoppers were frozen for 6 h. Frozen grasshoppers
were warmed to room temperature, counted, and weighed as groups. Mean
nymphal weight (based on number of survivors) for each group was determined.
Treatments were replicated six times for material harvested on each sampling
date.

Statistical analyses. Mean nymph weight and mortality for the July and
August harvest dates were analyzed separately because we used different
nymphs for each harvest, and because of the structural imbalance in the data;
flowers were not produced by previously defoliated shoots. Main effects of plant
part and mixture, and the interaction between plant part and mixture were
included in a general linear model (GLM)(SAS Institute 1988). Pretrial nymphal
weights, and nymphal responses to the 100% grass hay diet were used as covari-
ates. We used the following planned linear contrasts to compare responses to
plant parts: 1) leaves vs. stems from undefoliated shoots, 2) flowers vs. stems from
undefoliated shoots, 3) leaves vs. stems from previously defoliated shoots, 4)
leaves from undefoliated shoots vs. leaves from previously defoliated shoots, and
5) stems from undefoliated shoots vs. stems from previously defoliated shoots.

Linear, quadratic, and cubic regression coefficients were used to compare re-
sponses to the different mixtures of E. esula and grass hay. Correlations between
condensed tannin concentration, and mean weight and mortality of nymphs also
were determined. The P-values < 0.15 are reported (Gill 1981).

Results

Forage nutrient composition. The nutritive value of all plant parts de-
clined as the growing season progressed (Table 1). Leaves from previously defo-
liated shoots harvested in July and August had higher crude protein content and
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lower ether extract, neutral detergent fiber, acid detergent fiber, and acid deter-
gent lignin contents than leaves from undefoliated shoots. Crude protein content
of E. esula leaves and flowers harvested June through August was greater than
the crude protein content of the grass hay (6.72%). In contrast, crude protein
content of E. esula stems harvested during this period was lower than crude
protein content of the grass hay.

Condensed tannins were present in all E. esula material harvested in July and
August (Fig. 1). Condensed tannin concentrations were higher in August than in
July for all plant parts except leaves from previously defoliated shoots. Stems
from previously defoliated shoots harvested in July and August had greater con-
densed tannin concentrations than stems from undefoliated shoots.

Nymphal weights. For material harvested in July, mean grasshopper
nymphal weight varied depending on plant part (P 4 0.0001, Fig. 2). Nymphs
were heavier when presented with leaves from previously defoliated than from
undefoliated shoots (P 4 0.04). Nymphs presented with leaves and flowers were
heavier than those presented with stems from undefoliated shoots (P 4 0.0001
and P 4 0.0001, respectively). Nymphs presented with leaves were heavier than

Table 1. Nutritive value of plant parts from E. esula initially defoliated
(I) on 22 June and 27 July, and from undefoliated (U) and pre-
viously defoliated (PD) shoots of E. esula harvested 4 weeks
later.

aPlant Part CP EE NDF ADF ADL

22 June 1995
leaves-I 18.0 4.4 20.9 18.1 4.5
flowers-I 19.3 4.6 22.8 19.1 4.6
stems-I 7.0 2.5 57.3 48.3 9.2

20 July 1995
leaves-U 11.9 5.2 22.9 20.3 5.1
flowers-U 12.7 5.6 33.3 27.9 7.8
stems-U 4.4 2.5 62.0 54.1 10.4
leaves-PD 16.3 4.9 20.0 17.1 3.5
stems-PD 4.6 2.6 62.1 53.6 10.9

27 July 1995
leaves-I 11.3 5.1 27.4 24.2 5.7
flowers-I 11.0 5.7 34.3 30.1 7.9
stems-I 4.1 2.6 59.3 53.1 10.2

24 August 1995
leaves-U 8.8 6.2 29.5 24.6 6.0
flowers-U 8.2 6.5 32.7 28.0 6.5
stems-U 2.7 2.2 65.7 57.6 11.6
leaves-PD 19.4 4.5 19.5 15.7 3.2
stems-PD 2.9 2.8 66.2 56.3 12.1

aCrude protein (%), CP; ether extract (%), EE; neutral detergent fiber (%), NDF; acid detergent fiber (%),
ADF; acid detergent lignin (%), ADL.
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those presented with stems from previously defoliated shoots (P 4 0.0001).
Nymphs were heavier when presented with leaves and stems from previously
defoliated than undefoliated shoots (P 4 0.0001).

For material harvested in August, mean grasshopper nymphal weight varied
depending on plant part and mixture of E. esula (plant part × mixture interaction,
P 4 0.0001, Fig. 3). Nymphs presented with the 100:0 (E. esula:grass hay) mix-
ture of leaves from previously defoliated shoots were heavier, whereas those
presented with the 50:50 mixture were lighter than those presented with the
other mixtures (quadratic, P 4 0.04). Nymphs presented with the 25:75 mixture
of stems from undefoliated shoots were heaviest, whereas those presented with
the 50:50 mixture were lightest (quadratic, P 4 0.05). Similarly, nymphs pre-
sented with the 25:75 mixture of stems from previously defoliated shoots were
heaviest, whereas those presented with the 75:25 mixture of this plant part were
lightest (quadratic, P 4 0.05).

Overall, nymphs presented with leaves and flowers harvested from undefoli-
ated shoots in August were heavier than those presented with stems (P 4 0.002
and P 4 0.001, respectively). Similarly, nymphs were heavier when presented
with leaves than stems from previously defoliated shoots (P 4 0.0001). Nymphs
were heavier when presented with leaves from previously defoliated than unde-
foliated shoots (P 4 0.0001). Nymphs presented with leaves were heavier than
those presented with stems from undefoliated and previously defoliated shoots (P
4 0.0001). Nymphal weights were negatively correlated with condensed tannin
concentrations (r 4 −0.60, P 4 0.06).

Nymphal mortality. Nymphal mortality varied among plant parts har-
vested in July (P 4 0.12, Table 2); mortality was higher for nymphs presented
with stems than those presented with leaves and flowers. The effect of plant part
on mortality was even greater for material harvested in August (P 4 0.004).
Mortality was higher for nymphs presented with stems than leaves and flowers
from undefoliated shoots (P 4 0.01 and P 4 0.001, respectively). Mortality was
higher for nymphs presented with stems from undefoliated than previously de-

Fig. 1. Concentrations of condensed tannins (mg/g) in plant parts from undefo-
liated (U) and previously defoliated (PD) shoots of E. esula harvested in
July and August 1995.
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foliated shoots (P 4 0.08). Mortality was higher for nymphs presented with stems
than with leaves from undefoliated and previously defoliated shoots (P 4 0.07).
The E. esula:grass hay mixture did not affect mortality (July, P 4 0.57; August,
P 4 0.39). Condensed tannin concentrations and nymphal mortality were not
correlated (r 4 0.2, P > 0.5).

Discussion

Forage nutrient composition. The seasonal decline in nutritive value of all
plant parts is common. In addition, regrowth on previously defoliated plants is
always more nutritious than undefoliated material. Finally, leaves and flowers
are always higher in nutritive value than stems; stems are high in fiber for
structural reasons.

We predicted that regrowth on previously defoliated shoots would have greater
condensed tannin concentrations than undefoliated material. Condensed tannin
concentrations increase in blackbrush (Coleogyne ramosissima Torr.) after brows-
ing by goats (Provenza & Malecheck 1984), and Douglas fir after long-term insect
herbivory (Walters and Stafford 1984). In contrast, clipping or browsing does not
induce the production of condensed tannins in several Alaskan tree and shrub
species, and in Mediterranean woodland species (Chapin et al. 1985, Perevolotsky
1994).

Condensed tannin concentrations are usually higher in stems than leaves, as
we found with E. esula. Flowers of sulla (Hedysarum coronarium L.) have higher

Fig. 2. Mean weights (mg; end of trial) of grasshopper nymphs presented with
plant parts from undefoliated (U) and previously defoliated (PD) shoots of
E. esula harvested in July and August 1995. Weights (mean ± SEM) of
grasshopper nymphs presented with 100% grass hay were 1.62 ± 0.09 mg
in the July trial, and 1.10 ± 0.07 mg in the August trial. Pretrial mean
weights of grasshopper nymphs were greater for the July (0.39 mg) than
August material (0.33 mg).
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condensed tannin concentrations than leaves or stems in late spring (Terrill et al.
1992). Early in the growing season, flowers may contain the highest condensed
tannin concentrations to defend developing reproductive tissues.

The seasonal increase in condensed tannin concentrations in E. esula, except
for new leaves harvested from previously defoliated shoots, is similar to seasonal
increases in other species. In sericea [Sericea lespedeza (Dumont) G. Don], con-
densed tannin concentrations increase as the plant matures (Burns 1966, Cope et
al. 1971). Early in the growing season, E. esula may allocate more carbon and
nutrients for growth and reproduction than for producing condensed tannins that
are associated with high metabolic costs (Skogsmyr & Fagerström 1992).

Table 2. Percentage mortality for grasshopper nymphs presented with
plant parts from undefoliated and previously defoliated shoots
of E. esula harvested in July and August 1995

July August

Undefoliated E. esula
leaves 25.6 22.1
flowers 22.1 18.1
stems 27.7 28.5

Previously defoliated E. esula
leaves 27.3 23.8
stems 29.2 24.0

Grass hay 24.2 11.7

Least square mean standard errors were 2.0 for July E. esula and 1.8 for August E. esula. Least square
mean standard errors for 100% grass hay were 3.5 for the July trial and 0.4 for the August trial.

Fig. 3. Mean weights (mg; end of trial) of grasshopper nymphs presented with
four mixtures (E. esula:grass hay) of plant parts from undefoliated (U)
and previously defoliated (PD) shoots of E. esula harvested in August
1995. Nymph weights on the 100% grass hay diet were used as a covari-
ate, and thus are not presented.
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Nymphal weights and mortality. M. sanguinipes nymphs presented with
leaves were heavier and had lower mortality than nymphs presented with stems,
which may reflect the higher nutritive value of leaves compared with stems.
Crude protein was usually 2–3 times higher, and acid- and neutral detergent fiber
and lignin were 2–3 times lower in leaves compared with stems. It could also
reflect lower condensed tannin concentrations in leaves. Condensed tannin con-
centrations were negatively correlated with mean nymphal weight. Most likely,
the effect of E. esula leaves on nymph growth and mortality reflects the combi-
nation of higher nutritive value and lower condensed tannin concentrations.

Other phenolics deter feeding in acridids. Nearly all extracts obtained from
four species in the Euphorbiaceae family deter feeding by L. migratoria (Bernays
& Chapman 1977), an oligophagous acridid that feeds mainly on grasses (Bernays
et al. 1976). The phenolic compound ellagic acid was identified in these extracts;
this compound reduced feeding of L. migratoria by 50% at concentrations of 2%.
Grasses generally contain relatively low concentrations of secondary plant com-
pounds, particularly phenolics (Culvenor 1970). M. sanguinipes may be better
adapted to phenolics in their diets, as they consume forbs and a wider variety of
grasses than L. migratoria (Williams 1954, Mulkern et al. 1964). M. sanguinipes
nymphs fed phenolics in a 5-d bioassay were lighter than those on a control diet
(Westcott et al. 1992). However, phenolics had no effect on nymphal mortality in
their study.

In our study, mortality tended to be higher for nymphs presented with stems
than other plant parts. Condensed tannin concentrations were higher in stems
than other plant parts; however, nymphal mortality was not correlated with
condensed tannin concentration. Presumably, the stems low crude protein, high
fiber and lignin, and possibly the presence of other secondary compounds (e.g.,
terpenoids) were important in increasing nymphal mortality. Harley & Thorst-
seinson (1967) determined the effects of secondary compounds on a generalist
grasshopper M. bivittatus (Say). The terpenoid saponin caused all nymphs to die
before the adult stage was reached. Triterpenes are present in large concentra-
tions in E. esula (Evans & Kinghorn 1977).

Grasshopper nymphal weights increased as the proportion of E. esula leaves
from undefoliated plants in August increased, possibly because of the higher
crude protein content of E. esula leaves compared with grass hay. In contrast,
increasing levels of E. esula flowers, which also had high crude protein content,
decreased mean nymphal weights. Condensed tannin concentrations of leaves
and flowers were similar so they probably did not affect grasshopper nymphal
weights. Presumably, some other secondary compound in flowers of E. esula de-
creased nymphal weights.
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Evaluation of Six Maize Hybrids for Their Susceptibility
to Feeding by Three Diatraea spp. (Lepidoptera:

Crambidae) by Using Laboratory Bioassays1
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ABSTRACT Maize, Zea mays L., germplasm lines with resistance to leaf
feeding by the southwestern corn borer, Diatraea grandiosella Dyar, have been
developed and released. We determined if hybrids developed from these germ-
plasm lines are also resistant to two other Diatraea spp. that attack maize in
the United States [southern corn stalk borer, D. crambidoides (Grote), and the
sugarcane borer, D. saccharalis (F.)]. Evaluation of three southwestern corn
borer resistant and three susceptible maize hybrids for level of susceptibility to
the southern corn stalk borer and sugarcane borer was done by feeding the
larvae reconstituted ground, lyophilized whorl leaf tissue diets in the labora-
tory. Larvae of the southern corn stalk borer, sugarcane borer, and southwest-
ern corn borer grown on the resistant leaf tissue diets were significantly
smaller than those reared on the susceptible leaf powder diets. Our results
indicate that these maize germplasms are resistant to all three Diatraea spp.
The procedures used to obtain an adequate number of southern corn stalk
borer neonates from field-collected diapausing larvae for the laboratory bioas-
say are discussed.

KEY WORDS Diatraea crambidoides, D. grandiosella, D. saccharalis,
Lepidoptera, Maize, plant resistance

Maize, Zea mays L., is attacked by three species of the genus Diatraea (Lepi-
doptera: Crambidae) in the United States. They are the southwestern corn borer,
D. grandiosella Dyar; the sugarcane borer, D. saccharalis (F.); and the southern
corn stalk borer, D. crambidoides (Grote). The southwestern corn borer is the
most important because of its extensive range (found in 14 states from Arizona to
Kansas to Alabama) and its unique habit of girdling stalks just above ground level
when preparing its overwintering site in the base of the stem (Chippendale 1979).
The sugarcane borer is a pest of maize in the United States only where the crop
borders sugarcane, Saccharium officinarum L., in southern areas of Louisiana

1Accepted for publication 1 March 1999.
2USDA - ARS, P.O. Box 5367, Mississippi State, MS 39759
3Department of Entomology, North Carolina State University, Raleigh, NC 27695
4This article reports the results of research only. Mention of a proprietary product does not constitute an
endorsement or recommendation for its use by the United States Department of Agriculture.
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and Texas (Flynn et al. 1984). The southern corn stalk borer is primarily a pest
of maize in the Carolinas (Cartwright 1934).

The larval feeding behaviors are similar for the three species. When egg
masses are oviposited on whorl-stage plants, the newly hatched larvae move into
the inner whorl area and begin feeding on the spiraled immature leaf tissue. The
larvae feed on this tissue for several days before moving out of the whorl and
tunneling into the stalks (Cartwright 1934, Davis et al. 1972, Flynn et al. 1984).

United States Department of Agriculture-Agricultural Research Service sci-
entists located at Mississippi State, Mississippi, have released maize germplasm
that has leaf-feeding resistance to the southwestern corn borer and the fall ar-
myworm, Spodoptera frugiperda (J.E. Smith) (Williams & Davis 1989, Williams
et al. 1990a). Larval survival and weight gain are reduced and developmental
time is increased when larvae of these two species feed on whorl-leaf tissue of the
resistant maize (Williams et al. 1983, Ng et al. 1985, Davis & Williams 1986).

Davis et al. (1988) reported that this germplasm also was resistant under field
conditions to the European corn borer, Ostrinia nubilis (Hübner) and the sugar-
cane borer. Later, scientists in other parts of the world reported that this germ-
plasm was resistant to other whorl feeding lepidopterans [e.g., Busseola fusca
(Fuller) and Chilo partellus (Swinhoe) in Africa (Van Rensburg & Van Den Berg.
1995)]. Therefore, this resistant germplasm adversely affects a broad range of
lepidopterans that feed in the whorls of maize and provides a potential manage-
ment tactic of worldwide importance.

In recent years little has been reported about D. crambidoides (Grote). The
southern corn stalk borer, however, continues to be a pest of maize (especially late
planted fields) in the Carolinas and appears to be increasing in incidence, possibly
because of changing agronomic practices (CES, unpublished data). Cartwright
(1934) reported when comparing southern corn stalk borer infested and unin-
fested corn plants that for each 1% of infestation the expected loss would amount
to about 0.3 of 1% of the corn by weight.

The primary objective of the current study was to determine if the maize
exhibiting resistance to southwestern corn borer also was resistant to the south-
ern corn stalk borer and to confirm the resistance previously observed in the field
for the sugarcane borer (Davis et al. 1988). Our second objective was to determine
if field-collected overwintering southern corn stalk borer larvae could be success-
fully stored at 10°C for a few months, and then be removed and placed in a
diapause termination environment to obtain sufficient pupae and adults for pro-
ducing eggs and neonates for research using a technique developed for the south-
western corn borer (Davis 1983).

Material and Methods

The southwestern corn borer and the sugarcane borer larvae used in the bio-
assays were obtained from laboratory colonies maintained by USDA–ARS scien-
tists at Mississippi State, Mississippi, and Houma, Louisiana, respectively, by
using procedures described by Davis (1989, 1997). Southern corn stalk borer
larvae (160) were collected from a cornfield in North Carolina in early September
1997 and sent to Mississippi. Upon arrival the larvae were placed in 30-ml plastic
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cups containing ≈10 ml of southwestern corn borer artificial diet so that they
could complete their feeding requirements. During this period they were held
under a diapause induction environment of 21 °C, 50–60% RH, and photoperiod
of 12:12 (L:D) h. On 12 November surviving larvae were individually transferred
to 30-ml cups containing ≈10 ml of 2% agar plus mold inhibitors (Davis 1983) for
immediate storage at 10°C, 50–60% RH, and a photoperiod of 12:12 (L:D) h. On 6
January 1998 the cups containing the larvae were moved into a diapause termi-
nation environment [27.6°C, 50–60% RH, photoperiod of 16:8 (L:D) h]. Pupae
from these larvae were collected weekly and placed in a screen cage containing
wax paper as an oviposition substrate for emerging adults (Davis 1976). The
environment for oviposition was 27.6°C, 50–60% RH, and a photoperiod 14:10
(L:D) h. Southern corn stalk borer adults were provided to the Entomology Mu-
seum of the Department of Entomology and Plant Pathology at Mississippi State
University to serve as voucher specimens for this study.

Three maize hybrids resistant to leaf feeding by the southwestern corn borer
and three susceptible hybrids were used in this study. The inbred parents of the
resistant hybrids were germplasm lines developed at Mississippi State, Missis-
sippi. Plants of each hybrid were grown under field conditions in 10- row blocks.
Rows were 5.08 m long with 0.97 m between rows. Agronomic practices recom-
mended for our area were used to grow the maize. Plant whorls were harvested
for the laboratory bioassays when the plants reached the mid-whorl stage of
growth [V8–9 leaf stage according to Ritchie & Hanway (1982)]. The whorls were
trimmed to ≈15 cm, placed in plastic freezer bags, and frozen at −18°C. The frozen
whorls were subsequently removed from the freezer and lyophilized. After lyo-
philization, the plant tissue was ground to a fine powder and returned to the
freezer for storage.

On 15 January (southwestern corn borer), 10 February (southern corn stalk
borer), and 26 February (sugarcane borer) 1998, leaf powder diets of each maize
hybrid were prepared. Agar (3.5 g) was placed in a small boiler with 250 ml of
water and heated to a boil. The agar–water solution was then placed in a quart
blender. When the temperature of this solution reached 82 °C, 10 g of the ground
lyophilized leaf tissue, 528 mg of ascorbic acid, 132 mg of sorbic acid, and 132 mg
of neomycin sulfate were added to the agar solution and blended for 3 min. This
diet recipe is a modification of the one described by Williams et al. (1990b). After
blending, the mixture was poured into 30-ml plastic cups (25) to a depth of ≈15
mm each and held under a clean-air hood for 1.5 h to cool and dry. Each cup was
infested with one neonate. Cups were capped with paperboard lids. The larvae
were grown in an environment of 26.7°C, 50–60% RH, and a photoperiod of 16:8
(L:D) h.

The diets prepared from tissue of each of the six hybrids were arranged in a
randomized complete block design with five replications for each insect species.
Each replication consisted of five cups per treatment. Larval weights were ob-
tained 14 d after infestation using a Mettler AC 100 electronic balance (Mettler
Instrument Corp., Hightown, New Jersey).

Mean larval weights for each diet treatment were used for statistical analysis.
The data were subjected to analysis of variance (ANOVA) (SAS Institute 1987)
and means were separated using Fisher’s protected least significant difference
(LSD) test (Steel & Torrie 1980).
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Results and Discussion

Larval growth. As expected, southwestern corn borer larvae reared on diets
containing the lyophilized leaf tissue from the resistant maize hybrids weighed
significantly less (F 4 89.9; df 4 5, 20; P < 0.01) on day 14 than those reared on
tissue of susceptible maize hybrid diets (Table 1). When southern corn stalk borer
larvae were grown on the same maize leaf tissue diets, those reared on the re-
sistant diets were also significantly smaller (F 4 28.1; df 4 5, 20; P < 0.01) than
those reared on the susceptible diets (Table 1). Similarly, sugarcane borer larvae
reared on the diets containing leaf tissue from the resistant maize hybrids were
significantly smaller (F 4 35.7; df 4 5, 20; P < 0.01) than those reared on the
diets containing leaf tissue from the susceptible hybrids (Table 1).

Our results show that the southwestern corn borer resistant maize is also
resistant to the southern corn stalk borer and the sugarcane borer (confirmation
of a previous field experiment). The level of antibiosis caused by the resistant
hybrids, however, differed among the insect species. Mean larval weight of the
southern corn stalk borer and sugarcane borer reared on tissue from resistant
hybrids combined weighed 61% as much as larvae of the same species fed tissue
from the susceptible hybrids combined. The mean larval weight of the southwest-
ern corn borer reared on tissue from the resistant hybrids combined weighed only
41% as much as southwestern corn borer larvae fed tissue from the susceptible
hybrids combined.

The lyophilized leaf powder diet bioassay (Williams et al. 1990b) proved to be
an appropriate and simple way to test the southwestern corn borer resistant
maize for resistance to the southern corn stalk borer, which, because of its minor
pest status, warrants limited research effort. Additionally, the bioassays for the
three lepidopterans showed excellent statistical attributes as the range of coeffi-
cient of variability values varied from only 10.6 to 12.4 and the r2 values ranged
from 0.88 to 0.96 indicating that origin of leaf powder strongly influenced larval
growth.

Procedures for obtaining southern corn stalk borer neonates. On 12
November 1997, 99 diapausing larvae remained out of the original 160 larvae.
Larval losses were attributed to diseases, parasites, escapes from the rearing
containers, and discarded larvae with abnormal appearance. Eighty-six larvae
survived the cold storage period from 12 November 1997 to 6 January 1998.

The first pupae were observed 9 d after the larvae had been removed from cold
storage and placed in a diapause termination environment. Peak pupation oc-
curred ≈2 wk after removal from cold storage. A total of 50 pupae was harvested
from 15 January to 1 February (1998). Adult emergence, oviposition and egg
hatch were excellent from these pupae and ample neonates were available for
testing.

In general, the larval collection, cold storage, diapause termination, and ovi-
position procedures used for the southwestern corn borer were adequate for the
southern corn stalk borer. We recommend, however, collecting the larvae from
cornfields later in the fall when the immaculate diapause stage has been reached
and feeding has ceased. The advantage of later collection would be the elimination
of having to feed them and contending with diet contamination problems when
feeding the larvae obtained from field collection.
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In summary, our results indicate that the maize hybrids resistant to leaf
feeding by the southwestern corn borer are also resistant to the southern corn
stalk borer and sugarcane borer. Thus, these maize germplasms offer protection
from the three Diatraea spp. that attack maize in the United States. The proce-
dures used to provide a source of southern corn stalk borer larvae for laboratory
experiments were suitable for this pest. Also, the laboratory bioassay procedure
provided an opportunity to screen the maize hybrids to a minor pest such as the
southern corn stalk borer in an economical and feasible manner.
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Relative Susceptibility of Cereals and Pasture Grasses to
the Yellow Sugarcane Aphid (Homoptera: Aphididae)1

S. D. Kindler and R. L. Dalrymple2,3

Plant Science and Water Conservation Research Laboratory, USDA–ARS, 1301 N. Western Street,
Stillwater, Oklahoma 74075

J. Agric. Urban Entomol. 16(2): 113–122 (April 1999)
ABSTRACT Yellow sugarcane aphid, Sipha flava (Forbes), is an important
pest of small grains, Sorghum bicolor (L.) Moench, Saccharum officinarum L.,
and numerous pasture grass species. Because of the importance of pasture
grasses to the economy of the southern states and recent history of the aphid
damaging many important pasture grasses, we studied the survival and re-
production of yellow sugarcane aphids on numerous cool- and warm-season
grasses, legumes, and forbs to establish the relative susceptibility of the host
plants. Yellow sugarcane aphid survived on 21 of 21 warm-season grass spe-
cies, 32 of 32 cool-season grass species, 3 of 19 legume species, and 1 of 4
species of forbs. However, final aphid means of some plant species were lower
than the initial infestation. Based on aphid population development, Bromus
mollis L., B. biebersteinii Roemer & Schultes, B. marginatus Nees ex Steudel,
Agropyron dasystachyum (Hooker) Scribner, and A. intermedium (Host) Beau-
vois were the best hosts among the cool-season grasses. Echinochloa frumen-
tacea (Link) W.F. Wight, S. bicolor, and Pennisetum orientale (Wild) L.C. Rich
were the best warm-season grass hosts. Legumes and forbs were essentially
nonhosts of the yellow sugarcane aphid. In a separate but related test, we
determined the intrinsic rate of increase values (rm) of the aphid on eight
species of grasses, Hordeum vulgare L., Triticum aestivum L., and S. bicolor.
The rm values for the aphid were significantly higher on Bothrichloa caucasica
(Trinius) Hubb, Dichanthium sp. Willemet, S. bicolor, and Digitaria ciliaris
(Retzius) Koeler than on the other entries. Higher rm values were related to
shorter prereproductive time, greater aphid fecundity, and increased longev-
ity. The aphid had the lowest rm values on Sorghum halepense (L.) Persoon,
Panicum virgatum L., and Andropogon gerardii Vitman.

KEY WORDS Sipha flava, warm-season grasses, cool-season grasses,
plant hosts

The worldwide distribution of the yellow sugarcane aphid, Sipha flava
(Forbes), includes North America (north as far as New York in the east and
Washington in the west, and in the southern states, including Florida), the Ca-

1Accepted for publication 10 March 1999.
2Noble Foundation, P.O. Box 2180, Ardmore, Oklahoma 73402.
3This article reports the results of research only. Mention of a proprietary product does not constitute an
endorsement or recommendation for its use by the U.S. Department of Agriculture.
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ribbean, Central and South America, and the Hawaiian Islands (Maui, Oahu,
Kauai, and Molokai) (Blackman & Eastop 1984, Heu 1990). It is an important
pest of sugarcane, Saccharum officinarum L., in the United States and Puerto
Rico (Sosa 1991) and is an occasional pest of small grains in the United States. It
is usually confined to the Gulf Coast states except at (10- to 15-yr) intervals when
it moves northward in large numbers (Hatchett et al. 1987). The yellow sugarcane
aphid was first described from specimens collected on sorghum, Sorghum bicolor
(L.) Moench, in Illinois (Forbes 1884). During outbreaks in 1960 and 1961, the
yellow sugarcane aphid damaged small grains in Texas and Oklahoma (Chada et
al. 1965). In 1976, another outbreak extended into eastern Kansas and damaged
small grains, although sorghum was more severely damaged (Webster et al.
1994). The earliest record of the yellow sugarcane aphid from Texas was in 1922,
when aphid specimens were collected from oats, Avena sativa L., and johnson-
grass, Sorghum halepense (L.) Persoon. Yellow sugarcane aphids also were col-
lected from oats and johnsongrass at San Antonio, Bexar County, on 24 February
1923. There were no other known records of this aphid in Texas until they were
collected from barley in Denton County in April 1961 (Chada et al. 1965). Since
1987, the yellow sugarcane aphid has damaged pasture grasses in southern Okla-
homa, particularly the improved pasture grasses, yellow Old World bluestem
(4 Plains bluestem), Bothriochloa ischaemum (L.) Keng, and crabgrasses, Digi-
taria ciliaris (Retz.) Koeler cv. Red River and other types.

Although long known to be present in the Hawaiian Islands, it wasn’t until late
1988 that the sugarcane aphid was first collected on kikuyu grass, Pennisetum
clandestinum Hochstetter ex Chiovenda for the first time, on cattle pastureland
in Kona on the island of Hawaii. Subsequently, the aphid has also been found on
pasture grasses in Maui (1989), Oahu (1989), Kaui (1989), and Molokai (1990)
(Heu 1990). This aphid has become a new and serious pest of a number of pasture
grass species grown in the Hawaiian Islands. In contrast, damage to sugarcane
fields in the Hawaiian Islands by the sugarcane aphid had been at most minimal
(Smith 1990).

Initially, the yellow sugarcane aphid damage in infested pastures occurs in
semiprotected areas such as leeward sides of banks or hills, at the bases of trees
and fence posts, and along fence lines and gates. But as the aphid population
increases, damage symptoms occur in open, unprotected areas. In these open-area
infestations, distinct circular chlorotic patches begin to appear. Often, damage
symptoms occur in isolated spots with no indication of trailing by grazing animals
or equipment. At a distance, a general yellowing of the grass leaf blades resembles
herbicide injury. The yellowing, however, progresses from the tip downward. In
advanced stages of injury, the leaf tips begin to dry and turn brown. After a period
of constant feeding pressure, the pasture condition progressively deteriorates.
Finally, the infested grass stand dies out, followed by an invasion of weeds.
Buildup of infestations within a field of grain sorghum is usually slow, but the
aphid is difficult to control with insecticides, and even after treatment, the plants
sometimes fail to recover from the aphid’s feeding toxin and remain stunted or die
(Starks & Mirkes 1979).

The yellow sugarcane aphid has been observed on 58 plant species in the field
in Puerto Rico and the Hawaiian Islands. Most of the host plants belong to the
grass family Poaceae. Three species of the family Cyperaceae and one species of
the family Commelinaceae are listed as host plants of the yellow sugarcane aphid

114 J. Agric. Urban Entomol. Vol. 16, No. 2 (1999)



(Blackman & Eastop 1984, Medina-Gaud et al. 1965, Heu 1991, Smith 1989).
Because of the importance of pasture grasses to the economy of the southern
states and the recent history of yellow sugarcane aphid damaging many impor-
tant pasture grasses, we determined it was imperative to establish the relative
susceptibility of many of the pasture grass species grown in the United States to
the yellow sugarcane aphid.

Materials and Methods

Plant species that were evaluated are shown in Tables 1–5. Most of the seed
stock was obtained from the Western Regional Plant Introduction Station, Pull-
man, Washington; Sharp Bros. Seed Company, Healy, Kansas; Valley Seed Ser-
vice, Fresno, California; Bamert Seed Company, Muleshoe, Texas; and Brorsen
Bluestems, Inc., Perry, Oklahoma.

All plants were grown in the greenhouse in soil mix (Jiffy-Mix Plus, #910, Jiffy
Products of America, West Chicago, Illinois.) in cells (20.6 by 3.8 cm, Ray Leach
Supercell Cone-Tainer, Stuewe & Sons, Corvallis, Oregon). Cells were set in sup-
portive holders and placed in trays filled with fertilized water (All Purpose Peters
Soluble Plant Food, 20–20–20, St. Louis, Missouri). The cells were misted from
the top with water twice a day. When plants were 2–4 wk old, each cell was
infested with 10 late-instar, apterous aphids and caged with ventilated clear
cellulose tubing (3.8 by 20.3 cm). The yellow sugarcane aphids were obtained from
colonies established from field collections on grain sorghum. The aphid colonies
were maintained on grain sorghum ‘DK 37’ by using rearing procedures described
for the greenbug, Schizaphis graminum Rondani, by Starks & Burton (1977). The
infested plants were maintained in the greenhouse at 23.9 ± 10°C with a photo-
period of 16:8 (L:D) h. After 14 d, aphids were removed from the plants and
counted. Each infested cell represented a replication, and each plant species was
replicated eight times.

To obtain more precise information on the relative susceptibility of some im-
portant hosts of the yellow sugarcane aphid, we conducted a life history analysis
to measure plant effects on different stages of the aphid life cycle on big bluestem,
Andropogon gerardii Vitman; little bluestem, Schizachyrium scoparium
(Michaux) Nash; Old World bluestem ‘T-587’, Dichanthium sp. Willemet; yellow
Old World bluestem; Caucasian Old World bluestem, Bothrichloa caucasica (Trin-
ius); southern crabgrass; switchgrass, Panicum virgatum L.; johnsongrass, Sor-
ghum halepense (L.) Persoon; sorghum; barley, Hordeum vulgare L.; and wheat,
Triticum aestivum L. The test entries were planted as previously described.
Plants were thinned to a single seedling after emergence. Ten replications of each
plant entry were evaluated. When the seedlings were in the 1-leaf growth stage,
each plant was infested with three apterous adult aphids. Aphids were confined
to individual plants by ventilated clear cellulose tubing (4 by 30-cm in height).
Aphids were observed daily and when reproduction began, adults were removed,
leaving only five nymphs on each plant. Nymphs were kept on the test plant until
they matured and began reproduction. The aphids were then reduced by hand to
a single reproducing adult. The number of nymphs produced by the remaining
adult aphid was recorded and nymphs removed daily for 40 d or until reproduc-
tion ceased.
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Table 1. Mean counts ± SEM of yellow sugarcane aphids on warm-season
grasses after a 14-d infestation period.

Scientific name Common name

Counta

Mean ± SEM

Echinochloa crusgalli
frumentacea (Link) W.
Wight

Japanese millet 123.9a 11.71

Sorghum bicolor (L.) Moench Grain sorghum
‘DK 37’

123.1a 10.97

Pennisetum orientale (Wild) L.
C. Rich

Laurisagrass 105.4ab 8.14

Panicum ramosum L. Browntop millet 91.2bc 11.21
Panicum italicum (L.)

Beauvois
Panicgrass 81.7bcd 8.94

Andropogon gerardii Vitman Big bluestem 65.0cde 8.15
Eragrostis superba Peyritsch Wilman lovegrass 64.1cde 5.46
Bothriochloa caucasica

(Trinius) Hubb
Caucasian Old

World bluestem
60.9cdef 3.40

Sorghum halepense (L.)
Persoon

Johnsongrass 56.9def 4.57

Dichanthium sp. Willemet Old World bluestem
‘T-587’

50.8efg 6.42

Panicum miliaceum L. Dove proso millet 41.0efgh 6.39
Leptochloa dubia (H.B.

Kunth) Nees
Green sprangletop 40.4efgh 7.33

Bothriochloa ischaemum (L.)
Keng

Yellow Old World
bluestem

36.8efghi 4.93

Panicum virgatum L. Switchgrass 31.8fghij 3.98
Schizachyrium scoparium

(Michaux) Nash
Little bluestem 22.5ghij 4.79

Bouteloua gracillis (H.B.
Kunth) Lagasca ex Griffiths

Blue grama 22.4ghij 3.40

Hilaria jamesii (Torrey)
Bentham

Galleta 20.6ghij 5.86

Setaria italica (L.) Beauvois German foxtail
millet

19.5ghij 6.80

Sporobolus airoides Torrey Alkali sacaton 14.9hij 1.81
Pennisetum americanum (L.)

Lecke
Pearl millet 8.0ij 1.51

Paspalum notatum Flügge Pensacola bahiagrass 5.9ij 0.97

Means followed by the same letter are not significantly different (P 4 0.05, Ryan—Einot—Gabriel—
Welsh multiple range test [SAS Institute 1990]).
aIndividual species means of zero were not included in the analysis, and means may be compared among
Tables 1, 2, 3, and 4.
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Table 2. Mean counts ± SEM of yellow sugarcane aphids on cool-season
grasses after a 14-d infestation period.

Scientific name Common name

Counta

Mean ± SEM

Bromus mollis L. Blando bromegrass 122.4a 7.28
Bromus biebersteinii Roemer &

Schultes
Meadow bromegrass 112.8ab 12.56

Agropyron dasystachyum
(Hooker) Scribner

Thickspike wheatgrass 108.2abc 5.99

Agropyron intermedium (Host)
Beauvois

Intermediate wheatgrass 104.8abcd 16.78

Bromus marginatus Nees ex
Steudel

Mountain bromegrass 93.8abcde 9.40

Bromus inermis Leysser Smooth bromegrass 88.1bcdef 7.38
Hordeum jubatum L. Foxtail barley 81.0bcdefg 12.63
Elymus canadensis L. Canada wildrye 77.9cdefgh 5.12
Dactylis glomerata L. Orchardgrass 72.0defghi 6.38
Agropyron cristatum (L.)

Gaertner
Crested wheatgrass 72.0defghi 9.20

Elymus angustus Trinius Altai wildrye 70.2defghi 10.92
Bromus anomalus Ruprecht ex

Fourneir
Nodding bromegrass 68.4efghij 4.47

Agropyron elongatum (Host)
Beauvois

Tall wheatgrass 65.4efghijk 5.79

Hordeum vulgare L. Barley ‘Wintermalt’ 62.5efghijkl 6.36
Vulpia myuros (L.). C.C. Gmelin Annual fescue 53.4fghijklm 5.24
Triticum aestivum L. Wheat ‘Tam W-101’ 51.5ghijklm 7.68
Sitanion hystrix (Nuttall) J.G.

Smith
Bottlebrush squirreltail 51.4ghijklm 7.02

Bromus tectorum L. Downy bromegrass 43.5hijklmn 3.41
Alopecurus arundinaceus Poiret Creeping foxtail 37.2ijklmno 4.34
Elymus triticoides Buckley Beardless wildrye 33.8jklmnop 5.86
Stipa viridula Trinius Green needlegrass 31.4klmnop 5.84
Bromus rubens L. Red bromegrass 30.1lmnop 5.36
Festuca ovina var. duriuscula

(L.) Koch
Hard fescue 26.9mnop 5.30

Poa ampla Merrill Big bluegrass 25.1mnop 1.77
Elymus arenarius L. Dune wildrye 25.0mnop 8.07
Elymus junceus Fischer Russian wildrye 22.4mnop 4.39
Poa juncifolia Scribner Alkali bluegrass 15.2nop 2.45
Koeleria cristata (L.) Persoon Prairie junegrass 14.5nop 3.35
Secale cereale L. Cereal rye 6.5op 4.32
Festuca arundinacea Schreber Tall fescue 3.8op 2.18
Secale cereale L. Cereal rye ‘Elbon’ 3.0op 1.46
Avena sativa L. Oats ‘Okay’ 1.4op 0.56

Means followed by the same letter are not significantly different (P 4 0.05, Ryan—Einot—Gabriel—
Welsh multipe range test [SAS Institute 1990]).
aIndividual means of zero were not included in the statistical analysis, and means may be compared
among Tables 1, 2, 3, and 4.
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Life history parameters calculated directly from the data included the follow-
ing: (1) time to start of reproduction, (2) total reproduction, (3) life span of each
adult aphid, and (4) intrinsic rate of increase (rm). The female progeny per female
per day, or the intrinsic rate of increase, was estimated separately for each plant
entry by using the method of Wyatt & White (1977): rm 4 0.74 (loge Md) / d, where
d is the prereproductive time, Md is the number of progeny produced in a time
equal to the prereproductive time, and 0.74 is a constant.

The data were analyzed using PROC MEANS (SAS Institute 1990). Only those
species with a mean count greater than zero were used in the statistical analysis.

Table 3. Mean counts ± SEM of yellow sugarcane aphids on legume spe-
cies after a 14-d infestation period.

Scientific name Common name

Counta

Mean ± SEM

Trifolium subterraneum L. Subterranean clover 1.6op 0.7
Trifolium incarnatum L. Crimson clover 0.9p 0.7
Lotus corniculatus L. Birds foot trefoil 0.1p 0.1
Pisum sativum L. Austrian winterpea 0.0 0.0
Vigna unguiculata ssp.

cylindrica (L.) Verdcourt
Catjung pea 0.0 0.0

Vigna unguiculata (L.)
Walpers subsp. unguiculata

Cowpea 0.0 0.0

Coronilla varia L. Crown vetch 0.0 0.0
Lespedeza striata (Thunberg)

Hooker & Arnott
Common lespedeza 0.0 0.0

Lespedeza stipulacea
Maximowicz

Korean lespedeza 0.0 0.0

Table 4. Mean counts ±SEM of yellow sugarcane aphids on forb species
after a 14-d infestation period.

Scientific name Common name

Counta

Mean ± SEM

Helianthus annuus L. Annual sunflower 0.1p 0.1
Salvia pitcheri Torrey

& Bentham
Pitcher sage 0.0 0.0

Helianthus maximilianii
Schrader

Maximilian
sunflower

0.0 0.0

Brassica rapa L. Rape 0.0 0.0

Means followed by the same letter are not significantly different (P 4 0.05, Ryan—Einot—Gabriel—
Welsh multiple range test [SAS Institute 1990]).
aIndividual means of zero were not included in the statistical analysis, and means may be compared
among Tables 1, 2, 3, and 4.
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Table 5. Life history parameters of yellow sugarcane aphids on eight warm-season grasses and three cereals.

Scientific name Common name

Means ± SEM

No. days to
reproductive

maturity
Aphid

fecundity
Aphid

longevity
Intrinsic rate
of increase rm

Bothrichloa caucasica
(Trinius) Hubb

Caucasian Old World
bluestem

10.0 ± 0g 55.8 ± 0.9d 31.1 ± 0.4b 0.235 ± 0.009a

Dichanthium sp.
Willemet

Old World bluestem
‘T-587’

10.7 ± 0de 65.1 ± 1.1b 31.8 ± 0.4b 0.233 ± 0.009a

Sorghum bicolor (L.)
Moench

Sorghum ‘DK 37’ 10.8 ± 0.1de 72.1 ± 0.3a 36.8 ± 0.2a 0.228 ± 0.012a

Digitaria ciliaris
(Retzius) Koeler

Southern crabgrass
‘Red river’

10.4 ± 0.1f 60.8 ± 0.9c 30.5 ± 0.4b 0.227 ± 0.011a

Triticum aestivum L. Wheat ‘Tam W-101’ 10.9 ± 0.1de 51.6 ± 0.9e 26.1 ± 0.4d 0.214 ± 0.008ab
Bothriochloa

ischaemum (L.)
Keng

Yellow Old World
bluestem

10.6 ± 0ef 36.3 ± 1.3g 22.2 ± 0.5e 0.203 ± 0.015ab

Hordeum vulgare L. Barley ‘Wintermalt’ 11.0 ± 0d 46.3 ± 1.6f 23.3 ± 0.5e 0.201 ± 0.016ab
Schizachyrium

scoparium
(Michaux) Nash

Little bluestem 10.8 ± 0.1de 36.9 ± 1.4g 23.1 ± 0.4e 0.198 ± 0.016ab

Sorghum halepense
(L.) Persoon

Johnsongrass 12.0 ± 0.1b 58.4 ± 1.2cd 28.7 ± 0.3c 0.195 ± 0.015ab

Panicum virgatum L. Switchgrass 11.4 ± 0.1c 26.7 ± 2.3h 16.4 ± 0.8f 0.165 ± 0.018bc
Andropogon gerardii

Vitman
Big bluestem 12.5 ± 0.1a 27.3 ± 1.1h 25.3 ± 0.5d 0.136 ± 0.013c

Means within columns followed by the same letter are not significantly different at a 4 0.05; by Ryan—Einot—Gabriel—Welsch multiple range test (SAS Institute
1990).
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Mean comparisons were made using the Ryan–Einot–Gabriel–Welsh multiple
range test (P 4 0.05, SAS Institute 1990).

Results and Discussion

Yellow sugarcane aphid survived on all of the cool- and warm-season grasses
tested, three of the 20 species of legumes, and 1 of the 4 species of forbs (Tables
1–4). Based on population development, blando bromegrass, Bromus mollis L.;
meadow bromegrass, B. biebersteinii Roemer & Schultes; mountain bromegrass,
B. marginatus Nees ex Steudel; thickspike wheatgrass, Agropyron dasystachyum
(Hooker) Scribner; and intermediate wheatgrass, A. intermedium (Host) Beau-
vois, were the best hosts among the cool-season grasses. Japanese millet, Echi-
nochloa crusgalli frumentacea (Link) W.F. Wight; grain sorghum; and laurisa-
grass, Pennisetum orientale (Wild) L.C. Rich, were the best warm-season grass
hosts. Legumes and forbes were essentially nonhosts of the yellow sugarcane
aphid, supporting few aphids after the 14-d test period.

The life history parameters developed for the yellow sugarcane aphid and
warm-season grasses and cereals are presented in Table 5. The mean number of
days to reproductive maturity was significantly lower for Caucasian Old World
bluestem, southern crabgrass, yellow Old World bluestem, Old World bluestem
‘T-587’, little bluestem, sorghum, wheat, and barley compared with big bluestem,
johnsongrass, and switchgrass.

The mean number of days to reproductive maturity for aphids on Caucasian
Old World bluestem was significantly lowest for all the means of the grasses and
cereals entries. Mean total aphid fecundity was highest for sorghum, followed by
Old World bluestem ‘T-587’ and southern crabgrass. Aphid fecundity was lowest
on switchgrass and big bluestem, followed by yellow Old World bluestem and
little bluestem. Mean aphid longevity was highest on sorghum, followed by Old
World bluestem ‘T-587’, Caucasian Old World bluestem and southern crabgrass.
Aphid longevity was lowest on switchgrass, followed by yellow Old World
bluestem, little bluestem and barley.

Significantly different intrinsic rate of increase values were found for yellow
sugarcane aphid among the grass and cereal entries (Table 5). The rm values were
higher on Caucasian Old World bluestem, Old World bluestem ‘T-587’, sorghum,
and southern crabgrass than on the other entries. The yellow sugarcane aphid
had the lowest rm value on big bluestem followed by switchgrass and johnson-
grass. The higher rm values were generally related to shorter prereproductive
times, greater aphid fecundity, and longer aphid longevity.

Overall, the yellow sugarcane aphid has a broad host range of cool- and warm-
season grasses, and based on population development studies, most of these
grasses are equal to or sometimes better hosts than small grain cereals–-barley,
oats, rye, wheat, and grain sorghum. Therefore, it should come as no surprise to
find that yellow sugarcane aphids are commonly found damaging pasture grasses
in the United States, including the Hawaiian Islands.

Currently, extension personnel of land grant universities and the USDA Natu-
ral Resources Conservation Service (NRCS) recommend many cool- and warm-
season grasses for more efficient use of rangelands, land reclamation, and pre-
vention of soil erosion. Large acreages previously in crop production have been
planted with grasses under the Conservation Reserve Program (CRP). Much of
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the CRP acres are located in the highly erodible wheat- and barley-producing
areas of the United States, primarily the Southern and Northern Plains, and
inter-mountain regions (USDA, Office of Information 1988). Host suitability of
CRP grasses for harboring grain crop pests was not evaluated before these
grasses were recommended and planted in these projects. Over 38 million acres
has been planted in the last 10 yr in the CRP. Approximately 4 million acres of
CRP grassland has been established in northwestern Texas. Of this total, it is
estimated that ≈750,000 acres was seeded to several varieties of the Old World
bluestems (Bell & Caudle 1994). All of the Old World bluestems in our 14-d tests
supported reasonably large populations of yellow sugarcane aphids.

Over 1.8 million acres of CRP land was planted to grasses in Oklahoma, and
in the western half alone, it is estimated that at least 1/4 of all crop acres was
converted to grasses during the past 10 yr. In the Pacific Northwest, millions of
acres of crop land has been reseeded to crested wheatgrass, Agropyron cristatum
(L.) Gaertner, in the CRP. In addition, the Bureau of Land Management has
reclaimed millions of acres of brushland that was reseeded with crested wheat-
grass (Chadwick 1989). Most grass species recommended in these programs are
highly susceptible to cereal aphids such as the yellow sugarcane aphid; Russian
wheat aphid, Diuraphis noxia (Mordvilko); and greenbug.

There are no known records of the occurrence of this aphid in Oklahoma prior
to 1960, except for the state report by Davis (1909). During 1960 and 1961 and
again in 1964, survey and research entomologists recorded its occurrence in Okla-
homa from collections at 17 locations in 15 counties. The recorded host plants in
Oklahoma at that time were johnsongrass, broomcorn (4 grain sorghum), wheat,
barley, and sorghum.

The yellow sugarcane aphid had never been reported on pasture grasses in
Oklahoma until 1987 when we found it causing severe damage to yellow Old
World bluestem and Digitaria species. The occurrence of damage to sorghum
crops by yellow sugarcane aphid has increased significantly during the past de-
cade in Texas (Webster 1990, Teetes 1997, personal communication). Current
surveys on plant hosts in Texas indicate that yellow sugarcane aphid occurs on
many common grass species (P. C. Krauter 1994, personal communication). Could
it be that the programs such as the CRP are responsible for the resurgence of the
yellow sugarcane aphid on grasses and cereals?
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Planting Date Influence on the Wheat Stem Sawfly
(Hymenoptera: Cephidae) in Spring Wheat1

Wendell L. Morrill and Gregory D. Kushnak2

Department of Entomology, Montana State University, Bozeman, Montana 59717 USA

J. Agric. Urban Entomol. 16(2): 123–128 (April 1999)
ABSTRACT Wasps of the wheat stem sawfly, Cephus cinctus Norton (Hy-
menoptera: Cephidae), lay eggs in wheat stems, and larval feeding causes
lodging and lower yields. Late-planted spring wheat fields avoid attack if stem
elongation begins after termination of the annual oviposition period. Moderate
delays of 12–20 days in spring wheat planting trials in 7 years resulted in
significantly lower infestation levels in 4 years, and complete avoidance of
infestation in 3 years. However, delayed spring planting is known to make less
efficient use of critical soil moisture, resulting in lower crop yields. Based on
our data, safe planting dates for C. cinctus in spring wheat cannot currently be
established because of annual variation in the duration of wasp flights, sea-
sonal plant development, and amount of available moisture. We suggest that
fields with a history of heavy infestations should be planted last in producers’
production program.

KEY WORDS Cephidae, cultural control, planting date, sawfly, wheat

Delayed wheat planting to avoid infestation by the Hessian fly (Matetiola
destructor (Say) [Diptera: Cecidomyidae]) is a classic example of applied cultural
pest control (Pfadt 1978). Perhaps planting date modification could also be an
effective tool for management of other insect pests if the seasonal insect activity
and crop phenology were understood.

The wheat stem sawfly, Cephus cinctus Norton (Hymenoptera: Cephidae), has
been one of the most destructive chronic pest insects of wheat in the northern
Great Plains for many years, and cannot be controlled with conventional methods
(Morrill 1995). Larval feeding in stems reduces grain yield and the weakened
stems lodge and cause difficulty during harvest (Ainslie 1920, Holmes 1977).

Cephus cinctus oviposition activity must coincide with the seasonal host de-
velopment, because plants are vulnerable only after stem elongation has begun
and before grain begins to fill (Ainslie 1920, Painter 1953). The first specimens of
C. cinctus were reared from feral grasses, and the first crop losses occurred in
spring planted wheat in Canada (Ainslie 1920, Fletcher 1910, Davis 1948). A
comparison of previous and current wasp emergence dates indicated that wasps

1Accepted for publication 30 April 1999.
2Western Triangle Research Center, Montana Agricultural Experiment Station, Conrad, Montana 59425
USA.
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are now emerging earlier, and winter wheat (planted in September) currently is
also heavily infested in Montana (Morrill & Kushnak 1996).

Late-planted spring wheat sometimes had lower C. cinctus infestation levels in
research trials (Jacobson & Farstad 1952, McNeal et al. 1955, Holmes & Peterson
1963, Weiss et al. 1987). We also recently observed several uninfested late-
developing spring wheat fields in regions where C. cinctus consistently occurred
(authors, unpublished). Therefore, we conducted field trials to determine infes-
tation levels in spring wheat plots that were planted early during the planting
season with those planted a few weeks later.

Materials and Methods

Field trials were conducted 1991–1998 at the Western Triangle Research Cen-
ter, Pondera County, Montana, where high population levels of C. cinctus consis-
tently occur. The early spring wheat planting dates were selected to coincide with
early local planting activity. A second planting was conducted 12–20 days later.
Third planting dates in 1991 and 1992 with 37 and 21 day delays, respectively,
were established for yield evaluation. Trials were not conducted in 1993 due to
budget restrictions. Annual planting dates and cultivars are shown in Table 1.

Table 1. Approximate dates of wheat stem elongation and sawfly wasp
flight during the 1991–1998 research period.

Year Crop Cultivar
Planting

date
Initiation of

stem elongation
Wasp
flight

1991 Winter wheat ‘Redwin’ Sept. 18 June 20 NA
Spring wheat ‘Copper’ April 10 July 2
Spring wheat ‘Copper’ April 23 July 11

1992 Winter wheat ‘Tiber’ Sept. 18 <May 23 May 23–July 1
Spring wheat ‘Copper’ April 13 June 2
Spring wheat ‘Copper’ April 28 June 12

1994 Winter wheat ‘Judith’ Sept. 28 <June 3 June 3–July 28
Spring wheat ‘Newana’ April 19 June 20
Spring wheat ‘Newana’ May 3 June 28

1995 Winter wheat ‘Tiber’ Oct. 26 <June 19 June 19–July 5
Spring wheat ‘Newana’ May 3 <June 19
Spring wheat ‘Newana’ May 23 July 2

1996 Winter wheat ‘Tiber’ Sept. 21 <June 16 June 16–29
Spring wheat ‘Copper’ May 1 June 20
Spring wheat ‘Copper’ May 13 June 28

1997 Winter wheat ‘Tiber’ Sept. 10 <May 28 May 28–June 23
Spring wheat ‘Copper’ April 15 June 12
Spring wheat ‘Copper’ May 2 June 26

1998 Winter wheat ‘Judith’ Sept. 24 May 26 May 26–July 29
Spring wheat ‘McNeal’ April 21 June 4
Spring wheat ‘McNeal’ May 1 June 11
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Winter wheat was planted in September of each preceding year, and used as an
indicator of local C. cinctus activity. Field plots were 6 m long, 6 rows wide, 30 cm
apart, and were not irrigated. After winter wheat stem elongation began, sweep
net samples (50 or 100 sweeps each) were taken twice weekly in winter and spring
wheat plots until wasps were no longer collected. During each sample date, the
growth stages as described by the Feekes Scale (Cook & Veseth 1991) were re-
corded.

Infestation levels of C. cinctus larvae were estimated by evaluation of at least
75 randomly selected mature stems from each plot, but in 1998, plants from all
replications were mistakenly combined and could not be evaluated separately.
Care was taken to ensure that the lower sawfly-cut “stubs” were included in the
samples. Plant samples were taken to the laboratory where each stem was dis-
sected to determine if it was infested and had been cut by larvae. Annual mean
infestation levels and standard errors are shown graphically (SigmaPlot, Jandel
Scientific, San Rafael, California) (Charland 1995).

Fig. 1. Wheat stem sawfly infestation levels in spring wheat, late-planted spring
wheat, and winter wheat in Montana. Data for 1993 were not obtained.
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Yields were estimated in 1991 and 1992 by harvesting the center two rows of
each plot. Means were compared with Student’s t test (SigmaStat, Jandel Scien-
tific, San Rafael, California).

Results and Discussion

Producers’ spring wheat planting dates in Montana ranged April 7–June 9,
based on a five-year average (Peck & Bay 1996). Our annual planting dates of
April 10–May 23, were within this range.

Initiation of winter wheat stem elongation consistently occurred before wasp
flights began. However, spring wheat stem elongation lagged behind winter
wheat by several weeks, and during some years, did not occur until after wasp
flights terminated (Table 1). However, late planted spring wheat development
occurred at a faster rate. For example, in 1991, a 13 day planting delay resulted
in a 9 day difference in beginning of stem elongation, supporting the findings of
Manupeerapan & Pearson (1993).

Late–planted spring wheat consistently had lower levels of C. cinctus infesta-
tion, and completely avoided attack in 1994, 1995, and 1997 (Fig. 1). During these
years, stem elongation began after the last wasp was captured (Table 1). Number
of days of susceptibility and percent infestation for 1992, 1996, and 1998 were 18

Fig. 2. Regression of yield and planting date of spring wheat. R 4 0.93, 0.87, P
4 0.93, 0.96, df 4 14, 14 for 1991 and 1992, respectively. Data were
collected in research plots near Conrad, Montana.
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days and 11% infestation, 8 days and 3% infestation, and 15 days and 13% in-
festation, respectively (Table 1).

Infestation levels in winter wheat were consistently higher (45–95%) than in
the early planted spring wheat (12–52%). Annual fluctuations probably were
influenced by two species of larval parasitoids (Morrill et al. 1994, 1998).

The annual duration of wasp flights varied considerably, ranging 9–34 days
between the first sampling period until the last wasp was collected. The emer-
gence and subsequent flight periods sometimes were extended by cool wet
weather. Wasps were present in spring wheat later in the season than in winter
wheat.

Planting dates may also affect susceptibility of winter wheat to C. cinctus.
Early-planted, early-maturing varieties may be less vulnerable because senesce
may occur before sawfly larval development is complete (Holmes & Peterson
1960, Holmes 1982, authors unpublished).

Yield data in 1991–1992 indicated that a 14–15 day planting delay did not
statistically significantly reduce yield (Fig. 2) (Student’s t, P 4 0.05). Yield loss is
due to less efficient use of critical spring soil moisture, and is more pronounced
when precipitation is marginal during the growing season (Briggs & Aytenfisu
1979, Connor et al. 1992).

Our results indicate that a moderate delay in spring wheat planting can reduce
the risk of infestation by C. cinctus. Conversely, wheat producers are aware that
this practice may result in loss of critical early-season soil moisture needed for
germination and plant growth. Therefore, we suggest that individual fields with
a history of heaviest infestation sawfly be planted last.
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ABSTRACT The Russian wheat aphid, Diuraphis noxia (Mordvilko), is an
introduced pest that is an economic threat to wheat, Triticum aestivum L., and
barley, Hordeum vulgare L., production. Crested wheatgrass, Agropyron cris-
tatum (L.) Gaertner, is an important alternative summer host that provides a
food source for Russian wheat aphid populations between spring harvest and
fall planting of cereal crops. Greenhouse experiments were conducted to iden-
tify accessions of crested wheatgrass plant introductions (PI) resistant to Rus-
sian wheat aphids. Four accessions, PI 281862, 297869, 325180, and 439912,
were highly resistant to leaf chlorosis and leaf rolling caused by aphid feeding.
Further tests were done to characterize the plant components (antibiosis, an-
tixenosis [nonpreference], and tolerance) contributing to resistance of these PI.
Resistant PI had high levels of antibiosis, demonstrated by Russian wheat
aphid’s reduced rates of fecundity when compared with fecundity on suscep-
tible genotypes. When infested with Russian wheat aphids, the resistant PI
had reduced dry mass foliage loss compared with susceptible PI, but the losses
were not significantly different among entries indicating no measurable toler-
ance. We detected strong antixenosis (nonpreference) resistance components
in the resistant PI when D. noxia were given a choice of several genotypes. PI
281862, 297869, 325180, and 439912 may be new sources of resistance for
germplasm enhancement efforts.

KEY WORDS Diuraphis noxia, plant resistance, resistance mechanisms,
Agropyron cristatum

The introduction of improved forage grasses into the semiarid regions of North
America has resulted in additional forage for livestock and wildlife. Currently,
Land Grant colleges and the USDA Natural Resources Conservation Service rec-
ommend many different cool- and warm-season grasses for rangeland improve-
ment, land reclamation, and prevention of soil erosion. Over 14.6 million hectares
have been removed from crop production and planted to native and introduced
forage grasses (USDA, Office of Information 1988). Over 60% of this area is
located in regions that produce wheat, Triticum aestivum L., and barley, Hor-

1Accepted for publication 21 March 1999.
2USDA–ARS, Forage and Range Research, Utah State University, Logan, Utah 84322-6300.
3Oklahoma Panhandle Research & Extension Center, 301 North Main Street, Guymon, Oklahoma
73942.

4This article reports the results of research only. Mention of a proprietary product does not constitute an
endorsement or recommendation for its use by the U.S. Department of Agriculture.
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deum vulgare L. These areas include the Southern and Northern Plains and
intermountain regions, where much of the cropland is highly susceptible to ero-
sion (USDA, Office of Information 1988).

Many of these grass species were recommended before they were evaluated for
susceptibility to major pests of grain crops. Grain species susceptible to an insect
(or disease), such as the Russian wheat aphid, Diuraphis noxia (Mordvilko), may
harbor reservoirs of the pest and may increase dispersal to other crops. Plantings
that provide harborage may compound crop damage by D. noxia, by serving as an
alternative summer host of the aphid so that it remains present between spring
harvest and fall planting of cereal crops such as wheat and barley (Hewitt et al.
1984, Stoetzel 1987, Webster et al. 1987, Kindler & Springer 1989, Stoltz 1989,
Clement et al. 1990, Kindler et al. 1991a, b, Armstrong et al. 1991).

Rangelands converted to monoculture can be more susceptible to insect out-
breaks. For example, monocultured fields of crested wheatgrasses, Agropyron
spp., were heavily damaged by the black grass bug, Labops hesperius Uhler, over
large areas of the intermountain region (Bohning & Currier 1967, Jensen 1971).
The bluegrass billbug, Sphenophorus parvulus Gyllenhal, a common pest on lawn
grasses, has caused considerable damage in monoculture evaluation nurseries
seeded to wheatgrasses, Agropyron spp., in Utah (Asay et al. 1983, Nielson et al.
1993).

Similar situations have been reported for the Russian wheat aphid in mono-
culture stands of crested wheatgrass, Agropyron cristatum (L.) Gaertner, in the
Columbia Basin area of northern Oregon (Stoltz 1989). In the first week of Janu-
ary 1989, high populations of Russian wheat aphid (>40% infestation at seedling
stage) were found in fall-planted wheat fields and in monoculture stands of
crested wheatgrass. Through January 1989, the Russian wheat aphid populations
steadily declined in the winter wheat, but their levels remained fairly constant in
the crested wheatgrass. By March and April 1989, Russian wheat aphid popula-
tions had disappeared in the winter wheat fields but had increased to damaging
population levels in the crested wheatgrass fields. By June 1989, high Russian
wheat aphid populations were present in late-planted spring cereals, and the
infestation is believed to have originated from Russian wheat aphid flights from
crested wheatgrass plantings (Stoltz 1989).

Although chemicals have been proposed as a means to control Russian wheat
aphid on grasses used for forage and seed production, the application costs are
high. In addition, chemicals may be detrimental to humans and other animals. An
alternative strategy for controlling the Russian wheat aphid is the identification
or development of grass cultivars resistant to Russian wheat aphid feeding dam-
age. Identification of germplasm resistant to the Russian wheat aphid is essential
for germplasm enhancement and cultivar development. The purpose of our re-
search was to evaluate crested wheatgrass accessions and cultivars for possible
sources of resistance to the Russian wheat aphid. Our second objective was to
characterize mechanisms of the resistance.

Materials and Methods

Identification of resistant cultivars.

Nonreplicated tests were done to detect resistance to the Russian wheat aphid in
Plant Introductions (PI) of crested wheatgrass based on plant survival or plant
injury, or both. Rearing techniques
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and the screening of plant materials were adapted from procedures described by
Kindler & Springer (1989). Russian wheat aphid colonies were cultured in the
greenhouse on ‘Wintermalt’ barley from colonies initially established from field
collections made in Bailey County, Texas, in 1986.

Seeds from 180 plant introductions of crested wheatgrass were provided by the
Western Regional Plant Introduction Station (USDA–ARS, Pullman, Washing-
ton). Seeds were planted in soil mix (Jiffy Mix Plus No. 910, Jiffy, West Chicago,
Illinois) in 3.8 by 20.95-cm Ray Leach Supercell Cone-tainers (Stuewe & Sons,
Corvallis, Oregon) in the greenhouse. Cells were placed in supportive holders and
set in trays filled with water. After seedling emergence, the plants were thinned
to 10 plants per cell. When plants were 20 d old, each cell was infested with 10
late-instar Russian wheat aphids, then caged with ventilated clear cellulose tub-
ing (4 by 30-cm), which fit tightly over the top of the cells.

Aphid-infested plants were maintained in the greenhouse at 23.9 ± 10° C with
a photoperiod of 16:8 (L:D) h. When susceptible control ‘TAM W-101’ wheat was
dead, plants of each accession were rated for damage on a scale of 1–9, based on
chlorosis of leaf tissue, where 1 4 no injury and 9 4 dead plants (Kindler et al.
1991a, b). A 1.0–3.9 rating indicated resistance; 4.0–6.9, moderately resistant to
moderately susceptible; and 7.0–9.0 susceptible.

Evaluation of resistance: experimental design. Twenty-four plant intro-
ductions with damage scores of 1.0–3.9 in the initial screening experiment were
evaluated further for resistance to the Russian wheat aphid by determining plant
damage and leaf rolling (Table 1). Entries were seeded as rows, 32-cm long,
randomly placed in a metal flat (9.0 by 35.5 by 50.5 cm) in the greenhouse. Each
row, representing an entry, was planted at a density of ≈36 seeds per row with 2.5
cm between rows. ‘TAM W-101’ wheat and two crested wheatgrass plant intro-
ductions (PI 401078 and PI 439948) that had damage ratings of 9.0 in the iden-
tification test were used as susceptible controls. Each accession was replicated
four times in a randomized complete-block design.

Plants were infested 14 d after emergence with approximately three Russian
wheat aphids per plant by placing infested plant material from aphid cultures
between rows. When the susceptible control ‘TAM W-101’ wheat was dead, sur-
viving plants for each entry were evaluated for damage and leaf curling. Plants
were rated 21 d after infestation based on the damage scale described in the
resistance identification test. Plants also were rated for extent of leaf curling: 1,
no leaf curling; 2, one or more leaves conduplicate; and 3, one or more leaves
convolute (Burd et al. 1993). The amount of leaf curling is considered important
in resistance studies because tightly curled leaves protect the aphid from para-
sites, predators, and insecticide applications.

Mechanisms of resistance. Tests were designed to study the mechanisms of
resistance—tolerance, antibiosis, and nonpreference (antixenosis)—as defined by
Painter (1951), to characterize the relationship between the insect pest and its
resistant host. We compared selected plant introductions that varied in their
susceptibility and amount of leaf curling when fed upon by Russian wheat aphid.
Where possible, ‘TAM W-101’ served as a susceptible control. All tests were done
in the greenhouse at 22 ± 3°C under natural photoperiods from February to April.
Aphid colonies were maintained on ‘Wintermalt’ barley in the same greenhouse.

Antibiosis. We defined antibiosis as the adverse effect of a resistant plant on
aphid population development. To measure antibiosis in the resistant crested
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wheatgrass PI, we measured the reproduction and survival of single aphids con-
fined to the plant. Seeds of 16 crested wheatgrass PI (297869, 297870, 325180,
369167, 383533, 401078, 439912, 439914, 439925, 439926, 439929, 439931,
439933, 439948, 486159, 486160) and ‘TAM W-101’ wheat were planted in Cone-
tainers as previously described. Plants were thinned to a single seedling after
emergence. Four replications of each plant entry were evaluated. When the seed-
lings were in the 1st-leaf growth stage, each plant was infested with three apter-
ous adult aphids.

Table 1. Plant introductions displaying varying degrees of Russian
wheat aphid resistance

PI number Origin

Means ± SEMa

Damage
rating, 36 d

Curl
rating

325180 Soviet Union 1.3 ± 0.3d 1.3 ± 0.3a
281862 Germany 1.7 ± 0.7cd 1.7 ± 0.7a
439912 Soviet Union 2.0 ± 1.0bcd 1.7 ± 0.3a
297869 Sweden 2.3 ± 0.7bcd 1.7 ± 0.3a
486159 Soviet Union 3.0 ± 1.2bcd 2.3 ± 0.7a
297870 Romania 3.3 ± 1.2abcd 2.3 ± 0.3a
486160 Soviet Union 3.3 ± 1.9abcd 2.0 ± 0.6a
369167 Soviet Union 3.7 ± 0.3abcd 2.7 ± 0.3a
439914 Soviet Union 3.7 ± 1.5abcd 2.3 ± 0.7a
439940 Soviet Union 4.0 ± 1.5abcd 2.0 ± 0.6a
439926 Soviet Union 4.0 ± 1.2abcd 2.7 ± 0.3a
439933 Soviet Union 4.3 ± 2.0abcd 2.0 ± 0.6a
383533 Turkey 4.3 ± 0.9abcd 2.7 ± 0.3a
314597 Soviet Union 4.7 ± 1.2abcd 2.0 ± 0.0a
439929 Soviet Union 4.7 ± 0.7abcd 2.3 ± 0.3a
439927 Soviet Union 5.0 ± 0.6abcd 2.7 ± 0.3a
439931 Soviet Union 6.0 ± 1.0abcd 2.7 ± 0.3a
486163 Soviet Union 6.3 ± 1.3abcd 2.7 ± 0.3a
439932 Soviet Union 6.3 ± 0.7abcd 3.0 ± 0.0a
222954 Iran 6.7 ± 1.9abcd 2.3 ± 0.7a
439913 Soviet Union 7.3 ± 0.9abc 2.7 ± 0.3a
439925 Soviet Union 7.3 ± 0.9ab 2.7 ± 0.3a
401078 Iran 9.0 ± 0.0a 3.0 ± 0.0a
401041 Iran 9.0 ± 0.0a 3.0 ± 0.0a
401060 Iran 9.0 ± 0.0a 3.0 ± 0.0a
439948 Soviet Union 9.0 ± 0.0a 3.0 ± 0.0a
‘TAM W-101’Wheat 9.0 ± 0.0a 3.0 ± 0.0a

aMeans in a column followed by the same letters are not significantly different. Mean separation by
Ryan—Einot—Gabriel—Welsch multiple-range test at P #0.05 (SAS Institute 1988). Mean of four
replications.
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Aphids were confined to individual plants by ventilated clear cellulose tubing
(4 by 30-cm in height). Aphids were observed daily; when reproduction began,
adults were removed, leaving only two nymphs on each plant. Nymphs were kept
on the test plant until they matured and began reproduction. The aphids were
then reduced to a single reproducing adult by removing all other aphids by hand.
Numbers of nymphs produced by the remaining adult aphid were recorded daily
for 44 d or until reproduction ceased. Nymphs produced were counted and re-
moved from each plant daily to determine population growth.

Antixenosis. To test for antixenosis (i.e., nonpreference of aphids for the
plants when given a choice), seeds of 15 crested wheatgrass entries (PI 297869,
297870, 325180, 369167, 383533, 401078, 439912, 439914, 439925, 439926,
439929, 439931, 439933, 486159, and 486160) and ‘TAM W-101’ wheat were
planted in Jiffy-mix in equidistant hills in a circular pattern in 20–cm–diameter
pots (PI 439948 was not included because of unavailability of the seed at the time
of planting). The experiment consisted of 16 hills (one plant per hill), with a hill
of each entry per pot. The experimental design was a randomized complete block
with three replications.

When plants were in the 3-leaf stage, approximately 1,500 aphids were re-
leased in the center of each pot so that all entries had an equal probability of
infestation by the aphids. Test aphids were reared on ‘TAM W-101’ wheat, grown
in 20–cm–diameter pots, with cages (18 by 35-cm in height) constructed of clear
plastic with cloth-covered tops and ventilation holes on the sides. Colonies se-
lected for infestation had large numbers of apterous and alate aphids because
different aphid life stages may have different preferences or host selection capa-
bilities (Klingauf 1987). At the time of infestation, cages were removed from the
colony, placed over the test pots, secured, and gently tapped so that any aphids
clinging to the cage would drop to the soil. Webster & Inayatullah (1988) reported
that aphid migration response may be positively phototactic. Therefore, cages
were covered with a black muslin cloth to exclude natural light. We thus elimi-
nated phototactic effects on aphid behavior. After 48 h, plants were clipped near
the soil line, and aphids on each plant were counted.

A second antixenosis test was done with excised leaves of resistant wheatgrass
entries (PI 281862, 297869, 325180, and 439912) and susceptible wheatgrass
entries (PI 401078 and 439948). In this test, we used a special apparatus devised
for the yellow sugarcane aphid, Sipha flava Forbes, to test antixenosis in yellow
sugarcane aphid–resistant wheat entries (Webster et al. 1994). Webster et al.
(1994) described this apparatus and the procedure used for testing plant material
in detail.

Thirty adult aphids were released in the middle of the aphid chamber, and the
aphids and leaves in the chamber were covered with a 9–cm–diameter petri dish
lid. Aphid counts on each leaf were made 48 h after the aphids were released. Ten
replications were used. The tests were conducted in the same laboratory room
(with the same temperature, relative humidity, and light intensity) that Webster
et al. (1994) used in their experiments with yellow sugarcane aphid. Data were
analyzed as a complete randomized block with PROC ANOVA (SAS Institute
1988).

Tolerance. Tolerance is the ability of the plant to withstand aphid infesta-
tion. Robinson et al. (1991) reported that maintaining constant Russian wheat
aphid numbers on barley genotypes as outlined by Webster et al. (1987) and
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DuToit (1989) resulted in such damage to the plants that tolerance was con-
founded with monitoring effects. Thus, we used procedures for measuring toler-
ance similar to those outlined by Reese et al. (1994). Entries evaluated for toler-
ance were the resistant PI 281862, 297870, 297869, 325180, 439912, and 486160.
The susceptible PI 401078 and 439948 were included as controls. For each entry,
single plants were grown in previously described Cone-tainers. Fourteen days
after emergence (2-leaf stage), 10 plants were each infested daily for 9 d with 20
apterous adult aphids. Because of plant height variability among plants within
each accession, plants were paired by heights.

The Cone-tainers initially were caged with vented clear cellulose tubing (4 by
30-cm in height), and the cells of each replication were placed together in one
supportive holder in a randomized complete-block design. The experiment was
replicated 10 times. At the end of the 9th d after infestation, each plant was cut
at the soil and removed from the cell, the aphids were removed, and the plant
material was placed in paper bags. Foliage was oven-dried at 35° C for 48 h, and
dry weights for each plant were recorded.

Tolerance was assessed by using analysis of covariance (Reese et al. 1994). The
covariate slope of each entry was estimated from the covariate analysis, and the
resulting slope was used to determine if the resistant entries showed higher levels
of tolerance than the susceptible entries.

Results

Identification experiments showed that 156 of the 180 crested wheatgrass
accessions infested with Russian wheat aphids were killed or had damage scores
>4 after infestation. Of the remaining 24 accessions tested for damage and leaf
curl resistance in greenhouse tests, nine had mean damage scores <4; these were
considered resistant (Table 1). Intermediate levels of resistance (mean damage
scores ranging from 4 to <7) were found in 11 of 24 accessions tested (Table 1). The
four remaining accessions had damage scores $7 and were considered suscep-
tible. PI 325180 had the lowest damage rating (1.3) and the lowest curl rating
(1.3). The PI 281862, 439912, and 297869 had the next lowest leaf curl ratings
(1.7) and the next lowest damage ratings (1.7, 2.0, and 2.3, respectively). Most of
the susceptible control plants had damage ratings of 9 (dead plants), and all were
within the susceptible range, indicating that the duration of the test was suffi-
cient to detect damage.

Antibiosis. Antibiosis can be measured by decreased aphid longevity, in-
creased length of time to reach reproductive maturity, decreased fecundity, or a
combination of these aspects of population development. We characterized anti-
biosis by assessing fecundity and survival of nymphs produced by mature adult
aphids. Generally, mean numbers of nymphs after 44 d were lower on resistant
wheatgrass entries than on susceptible wheatgrass entries and ‘TAM W-101’
wheat (Table 2), although the means were not always significantly different. Only
means of intermediate resistant and resistant entries PI 383533 and 439912 were
significantly different from PI 401078 and ‘TAM W-101’. One of the most resistant
wheatgrass entries (PI 325180) had 63.1% fewer aphids after 44 d compared with
the mean of the susceptible wheatgrass (PI 401078); however, means between
these two entries were not significantly different.
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Antixenosis. We found no significant differences in the number of aphids
preferring the wheatgrasses (Table 3). The PI 439914, 439912, 325180, and
439926 were least preferred by the aphids and all were significantly different
from ‘TAM W-101’. Although PI 439929, 486159, 439931, 297870, 439925,
486160, and 369167 were less preferred compared with wheat, the means of these
entries were not significantly different from the mean of ‘TAM W-101’.

Results of the antixenosis test (Table 4) with excised leaves from the resistant
and susceptible PI of crested wheatgrass indicated that the mean number of
aphids on the excised leaves after 48 h was less on the resistant entries compared
with the means of the susceptible entries. The PI 439912 had the only mean that
was significantly different from the mean of the most susceptible entry (PI
439948). The most resistant entry, PI 325180, had the next lowest mean, but the
mean was not significantly different from the mean of the most susceptible entry
(PI 439948). The PI 439912 was least preferred by aphids, and PI 439948 was
most preferred.

Tolerance. The slopes of the regressions of foliage weight of the treatments
over the foliage weight of the control are not different for the eight PI in the study
(Table 5). Therefore, the resistant mechanisms of tolerance appear not to be
present in any of the PI identified as resistant to the Russian wheat aphid.

Table 2. Russian wheat aphid reproduction and survival on resistant
and susceptible crested wheatgrasses and ‘TAM W-101’ wheat

Plant introduction Reaction
Mean number aphids/plant

± SEM after 44 d

383533 IR 15.8 ± 14.0b
439912 R 16.0 ± 11.0b
486159 R 22.0 ± 8.8ab
439933 IR 20.3 ± 7.4ab
325180 R 23.8 ± 13.8ab
439914 R 25.5 ± 15.6ab
439926 IR 27.0 ± 24.4ab
297869 R 32.3 ± 12.8ab
439929 IR 33.0 ± 30.1ab
297870 R 36.8 ± 24.7ab
486160 R 36.8 ± 14.9ab
369167 R 37.0 ± 20.6ab
439925 S 38.3 ± 12.1ab
439931 IR 59.5 ± 11.4ab
‘TAM W-101’wheat S 64.0 ± 13.7a
401078 S 64.5 ± 22.4a

Means in a column followed by the same letters are not significantly different. Mean separation by
Ryan—Einot—Gabriel—Welsch multiple-range test at P #0.05 (SAS Institute 1988). Mean of four rep-
lications. R, resistant to Russian wheat aphid; IR, intermediate resistant to Russian wheat aphid; S,
susceptible to Russian wheat aphid.
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Discussion

We determined mechanisms of resistance in greenhouse selections (Table 1),
which were screened for Russian wheat aphid resistance to plant damage and leaf
curling. PI such as 281862, 297869, 325180, and 439912 may be useful sources of
resistance to Russian wheat aphid because of their resistance to plant damage
and to leaf curling. Generally, resistant entries had higher levels of antibiosis,
antixenosis (nonpreference), and tolerance compared with susceptible PI such as
401078 and 439948.

Crested wheatgrass accessions, like other cross-pollinated crops, have a high
degree of variation that exist within the seeds that are harvested (Knowles 1955,
Dewey 1984, Assay & Knowles 1985). Genetic variation within the seeds from the
same genotype or PI probably accounts for lack of significant differences among
the means of the different PI given the high coefficient of variations found in our
experiments. Knowledge of the mechanisms of resistance to Russian wheat aphid
in the resistant entries that we studied will be helpful when these resistant genes
are incorporated into adapted crested wheatgrass cultivars. Some degree of tol-
erance in the entries identified as resistant may be beneficial because the selec-
tion pressure on Russian wheat aphids from the antibiosis component alone
would be reduced. Total lack of tolerance could select for Russian wheat aphid
biotypes capable of overcoming plant resistance.

Table 3. Antixenosis of crested wheatgrasses and ‘TAM W-101’ wheat to
Russian wheat aphid in experiments with whole plants

Species
PI or

Cultivar Reaction

Mean number
of Russian

wheat aphid/
plant ± SEM

after 48 h

% Russian
wheat aphid/
plant ± SEM

after 48 h

Wheat ‘TAM W-101’ S 216.7 ± 62.0a 15.9 ± 2.8a
Crested

wheatgrass 439929 IR 146.0 ± 100.9ab 10.6 ± 4.4ab
486159 R 118.7 ± 48.4ab 8.6 ± 1.7ab
439931 IR 112.7 ± 48.8ab 8.7 ± 2.6ab
297870 R 101.3 ± 43.4ab 7.8 ± 2.3ab
439925 S 100.3 ± 90.1ab 6.8 ± 2.9ab
486160 R 94.7 ± 37.8ab 7.3 ± 2.1ab
369167 R 72.3 ± 54.8ab 5.3 ± 2.5ab
439933 IR 61.7 ± 18.8b 4.6 ± 1.0ab
439914 R 37.3 ± 44.3b 2.5 ± 1.5b
439912 R 22.0 ± 16.5b 1.6 ± 0.7b
325180 R 16.3 ± 3.8b 1.2 ± 0.2b
439926 IR 15.7 ± 10.0b 1.1 ± 0.3b

Infested with 1,500 aphids per replication. Mean separations by Ryan—Einot—Gabriel—Welsch mul-
tiple-range test at P #0.05 (SAS Institute 1988). Means of three replications. R, resistant to Russian
wheat aphid; IR, intermediate resistant to Russian wheat aphid; S, susceptible to Russian wheat aphid.
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Most reseeding programs do not consider the susceptibility of recommended
grass cultivars to important cereal pests such as the Russian wheat aphid (Kin-
dler & Springer 1989). The largest rangeland conversion project occurred in Or-
egon; in this program sagebrush, Artemisia tridentata Nuttall, was eliminated
and crested wheatgrass was planted (Chadwick 1989). Crested wheatgrass was
also seeded on large areas of the West and Great Plains (Newell 1955, Chadwick
1989). In the mid 1980s, after the enactment of the Conservation Reserve Pro-
gram, highly erodible row-crop land was seeded to warm- and cool-season grasses
(USDA, Office of Information 1988). The effects of grassland reseeding programs
in providing reservoir sources and increasing the economic importance of the
Russian wheat aphid and other cereal aphids in crops and rangelands are un-
known. Effective pest management programs for cereal aphids could benefit from
use of aphid resistant grasses to reduce the potential for economic impact to
cereal crops.

Table 4. Antixenosis of plant introductions of crested wheatgrasses to
Russian wheat aphid by using excised leaves.

Plant introduction Reaction
Mean number aphids/plant

± SEM after 48 h

439912 R 0.9 ± 0.379b
325180 R 1.5 ± 0.401ab
297869 R 1.7 ± 0.731ab
281862 R 3.0 ± 0.907ab
401078 S 3.1 ± 0.781ab
439948 S 4.3 ± 1.155a

Means in each column followed by the same letter are not significantly different. Mean separation by
Ryan—Einot—Gabriel—Welsch multiple-range test at P #0.05 (SAS Institute 1988). Means of 10 rep-
lications. R, resistant to Russian wheat aphid; S, susceptible to Russian wheat aphid.

Table 5. Mean tolerance indices for selected crested wheatgrass plant
introductions susceptible and resistant to Russian wheat aphid.

Plant introduction Reaction Covariate slope

325180 R 0.576 ± 0.117
486160 R 0.514 ± 0.080
281862 R 0.376 ± 0.114
439912 R 0.372 ± 0.119
297869 R 0.320 ± 0.124
297870 R 0.296 ± 0.121
401078 S 0.270 ± 0.094
439948 S 0.188 ± 0.109

Slope ± SE are not significantly different, P #0.05. R, resistant to Russian wheat aphid; S, susceptible
to Russian wheat aphid.

137KINDLER et al: Crested Wheatgrass Resistance to Diuraphis noxia



Acknowledgment

We thank D. M. Stout, Curator, USDA–ARS, Western Regional Plant Introduction Sta-
tion, Pullman, Washington, for supplying the plant materials used in this study. We also
appreciate the technical assistance of J. S. Jackson, M. J. Burrows, B. M. Coon, K. A.
Mirkes, and C. A. Pugh.

References Cited

Armstrong, J. S., M. R. Porter & F. B. Peairs. 1991. Alternate hosts of the Russian
wheat aphid (Homoptera: Aphididae) in Northeastern Colorado. J. Econ. Entomol. 84:
1691–1694.

Asay, K. H., J. D. Hansen, B. A. Haws & P. O. Currie. 1983. Genetic differences in
resistance of range grasses to the bluegrass billbug, Sphenophorus parvulus (Coleoptera:
Curculionidae). J. Range Manage. 36: 771–772.

Asay, K. H. & R. P. Knowles. 1985. The wheatgrasses, pp. 166–176. In Maurice E. Heath,
Robert F. Barnes, Darrel S. Metcalfe (Eds.), Forages: the science of grassland agricul-
ture, 4th ed. Iowa State University Press, Ames.

Bohning, J. W. & W. F. Currier. 1967. Does your range have wheatgrass bugs? J. Range
Manage. 20: 265–267.

Burd, J. D., R. L. Burton & J. A. Webster. 1993. Evaluation of Russian wheat aphid
(Homoptera: Aphididae) damage on resistant and susceptible hosts with comparisons of
damage ratings to quantitative plant measurements. J. Econ. Entomol. 86: 974–980.

Chadwick, D. H. 1989. Sagebrush country: America’s outback. Nat. Geogr. Mag. 175:
53–83.

Clement, S. L., R. C. Johnson & K. S. Pike. 1990. Field populations of Russian wheat
aphid (Homoptera: Aphididae) and other cereal aphids on cool-season perennial grass
accessions. J. Econ. Entomol. 83: 846–849.

Dewey, D. R. 1984. The genomic system of classification as a guide to intergeneric hybrid-
ization with the perennial Tritceae, pp. 209–280. In J. P. Gustafson [Ed.], Gene manipu-
lation in plant improvement, Plenum Press, New York.

Du Toit, F. 1989. Components of resistance in three bread wheat lines to Russian wheat
aphid (Homoptera: Aphididae) in South Africa. J. Econ. Entomol. 82: 1779–1781.

Hewitt, P. H., G. J. J. van Niekerk, M. C. Walters, C. F. Kriel & A. Fouche. 1984.
Aspects of the ecology of the Russian wheat aphid, Diuraphis noxia, in the Bloemfontein
district. I. The colonization and infestation of sown wheat, identification of summer hosts
and cause of infestation symptoms, pp. 3–13. In M. C. Walters [Ed.], Progress in Russian
wheat aphid (Diuraphis noxia Mordvilko) research of the Republic of South Africa.
Technical Communication 191, Department of Agriculture, Republic of South Africa.

Jensen, F. 1971. Reseeding and Labops. U.S. Forestry Service Intermountain Regional
Range Improvement Notes 16: 339.

Kindler, S. D. & T. L. Springer. 1989. Alternate hosts of Russian wheat aphid (Ho-
moptera: Aphididae). J. Econ. Entomol. 82: 1358–1362.

Kindler, S. D., T. L. Springer & K. B. Jensen. 1991a. Differential damage to range grass
seedlings by Russian wheat aphid (Homoptera: Aphididae). J. Econ. Entomol. 84: 333–
336.

Kindler, S. D., J. P. Breen & T. L. Springer. 1991b. Reproduction and damage by
Russian wheat aphid (Homoptera: Aphididae) as influenced by fungal endophytes and
cool-season turfgrasses. J. Econ. Entomol. 84: 685–692.

Klingauf, F. A. 1987. Host plant finding and acceptance, pp. 209–223. In A. K. Minks & P.
Harrewijn [Eds.] Aphids: their biology, natural enemies and control, vol. A. Elsevier,
New York.

138 J. Agric. Urban Entomol. Vol. 16, No. 2 (1999)



Knowles, R. P. 1955. A study of variability in crested wheatgrass. Can. J. Bot. 33: 534–546.
Newell, L. C. 1955. Wheatgrasses in the west. Crops Soils. 8: 7–9.
Nielson, D. C., K. H. Asay & T. A. Jones. 1993. Bluegrass billbug feeding response to

perennial Triticeae grasses. J. Range Manage. 46: 237–240.
Painter, R. H. 1951. Insect resistance in crop plants. Macmillam, New York.
Reese, J. C., J. R. Schwenke, P. S. Lamont & D. D. Zehr. 1994. Importance and

quantification of plant tolerance in crop pest management programs for aphids: green-
bug resistance in sorghum. J. Agric. Entomol. 11: 255–270.

Robinson, J., H. E. Vivar, P. A. Burnett & D. S. Calhoun. 1991. Resistance to Russian
wheat aphid (Homoptera: Aphididae) in barley genotypes. J. Econ. Entomol. 84: 674–
679.

SAS Institute. 1988. SAS user’s guide: statistics, version 6.1 ed. Cary, North Carolina.
Stoetzel, M. B. 1987. Information on the identification of Diuraphis noxia (Homoptera:

Aphididae) and other aphid species colonizing leaves of wheat and barley in the United
States. J. Econ. Entomol. 80: 696–704.

Stoltz, M. 1989. Russian wheat aphid (RWA) in Oregon - Evolving control strategies, pp.
47–51. In Proceedings of Russian Wheat Aphid Conference, October 25–27, 1989, Albu-
querque, New Mexico, Cooperative Extension Service and New Mexico State University,
Las Cruces.

[USDA] United States Department of Agriculture. 1988. USDA reports total CRP crop
acreage base from signups. USDA News Release 03-25-88, Washington, DC.

Webster, J. A., K. J. Starks & R. L. Burton. 1987. Plant resistance studies with Diura-
phis noxia (Homoptera: Aphididae), a new United States wheat pest. J. Econ. Entomol.
80: 944–949.

Webster, J. A. & C. Inayatullah. 1988. Assessment of experimental designs for greenbug
(Homoptera: Aphididae) antixenosis tests. J. Econ. Entomol. 81: 1245–1250.

Webster, J. A., C. Inayatullah, M. Hamissou & K. A. Mirkes. 1994. Leaf pubescence
effects in wheat on yellow sugarcane aphids and greenbugs (Homoptera: Aphididae). J.
Econ. Entomol. 87: 231–240.

139KINDLER et al: Crested Wheatgrass Resistance to Diuraphis noxia



Horn Fly Susceptibility to Diazinon, Fenthion, and
Permethrin at Selected Elevations in Wyoming1

P. E. Kaufman2, J. E. Lloyd, R. Kumar, and T. J. Lysyk3

Entomology Section, University of Wyoming P.O. Box 3354, University Station,
Laramie, Wyoming 82071.
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ABSTRACT Horn fly, Haematobia irritans (L.) (Diptera: Muscidae), popu-
lations from southeastern Wyoming were assayed for resistance against per-
methrin, diazinon, and fenthion. All of the populations examined were signifi-
cantly more resistant to permethrin than a susceptible strain. Eight of 25
populations examined were significantly more resistant to diazinon than a
susceptible strain. Five of 15 populations examined were significantly more
resistant to fenthion than a susceptible strain. No relationship was detected
between elevation and resistance levels.

KEY WORDS Haematobia irritans, Diptera, Muscidae, horn fly, resis-
tance, elevation, bioassay

The horn fly, Haematobia irritans (L.) (Diptera: Muscidae), is one of the most
important insect pests of beef cattle in the United States (Bruce 1964). Its blood-
feeding habits and its occurrence in large populations can cause decreased weight
gains, feed efficiency, and milk production (Campbell 1976; Kinzer et al. 1984;
Kunz et al. 1984; Cocke et al. 1989).

Horn flies overwinter as diapausing pupae and emerge as adults the following
spring. Horn fly pupae enter diapause in the fall, and the proportion of pupae in
diapause increases as temperatures decline (Lysyk & Moon 1994). Timing of
diapause completion and adult eclosion are temperature dependent, and occur
earlier in the spring at higher temperatures (Miller 1977; Miller & Kunz 1985).
Emergence of adult horn flies occurs over a 20–40-d period (Bruce 1964,
Hoelscher & Combs 1971). Mating and oviposition begin soon after adult emer-
gence, and immature developmental time can vary from 14 to 25 d (Lysyk 1992).
Because of the variation in adult emergence and immature developmental time,
horn fly generations overlap and emergence is continuous throughout the fly
season.

Ear tags containing pyrethroid and organophosphate insecticides have been
used widely for the control of horn flies since 1980. However, development of
resistance in horn flies exposed to insecticides used in ear tags has been reported
in many areas of the United States (Sheppard 1983, 1984; Harvey et al. 1984;
Quisenberry et al. 1984; Kunz & Schmidt 1985; Schmidt et al. 1985; Cilek &

1Accepted for publication.
2Department of Entomology, Cornell University, Ithaca, New York 14853.
3Agriculture Canada Research Station, P.O. Box 3000, Main, Lethbridge, Alberta, Canada T1J 4B1.

141

Prod. #JAE9829



Knapp 1990; Cilek et al. 1991; Sheppard & Joyce 1992). These early cases of
resistance occurred in areas of multiple generations per season, long fly seasons,
and high numbers of flies on cattle.

Many methods for testing horn fly resistance to insecticides have been exam-
ined, with varying results. These tests can be categorized into two groups: direct
application, including topical and feeding methods (Harris 1964, Sheppard 1983)
or residual assays that include petri dish, glass test tube, treated cloth, and filter
paper techniques (Sheppard 1984; Schmidt et al. 1985; Cilek & Knapp 1986;
Sheppard & Hinkle 1986, 1987). Residual assays have become the method of
choice due to ease of use and ability to test larger numbers of flies more quickly.
Herds of cattle in Wyoming occur in extremes of elevation, from 1,250 to >3,000
m. Wyoming, unlike the other areas with known horn fly resistance, has a short
horn fly season with few generations per season. Because horn fly densities and
control practices appear to be different at extremes of elevation, insecticide re-
sistance levels also might be expected to differ. For example, if densities of horn
flies are lower at higher elevations, a producer may be less likely to use prophy-
lactic insecticide treatments. The status of horn fly pyrethroid and organophos-
phate resistance in Wyoming and the influence of elevation on selection for re-
sistance is unknown. The objective of this study was to determine the status of
horn fly resistance in Wyoming to the pyrethroid insecticide permethrin, and to
the organophosphate insecticides diazinon and fenthion, and to determine wheth-
er elevation had an influence on resistance.

Materials and Methods

Cattle ranches within 160 km (2.5-h drive) of Laramie, Wyoming, were iden-
tified by university extension agents, animal scientists, and cattle producers.
Ranch selection was not made based on treatment history; it was by invitation of
producers. To determine the relationship between resistance levels and past use
of insecticides, producers were questioned about prior insecticide use.

During 1995, adult horn flies from 12 Wyoming ranches were assayed for
susceptibility to diazinon and permethrin. In 1996, adult horn flies from 14 Wyo-
ming ranches were assayed for susceptibility to permethrin and fenthion, and
flies from 12 ranches were evaluated for diazinon susceptibility. Flies from one
herd in Nebraska also were assayed for susceptibility to diazinon and fenthion in
1996. Adult horn flies were collected from 11 August 1995 to 17 September 1995
and from 9 July 1996 to 13 September 1996, when, in each year, freezing tem-
peratures in September severely reduced horn fly populations, ending the study.

For comparison, horn flies from two laboratory colonies from the USDA–ARS
U.S. Livestock Insects Research Laboratory, Kerrville, Texas, were included in
the study. The susceptible colony was established with flies collected near Kerr-
ville ≈30 yr ago. The flies had never been exposed to insecticides. A pyrethroid-
resistant laboratory colony was established in August 1992 by collecting cyhalo-
thrin-resistant flies. Cyhalothrin resistance has been maintained in this colony,
the USDA–ARS Kerrville cyhalothrin-resistant strain, by exposing flies to a bo-
vine host treated weekly with topical applications of cyhalothrin, 24 at 260 mg
(AI)/ml.

Two assays, topical application and treated filter paper, were used to deter-
mine the level of insecticide resistance of horn flies. The treated filter paper
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bioassay developed by Heim et al. (1990) used formulated insecticides and was
modified to determine dose-mortality slopes for horn fly populations. The per-
methrin formulations Atroban Swine and Mange ECt, 11% (AI), used in 1995 and
1996, and Atroban 11% ECt, 11% (AI), used in 1996, were supplied by Mallinck-
rodt Veterinary, Mundelein, Illinois. The diazinon formulation Diazinon 4Et,
47.5% (AI) was supplied by Ciba Corporation, Greensboro, North Carolina. The
fenthion formulation Lysofft, 8% (AI), was supplied by Bayer Corporation, Shaw-
nee Mission, Kansas.

Serial dilutions of these five insecticides were made in acetone. One milliliter
of each concentration was applied to a labeled 9-cm Fisherbrand P5 filter paper
disk (Fisher Scientific, Pittsburgh, Pennsylvania) that was then placed on
crinkled aluminum foil to facilitate drying with minimal contact loss of insecti-
cide. All treated filter paper disks were cured at least 24 h before each assay
(Sheppard & Hinkle 1987). After drying, all treated and control (acetone only)
filter paper disks were placed by dose in sealed plastic bags and stored at −15°C.

Adult horn flies were collected from the backs of cattle by using an aerial insect
net. Flies were placed in a 13 by 18 by 30 cm screened cage that was then placed
in a self-chilling cooler at 7° or 8°C for transport to the laboratory. In the labo-
ratory, flies were held at 4°C for 10 to 30 min until they were placed on the treated
filter papers.

Treated filter papers were placed in the lids of 100 by 15 mm disposable
polystyrene petri dishes (one filter paper per lid). One milliliter of distilled water
was placed on each filter paper. All dosages and an acetone-only control were
replicated four times. Flies were anaesthetized with CO2 and placed on a cold
plate (1.7°C) until transferred to petri dishes in groups of from 10–30 flies. Fol-
lowing loading of all dishes with flies, ≈5 to 10 min, the flies were examined for
mortality and the number of dead flies was recorded. Following pretrial observa-
tions of flies resting on the untreated lids, petri dishes were inverted so the filter
paper was positioned above the flies to maximize contact. Results were recorded
after 2 h of exposure. Any fly unable to walk at that time was considered dead. All
assays were run between 0900 and 1700 hours (MT) under constant fluorescent
light emitted from ceiling fixtures, and at a room temperature of ≈20°C.

The topical bioassays were conducted using a Model M Microapplicator (In-
strumentation Specialties, Lincoln, Nebraska) that applied 0.4 ml of serial dilu-
tions of formulated permethrin in acetone to the thorax of chilled, CO2 anaesthe-
tized adult flies. Following insecticide application, 10 to 25 treated flies were
placed in a 120-ml wax-coated cup with an inverted bottom of a plastic petri dish
serving as a lid. Results were recorded after 2 h of exposure, and any fly unable
to walk was considered dead. All assays were run between 0900 and 1400 hours
under lighting and temperature conditions described previously. Insecticide di-
lutions were selected to provide between 5 and 95% mortality at a minimum of
five dosages for each population. The initial five dosages were determined with
horn flies from the susceptible laboratory colony for each of the insecticides (Table
1). Dosages for each Wyoming population and the USDA–ARS Kerrville cyhalo-
thrin-resistant strain were incrementally increased until the mortality was be-
tween 5 and 95%.

Probit analysis was conducted on all data by using POLO-PC (LeOra Software
1987). Probit regression lines were estimated individually for each population and
insecticide. All hypotheses were tested by the likelihood ratio test (Savin et al.

143KAUFMAN et al.: Horn Fly Insecticide Susceptibility in Wyoming



1977). Resistance ratios were determined by the method of Robertson & Preisler
(1992).

To determine if a relationship existed between resistance ratios and elevation,
a regression analysis was conducted (PROC REG) (SAS Institute 1992). The
variable elevation was considered to be a random effect. The diazinon data from
1995 and 1996 were combined for analysis because the susceptible standard 95%
confidence limits (CL) at the LC90 estimate overlapped. Due to the very large
increases, however, in permethrin resistance ratios from 1995 to 1996, the pyre-
throid data from each year were examined separately.

The length of the breeding season at each location was estimated by calculat-
ing accumulated degree-days above a threshold. Thomas et al. (1974) and Miller
(1977) estimated the developmental threshold at 9.2° and 11.2°C, respectively,
based on temperatures recorded at standard weather stations; we chose 10°C as
a compromise between the two. Daily maximum and minimum temperatures
were obtained from National Oceanic and Atmospheric Administration weather
stations at four Wyoming locations: Torrington, Cheyenne, Laramie, and Centen-
nial. Degree-days >10°C were accumulated from 1 January to 30 September at
each site by using a modified sine wave routine (Allen 1976). Because current
methods for predicting spring emergence and diapause entry are inadequate
(Klein and Lancaster 1992), we arbitrarily set 30 September as the end of the
breeding season, and used two dates, 1 May and 1 June, as estimates of the
beginning of the breeding season. The length of the breeding season at each
location was then estimated by subtracting the accumulated degree days at the
start of the season from the accumulated degree-days at the end of the season.

Results

All 12 Wyoming horn fly populations were significantly less susceptible to
permethrin than was the USDA–ARS Kerrville susceptible strain in 1995; how-
ever, no population had as high a resistance ratio as the USDA–ARS Kerrville
cyhalothrin-resistant strain (Table 2). The lowest resistance ratio, 3.9, occurred at

Table 1. Five insecticide dosages that provided between 5 and 95% mor-
tality of the USDA—ARS Kerrville-susceptible horn fly strain,
over 2 yr.

Year 1 (1995)a Year 2 (1996)

Disc
permethrin

Disc
diazinon

Disca

permethrin
Topicalb

permethrin
Disca

diazinon
Disca

fenthion

0.00356 0.00830 0.00356 0.000091 0.0160 0.0099
0.00405 0.01810 0.00405 0.000103 0.0180 0.0149
0.00971 0.01961 0.00971 0.000247 0.0196 0.0600
0.01133 0.02113 0.01133 0.000288 0.0211 0.0745
0.01295 0.02264 0.01295 0.000330 0.0226 0.0900

aMicrogram (AI) per square centimeter of filter paper disc.
bMicrogram (AI) per fly.
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location 2, which was at the highest elevation (2,400 m) within 2 km of Albany,
Wyoming.

The highest permethrin resistance ratio detected in a Wyoming population,
516.8, was found at location 13, which was the USDA–ARS East Unit near Chey-
enne, Wyoming (≈1,800-m elevation). Flies from the lowest elevation (1,220-m
elevation), location 12, near Glendo, Wyoming, had the second-highest resistance
ratio, 204.2. Flies from location 10, which was the USDA–ARS Main ranch, near
Cheyenne, had a resistance ratio of 112.6 (1,800-m elevation).

In 1995, six Wyoming horn fly populations were found to be significantly more
susceptible to diazinon than was the USDA–ARS Kerrville-susceptible strain
(Table 3). However, three populations were found to be significantly more resis-
tant to diazinon than was the USDA–ARS Kerrville-susceptible strain.

As in 1995, all Wyoming horn fly populations tested for permethrin resistance
in 1996 were significantly more resistant than the USDA–ARS Kerrville-

Table 2. Insecticide-use history and permethrin dosage used in horn fly
filter paper bioassay to determine resistance ratios (RR) for
1995.

Location
(elevation, m)

Insecticide
history

LD50 (95% CL)
mg (AI)/cm2 filter paper RR

1 Kerrville-
susceptible

0.0063 (0.0056–0.0070) 1.0

2 (2,400) None 0.0105 (0.0056–0.0154) 3.9*
3 (2,100) None 0.0243 (0.016–0.0325) 15.0*
4 (2,225) Unknown 0.0237 (0.0158–0.0320) 19.4*
5 (1,740) None 0.0511 (0.0390–0.0697) 31.5*
6 (1,800) Pyrethroid & OP ear

tags alternating years
0.0344 (0.0253–0.0463) 32.8*

7 (2,225) Unknown 0.0191 (0.0084–0.0299) 36.0*
8 (1,370) Methoprene

mineral block
0.0753 (0.0580–0.1026) 80.9*

9 (1,220) Unknown 0.1334 (0.1055–0.1743) 100.3*
10 (1,800)

USDA-Main
None 0.1074 (0.0785–0.1782) 112.6*

11 (1,585) OP backrubber each
year

0.0590 (0.0400–0.0837) 160.2*

12 (1,220) Unknown 0.1548 (0.1259–0.1930) 204.2*
13 (1,800)

USDA-East
Unit

None 0.1738 (0.1115–0.2755) 516.8*

14 Kerrville
cyhalothrin
resistant

3.4725 (2.8587–4.0202) 761.1*

*Differs significantly from the USDA—ARS Kerrville-susceptible strain at 95% CL by method of Rob-
ertson & Preisler (1992).
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susceptible strain (Table 4). In 1996, as in 1995, the Wyoming location with the
highest permethrin resistance ratio, 2,056.9, was the USDA–ARS East Unit. The
lowest resistance ratio, 22.1, occurred at location 2 at the highest elevation (2,400
m). Unlike the results in 1995, however, horn flies from the USDA–ARS East
Unit were found to have a resistance ratio that was larger than that of the
USDA–ARS Kerrville cyhalothrin-resistant strain (1,766.7). Based on topical ap-
plication, the permethrin resistance ratio of the USDA–ARS Kerrville cyhalo-
thrin-resistant strain was 1,745.9 (LD50 4 0.25389, 95% CL 4 0.25389–0.30280).

Horn flies collected from locations 2 and 11, south of Rock River, Wyoming,
which were at the highest elevations, were significantly more susceptible to
fenthion than was the USDA–ARS Kerrville susceptible strain (Table 5). Five
horn fly populations demonstrated significantly greater resistance ratios to
fenthion than did the USDA–ARS Kerrville-susceptible strain. With the excep-
tion of population 17, a Nebraska herd at an elevation of 1,065 m, locations with
fenthion resistance were at the higher elevations (1,800 to 2,225 m). Horn fly
susceptibility to fenthion at all remaining locations was not significantly different
from the USDA–ARS Kerrville-susceptible strain.

Table 3. Insecticide-use history and diazinon dosage used in horn fly
filter paper bioassay to determine resistance ratios (RR) for
1995.

Location
(elevation, m)

Insecticide
history

LD50 (95% CL)
mg (AI)/cm2 filter paper RR

1 Kerrville-
susceptible

0.0155 (0.0134–0.0167) 1.00

3 (2,100) None 0.0069 (0.0062–0.0076) 0.60*
4 (2,225) Unknown 0.0061 (0.0055–0.0068) 0.61*
5 (1,740) None 0.0075 (0.0067–0.0084) 0.73*
8 (1,370) Methoprene mineral

block
0.0090 (0.0085–0.0095) 0.73*

2 (2,400) None 0.0094 (0.0068–0.0119) 0.75*
10 (1,800)

USDA-Main
None 0.0083 (0.0077–0.0090) 0.83*

7 (2,225) Unknown 0.0080 (0.0071–0.0089) 0.87
6 (1,800) Pyrethroid & OP ear

tags
alternating years

0.0086 (0.0079–0.0094) 0.92

9 (1,220) Unknown 0.0104 (0.0092–0.0119) 1.11
12 (1,220) Unknown 0.0122 (0.0113–0.0132) 1.22*
11 (1,585) OP backrubber each

year
0.0090 (0.0079–0.0101) 1.34*

13 (1,800)
USDA-East
Unit

None 0.0128 (0.0114–0.0144) 1.37*

*Differs significantly from the USDA—ARS Kerrville-susceptible strain at 95% CL by method of Rob-
ertson & Preisler (1992).
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Three horn fly populations were significantly more susceptible to diazinon
than was the USDA–ARS Kerrville-susceptible strain (Table 6). Horn fly popu-
lations from five locations demonstrated significantly greater resistance ratios to
diazinon than did the USDA–ARS Kerrville-susceptible strain. The horn fly popu-
lation from Nebraska, elevation 1,065 m, which showed the greatest fenthion
resistance ratio, did not differ significantly from the USDA–ARS Kerrville-
susceptible strain in diazinon susceptibility.

Based on regression analysis, no significant relationship was detected between
elevation and resistance ratios to these insecticides. The regression analysis of

Table 4. Insecticide-use history and permethrin dosage used in horn fly
filter paper bioassay to determine resistance ratios (RR) for
1996.

Location
(elevation, m)

Insecticide
history

LD50 (95% CL)
mg (AI)/cm2 filter paper RR

1 Kerrville
susceptible

0.0015 (0.0004–0.0024) 1.0

2 (2,400) 1% permethrin
pour-on 1995

0.0252 (0.0154–0.0376) 22.1*

3 (2,195) Unknown 0.0718 (0.0503–0.1002) 166.9*
4 (1,570) Ivomec each year 0.0726 (0.0393–0.1149) 184.0*
5 (1,600) Co-Ral (96), pour-on

pyrethroid
0.0718 (0.0519–0.0972) 225.1*

6 (2,225) Malathion mosquito
trials on ranch

0.0909 (0.0646–0.1272) 231.4*

7 (2,195) None (4 yr) 0.0462 (0.0284–0.0691) 245.8*
8 (1,980) Methoprene mineral

block
0.2094 (0.1498–0.2957) 451.9*

9 (1,800) Ectrin ear tags (95, 96) 0.4966 (0.3581–0.6603) 455.8*
10 (1,280) OP dust bag each year 0.1181 (0.0773–0.1829) 546.8*
11 (2,285) Dominator (95),

Terminator (96)
0.5663 (0.3686–0.9322) 692.2*

12 (1,800)
USDA-Main

None 0.0915 (0.0593–0.1395) 795.8*

13 (1,430) Warbex each fall,
Ivomec (bulls)

0.0229 (0.0030–0.0594) 1009.1*

14 (1,800) Saber Extra ear tags
(96), Del Phos

0.3930 (0.2621–0.6528) 1695.8*

15 Kerrville
Cyhalothrin-
resistant

11.161 (9.9883–11.8974) 1766.7*

16 (1,800)
USDA-East
Unit

None 0.1700 (0.1086–0.2953) 2056.9*

*Differs significantly from the USDA—ARS Kerrville-susceptible strain at 95% CL by method of Rob-
ertson & Preisler (1992).
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Table 5. Insecticide-use history and fenthion dosage used in horn fly
filter paper bioassay to determine resistance ratios (RR) for
1996.

Location
(elevation, m) Insecticide history

LD50 (95% CL)
mg (AI)/cm2 filter paper RR

2 (2,400) 1% permethrin
pour-on 1995

0.0103 (0.0089–0.0119) 0.30*

11 (2,285) Dominator (95),
Terminator (96)

0.0134 (0.0112–0.0157) 0.59*

13 (1,430) Warbex each fall,
Ivomec (bulls)

0.0133 (0.0104–0.0164) 0.73

9 (1,800) Ectrin ear tags (95,
96)

0.0072 (0.0023–0.0126) 0.77

3 (2,195) Unknown 0.0131 (0.0094–0.0171) 0.85
1 Kerrville

susceptible
0.0238 (0.0207–0.0272) 1.00

5 (1,600) Co-Ral (96),
pour-on
pyrethroid

0.0138 (0.0103–0.0174) 1.09

10 (1,280) OP dust bag each
year

0.0108 (0.0055–0.0168) 1.26

12 (1,800)
USDA-Main

None 0.0117 (0.0079–0.0157) 1.37

8 (1,980) Methoprene
mineral block

0.0093 (0.0050–0.0141) 1.40

4 (1,570) Ivomec each year 0.0155 (0.0111–0.0202) 1.43
7 (2,195) None (4 yr) 0.0181 (0.0131–0.0235) 1.46*

14 (1,800) Saber Extra ear
tags (96), Del
Phos

0.0176 (0.0140–0.0213) 1.46*

16 (1,800)
USDA-East
Unit

None 0.0143 (0.0101–0.0188) 1.48*

6 (2,225) Malathion
mosquito trials
on ranch

0.0238 (0.0179–0.0301) 1.81*

17 (1,065)
GSL-Nebraska

Unknown 0.0022 (0.0000–0.0100)a 2.25*

*Differs significantly from the USDA—ARS Kerrville-susceptible strain at 95% CL by method of Rob-
ertson & Preisler (1992).

aThe 90% CL.
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permethrin resistance ratios showed no relationship between elevation and re-
sistance ratio in either 1995 (P 4 0.39, df 4 10) or 1996 (P 4 0.41, df 4 12) (Figs.
1 and 2). The regression analysis of the combined years for diazinon demonstrated
no relationship between elevation and resistance ratio (P 4 0.20, df 4 23) (Fig.
3). The regression analysis of fenthion resistance ratios showed no relationship
between elevation and resistance ratio in 1996 (P 4 0.09, df 4 13) (Fig. 4).

The accumulated degree-days at four Wyoming elevations are shown in Table
7 for each elevation and year. The accumulated degree days on each date declined
as elevation increased. The length of the horn fly breeding season, as estimated
by the differences in accumulated degree days between either 1 May or 1 June
and September 30 also declined with elevation. Using 1 May or 1 June as the
starting date had relatively little influence on the relative length of the fly breed-
ing season at each location. The relative length of the breeding season at Chey-

Table 6. Insecticide-use history and diazinon dosage used in horn fly
filter paper bioassay to determine resistance ratios (RR) for
1996.

Location
(elevation, m) Insecticide history

LD50 (95% CL)
mg (AI)/cm2 filter paper RR

2 (2,400) 1% permethrin pour-on
1995

0.0083 (0.0074–0.0092) 0.73*

7 (2,195) None (4 yr) 0.0082 (0.0073–0.0090) 0.75*
12 (1,800)

USDA-Main
None 0.0092 (0.0083–0.0101) 0.84*

3 (2,195) Unknown 0.0088 (0.0078–0.0098) 0.96
8 (1,980) Methoprene mineral

block
0.0092 (0.0074–0.0106) 0.99

1 Kerrville
susceptible

0.0181 (0.0171–0.0189) 1.00

9 (1,800) Ectrin ear tags (95, 96) 0.0067 (0.0052–0.0081) 1.03
17 (1,065)

GSL-Nebraska
Unknown 0.0203 (0.0087–0.0118) 1.18

4 (1,570) Ivomec each year 0.0117 (0.0103–0.0132) 1.27
5 (1,600) Co-Ral (96), pour-on

pyrethroid
0.0135 (0.0122–0.0148) 1.39*

14 (1,800) Saber Extra ear tags
(96), Del Phos

0.0117 (0.0105–0.0128) 1.47*

11 (2,285) Dominator (95),
Terminator (96)

0.0113 (0.0088–0.0139) 1.49*

10 (1,280) OP dust bag each
year

0.0103 (not generated) 1.59*

6 (2,225) ULV malathion mosquito
sprays

0.0085 (0.0062–0.0124) 1.77*

*Differs significantly from the USDA—ARS Kerrville-susceptible strain at 95% CL by method of Rob-
ertson & Preisler (1992).
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enne, Laramie, and Centennial in 1995 was 82, 57, and 47% that of Torrington if
1 May was used as the beginning of the fly season, and was 84, 58, and 49% if 1
June was used at the beginning of the fly season. In 1996, the relative length of
the horn fly breeding season at Cheyenne, Laramie and Centennial was 77, 59,
and 50% that of Torrington, and was 78, 60, and 51% if 1 June was used as the
starting date.

Discussion

Methods of testing for adult horn fly resistance have been reported in the
literature. In all methods, technical formulations of insecticides were either in-
troduced to the flies on dry surfaces (Sheppard 1984; Schmidt et al. 1985; Cilek &
Knapp 1986; Sheppard & Hinkle 1986; Burg et al. 1995) or as a topical application
(Harris 1964; Sheppard 1983). In the current study, formulated insecticides were
used to determine resistance ratios. This method was chosen because of the simi-
larity to formulations to which wild horn flies are normally exposed.

The resistance ratios determined using this method tended to be higher than
those reported by others. Unfortunately, the ratios in our study, cannot be di-
rectly compared with those in the literature. Comparisons examining the various
assay techniques and the formulated filter paper method by using identical sus-
ceptible and field populations of horn flies have not been conducted. Also, many
of these published studies are now several years old; horn fly populations have
been under selection pressure and their current resistance status is unknown.

Fig. 1. Relationship between permethrin resistance ratios of horn flies at differ-
ent elevations (1995).
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The cattle at the USDA–ARS East Unit had not been exposed to insecticides
for several years prior to this research, however, flies examined from this location
had the highest permethrin (516.8) and diazinon (1.37) resistance ratios. A ranch
adjacent to the USDA–ARS East Unit did, however, have a history of heavy
insecticide use that included both a pyrethroid and an organophosphate. A history
of this ranch is documented in Kaufman (1997). The highly resistant horn fly
population detected at the USDA–ARS East Unit may have originated on cattle
shipped into Wyoming from areas with highly resistant horn fly populations or
developed in the native flies on the adjacent herd. It was not possible to assay the
horn flies on this herd, thus it is not possible to determine whether this herd was
a source of resistant flies to the USDA–ARS East Unit.

Roush & Daly (1990) stated that insect dispersal from heavily treated habitats
can increase resistance in lightly treated sites. Thus, it is possible to find rela-
tively high frequencies of resistance at locations where hosts have not been
treated.

Sheppard & Joyce (1992) reported large increases in resistance ratios for pyre-
throids in areas where lambdacyhalothrin was used from 1986 to 1990 in Georgia.
This resistance-ratio increase was accompanied by an increase in ratios in their
“no-pyrethroid area,” which was 3 km from any known pyrethroid-treated cattle.
Horn flies in nearby areas had remained susceptible during 6 yr (1980–1985) of
pyrethroid (fenvalerate and permethrin) ear-tag use at the testing location. Fol-
lowing the use of cyhalothrin, however, the tolerance of the horn flies to fenval-
erate increased significantly. Sheppard & Joyce (1992) attributed the resistance
phenomena to long flights by biologically significant numbers of horn flies.

Fig. 2. Relationship between permethrin resistance ratios of horn flies at differ-
ent elevations (1996).
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In a mark–release study, Sheppard (1994) reported observing marked horn
flies at distances of 5 km shortly after release. Kinzer & Reeves (1974) reported
observing marked horn flies at distances as far as 11.8 km. However, as the
distance from a source herd increases the likelihood of biologically significant
numbers of horn flies locating the same herd of cattle will certainly decrease. In
the Sheppard & Joyce (1992) study, fenvalerate resistance developed from flies
emigrating from distances >3 km. The application of insecticides on the heifers
adjacent to the USDA–ARS East Unit may have maintained a high level of re-
sistance in those flies. Although emigration from additional ranches is possible, it
is likely that the adjacent herd is the primary source of migrating flies, as there
were no other permanently pastured cattle herds within 8 km of either ranch.

It was noted early in the 1996 horn fly season that permethrin resistance
ratios of field-collected horn flies were 4 to 7 times greater than in 1995. Following
a repeated examination of flies from the USDA–ARS East Unit on 2, 10, and 19
July 1996 it was noted that the permethrin resistance ratio had increased from
516.8 in 1995 to 2,056.9 in 1996. The susceptible standard base dosages deter-
mined for permethrin in 1996 were identical to those from the previous year.
Diazinon resistance ratios in field-collected horn fly populations did not show a
corresponding increase from 1995 to 1996. Based on reexamination of bioassay
procedures and resistance ratio comparisons of populations examined in both
years, it would appear that permethrin resistance levels in horn fly populations
had increased from the previous year.

Fig. 3. Relationship between diazinon resistance ratios of horn flies at different
elevations (1995 and 1996).
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The large increase in permethrin resistance ratios from 1995 to 1996 in flies
from the USDA–ARS Kerrville cyhalothrin-resistant strain was confirmed using
a topical application assay in 1996. The permethrin resistance ratio obtained
using topical application (1,745.9) was very similar to that obtained using the
filter paper assay (1,766.7). The similar results of both assay techniques on the
same two colonies of flies support the accuracy of the filter paper technique at
high doses with permethrin.

It is theorized that horn fly insecticide resistance development in Wyoming has
been delayed by naturally low fly populations, resulting from a reduced number
of fly generations produced during the summer (especially at higher elevations).
Reduced insecticide treatment of horn flies due to inaccessibility of cattle grazed
on the national and state forests also may delay development of resistance.

Investigations of horn fly densities at 800-, 1,800-, and 2,400-m elevations
revealed densities to be lowest at the 2,400-m elevation (Kaufman 1997). Further,
the horn fly developmental model results give a crude indication of the relative
length of the fly breeding season at each location, assuming the same dates for
spring emergence and diapause entry. In all probability, spring emergence occurs
later and diapause induction earlier at higher elevations compared with lower
elevations, so our results probably underestimate the magnitude of the differ-
ences in the length of the breeding season between elevations. For every one horn

Fig. 4. Relationship between fenthion resistance ratios of horn flies at different
elevations (1996).
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fly generation completed at the 1,200 m elevation in 1995, only 0.47 generations
were completed at the 2,400 m elevation. This finding would indicate that horn fly
resistance selection can occur over twice as fast at the lower elevation.

Cattle grazed on forest allotments are likely to be ear tagged early in the
season, often at branding time, long before horn fly populations begin to increase.
Because of this practice, much of the insecticide in the ear tag is released and lost
before adult horn flies have emerged from diapause. The inaccessibility of cattle
for treatment combined with reduced fly densities may discourage insecticide use
at the high-grazing elevations throughout the state.

The use of cattle ear tags has been strongly implicated in the development of
horn fly resistance to several pyrethroids and to the organophosphate stirofos
(Quisenberry et al. 1984; Sheppard 1984; Byford et al. 1985; Sparks et al. 1985).
Considering the small percentage of cattle treated with ear tags in Wyoming
(Legg et al. 1992), similarly low horn-fly-resistance levels would be expected. The
permethrin resistance ratios for horn fly populations in Wyoming do not support
this conclusion, but the low resistance ratios for fenthion and diazinon do corre-
spond with the low organophosphate use on Wyoming cattle.

A relationship between elevation and resistance ratios was not detected in our
study with any of the insecticides examined suggesting that factors other than the
altitude at which cattle are grazed have a stronger influence on horn fly resis-
tance development. Use of insecticides by ranchers without consideration of eco-
nomic injury levels or production costs may have contributed to the lack of a
statistical relationship. The hypothesis of lower resistance levels at higher eleva-

Table 7. Accumulated degree-days >10°C on selected dates at four loca-
tions.

Year Date

Elevation (m)a

1,200 1,800 2,100 2,400

1995 1 May 122 73 32 18
1 June 190 106 55 36
1 July 428 275 169 139
1 August 787 582 377 314
1 September 1190 955 644 528
30 September 1397 1120 760 624
Rel. Time May 1b 1.00 0.82 0.57 0.47
Rel. Time June 1b 1.00 0.84 0.58 0.49

1996 1 May 125 61 29 16
1 June 265 159 103 76
1 July 596 395 281 227
1 August 960 709 538 442
1 September 1316 991 747 631
30 September 1511 1135 849 712
Rel. Time May 1b 1.00 0.77 0.59 0.50
Rel. Time June 1b 1.00 0.78 0.60 0.51

aDegree-days calculated from daily maximum and minimum temperatures
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tions is based on the presumption that ranchers at higher elevations with lower
horn fly densities would be less likely to treat their cattle. Apparently, this is not
the case, as evidenced by the insecticide use histories. Movement of cattle and
their flies from lower to higher elevations in the summer also may result in
increasing the resistance ratios at higher elevations as well as horn fly dispersal
within and between various elevations. The movement of susceptible flies from
higher to lower elevations is unlikely to have a reciprocal effect because cattle
usually are not moved from the higher elevations until early October, at which
time flies have either died or entered diapause.
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NOTICE TO CONTRIBUTORS

The Editorial Committee of Journal of Agricultural Entomology considers the
timely publication and documentation of research endeavors critical to the ad-
vancement of agricultural and urban entomology. As such, JAUE places a high
priority on prompt processing of submitted works, as well as prompt publication
of accepted works. However, the overall turnaround time is to a large extent in
the hands of authors making revisions.

In light of this, the Committee requests that authors return revised manu-
scripts to their subject editor within three months of receipt. Manuscripts held for
revisions for six months or more will, at the discretion of the editor, be subject to
a 10% surcharge over the normal cost of publication.

The Committee recognizes that extenuating circumstances arise, and will con-
sider special arrangements for authors in such situations.
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Efficacy of Insecticides at Controlling Insect Pests of
Tomato in South Carolina1

Mohamed F. R. Khan2 and Randall P. Griffin

Department of Entomology, Clemson University, Box 340365, 114 Long Hall, Clemson, South
Carolina 29634-0365 USA

J. Agric. Urban Entomol. 16(3): 165–170 (July 1999)
ABSTRACT Multiple insecticide treatments were applied to staked toma-
toes in two experiments conducted in 1995 and 1996 to determine efficacy for
control of tomato fruitworm, Helicoverpa zea (Boddie), green stink bug,
Acrosternum hilare (Say), flower thrips, Frankliniella tritici (Fitch), and potato
aphid, Macrosiphum euphorbiae (Thomas). Flowers were evaluated for flower
thrips populations and tomato leaves were assessed for potato aphid infesta-
tion. At harvest, fruit were examined for tomato fruitworm and stink bug
damage. Varying degrees of control were observed with the different insecti-
cides: Monitort, Karatet, and mixtures of Danitolt with Monitort, and Ka-
ratet with Monitort provided satisfactory results against all pests evaluated.

KEY WORDS Acrosternum hilare, Frankliniella tritici, Helicoverpa zea,
Macrosiphum euphorbiae.

Fresh market tomato, Lycopersicon esculentum Miller, is the most important
vegetable crop produced in South Carolina, valued at $31.12 M in 1995 (South
Carolina 1995 Vegetable Statistics, 1996). Annual production occurs on about
1,500 ha in the counties of Charleston, Beaufort, Clarendon, Greenville, Lexing-
ton, Richland, and Spartanburg (South Carolina 1995 Vegetable Statistics, 1996).
Numerous insects, including the potato aphid, Macrosiphum euphorbiae (Thom-
as), Colorado potato beetle, Leptinotarsa decemlineata (Say), black cutworm,
Agrotis ipsilon (Hufnagel), tomato pinworm, Keiferia lycopersicella (Walsing-
ham), tomato fruitworm, Helicoverpa zea (Boddie), tomato hornworm, Manduca
quinquemaculata (Haworth), tobacco hornworm, Manduca sexta (L.), cabbage
looper, Trichoplusia ni (Hübner), green stink bug, Acrosternum hilare (Say), veg-
etable leafminer, Liriomyza sativae Blanchard, flower thrips, Frankliniella tritici
(Fitch), and blister beetles, Epicauta species, are considered pests of tomato in
South Carolina (Griffin, 1997). Tomato fruitworm, green stink bug, flower thrips,
and potato aphid pose the most problems and are the targets of most control
programs. Green stink bug and tomato fruitworm cause direct damage by feeding
on the fruit. Tomato fruitworm, a key pest of tomato in many states, causes
millions of dollars in losses every year (Wilcox and Rowland 1963, Davis et al.
1998). Flower thrips and potato aphid are considered as insidious pests. Because

1Accepted for publication 21 May 1999.
2Current address: North Dakota State University, P.O. Box 5758, Fargo, North Dakota 58105-5758.
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of strict cosmetic standards of fresh market tomato, extremely high levels of pest
control are required to optimize profits. In the United States, especially South-
eastern States such as South Carolina, growers rely heavily on insecticides in
controlling tomato insect pests for producing a salable fruit (Davis et al. 1998).
Thus, numerous insecticides are registered and others are being developed for
controlling tomato insect pests. Our objective was to determine the most effica-
cious insecticides for control of important insect pests of fresh market tomato in
South Carolina.

Materials and Methods

Field studies were conducted in 1995 and 1996 at the Cherry Farm, Clemson
University, Clemson, South Carolina. Tomato seedlings (cv. Solar Set) were
transplanted on 26 April and 22 April in 1995 and 1996, respectively. Experi-
mental plots consisted of two adjacent 0.92 m (3 ft) wide bedded-rows, 4.58 m (15
ft) long, arranged in a randomized complete block design with four replications.
Seedlings were placed 46 cm (18 in) apart within rows and were drip irrigated.

In 1995, the treatments were methamidophos (Monitort 4 EC, Valent U.S.A.
Corp., Walnut Creek, California) at 0.840 kg (AI)/ha; methamidophos at 0.840 kg
(AI)/ha plus fenpropathrin (Danitolt 2.4 EC, Valent U.S.A. Corp., Walnut Creek,
California) at 0.224 kg (AI)/ha; cyhalothrin (Karatet 1 EC, Zeneca Ag Products,
Wilmington, Delaware) at 0.028 kg (AI)/ha; tralomethrin (Scout X-trat 0.9 EC,
AgrEvo USA Co., Wilmington, Delaware) at 0.020 and 0.022 kg (AI)/ha; esfen-
valerate (Asana XLt, 0.66 EC Du Pont Agricultural Products, Wilmington, Dela-
ware) at 0.045 kg (AI)/ha; chlorfenapyr (AC 303630 2SC, American Cyanamid Co.,
Wayne, New Jersey) at 0.084 and 0.168 kg (AI)/ha; pymethrozine (CGA-215944 50
WP, Ciba-Geigy, Greensboro, North Carolina) at 0.050 kg (AI)/ha; V 71639, 0.83
EC (Valent U.S.A. Corp., Walnut Creek, California) at 0.049 and 0.098 kg (AI)/ha,
along with 0.049 kg (AI)/ha plus Danitolt at 0.224 kg (AI)/ha; imidacloprid (Pro-
vadot 1.6 F, Bayer Corporation, Agriculture Division, Kansas City, Missouri) at
0.053 kg (AI)/ha. One treatment of imidacloprid (Admiret 2F, Bayer Corporation,
Agriculture division, Kansas City, Missouri) was soil applied by drenching at first
bloom at 0.280 kg (AI)/ha. There were also untreated check plots. Treatments
were applied on 31 May (first bloom), 13 and 22 June, and 3, 12, and 20 July,
1995. In 1996, the treatments were methamidophos at 0.840 kg (AI)/ha; metha-
midophos plus fenpropathrin at 0.840 and 0.146 kg (AI)/ha respectively; metha-
midophos plus cyhalothrin at 0.840 and 0.017 kg (AI)/ha respectively; cyhalothrin
at 0.028 kg (AI)/ha; deltamethrin (Decist 1.5 EC, AgrEvo USA Co; Wilmington,
Delaware) at 0.015 and 0.027 kg (AI)/ha; and cyfluthrin (Baythroidt 2 EC, Bayer
Corporation, Agriculture Division, Kansas City, Missouri) at 0.034 kg (AI)/ha;
Bacillus thuringiensis var. kurstaki (Ablet 50 WP, Ciba-Geigy Corp., Greensboro,
North Carolina) at 1.000 kg (AI)/ha plus Bacillus thuringiensis var. aizawai and
kurstaki (Agreet 50 WP, Ciba-Geigy Corp., Greensboro, North Carolina) at 1.000
kg (AI)/ha; Bacillus thuringiensis [Cry1A(c) and Cry1C] (Mattcht, Mycogen
Corp., San Diego, California) at 0.589 kg (AI)/ha plus insecticidal soap (MPEDEt,
Mycogen Corp., San Diego, California) at 0.49 kg (AI)/ha; chlorfenapyr (AC303630
2 SC) at 0.067 and 0.112 kg (AI)/ha; chlorfenapyr (AC 303630 50 WDG, American
Cyanamid Co., Wayne, New Jersey) at 0.067 and 0.112 kg (AI)/ha; pymethrozine
at 0.050 kg (AI)/ha, 0.075 kg (AI)/ha, and 0.050 kg (AI)/ha and organosilicant
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spreader/sticker; imidacloprid (Provadot 1.6 F) at 0.053 kg (AI)/ha, and untreated
check plots. One treatment of imidacloprid (Admiret 2F) was soil applied at first
bloom at 0.280 kg (AI)/ha. Treatments containing Bacillus thuringiensis were
applied on approximately a 5-d-schedule. Ablet plus Agreet and Mattcht plus
MPEDEt were applied on 4 (first bloom), 9, 14, 19, 24, 29 June, and 3, 12 and 19
July. All other treatments were applied on approximately a 10-d-schedule: 4 (first
bloom), 14, 24 June, and 3, 12 and 19 July, 1996. The fungicides mancozeb (Man-
zatet 200 DF, Du Pont Agricultural Products, Wilmington, Delaware) at 0.5043
kg manganese ion and 0.0639 kg zinc ion per hectare, and copper hydroxide
(Kocidet DF, Griffin Corp. Valdosta, Georgia) at 1.3761 kg (AI)/ha were tank-
mixed and applied with the treatments on the approximate 10-d-schedule for both
years. Treatments were applied with a CO2-powered backpack sprayer using
TX10 hollow cone tips on a three-nozzle boom, delivering 448.93 liters finished
spray per hectare (48 gal/ac) at 4.2 kg/cm2 (60 psi). Both sides of each row were
sprayed. Standard cultural practices were used for fertilization and weed control.

In 1995, the flower thrips population was evaluated on 20 June by selecting 10
flowers at random in each plot, dissecting the flowers and counting the number of
thrips. Potato aphid population was monitored on 7 July by observing 20 ran-
domly selected samples of the fourth fully expanded leaf down from the terminal
from each plot and recording the number of aphids. Twenty-five fruits were har-
vested at random from each plot on 24 July and assessed for tomato fruitworm
damage and green stink bug injury. In 1996, flower thrips population was evalu-
ated on 17 June and tomato fruitworm and green stink bug assessments were
done on 24 July. Potato aphids were not evaluated since there was no infestation.

Data were analyzed for differences by ANOVA and treatment means were
separated by applying Tukey’s Honestly Significant Difference (HSD) test (Pes-
ticide Research Manager 5.0, 1997).

Results

1995. Table 1 summarizes data on tomato fruitworm and stink bug damage
on tomato fruits and the number of flower thrips and potato aphid on tomato
plants. All treatments, except V 71639 when used alone, Admiret, Provadot, and
CGA-215944, were significantly different from the control and were effective
against tomato fruitworm damage. AC 303630 at the higher rate, Monitort, Moni-
tort plus Danitolt, Karatet, and Scout X-Trat at the lower rate provided the best
tomato fruitworm control. All treatments, except AC 303630 at the lower rate,
and V 71639 when used alone, resulted in significantly lower green stink bug
injury than the control. Monitort and Karatet were the most effective against
green stink bug. Thrips population density in the control plots averaged just
under one thrips per flower. All treatments, except V 71639 when used alone, and
CGA-215944, were effective in reducing thrips population below the control.
Monitort plus Danitolt and V 71639 plus Danitolt, along with Karatet, and
Scout X-Trat at the higher rate, were significantly different from the control, and
were the most efficacious in reducing thrips population. Potato aphid numbers
were high in the control plots. AC 303630 at the lower rate and V 71639 when
used alone had lower numbers of potato aphid than the control. Monitort, Moni-
tort plus Danitolt, Karatet, Admiret, Provadot, and Asanat effectively con-
trolled potato aphid.
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1996. In 1996, fruit damage by the tomato fruitworm and green stink bug,
and thrips population, were higher than in 1995 (Table 2). Tomato fruitworm
damage in the plots treated with Admire, AC 303630 SC at the lower rate and
CGA-215944 were not significantly different from the control. The other treat-
ments were significantly different from the control and kept tomato fruitworm
damage low relative to the control, with Decist being the most efficacious. All
treatments resulted in significantly less green stink bug damage than the control,
with Monitort, Monitort plus Danitolt, and Monitort plus Karatet treatments
having the least stink bug damage. None of the thrips treatment means were
significantly different from the control. Monitort, Monitort plus Danitolt, Moni-
tort plus Karatet, Karatet, and Decist at the higher rate were the most effective
in reducing thrips population.

Discussion

The insecticides effective against the major pests were from different insecti-
cidal classes. The organophosphate, (Monitort), was effective against flower
thrips, green stink bug, tomato fruitworm, and potato aphid. The pyrethroids,

Table 1. Effect of various insecticides on the population of thrips and
potato aphids, and percent damage by green stink bug and to-
mato fruitworm on fresh market tomato in Clemson, South
Carolina, 1995.

Treatment
Rate kg
(AI)/ha

Mean number
of thrips/10

flowers
June 20

% Stink
bug

damage
July 24

% Fruit-
worm

damage
July 24

Potato
aphid/20

leaves
July 7

Monitort 4 EC 0.840 5.2a–e 0.0d 0.0c 0.0d
Monitort 4 EC + 0.840 0.7e 1.0cd 0.0c 0.7d
Danitolt 2.4 EC 0.224
Karatet 1 EC 0.028 1.2e 0.0d 0.0c 0.0d
Scout X-Trat 0.9 EC 0.020 3.2cde 14.0bcd 0.0c 11.0d
Scout X-Trat 0.9 EC 0.022 1.0e 11.0bcd 1.0c 12.5d
Asanat 0.66 EC 0.045 1.7de 7.0bcd 1.0c 0.0d
AC 303630 2 EC 0.084 4.5b–e 16.0ab 1.0c 398.0abc
AC 303630 2 EC 0.168 2.2cde 10.0bcd 0.0c 222.2cd
CGA-215944 50 WP 0.050 11.2ab 11.0bcd 18.0a 47.7d
V 71639 0.83 EC 0.049 10.0abc 18.0ab 13.0ab 408.0abc
V 71639 0.83 EC 0.098 12.5a 15.0abc 18.0a 471.5ab
V 71639 0.83 EC 0.049 0.2e 8.0bcd 3.0bc 351.5bc
+Danitolt 2.4 EC 0.224
Provadot 1.6 F 0.053 4.0b–e 7.0cd 15.0a 0.0d
Admiret 2 F 0.280 7.0a–e 8.0bcd 15.0a 0.0d
Untreated Check — 9.2a–d 29.0a 16.0a 597.2a

Means in a column followed by the same letter do not significantly differ (P 4 0.05, Tukey’s HSD).
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(Karatet, Scout X-Trat, Decist, Asanat, Baythroidt, and, Danitolt) gave mixed
results. Karatet was effective against flower thrips, green stink bug, tomato
fruitworm, and potato aphid. Asanat was effective against thrips, tomato fruit-
worm, and potato aphid. Scout X-Trat was effective against flower thrips and
tomato fruitworm. Decist was effective against tomato fruitworm but was incon-
sistent against thrips. Baythroidt gave satisfactory control only of tomato fruit-
worm. Danitolt and Karatet, when combined with Monitort provided effective
control of tomato fruitworm, green stink bug, thrips, and potato aphid. The sys-
temic imidacloprid nitroquidine, (Admiret and Provadot) was effective only
against potato aphid. Bacillus thuringiensis, (Ablet, Agreet, and Mattcht) was
effective in controlling tomato fruitworm, but as would be expected, was not
effective against insect pests with sucking mouthparts. AC 303630 may be used

Table 2. Effect of various insecticides on the population of thrips, and
percent damage by green stink bug and tomato fruitworm on
fresh market tomato in Clemson, South Carolina, 1996.

Treatment
Rate

kg (AI)/ha

Mean number
of thrips/10

flower
17 June

%
Stink bug
damage
24 July

%
Fruitworm

damage
24 July

Monitort 4 EC 0.840 2.5b 1.0d 3.0cde
Monitort EC + 0.840 1.8b 1.0d 2.0de
Danitolt 2.4 EC 0.146
Monitort 4 EC + 0.840 0.8b 1.0d 1.0de
Karatet 1 EC 0.017
Karatet 1 EC 0.028 2.8b 3.0cd 1.0de
Decist 1.5 EC 0.015 12.3ab 15.0bcd 0.0e
Decist 1.5 EC 0.027 6.3b 20.0bcd 1.0de
Baythroidt 2 EC 0.034 19.3ab 23.0b 4.0cde
Ablet 50 WP + 1.000 34.5a 26.0b 2.0de
Agreet 50 WP 1.000
Mattcht + 0.589 22.3ab 23.0b 4.0cde
MPEDEt 0.49
AC 303630 2 SC 0.067 10.5ab 15.0bcd 11.0a–e
AC 303630 2 SC 0.112 10.3ab 17.0bcd 3.0cde
AC 303630 50 WG 0.067 15.3ab 21.0bc 1.0de
AC 303630 50 WG 0.112 18.8ab 16.0bcd 1.0de
CGA 215944 50 WP 0.050 32.8a 25.0b 20.0ab
CGA-215944 50 WP 0.075 24.3ab 23.0b 15.0a–d
CGA-215944 50 WP 0.050 19.3ab 17.0bcd 13.0a–e
+ Organosilicant
Provadot 1.6 F 0.053 16.5ab 18.0bcd 9.0b–e
Admiret 2 F 0.280 19.5ab 26.0b 17.0abc
Untreated Check — 24.5ab 46.0a 25.0a

Means in a column followed by the same letter do not significantly differ (P 4 0.05, Tukey’s HSD).
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with some effectiveness only in controlling tomato fruitworm, with the water
dispersible granule formulation being more effective than the suspension concen-
trate formulation. CGA-215944 applied alone or with organosilicant, and V 71639
when applied alone, was not effective in controlling any of the target pests. The
effectiveness of V 71639 plus Danitolt against thrips and tomato fruitworm was
probably due to Danitolt.
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Seasonal Occurrence and Abundance of the Tarnished
Plant Bug (Hemiptera: Miridae) and Thrips
(Thysanoptera: Thripidae) on Rapeseed in

West Tennessee1

Michael L. Boyd2 and Gary L. Lentz

Department of Entomology and Plant Pathology, The University of Tennessee, West Tennessee
Experiment Station, 605 Airways Blvd. Jackson, Tennessee 38301-3201 USA

J. Agric. Urban Entomol. 16(3): 171–178 (July 1999)
ABSTRACT Plant bugs and thrips were sampled in seven commercial
rapeseed fields in West Tennessee in 1990 and eight in 1991. Nine hemipteran
species were identified from field collections and the tarnished plant bug,
Lygus lineolaris (Palisot de Beauvois), was the most abundant (>95%). Tar-
nished plant bug adults were collected on the first sampling dates each year (7
April 1990 and 10 April 1991). Both adult and nymphal L. lineolaris fed on
buds, flowers and seedpods. In 1990, adult L. lineolaris densities were greatest
when rapeseed began to ripen. Highest nymphal L. lineolaris densities oc-
curred when rapeseed was fully ripened (stage 5.5). In 1991, both adults and
nymphs were most abundant during late ripening stages. Three thrips species:
flower thrips, Frankliniella tritici (Fitch), tobacco thrips, F. fusca (Hinds), and
soybean thrips, Neohydatothrips variabilis (Beach) were collected. Flower
thrips was the most abundant species collected in both years. At most of the
collection sites, densities of flower thrips were greatest within two weeks prior
to rapeseed flowering cessation. West Tennessee is a major cotton-growing
region, where L. lineolaris and thrips are fruiting- and seedling-stage pests,
respectively. Therefore, if rapeseed were to be reestablished as a crop in Ten-
nessee, L. lineolaris and thrips problems in cotton would likely increase as
well.

KEY WORDS rapeseed, seasonal abundance, tarnished plant bug, thrips

Winter rapeseed, Brassica napus ssp. oleifera forma biennis L., is a new winter
annual crop to West Tennessee, where it is cultivated to supply high erucic acid
rapeseed oil for industrial (e.g., rubber stabilizer, lubricant, and textile manufac-
turing) purposes (Ohlson 1972, Fribourg et al. 1989). Commercial rapeseed cul-
tivation in Tennessee had been limited to between 1,214 to 4,860 hectares annu-
ally between 1988 and 1991, but production ceased when contracts expired in
1992. Documentation of these insect pests on rapeseed is justified in case rape-
seed is reestablished as a crop in Tennessee. The information should also be
useful in areas where rapeseed and cotton are grown.

1Accepted for publication 22 June 1999.
2University of Missouri–Columbia, Delta Center, P. O. Box 160, Portageville, Missouri 63873.
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Arthropod fauna associated with Brassica spp. is extensive, with 150 or more
species in 25 or more families considered to be major or minor pests of crucifer
crops (Bonnemaison 1965, Hill 1987, Buntin & Raymer 1994). Several hemi-
pteran species in the families Lygaeidae, Miridae, Pentatomidae, and Pyrrhoc-
oridae have been identified as crucifer pests (Hill 1987). In Canada and the
United States, three Lygus (Hemiptera: Miridae) species [L. borealis (Kelton); the
pale legume bug, L. elisus Van Duzee; and the tarnished plant bug, L. lineolaris
(Palisot de Beauvois)] are known pests of oilseed crucifers (Fye 1982, Butts &
Lamb 1990).

Recorded hosts of L. lineolaris include more than 300 species and 57 genera in
55 families of cultivated and wild host plants (Snodgrass et al. 1984, Young 1986).
More than 25 species in 12 genera of Cruciferae, including Brassica napus L., are
hosts of L. lineolaris. In Canada, oil rapeseeds, including B. napus L., are ad-
equate hosts for L. lineolaris (Butts & Lamb 1990) and no significant (P > 0.05)
differences occurred in nymph population densities between low and high glu-
cosinolate rapeseeds, even though glucosinolates were believed to be feeding de-
terrents.

Thrips are pests on crucifers, particularly Brassica spp. (Hill 1987). Adult
thrips may cause speckling of foliage, distortion of leaves and flower distortion,
and reduction in seedling growth and crop yield. Cabbage thrips, Thrips angus-
ticeps Uzel, and onion thrips, T. tabaci Lind. (Thysanoptera: Thripidae), are con-
sidered minor pest species of crucifers. Also, species in the genus Frankliniella
are cosmopolitan polyphagous species that occur on Brassica species. The extent
of plant bug and thrips infestations on this new crop in Tennessee is unknown. It
is possible that rapeseed may serve as an early-season host for these pests prior
to their movement into other agronomic crops (e.g., cotton and soybeans) in West
Tennessee. Therefore, a 2-yr study was initiated in 1990 to determine the sea-
sonal occurrence and abundance of plant bugs and thrips on rapeseed.

Materials and Methods

Plant bugs and thrips were monitored in seven (1990) and eight (1991) com-
mercial rapeseed fields in West Tennessee. Each field was planted between late
September and early October of the previous year with high erucic acid rapeseed
for oil production. In 1990, fields (numbers in parentheses indicate designated
field numbers) in Fayette (1), Haywood (2,3), and Lake (4–7) counties were
sampled weekly from 7 April to 4 June. In 1991, four fields each in Henry (8–11)
and Lake (12–15) counties were sampled from 10 April to 4 June. The growth
stage of rapeseed in each field on each sampling date was recorded using the
growth key for Brassica campestris L. and B. napus L. (Harper & Berkenkamp
1975).

A sweep net (38 cm) was used to collect plant bugs and thrips. The sweep net
was chosen as the sampling method because of its convenience and ability to
collect sparsely dispersed species (Southwood 1966). Use of the sweep net is one
of three methods of tarnished plant bug population assessment in cotton (Johnson
et al. 1996). Blickenstaff & Huggans (1962) utilized a standard sweep net to
sample soybean arthropods, the most abundant of which was the soybean thrips,
Neohydatothrips variabilis (Beach). Irwin & Yeargan (1980) discussed more de-
tailed sampling methods for determining the population dynamics of
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thrips on soybean leaves which did not seem appropriate for these studies because
of crop type and sampling program (extensive vs. intensive). A sample consisted
of 50 180°-sweeps taken randomly at each of four locations in each field on each
sampling date. Samples were placed individually into cardboard containers (3.78
liter) with a paper towel saturated with 95% ethyl acetate. Samples were taken
to the laboratory where insects were hand separated from plant material and
placed into vials (20 ml) containing 90% ethyl alcohol. Samples were later sorted,
and specimens were identified, counted, and returned to vials containing 70%
ethyl alcohol.

Voucher specimens were placed at the West Tennessee Experiment Station,
Jackson, Tennessee, and in The University of Tennessee Insect Museum located
on the Agriculture Campus, The University of Tennessee, Knoxville.

Results and Discussion

Tarnished Plant Bug. Nine hemipteran species were collected and L. lin-
eolaris was most abundant(>95%). Adults were first collected from 5 of 7 fields on
7 April 1990, and from all 8 fields on 10 April 1991. Nymphs were first collected
on 20 April 1990 and on 17 April 1991. Both adults and nymphs were observed on
buds, flowers, and developing seedpods. The total number of adults (3734) and
nymphs (1762) collected in 1991 was 6.3 and 15.7 times greater, respectively,
than the number of adults (598) and nymphs (112) collected in 1990. In Lake
County, where fields were sampled both years, the total number of adults (1186)
and nymphs (735) collected in 1991 was approximately 4.9 and 28.3 times greater,
respectively, than in 1990. Temperatures in December 1989 averaged nine de-
grees below normal and dropped to minus 22°C two consecutive nights. Tempera-
tures in the winter of 1990–91 were above normal. The severe cold of December
1989 may have killed many overwintering adults and nymphs.

In 1990, the greatest number of adults collected in a uniform field (one which
had few weeds) were collected in field 1 (Fig. 1A). Adult densities were highest on
7 May as rapeseed was beginning to ripen. Adults were collected throughout the
ripening stage, but adult numbers declined as pods and seeds ripened.

Nymphal seasonal mean numbers (27.4 per 50 sweeps) were smaller than
adult mean numbers (115.7 per 50 sweeps) in all fields sampled in 1990. In field
1, nymphal numbers were greatest on the last sampling date (4 June), when
rapeseed pods were fully ripened and beginning to shatter. In fields 2–7, highest
adult numbers ranged from 2.3 to 16.3 per 50 sweeps. Adult numbers (mean of
16.3 per 50 sweeps) in field 2 were greater than in field 1; however, field 2 had
poor stand establishment that allowed competition from several weed species.
This diversity of weed species made it difficult to determine the extent of L.
lineolaris infestation on rapeseed. Adult densities did not increase until pods
began to ripen, and adults were still in the fields on the last sampling date (4
June). Nymphal numbers in fields 3–7 were low, with the highest nymphal num-
ber at 1.5 per 50 sweeps.

In 1991, adult numbers (mean of 113 per 50 sweeps) were greatest in field 11
(Fig. 1B) on 14 May, and 3 wk later the nymphal population peaked (mean of 24
per 50 sweeps) as rapeseed was ready for harvest. Fields 8–10 in Henry County
had greatest adult numbers that ranged from 48 to 69 per 50 sweeps, and greatest
nymphal numbers that ranged from 19 to 30 per 50 sweeps. In Lake County, the
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greatest adult number (48 per 50 sweeps) was in field 14, with greatest numbers
in fields 12, 13, and 15 that ranged from 19 to 24 adults per 50 sweeps. Nymphal
densities ranged from 8.3 to 24 per 50 sweeps.

In 1990, adult numbers were greatest most frequently throughout the ripening
stage, with 42.9% of the peaks (n 4 7) synchronized with initiation of ripening. In
1991, adult densities were highest most frequently during ripening (stages 5.1 to
5.5). In 1990, nymphal numbers were greatest throughout the ripening stage, but
71.4% of the peaks (n 4 7) occurred at stage 5.5, and in 1991, nymphal numbers
again were greatest (n 4 5) most frequently during the ripening stage. Adult
densities were highest in four of eight fields during stage 5.4, while nymphal
populations peaked in 87.5% of the fields during stage 5.5.

Thrips. Three thrips species (flower thrips, tobacco thrips, and soybean
thrips, were collected from rapeseed. Adult thrips frequently feed on pollen to
supply protein for adult fertility, egg production and larval growth (Kirk 1984).
Both alate and apterous thrips were collected from flower heads and later on
developing pods. Flower thrips was the most abundant species collected (87.8 and
97.9%) in 1990 and 1991, respectively. The second most abundant species col-
lected (11.0 and 2.1%) in 1990 and 1991, respectively, was the tobacco thrips.
Soybean thrips were infrequently collected in 1990 and none were collected in
1991. Visual observations detected no damage to infested plants in 1990 or 1991.

In 1990, flower thrips were initially collected from 7 to 27 April. In 1991, they
were first collected in all fields on 11 April. Tobacco thrips, however, were col-
lected initially on 7 April 1990 in only one field and in the remaining fields from
7 to 28 May. In 1991, tobacco thrips were collected initially in different fields from
10 to 24 April.

Fig. 1. Infestation of the tarnished plant bug (TPB) on rapeseed, (A) field 1 in
1990 and (B) field 11 during 1991. Arrows indicate when flowering was
completed.
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Flower thrips densities were highest (mean of 457 per 50 sweeps) in 1990 in
Haywood County on 14 May in field 3 (Fig. 2), 2 wk after flowering was complete.
In Lake County, highest flower thrips densities (mean of 149 per 50 sweeps)
occurred on 22 May in field 5 (Fig. 3A), where rapeseed did not complete flowering
until 14 May and maturity was delayed 2 wk. Field to field variability is illus-
trated in Fig. 3A. Flower thrips peak densities were lower and occurred earlier in
fields 6 and 7 than in field 5.

In 1991, flower thrips numbers were greatest (mean of 963 per 50 sweeps) in
Lake County on 17 April in field 12 (Fig. 3B). Other fields in the county had peak
densities of 613, 606 and 383 per 50 sweeps. In Henry County, the highest flower
thrips density (134 per 50 sweeps) occurred on 24 April in field 8. This peak
occurred 1 wk after peak flowering (17 April), and after flowering was complete
(30 April), the flower thrips populations began to decline rapidly. The occurrence
of population peaks almost one month earlier in 1991 was probably due to the
milder winter of 1990–1991. The maximum numbers of flower thrips were lower
in fields 9–11, ranging from a mean of 44.3 to 57.3 per 50 sweeps.

In 1991 in Lake County, the total number of flower thrips collected (28,708)
was nine times greater than the total number collected (3128) in 1990. We believe
this reduction was due to the severe winter of 1989–1990.

In 1990, tobacco thrips numbers were highest on 28 May in field 3 (Fig. 2).
Tobacco thrips were rarely collected in Lake County and the highest mean num-
ber was 0.5 per 50 sweeps. In 1991, tobacco thrips numbers were greatest (mean
of 9.8 per 50 sweeps) in Henry County on 22 May in field 8. This period of
abundance occurred approximately one month later than the flower thrips peak
in Henry County. The greatest number of tobacco thrips (mean of 3.8 per 50
sweeps) in Lake County occurred on 30 April in field 15.

Fig. 2. Seasonal incidence of flower and tobacco thrips on rapeseed, field 3, 1990.
Arrow indicates when flowering was completed.
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In 1990, flower thrips densities were highest most frequently during the rip-
ening stage, with 57.1% of the peaks occurring at ripening initiation (stage 5.1).
Tobacco thrips numbers were too low to observe any population trends. Flower
thrips numbers peaked earlier in 1991 than in 1990. In 1991, flower thrips den-
sities were greatest 62.5% of the time during the flowering stage, as compared to
14.3% of the time in 1990. Tobacco thrips densities reached highest levels later
than did flower thrips densities, when 75% of the populations peaked during the
5.4 or 5.5 stage.

Because tarnished plant bug nymphs were collected during this study, we
believe that L. lineolaris may utilize rapeseed as an early-season host in West
Tennessee. Before 1980, the southeastern United States had a small hectarage of
early-season cultivated hosts that could sustain large populations of L. lineolaris
(Fleischer & Gaylor 1987). Because the tarnished plant bug is a multivoltine,
polyphagous species, populations may increase on rapeseed and migrate into
nearby cotton fields.

Later developmental stages (e.g., 4th and 5th instars, adults) cause the most
injury to developing fruiting structures (Gutierrez et al. 1977). In cotton fields, L.
lineolaris feeding can cause spotting, malformity, and shedding of squares (flower
buds) and bolls thus reducing yields and discoloring cotton lint (Tugwell et al.
1976). Approximately 60 days transpires from cotton planting (15 April) to first
square formation (Smith & Falcon 1973). Adult L. lineolaris may migrate from
harvested rapeseed onto cotton and thereby increase the risk of cotton square
damage.

The importance of thrips to rapeseed during late flowering and ripening stages
is probably minimal; however, rapeseed also may act as an early-season host of
thrips for later infestations of other crops. West Tennessee is an important cotton-

Fig. 3. Seasonal incidence of flower thrips on rapeseed, (A) fields 5–7 in 1990 and
(B) fields 12, 14, and 15 during 1991.
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growing region, and thrips can severely damage cotton seedlings (wrinkled, dis-
torted leaves, stunting and possible killing of seedlings) (Eddy & Livingstone
1931). Cotton seedlings emerge 10 days after planting (15 April) making them
very susceptible to thrips migrating from rapeseed as flowering terminates (ap-
proximately 30 April). Further research is needed to accurately predict the move-
ment of both the tarnished plant bug and thrips species from rapeseed to cotton.
Also, economic thresholds need to be defined for L. lineolaris on rapeseed. Clearly,
the introduction of this cultivated spring host of the tarnished plant bug and
thrips species into cotton ecosystems in the southeastern U.S. will present unique
challenges to integrated pest management researchers, extension specialists and
growers.
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ABSTRACT Mycoinsecticide agents may be appealing alternatives to
chemical insecticides for silverleaf whitefly Bemisia argentifolii Bellows and
Perring, n. Sp. management on poinsettias (Euphorbia pulcherrima willd. ex
Koltz) in the greenhouse. The efficacy of two mycoinsecticides containing Beau-
veria bassiana (Balsamo) Vuillemin were tested against the silverleaf whitefly
in greenhouse studies. An oil emulsion and wettable powder formulation of B.
bassiana did have a significant, though not acceptable, effect on the silverleaf
whitefly. The F1 nymphal populations were reduced to significantly lower lev-
els (18–36 nymphs per leaf) when an oil emulsion of B. bassiana was applied
over a three week period. A wettable powder formulation was applied over a
two week period to reduce F1 nymphal populations to significantly lower levels
(21–24 nymphs per leaf). Both of the mycoinsecticide formulations maintained
the F2 nymphal populations at significantly lower levels (16–76 nymphs per
leaf). The oil emulsion and wettable powder formulation significantly reduced
F1 (4—11 adults per leaf) and F2 (3–7 adults per leaf) adult emergence com-
pared with the untreated population. The mycoinsecticides did not appear to
have a residual effect, and as a result, the second generation whitefly popula-
tions increased to unacceptable levels.

KEY WORDS Bemisia argentifolii, silverleaf whitefly, Homoptera, Aley-
rodidae, biological control, greenhouse ornamentals, microbials, entomopatho-
genic fungi

Poinsettia (Euphorbia pulcherrima willd. ex Koltz) is a primary ornamental
host for the silverleaf whitefly Bemisia argentifolii Bellows and Perring, n. Sp.
(Perring et al. 1993, Bellows et al. 1994). Throughout the United States, where
this crop is produced, whitefly outbreaks usually occur to varying degrees, and
may include serious infestations (Price et al. 1987, Byrne et al. 1990, Gill 1992).
The slightest feeding damage reduces the value of the crop, and only very low
densities of 0.3–0.7 nymphs per square centimeter or the presence of a small
amount of honeydew or sooty mold are tolerated (Heinz & Parrella 1994). Poin-
settia producers rely on broad-spectrum insecticides to maintain silverleaf white-
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fly at or below the threshold level. However, this is very difficult to achieve
because poinsettias can be reinfested from other host plants. Bemisia argentifolii
has overlapping generations because of the shortened generation time under ideal
temperatures in the greenhouse. Silverleaf whiteflies also occupy the underside of
leaves where they are difficult to reach with insecticide sprays (McHugh 1991).
Finally, this pest has developed resistance to a number of insecticide compounds
used in floriculture production (McHugh 1991). The difficulties in managing the
silverleaf whitefly by using chemical insecticides, coupled with increased con-
cerns for environmental and worker safety, clearly show the need to develop
alternative pest management systems that reduce the reliance on synthetic
chemicals for B. argentifolii management.

Previous research has shown that alternative tactics are available, including
biological control (Hall & Burges 1979; Michael 1991; Parrella et al. 1991, 1992;
Heinz & Parrella 1994; Ellis 1995). Biological control is an environmentally ac-
ceptable tool and poinsettia production appears to be well suited to this form of
pest management (Helgeson & Tauber 1974, Heinz & Parrella 1994). Entire
greenhouses are usually devoted to producing poinsettias during the months of
August through December. Whitefly infestation, or reinfestation, from other host
crops would be minimized under this single-crop system. Thus, the whitefly
population would occur later and build up slower on the poinsettia crop. As a
result, biological control may be effective at managing whitefly populations at an
acceptable level. Since whiteflies are the primary insect pest on poinsettias, prob-
lems associated with incompatibility of biological control agents with insecticides
for other insects would be minimized or eliminated (Heinz & Parrella 1994).

Mycoinsecticides (bioinsecticides) are an appealing alternative pest manage-
ment tool for several reasons. These insecticides can be applied using traditional
spray equipment. The use of mycoinsecticides would reduce the use of synthetic
chemical insecticides in the floricultural industry. Bioinsecticides have low mam-
malian toxicity, thus reducing the reentry interval after application. Mycoinsec-
ticides are compatible with many other biological control organisms; therefore,
they would be suitable in integrated pest management (IPM) systems (Goettel et
al. 1990). In addition, many microbial agents can have an impact on numerous
arthropod species, in soil and on plant foliage, and this suppresses a wide range
of insect pests on the crop. Because the mycoinsecticides containing Beauveria
bassiana (Balsamo) Vuillemin are commercially available, our objective was to
examine its potential use for silverleaf whitefly management on poinsettia grown
in the greenhouse.

Materials and Methods

Poinsettia plants, infested with silverleaf whitefly, were treated with two for-
mulations of B. bassiana in the greenhouse (Georgia Mountain Station, Blairs-
ville, Georgia); an oil emulsion and a wettable powder + wetting agent. Each was
used in a separate experiment to determine their potential use for whitefly man-
agement. Rooted poinsettia cuttings were potted individually into 15-cm round
pots for each experiment, on 10 August 1995. Each treatment consisted of 12 pots
(4 rows of 3 pots each) in each of 3 replications. Plants were maintained on raised
benches and checked daily and watered as needed. Fertilizer dilutions (20—
10—20, ppm nitrogen-phosphorus-potassium) were applied once per week with
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watering. Two-week-old plants were pinched back to five nodes. When breaks
between nodes were 2.5 cm, plants were treated with a plant growth regulator
(Bonzit, 25 ppm [Paclobutrazol, Uniroyal Chemical Co., Middlebury, Connecti-
cut]) to ensure uniform growth among the experimental plants. Two data loggers,
one for temperature and one for relative humidity were placed in a ventilated
cardboard box on a bench in the center of the greenhouse. The average daily
temperature in the greenhouse was 24.2°C, with a range of 17.5–32°C. The av-
erage daily relative humidity was 70.2%, with a range of 33.5–90%.

Four-week-old poinsettias were inoculated with silverleaf whitefly adults by
shaking infested poinsettias among the experimental plants. We used whiteflies
from our colony maintained on poinsettias in research greenhouses. A population
precount was made, followed by the first application, one week after infestation of
whiteflies. Whitefly populations were estimated by counting the total number of
immatures and adults on the underside of a leaf with the aid of 2× magnification.
Whiteflies were counted on the underside of five leaves from the middle of the
plants. The middle two rows per experimental treatment were used for population
estimates. Populations estimates were taken 7 d after the first application and at
7-d intervals for 7 consecutive weeks. The oil emulsion (Naturalist -O [Beauveria
bassiana, JW-1, 2.3 × 107 spores per milliliter of product] (Troy Biosciences, Inc.,
Phoenix, Arizona)) was applied at labeled rates of 0, 9.8, 19.5, or 29.6 ml/l of H20
(0, 2.3, 4.5, and 6.8 × 108 spores/l, respectively). In a second experiment a wettable
powder formulation (Mycotrol™ WP [Beauveria bassiana, Mycotech strain GHA,
2 × 1010 spores per gram of product] (Mycotech Corporation, Butte, Montana))
was applied at labeled rates of 0, 0.53, 1.05, or 2.1 g/liter of H2O (0, 1.1, 2.1, and
4.2 × 1010 spores/l, respectively) plus wetting agent (Silwet, 0.02% [Loveland
Industries, Inc., Greeley, Colorado]), or wetting agent only. Whitefly populations
can be reduced by oil treatments (Liu & Stansly 1995), but an oil only treatment
was not conducted because it was not available as a separate ingredient. All
treatments were applied to runoff, making sure the undersides of leaves were
coated, by using a compressed air sprayer with a solid cone nozzle and maintained
at 240 kPa. Weekly applications were made for 5 wk. To avoid spore contamina-
tion among the treatments, the treatments were arranged according to the air
current in the greenhouse. The check was first and progressively higher rates
next with air flow across the greenhouse.

Mycotrol™ WP was tested for quantification of spore density and viability. At
the first application, glass cover slips (15 cm diameter) were attached, using a
small paper clip, to the under side of the leaves in each treatment. Leaves were
also removed from plants in each treatment after the first application. The cover
slips had 1,242 spores per mm2, and leaf disks had 2,000 spores per mm2. The
spore viability was 97%. Quantification of spore density and viability were not
determined for Naturalist -O. Fresh material was used in this study. In other
research that we have conducted using Naturalist -O, potato dextrose agar
plates placed among the experimental plants, prior to application, were covered
with B. bassiana mycelia within 4 days after application.

The data were analyzed as a randomized complete block design by analysis of
variance (ANOVA) using SAS general linear model (PROC GLM). The least sig-
nificant difference (LSD) of means were computed at a 4 0.05 level (SAS Institute
1990).
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Results

The densities of whitefly populations (adults, 0.1 per leaf; nymphs, 0.4–0.6 per
leaf) were not significantly different among the plants prior to treatment appli-
cations (Fig. 1A, B; 2A, B). Two generations of whiteflies developed during the
experiments. First generation nymphs were present through the 4th sample pe-
riod (Fig. 1A and B). The F2 nymphal populations were observed during the last
three sample periods. The F1 adult whiteflies were recorded during sample peri-
ods 3 through 6 (Fig. 2A and B). Adults sampled during weeks 1 and 2 were the
released population. Second-generation adults began to emerge during week 7
(Fig. 2A and B).

The populations of F1 nymphs increased through the 3rd sample period and
then sharply declined during the 4th week in both mycoinsecticide experiments
(Fig 1A and B). The oil emulsion was applied over a period of 3 wk before the F1

populations were reduced to significantly (F 4 13.5; df 4 3,60; P 4 0.0001) lower
levels compared with the control population (Fig. 1A). The wettable powder for-
mulation was applied over only a 2-wk period before the F1 nymph populations
were maintained at significantly (F 4 20.0; df 4 3, 60; P 4 0.0001) lower levels
compared with the control population (Fig. 1B). The F2 nymph populations began
to appear between the 4th and 5th sample periods and population levels contin-
ued to increase through the last sample period (Fig. 1A and B). Both of the
formulations maintained the F2 nymph populations at significantly (oil emulsion
- F 4 53.5; df 4 3, 60; P 4 0.0001; wettable powder- F 4 29.42; df 4 3, 60; P 4
0.0001) lower levels compared with the control population. The wetting agent had
a significant impact on only the F2 nymph population (Fig. 1B). This population
was significantly lower when compared with the control population, but not when
compared to the nymph populations treated with the wettable powder formula-
tion.

Adult emergence was substantially higher during the early phase of the F1

generation and then steadily declined through sample period 6 (Fig. 2A and B).
During this period, significantly (oil emulsion - F 4 11.5; df 4 3, 60; P 4 0.0001;
wettable powder - F 4 16.9; df 4 3, 60; P 4 0.0001) fewer adults emerged when
either mycoinsecticide formulation was used compared with the water only treat-
ment. Also, emergence of F2 adults was significantly (oil emulsion - F 4 14.2; df
4 3, 60; P 4 0.0001, wettable powder- F 4 2.5; df 4 3, 60; P 4 0.018) lower when
either formulation was applied to poinsettias compared with the control popula-
tion. The wetting agent did significantly reduce emergence of F1 and F2 adults
compared with the control populations (Fig. 2A and B). Adult emergence was
significantly different between the mycoinsecticide and wetting agent treatments
only during the 3rd (F 4 23.4; df 4 3, 60; P 4 0.0001) through 5th (F 4 16.8; df
4 3, 60; P 4 0.0001) sample periods (Fig. 2B).

Discussion

The use of microbial insecticides would reduce the risks of environmental and
mammalian toxicity, incompatibility with other biological control organisms, and
development of insecticide resistance, all of which are associated with the use of
chemical insecticides. Therefore, mycoinsecticides are ideal components in IPM
programs for floricultural production systems. However, the use of mycoinsecti-
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cides is limited because they provide inconsistent control of their target hosts. In
our study, three weekly applications of the oil emulsion and two of the wettable
powder formulation were necessary to reduce the F1 nymph populations to levels
that were significantly lower than the untreated populations. The F1 adult popu-
lation levels also were significantly lower when either mycoinsecticide formula-
tion was used, but three weekly applications were made before emergence oc-
curred. These first-generation nymphal and adult populations were above levels
acceptable (<1 per leal) for silverleaf whitefly (Heinz & Parrella 1994). The F2

nymphal populations were initially controlled at acceptable densities when either
mycoinsecticide formulation was used. However, neither formulation resulted in
a residual effect, and the nymphal populations increased to unacceptable levels 2
wk after the last applications.

A few factors may have accounted for the apparent ineffectiveness of B. bassi-
ana against the silverleaf whitefly. For B. bassiana to be an acceptable manage-
ment tool, the mycoinsecticide would have to be applied when B. argentifolii first
enters the greenhouse to maintain this pest at very low levels. In our experi-
ments, whiteflies were artificially infested onto poinsettias, resulting in an even
distribution of whiteflies throughout the greenhouse; therefore, a rapid increase
in population levels during the early sample periods.

Fig. 1. The effect of B. bassiana on silverleaf whitefly nymphs. (A) Results from
the experiment with the oil formulation, (B) Results from the experiment
with the wettable formulation. Bars with different letter(s) denote a sig-
nificant difference between treatment means. Ctl, control; Wt. ag, wet-
ting agent; prct, precount (base population level prior to treatment ap-
plications).
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The degree of exposure of the whitefly to the fungal spores may have been low.
The mycoinsecticides were applied once per week for five consecutive weeks. This
treatment schedule may not have resulted in sufficient pathogen spores on the
whiteflies to get good infectivity during the early part of the crop production cycle.
An application schedule of twice per week, throughout the treatment period,
would result in more individuals being contacted with viable fungal spores more
often. In addition, two applications a week would increase the chances of spores
being applied when environmental conditions (relative humidity and leaf surface
moisture) are optimal. The plants were placed in experimental groups with over
a meter between treatments. This could result in a microclimate around the
plants where the relative humidity is much lower than in a commercial produc-
tion house.

Beauveria bassiana did have a significant, though not acceptable, effect on the
silverleaf whitefly. An IPM approach that incorporates other natural enemies or
soft insecticide, such as insect growth regulators, with B. bassiana may be a
viable alternative to reducing the use of chemical insecticides for B. argentifolii
management on poinsettia (Olson & Oetting 1999). Further investigation into the
potential of this IPM strategy for silverleaf whitefly management is necessary.

Fig. 2. The effect of B. bassiana on silverleaf whitefly adults. (A) Results from the
experiment with the oil formulation, (B) Results from the experiment
with the wettable formulation. Bars with different letter(s) denote a sig-
nificant difference between treatment means. Ctl, control; Wt. ag, wet-
ting agent; prct, precount (base population level prior to treatment ap-
plications).
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Relative Potency of Selected Nuclear Polyhedrosis
Viruses Against Five Species of Lepidoptera1,2
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J. Agric. Urban Entomol. 16(3): 187–196 (July 1999)
ABSTRACT The potencies of two or three nuclear polyhedrosis viruses
(NPVs), selected from among those of alfalfa looper, Anagrapha falcifera
(Kirby), AfMNPV; celery looper, Autographa californica (Speyer), AcMNPV;
corn earworm, Helicoverpa zea (Boddie), HzSNPV; and beet armyworm,
Spodoptera exigua (Hübner), SeMNPV, were compared in side-by-side bioas-
says against five insect species. Each insect species was tested at a different
time, but, for each species all viruses were tested at the same time. Against the
corn earworm, HzSNPV was the most potent; AcMNPV, the least potent; and
AfMNPV, intermediate in potency. AcMNPV, AfMNPV, and HzSNPV were of
similar and high potency against the tobacco budworm, Heliothis virescens (F.).
SeMNPV was more potent than either AcMNPV or AfMNPV against the beet
armyworm. AcMNPV and AfMNPV were of similar low potency against the fall
armyworm, Spodoptera frugiperda (J. E. Smith). AcMNPV was more potent
than AfMNPV against the diamondback moth, Plutella xylostella (L.). Among
dosages that were included for more than one virus against the same insect
species, no significant differences between viruses in speed of kill were seen.
Increasing virus dosage slightly increased speed of kill for HzSNPV against H.
zea and for AfMNPV against S. frugiperda, but had no significant effect on
speed of kill for other virus/insect combinations. These results should be useful
both in the selection of natural virus strains for use against particular pests,
and in the selection of viruses as candidates for genetic engineering to improve
their speed of action.

KEY WORDS Helicoverpa zea, Heliothis virescens, Lepidoptera, Noctuidae,
Nuclear polyhedrosis virus, Plutellidae, Plutella xylostella, potency,
Spodoptera exigua, Spodoptera frugiperda

Nuclear polyhedrosis viruses (NPVs) are a large group of viruses in the family
Baculoviridae that includes many important pathogens of pest insects. Over the
past two or three decades, much research has been conducted on NPVs with the
aim of utilizing them as pest control agents (reviewed by Adams & McClintock
1991). Recently, the advent of NPVs that have been genetically engineered to kill

1Accepted for publication 30 June 1999.
2This article reports results of research only. Mention of a proprietary product does not constitute an
endorsement or a recommendation by USDA for its use.

3Present address: BioManage Services, 2229 Countryside Dr., Silver Spring, Maryland 20905-4520.

187

Prod. #



insects faster (reviewed by Bonning & Hammock 1996) has prompted renewed
interest in NPVs as biological control agents. A thorough understanding of the
interactions of NPVs with their insect hosts can facilitate their development as
biocontrol agents. Among the most basic information is the question of potency;
i.e., how much NPV must be ingested in order cause mortality?

While many NPVs are specific to one or a few closely related host species
(McIntosh & Grasela 1994), some NPVs can infect a number of different host
species. Notable among these are the NPV of the alfalfa looper, Autographa cali-
fornica (Speyer), AcMNPV, with at least 30 host species (Vail & Jay 1973, Gröner
1986, Adams & McClintock 1991), and that of the celery looper, Anagrapha fal-
cifera (Kirby), AfMNPV, with at least 31 host species (Hostetter & Puttler 1991,
Vail et al. 1993). Chen et al. (1996) showed that AfMNPV and AcMNPV are very
closely related. However, reported differences in potency (Hostetter & Puttler
1991) indicate that field use patterns of these two viruses could differ, and so both
viruses need to be evaluated. The NPVs of the corn earworm, Helicoverpa zea
(Boddie), HzSNPV, and the beet armyworm, Spodoptera exigua (Hübner),
SeMNPV, are more host specific than are AcMNPV and AfMNPV. HzSNPV has
been shown to infect only a few species in the related genera Helicoverpa and
Heliothis (reviewed by Ignoffo & Couch 1981; Gröner 1986). SeMNPV was tested
against 10 alternate lepidopterous hosts and found not to be infectious (Vlak et al.
1981). Gelernter & Federici (1986) found no mortality in tests of SeMNPV against
the fall armyworm, Spodoptera frugiperda (J. E. Smith); tobacco budworm, He-
liothis virescens (F.); and cabbage looper, Trichoplusia ni (Hübner).

A considerable body of data comparing the potency of a single NPV, often
AcMNPV, against several insect species has been published (reviewed by Gröner
1986; Adams & McClintock 1991). However, relatively few data have been pub-
lished comparing the potencies of two or more NPVs against the same insect
species. Among the data that have been published are those of: Vail et al. (1971),
Ignoffo & Garcia (1979), Teakle (1979), Ignoffo et al. (1983), Hostetter & Puttler
(1991), and Shapiro & Vaughn (1995). Several wild type NPVs are currently
under commercial development, or are possible candidates for commercialization
as biopesticides, including AcMNPV, AfMNPV, HzSNPV and SeMNPV. Com-
parative potency data are needed to evaluate their potential use patterns. While
the studies cited above included some of these viruses, they did not include some
potentially important comparisons. The study reported herein was undertaken to
extend comparative data on AcMNPV and AfMNPV to include HzSNPV and
SeMNPV, and some insects for which comparative potency data had not been
published, including the beet armyworm, fall armyworm, and diamondback moth,
Plutella xylostella (L.). The AcMNPV included in this study had been passaged in
diamondback moth larvae, which has been reported to increase the virulence of
the virus to the diamondback moth, but not to reduce virulence against other
hosts (Kolodny-Hirsch & van Beek 1997). Recently, Grewal et al. (1998) published
data on many of the same comparisons as the present study. However, they used
a diet-incorporation technique in which dosages are unknown, reported survival
time data only for H. zea, and did not include AcMNPV against H. zea and H.
virescens. Reported data are intended to aid in the selection of natural strains of
NPVs for use in given crop/pest situations and in the selection of NPVs as can-
didates for genetic engineering to improve their efficacy.
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Materials and Methods

Viruses, insects, and plants. All viruses, including AfMNPV (lot
Af052595), AcMNPV (lot PA012695), SeMNPV (lot QS 9501) and HzSNPV (lot
35004) were obtained from biosys (now Thermo Trilogy Corp.; Columbia, Mary-
land). All viruses were obtained as liquid suspensions, except AfMNPV, which
was freeze dried. The reported concentrations of occlusion bodies (OB) were 1.97
× 1011 OB/g, 4.90 × 108 OB/ml, 2.00 × 109 OB/ml, and 2.00 × 109 OB/ml for
AfMNPV, AcMNPV, SeMNPV, and HzSNPV, respectively. Virus stocks were re-
frigerated at 5° C until needed.

All insects were obtained from stock cultures (corn earworm, beet armyworm,
and fall armyworm, Insect Biology and Population Management Research Labo-
ratory, USDA-ARS, Tifton, Georgia; tobacco budworm, Southern Insect Manage-
ment Laboratory, USDA-ARS, Stoneville, Mississippi; diamondback moth, Insect
Biocontrol Laboratory, USDA-ARS, Beltsville, Maryland). All insects were
reared, before and after virus treatment, on artificial diet (diamondback moth,
Shelton et al. [1991]; other species, King & Hartley [1985]).

Host plants were snap bean, Phaseolus vulgaris L., cv ‘Roma II’, for the corn
earworm, tobacco budworm, and fall armyworm; collard, Brassica oleracea L.
(Acephala group), cv. ‘Vates’, for the beet armyworm, and turnip, Brassica napus
L., cv. ‘Seven Top’ for the diamondback moth. While diamondback moth larvae
feed readily on either collard or turnip foliage, turnip was chosen because its
leaves are thinner; the larvae thus do not mine them, and they will usually eat a
6 mm diameter disk in 48 h (see below). Plants were grown in a greenhouse using
a commercial potting medium (Pro Mixt, Premier Brands, Inc., Red Hill, Penn-
sylvania) with a temperature of 24 ± 3° C, a photoperiod supplemented to 16:8
(L:D) h by low-pressure sodium vapor lamps, and weekly fertilization (Peters
Professional 20-20-20, Grace-Sierra, Milpitas, California), and were 4 to 5 wk old
when used.

Bioassays. Aqueous suspensions of each virus were prepared by mixing mea-
sured amounts of virus stocks with a 0.01% solution of Triton X-155t (Union
Carbide, Danbury, Connecticut) in a small blender. A hemacytometer viewed
under 400× magnification was used to determine the concentration of occlusion
bodies (OB) in each suspension. Few clumps of OBs larger than 2 or 3 OBs were
observed. To compensate for any measurement errors in preparation of the sus-
pensions, further dilutions were calculated based on values from our counts,
rather than on reported concentrations. Five serial dilutions of each suspension
were then made (see below for specific concentrations). Aliquots of 2 ml each were
pipetted onto leaf disks (6 mm diameter) and allowed to dry. Each leaf disk was
placed on a disk (1 cm) of moist filter paper in a cell of a plastic bioassay tray
(BIO-BA 128©, CD International, Pitman, New Jersey). One late first instar
(showing head capsule slippage) to early second instar was placed in each cell.
Cells were then covered with ventilated clear plastic covers. Thirty-two larvae
were placed on foliage treated with each of the five doses of each virus, plus a
control (0.01% Triton X-155 only). Larvae were held at 27° C for 48 h. Each larva
that consumed the entire disk, and thus 100% of its virus dose, by 48 h was
transferred to a new bioassay tray filled with artificial diet; other larvae were
discarded. Spreading consumption of a NPV over as much as 48 h, rather than
administering all at once, should not greatly influence activity against insects
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(Milks 1997). The number of larvae consuming 100% of their leaf disks is given in
Table 1. Larvae were held on diet at 27° C for 8 additional days, except for those
of the diamondback moth, which were held for 12 additional days (10 or 14 d
total). Mortality was recorded daily. Preliminary observations indicated little or
no additional virus-induced mortality after these intervals. Larvae that were still
alive at the end of the test were thus assumed to be uninfected, or, at least, would
not develop acute infections, which are usually the goal of using NPVs as biocon-
trol agents. Most surviving beet armyworms and diamondback moths pupated by
the end of the test.

Dosages were based on previous tests of AfMNPV (Farrar & Ridgway 1997) or
on preliminary tests. Viruses tested (at indicated dosages) against each species
included: corn earworm, AfMNPV (10 to 150 OB per larva), AcMNPV (50 to 5,000
OB per larva) and HzSNPV (1 to 30 OB per larva); tobacco budworm, AfMNPV,
AcMNPV (both 1 to 150 OB per larva), and HzSNPV (1 to 30 OB per larva); beet
armyworm, AfMNPV, AcMNPV (both 60 to 3,320 OB per larva), and SeMNPV (5
to 3,320 OB per larva); fall armyworm, AfMNPV and AcMNPV (both 500 to
25,000 OB per larva); and diamondback moth, AfMNPV (500 to 25,000 OB per
larva) and AcMNPV (50 to 25,000 OB per larva). Tests of each insect species were
replicated 3–4 times, with 32 larvae being offered disks treated with each dosage
per replicate. Dosages were adjusted slightly between replicates to obtain more
reliable estimates of dosage-mortality relationships. Each insect species was
tested at a different time, but, for each species, all viruses were tested at the same
time.

Dosages were transformed logarithmically. Probit analysis (PROC PROBIT,
SAS Institute, 1988) was then used to calculate LD50 and LD95 values (OB per
larva) for each virus against each insect species. Virus treatments for each species
were separated by lack of overlap of fiducial limits.

Survival times of larvae that died of viral infections were analyzed by analysis
of variance (ANOVA, PROC MIXED) (SAS Institute, 1992) for effects of virus and
dosage. The PROC MIXED procedure is designed to analyze data in which some
effects are controlled by the researcher (fixed effects; e.g., dosage) while others are
not controlled (random effects, e.g., differences between cohorts of insects). In the
analysis of survival times, each larva that died was treated as an experimental
unit (observation). Analyses were restricted to larvae that died because those that
were alive at the end of the test yielded no useful information on how long the
virus requires to kill its host (Farrar & Ridgway 1998). Survival time of each larva
that died (days from initial feeding of virus to death) was treated as the indepen-
dent variable, with virus and dosage as fixed effects and replication as a random
effect. Data for each insect species were checked for normality and homogeneity
of variances prior to analysis. To test for differences among viruses for each insect
species, analyses were restricted to those ranges of dosages that overlapped for
more than one virus for that insect. Data on the diamondback moth were not
analyzed for differences between viruses because of non-homogeneity of vari-
ances, a violation of the assumptions of the ANOVA (Snedecor & Cochran 1967).
The effect of dosage on survival time was also evaluated separately for each virus
for each insect species, with all dosages for each combination of insect species and
virus included. Because preliminary observations seemed to indicate greater dif-
ferences in survival times among lower dosages than among higher dosages in
some tests (i.e., a nonlinear response), quadratic effects of dosage on survival
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Table 1. Results of dosage-mortality tests of selected nuclear polyhedrosis viruses against the second instars of five
species of Lepidoptera.

Species Virus Na Slope (SE) x2b LD50 (95% FL)c LD95 (95% FL)c

Helicoverpa AfMNPV 398 1.774 (0.186) 91.23 54 (45–64) 455 (307–812)
zea AcMNPV 409 0.895 (0.100) 80.00 213 (145–299) 14,622 (6,926–45,562)

HzSNPV 402 1.628 (0.154) 111.29 5 (4–6) 46 (33–75)
Heliothis AfMNPV 375 1.415 (0.162) 75.94 10 (8–12) 139 (81–323)
virescens AcMNPV 358 1.391 (0.170) 66.74 12 (10–16) 188 (101–500)

HzSNPV 379 1.392 (0.162) 73.76 8 (7–11) 129 (75–300)
Spodoptera AfMNPV 372 1.306 (0.138) 89.14 216 (163–278) 3,928 (2,395–8,104)
exigua AcMNPV 374 1.612 (0.220) 53.70 286 (175–449) 2,996 (1,459–13,034)

SeMNPV 412 1.494 (0.160) 87.01 29 (24–37) 371 (224–792)
Spodoptera AfMNPV 532 0.851 (0.096) 78.55 16,066 (10,767–27,689) 1.38 × 106 (4.57 × 105 − 7.56 × 106)
frugiperda AcMNPV 547 1.210 (0.113) 115.42 11,272 (8,610–15,668) 2.57 × 105 (1.33 × 105 − 6.56 × 105)
Plutella AfMNPV 359 1.115 (0.129) 74.44 10,508 (7,691–15,438) 3.13 × 105 (1.40 × 105 − 1.09 × 106)
xylostella AcMNPV 334 1.078 (0.108) 100.00 272 (185–385) 9,151 (5,037–21,252)

aN 4 total number of larvae that consumed 100% of the virus dose.
bP 4 0.0001 for all x2 values.
cOcclusion bodies per larva.
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time, as well as linear effects, were evaluated. A significant quadratic effect would
indicate a nonlinear response.

Because each insect species was tested at a different time, no statistical com-
parisons among species were made. Any apparent differences among species
should thus be interpreted with some caution. Within species, comparisons of
potency (i.e., LD50 and LD95 values) and of survival times within virus treatments
are the most vigorous statistically because all treatments for a given virus were
included in the analyses. Comparisons of survival times across viruses for given
insects are less vigorous because they are restricted to dosages that overlapped.
Interpretation of differences in survival times between non-overlapping dosages
should be made with caution.

Results and Discussion

Against the corn earworm, HzSNPV was the most potent of the three viruses
tested; AcMNPV, the least potent (Table 1). All three viruses tested were of
similar potency against the tobacco budworm. SeMNPV was the most potent of
the viruses tested against the beet armyworm; AcMNPV and AfMNPV were of
similar potency. AcMNPV and AfMNPV were of similar potency against the fall
armyworm, while AcMNPV was more potent than AfMNPV against the diamond-
back moth. While differences among viruses as measured by the LD95 were simi-
lar to those as measured by the LD50 (Table 1), the reader should note that most
of the LD95 values were outside of the ranges of doses tested, and therefore should
be interpreted with some caution.

Survival times of larvae that died of viral infection were unaffected (P > 0.05)
by dosage of virus for most viruses against most insects. For H. zea, mean survival
times across all dosages were 6.22 d (SE 4 0.0799), 6.47 d (SE 4 0.0725), and
4.81 (SE 4 0.0654) for AcMNPV, AfMNPV and HzSNPV, respectively. For H.
virescens, these means were 6.37 d (SE 4 0.0825), 6.17 d (SE 4 0.0719), and 5.30
d (SE 4 0.0610) for AcMNPV, AfMNPV, and HzSNPV, respectively. In the case
of S. exigua, these means were 5.52 d (SE 4 0.0389), 6.09 d (SE 4 0.0485), and
5.54 d (SE 4 0.0420) for AcMNPV, AfMNPV, and SeMNPV, respectively. In S.
frugiperda, mean survival time was 5.36 d (SE 4 0.0862) and 5.92 (SE 4 0.0749)
for AcMNPV and AfMNPV, respectively. For P. xylostella, means were 6.08 d (SE
4 0.0760) and 8.42 d (SE 4 0.2120) for AcMNPV and AfMNPV, respectively.

The only cases in which dosage affected survival times were for HzSNPV
against H. zea and for AfMNPV against S. frugiperda. For HzSNPV against H.
zea, mean survival times declined from 5.58 d (SE 4 0.4840) at a dosage of 1 OB
per larva to 4.67 d (SE 4 0.1086) at a dosage of 30 OB per larva (linear effects:
F 4 8.08; df 4 1, 245; P 4 0.0049; quadratic effects: F 4 2.60; df 4 1, 245; P 4
0.1081). For AfMNPV against S. frugiperda, mean survival times were 6.00 d (SE
4 0.2108) at 500 OB per larva (one larva died at 100 OB per larva, in 5 d),
remained relatively constant for the next two doses (6.18 d [SE 4 0.2141] at 1000
OB per larva and 6.33 d [SE 4 0.1751] at 5000 OB per larva), and declined for the
highest two doses (5.74 d [SE 4 0.1454] at 10,000 OB per larva and 5.70 d [SE 4
0.1153] at 25,000 OB per larva) (linear effects: F 4 4.21; df 4 1, 142; P 4 0.0421;
quadratic effects: F 4 4.92; df 4 1, 142; P 4 0.0282). The significant quadratic
effect reflects the lower survival time associated with the highest two doses com-
pared with the relatively higher survival time of the lowest three doses.
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Comparisons among viruses of the survival times of larvae that died were
restricted to ranges of dosages common to more than one virus for a given insect.
Within these dosages, no differences among viruses were statistically significant
(P > 0.05). A nearly significant trend to shorter survival times in beet armyworms
killed by AcMNPV than in those killed by AfMNPV (F 4 3.57; df 4 1, 488; P 4
0.0593) was seen, however. Due to non-homogeneity of variances, data on the
diamondback moth were not analyzed statistically for differences between vi-
ruses, but AcMNPV apparently killed these insects faster than did AfMNPV (6.08
d versus 8.42 d).

All species included in this study could be infected with each of the viruses
with which they were tested. However, except for tobacco budworm, the dosage of
virus required to cause mortality varied among viruses; in some cases, greatly.
Our findings that AfMNPV was of higher potency than AcMNPV against the corn
earworm, while AcMNPV and AfMNPV were of similar potencies against the
tobacco budworm, are consistent with the results of Hostetter & Puttler (1991).
However, Hostetter & Puttler (1991) did not compare these viruses with
HzSNPV, which we found to be more potent than either AfMNPV of AcMNPV
against the corn earworm, and similar to these viruses in potency against the
tobacco budworm. The relatively high potency of AcMNPV against the diamond-
back moth is consistent with Kolodny-Hirsch & van Beek (1997) for virus pas-
saged serially in this insect. The relative differences in potency among viruses
reported by Grewal et al. (1998) are generally consistent with our results, except
for S. exigua. Against this insect, we found SeMNPV to be about 7 and 10-fold
more potent than AfMNPV and AcMNPV, respectively, while Grewal et al. (1998)
found no significant differences among these viruses. Grewal et al. (1998) also
reported faster kill of H. zea by HzSNPV than by AfMNPV, whereas we found
only a nonsignificant trend. However, Grewal et al. (1998) do not give sufficient
details on the statistical methods used for this analysis to fully evaluate this
result (Farrar & Ridgway 1998).

Because different insect species were tested at different times, direct statisti-
cal comparisons of virus potency against different species should not be made.
However, given the large differences that we found, some broad inferences can be
made. AcMNPV and AfMNPV are both active against a relatively wide range of
insect species (Gröner 1986, Adams & McClintock 1991, Hostetter & Puttler
1991). Our data, like previous reports, however, indicate that these two viruses
would not be useful against the same pest complexes. For example, our data are
consistent with previous reports (Vail et al. 1978, Vail & Collier 1982) showing
that the corn earworm is less susceptible than the tobacco budworm to AcMNPV.

Those viruses that were the most potent tended to kill hosts faster than did the
other viruses, though no statistically significant differences among viruses were
found. The necessity of limiting analyses to dosages included for all viruses being
compared limited our ability to discern differences among viruses, however. In-
creasing dosages also tended to reduce survival times, though few statistically
significant differences were found. This pattern was consistent with van Beek et
al. (1988), who found only small increases in speed of kill with increasing dosage
of NPVs. The reader should note that these data refer only to larvae that actually
died of viral infections. Probit analyses are frequently used to calculate median
lethal times (LT50s), or median survival times (ST50s), for all treated insects,
including those that survive. In such cases, treatments that increase the percent-
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age mortality (e.g., increasing dose) inherently reduce the time required to reach
the 50% mortality level, even though each insect that is infected may die in the
same length of time. The resulting LT50s may thus exaggerate apparent effects on
survival time (Farrar & Ridgway 1998). Though some apparent effects of virus
and dose on survival time were found, the differences were usually small (# 1 d)
and thus, even if they are real, may not be of consequence in pest management
programs.

Recently, much progress has been made in the genetic engineering of NPVs to
kill insects faster (reviewed by Bonning & Hammock 1996). Many such recombi-
nant viruses, however, have not been altered in terms of basic potency; though
they may cause death faster, doses required to initiate infections may be similar
to those required for wild type viruses. Therefore, the basic potency of natural
viruses needs to be considered in the selection of NPVs as candidates for genetic
engineering. For example, our data would indicate that against H. zea, a strain of
HzSNPV that has been engineered to kill faster should be more useful than a
similarly engineered strain of AcMNPV.

These results should also be useful in the selection of natural virus strains for
use against particular insect species. If a viral insecticide were to be used on a
given crop, if only one species is the predominate lepidopterous pest on that crop,
it would seem advisable to select the virus that is most potent against that
species. For example, when H. zea and/or H. virescens predominate, HzSNPV
would probably be the most logical choice. If more than one species are significant
pests, a virus that can infect more than one species may be more appropriate. For
example, our data indicate that AfMNPV should be useful where both H. zea and
S. exigua are present. Against some insects, including S. frugiperda and P. xy-
lostella, none of the viruses that we tested were highly potent; against these
species, other control tactics may be more appropriate. Finally, the reader should
remember that, in addition to potency, the efficacy of any virus is influenced by
many factors not evaluated in this study, including viral strain differences, age of
hosts, weather, host plants, and adjuvants. More data on these and other factors
are needed if nuclear polyhedrosis viruses are to become useful pest management
tools.
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Lack of Preference by Reticulitermes spp. (Isoptera:
Rhinotermitidae) for Termite Feeding Stations With

Previous Termite Exposure1

Janine M. Polizzi and Brian T. Forschler

Department of Entomology, University of Georgia, Athens, Georgia 30602 USA

J. Agric. Urban Entomol. 16(3): 197–205 (July 1999)
ABSTRACT Baiting control strategies for population management of sub-
terranean termites requires feeding at either detection, monitoring, or bait
stations. We tested the hypothesis that previous inter- or intraspecific termite
feeding on cardboard baits would not influence subterranean termite feeding
at a station. Feeding sites, consisting of 50-ml plastic-lidded centrifuge tubes
containing corrugated cardboard with and without previous termite exposure
were tested for acceptance by worker termites from three populations of Reti-
culitermes flavipes (Kollar) or Reticulitermes virginicus Banks in a choice feed-
ing assay. Termites were given a choice of four feeding stations that were
either previously exposed to nestmates, conspecifics, allospecifics, or that had
no previous termite contact. Differences in corrugated cardboard consumption
rates among treatments were used as a measure of feeding-site preference.
There were no statistically significant differences in mean corrugated card-
board consumption rates among treatments for either species. Yet, these stud-
ies indicate the need to more closely examine the feeding site selection process
in subterranean termites.

KEY WORDS subterranean termite, feeding, cardboard consumption, bait

Termite baiting strategies are a recent addition to the arsenal of control tactics
available against subterranean termites (Potter 1997). Termite baiting strategies
use devices intended to detect termite activity by presenting a suitable bait ma-
trix to a termite population (Potter 1997). With the possibility of termite popu-
lations moving into and out of an area (Su & Scheffhran 1988, Forschler 1996),
the question arises, Can termite detection, monitoring, or bait stations be reused
if they were in previous contact with other termites? A subterranean termite
population feeding at a bait site may be removed either by elimination or avoid-
ance (Forschler 1996, Su & Scheffhran 1996) and another population could then
move to that site because it still provides a palatable feeding substrate – the
detection, monitoring, or bait station (Forschler 1996).

Delaplane & La Fage (1989a) reported that Coptotermes formosanus Shiraki
preferred wood previously damaged by conspecifics over wood damaged by Reti-
culitermes virginicus Banks and also preferred R. virginicus-damaged wood over
virgin wood. Delaplane & La Fage (1989a) attribute these preferences to thigmo-

1 Accepted for publication 26 May 1999.
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tactic cues based on a lack of termite response to an assay of hexane-soluble
extracts from the wood that they tested.

Schedorhinotermes lamanianus (Sjöstedt), an African rhinotermitid, secretes a
feeding stimulant from labial glands that leads to aggregations at a feeding site
(Reinhard & Kaib 1995). This water-soluble, heat-resistant (100°C for 14 h) se-
cretion is thought to be persistent (Reinhard et al. 1997). Tests with labial gland
secretions have demostrated that stimulation of termite feeding activity is lost if
the substrate drys but attractivity returns upon rewetting (Rheinhard & Kaib
1995). A feeding stimulant also is secreted by the labial glands of Reticulitermes
santonensis Feytaud (Reinhard et al. 1997). These examples suggest that previ-
ously fed-upon baits within a detection, monitoring, or bait station may be more
appealing than untouched stations and have the potential to promote their reuse
by the same or other termite populations.

In contrast, termite activities also could be disrupted at a feeding site. Direc-
tions for use of termite baits can include shaking termites from a monitoring
station into a baiting matrix or, with other designs, a station is placed over a
shelter tube or at a manually broken, active shelter tube (Potter 1997). Agitation
could cause a release of alarm pheromones or other responses that could repel
termites away from the site (Ernst 1959, Moore 1969, Maschwitz & Mhhlenberg
1972, Wilson & Clark 1977, Stuart 1981, Kaib 1990, Roisin et al. 1990). There is
also the possibility that termites may be accidentally killed during transfer or
tube breaking, which may serve as a deterrent to further activity. It is unknown
how long these types of disruption may affect termite behavior, but they should be
an important consideration in termite baiting programs. In spite of the potential
implications to the use of a technology recently registered by the United States
Environmental Protection Agency (Potter 1997), there have been no published
studies on the reuse of detection, monitoring, or bait stations by subterranean
termites.

We conducted a series of assays intended to examine reuse of subterranean
termite detection, monitoring, or bait stations by the same or different termite
populations by measuring corrugated cardboard consumption rates. Termites
were simultaneously provided a choice of stations that were previously exposed to
nestmates, conspecifics, allospecifics, and stations with no previous termite con-
tact. Herein, we report results from these choice-feeding assays by using three
populations of two termite species Reticulitermes flavipes (Kollar) and R. virgini-
cus Banks to examine their preference to stations with or without previous ter-
mite contact.

Material and Methods

Termites. Three populations each of R. flavipes and R. virginicus were re-
moved from infested logs (located at least 100 m apart) at the Westbrook Farm in
Spalding County, Georgia, by using the techniques described by La Fage et al.
(1983). Alates from each population were used to identify species (Weesner 1965).
Termites were maintained in separate, clear plastic boxes (20 by 24 by 10 cm)
with lids maintained in an unlit environmental chamber at 24°C for 2 to 4 mo
prior to bioassay. Boxes were lined with damp wood (Pinus spp.) slats measuring
1 mm by 2 cm by 10 cm and Whatman #1 filter paper disks moistened with
distilled water.
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Feeding stations. The feeding stations used were commercially available
termite stations called the Firstline™ GT Termite Bait Station (FMC Corp.,
Princeton, New Jersey). Stations consisted of 50-ml plastic-lidded centrifuge
tubes each with 8, 3-mm holes drilled around the circumference in four columns.
One hole was enlarged on each station to allow attachment of a piece of 3-mm
(OD) Tygont tubing. Each station contained one coiled piece of corrugated card-
board 15.2 by 9.4 by 0.2 cm.

We consistently prepared more stations and corrugated cardboard inserts than
needed for bioassay to ensure adequate materials. Ninety corrugated cardboard
pieces were oven dried for 1 h at 65°C and placed in a desiccator for 0.5 h before
being weighed and individual weights recorded. Before bioassay, each corrugated
cardboard piece was moistened with 3.5 ml of distilled water (90% wt:wt) and
placed into separate feeding stations.

Feeding station preconditioning. Twelve groups of 200 worker termites
from each population were placed into separate feeding stations that were covered
with lids. The mean weight per termite for each group and total termite weight
per group was calculated. Twenty-six feeding stations were prepared without
termites to provide undamaged stations for the choice assay. Each station was
placed in a clear plastic container (16 by 11 by 5 cm) with a lid. Boxes were lined
with 60 g of sand moistened with 10 ml of water. Termites were provided egress,
through the holes in each station, to the moistened sand in the box. Stations were
maintained in an environmental chamber at 27°C and dismantled on the 18th d
following initiation of the preconditioning period. Live termites were counted and
mean and total weights of termites measured for each station. Corrugated card-
board pieces were dried for 1 h at 65°C, brushed clean, and placed in a dessicator
for 0.5 h. Corrugated cardboard pieces then were reweighed and corrected accord-
ing to weight change in unconditioned controls. Consumption rate (milligrams per
gram of termite per day) was calculated based on termite survival, average weight
per termite in each station, and corrected weight change of corrugated cardboard
(Su & La Fage 1984). Corrugated cardboard pieces were returned to the same
feeding station used in preconditioning and this was the unit examined as a
treatment in subsequent bioassays.

Choice assay. Following preconditioning, potential preferences of the same
three R. flavipes or three R. virginicus populations to feeding stations with pre-
vious termite contact were tested. Termites were concurrently offered stations
that had previous contact with nestmates, conspecifics, or allospecifics, or that
had no previous termite exposure.

Twenty clear plastic boxes (20 by 24 by 10 cm) were used as arenas for this
bioassay. Boxes were lined to a depth of 5 mm with 240 g of sand moistened with
40 ml of distilled water. An introduction chamber was situated in the middle of
each arena. The introduction chamber was a 4.5-cm round container, 3.5-cm in
height, lined with filter paper moistened with distilled water. Four sections of
Tygon tubing (2mm ID, 7.5 cm in length) positioned equidistant around the cir-
cumference of the container connected the introduction chamber to one of each of
the four feeding stations (nestmate, conspecific, allospecific, no contact). Each
connecting tube was clamped shut to allow termites to acclimate to the introduc-
tion chamber, before allowing them to disperse to the feeding-station treatments.
Three replicates of 1,000 termites for each termite population were placed into
separate introduction chambers within each arena. After 2 h, the tubing was
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unclamped to allow termites to move to the feeding stations. From the feeding
stations, termites were allowed access to the entire arena through the holes
provided in each station. Three arenas were prepared with no termites (controls)
for measuring corrugated cardboard consumption rates.

Arenas were placed in an environmental chamber at 27°C for 18 d in complete
darkness. At the end of the test period, arenas were dismantled and the number
of live termites in each feeding station and those in the rest of the arena were
recorded. Mean termite weight and total weight of termites per arena were mea-
sured. Corrugated cardboard from each feeding station was reweighed after dry-
ing for 1 h at 65°C, brushed clean, and placed in a desiccator for 0.5 h. Weight was
corrected according to weight change of unconditioned controls. Cardboard con-
sumption for each monitoring station per gram of termite per day was calculated
based on termite survival, average weight per termite, and corrected weight
change of cardboard for each monitoring station treatment (Su & La Fage 1984).

Analysis of variance (ANOVA) was performed to compare mean corrugated
cardboard consumption rates by population and species for both the precondition-
ing and choice-test data. In addition, treatments were blocked on population and
species for the combined data set ANOVA and means separated using the pro-
tected least significant difference (LSD) test (SAS Institute1990).

Results and Discussion

Corrugated cardboard consumption rates during the preconditioning period
averaged 20.14 mg/g/d for R. flavipes and 21 mg/g/d for R. virginicus. Only pre-
conditioned cardboard pieces having between 10% and 20% of the cardboard
consumed were used in the choice test assays. Corrugated cardboard consumption
rate from preconditioning had no significant effect on consumption rate during
the choice assay as indicated by ANOVA of the combined data (P 4 0.14). The
entire data set is presented in Tables 1 and 2. Total corrugated cardboard con-
sumption rates, during the choice-test bioassay, varied from 5 to 19 mg/g/d among
R. flavipes and from 7 to 36 mg/g/d among R. virginicus (Tables 1 and 2). Pref-
erences varied from replicate to replicate for all populations tested. Although a
preference was indicated within certain replicates, combining data by population
and species (Table 3) resulted in no significant differences in mean cardboard
consumption rates when comparing the species or combined data sets. Although
analysis of the data at the population level provided statistical differences be-
tween some treatments for R. flavipes populations 1 and 3, we suggest these
differences are of little biological significance due to the variability at the popu-
lation level (Table 1).

It was expected, based on the results of Delaplane & La Fage (1989a) and
Reinhard & Kaib (1995, 1996), that termites would show a preference toward
stations with previous termite contact. Although termites made contact with all
feeding stations within 1 min of release from the introduction chamber, we were
unable to count the initial number of termites that traveled to each station.
Therefore, we could not determine if there was a preference for feeding stations
that were visited first by the most termites. However, we assumed that because
termites were free to travel between stations within each arena, over time they
would examine each feeding station. Oi et al. (1996) indicated the importance of
time and spatial separation of treatments for determination of preference in ter-
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mite choice assays. Our time frame of 18 d should have been sufficient for each
group of 1,000 termites to indicate a preference between the feeding stations
available to each group of termites.

Reinhard & Kaib (1995) demonstrated that a persistent labial gland secretion
has a positive effect on termite feeding and aggregations. In addition, Reinhard &
Kaib (1996) demonstrated that R. santonensis was able to detect labial gland
secretions of eight species representing five families of termites. Thus, we antic-
ipated that chemical cues left on the cardboard from the preconditioning period
would be a factor in our feeding-preference tests. Our data appear contrary to that
assumption in that no preference was shown for any particular treatment as
indicated by the combined data (Table 3).

The entire data set was presented in Tables 1 and 2 to illustrate that although
data from termite-feeding choice tests may show no preference (Table 3), a single
group of termites (replicate) can, and does, apparently preferentially feed at one
or two sites. Because particular preferences were often not repeated by other
groups of termites within a test, the combined data could indicate that no pref-
erence was displayed (Tables 1–3). If termite choice test data show no preference,
one may conclude that termites distribute equally between those choices pre-
sented during bioassay. We suggest that when combined data indicate no pref-
erence it simplifies the complex nature of the feeding-site selection process used
by subterranean termites.

Table 1. Cardboard consumption rate for R. flavipes by population, rep-
licate, and treatment from feeding station choice tests.

Treatment/
replicatea

Cardboard
consumption rateb

Pop. 1 Pop. 2 Pop. 3
R1
NM 3.114 0 0
CS 5.045 12.546* 2.126
AS 5.559 0 1.155
NO 5.148 0 2.237
R2
NM 3.067 0 0
CS 0.380 1.437 0
AS 3.359 7.854* 1.831
NO 7.916* 3.129 3.890*
R3
NM 5.929 2.448 0
CS 2.110 4.997* 2.644
AS 2.324 0.714 1.254
NO 6.464 0 1.877

*Indicates a preferred treatment within a replicate based on the criteria of one cardboard consumption
rate being twofold higher than the other three rates within the same replicate.

aNM, nestmate; CS, conspecific; AS, allospecific; NO, no previous termite exposure.
bIn milligrams of cardboard consumed per gram of termite per day.
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Examination of the data by replicate may provide insights into that process.
There are two possible trends in these data indicative of a termite response to
chemical cues left on food resources that deserve additional experimentation. The
first speculation points to a resource-use strategy that Reticulitermes may prac-
tice during competition for food resources. If our treatments are ranked within a
replicate and compared across all replicates, then the least-favored treatment
was the nestmate treatment and the most-often favored treatment was the al-
lospecific treatment. When examined in this way these data indicate that Reti-
culitermes are more likely to colonize food resources identified as having been
used (visited) by another species before those containing a nestmate signal. The
second speculative trend points to a different resource use strategy between the
two species tested. If we assume that a treatment is determined to be preferred
when one treatment, within a replicate, provided at least twice the feeding rate of
the other three treatments within that replicate, we see a potential difference
between the two species. That trend would indicate R. flavipes is most likely to
prefer one feeding site to the exclusion of others (in five out of nine replicates)
compared with R. virginicus (three out of nine replicates) (Tables 1 and 2).

The lack of response to potential chemical cues seen in our assays could have
been the result of drying the cardboard, especially if any of the cues are volatile.
It was our contention that drying the cardboard to obtain more consistent card-
board consumption rates was more important then loosing potential chemical

Table 2. Cardboard consumption rate for R. virginicus by population,
replicate, and treatment from feeding station choice tests.

Treatment/
replicatea

Cardboard
consumption rateb

Pop. 1 Pop. 2 Pop. 3
R1
NM 5.960 6.515 4.509
CS 9.280 23.509* 0
AS 15.882 6.838 0.111
NO 4.866 6.833 4.397
R2
NM 5.606 3.630 0
CS 10.380 6.417 3.755
AS 10.308 11.918 1.986
NO 9.078 3.814 1.367
R3
NM 4.858 7.778 0.666
CS 2.944 1.249 0
AS 4.328 22.087* 2.021
NO 4.063 2.034 4.584*

*Indicates a preferred treatment within a replicate based on the criteria of one cardboard consumption
rate being twofold higher than the other three rates within the same replicate.

aNM, nestmate; CS, conspecific; AS, allospecific; NO, no previous termite exposure.
bIn milligrams of cardboard consumed per gram of termite per day.
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cues, especially because of the heat-resistant qualities of the labial gland secre-
tions (Reinhard & Kaib 1995). However, our choice of cardboard, with its corru-
gations, provided numerous thigmotactic cues that could have confounded or
masked the importance of any chemical cues. The importance of thigmotactic cues
provided by cardboard cannot be overlooked when examining the results of our
bioassays. Delaplane & La Fage (1989a) demonstrated that there was a weak or
absent response to hexane extracts of termite-damaged wood and concluded that
there was little termite response to chemical cues. Therefore, Delaplane & La
Fage (1989a) stated that only thigmotaxic cues were involved in their feeding-
preference tests.

What are the factors termites use to determine a suitable feeding site and how
are others recruited to that site? Termite determination of a suitable feeding site
may involve the interaction of numerous cues, including chemical and thigmo-
tactic. Additional inputs could include moisture content (Delaplane and La Fage
1989b), temperature of the food source (Haverty & Nutting 1974), as well as
termite population vigor and density (Lenz & Barrett 1984, Lenz 1985 ). Our
choice-test bioassays indicate previous exposure to one group of Reticulitermes
does not preclude colonization of that site by another, different group of Reticu-
litermes. Therefore, we suggest that termite detection, or monitoring stations can
be reused in a termite bait control strategy or in long-term studies of termite
biology involving R. flavipes and R. virginicus.

Table 3. Mean (± SE) cardboard consumption rates by treatment for the
population, species, and combined data from the feeding sta-
tion preference bioassays.

Treatment/
replicatea

Cardboard
consumption rateb

R. flavipes Pop. 1 R. flavipes Pop. 2 R. flavipes Pop. 3
NM 4.037 ± 0.946a 0.072 ± 0.816a 0 ± 0b
CS 2.510 ± 1.362b 6.327 ± 3.275a 0.881 ± 0.809ab
AS 3.747 ± 0.954ab 2.856 ± 2.507a 1.413 ± 0.211ab
NO 6.509 ± 0.799a 0.624 ± 1.043a 2.668 ± 0.620a

R. virginicus Pop. 1 R. virginicus Pop. 2 R. virginicus Pop. 3
NM 5.475 ± 0.325a 5.974 ± 1.228a 1.288 ± 1.405a
CS 7.535 ± 2.317a 10.392 ± 6.726a 0 ± 0a
AS 10.173 ± 3.336a 13.614 ± 4.483a 1.373 ± 0.631a
NO 6.002 ± 1.555a 4.229 ± 1.402a 3.449 ± 1.043a

R. flavipes total R. virginicus total Combined total
NM 0.917 ± 0.932a 4.246 ± 0.964a 1.288 ± 1.320a
CS 3.240 ± 1.375a 5.924 ± 2.666a 4.932 ± 2.885a
AS 2.672 ± 0.848a 8.387 ± 2.441a 5.535 ± 3.014a
NO 2.267 ± 0.980a 4.560 ± 0.774a 3.984 ± 1.265a

Means followed by the same letter in each column under each heading are not significantly different (P
< 0.05, LSD test).
aNM, nestmate; CS, conspecific; AS, allospecific; NO, no previous termite exposure.
bIn milligrams of cardboard consumed per gram of termite per day.
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ABSTRACT Sweep sampling is the quickest, least expensive, and most
commonly used method of sampling rangeland grasshopper (Acrididae) com-
munities to determine species composition. However, few studies have exam-
ined the accuracy of sweep sampling relative to actual community composition
because the latter is difficult to determine. We made such comparisons by
sampling grasshoppers within enclosures that prevented their escape during
sampling. We first took a single sweep sample within the enclosure, then
exhaustively sampled the enclosure to remove all remaining grasshoppers.
Comparison of the grasshoppers in the initial sample to those remaining in the
enclosure was used to test the hypothesis that an accurate estimate of com-
munity composition was provided by the initial sweep sample. We sampled
during a 5-wk period to determine if accuracy changed seasonally and swept in
both mowed and unmowed enclosures to relate the results to the physical
structure of the vegetation. The initial sweep samples, which are equivalent to
the single samples taken in many studies, provided good estimates of the
relative abundance of most species. Mean differences between estimated and
actual proportions of particular species were generally less than 0.03. Even
though the deviations were usually relatively small, the relative abundances of
some species were sometimes underestimated or overestimated in the samples.
In particular, Phoetaliotes nebrascensis (Thomas) was sometimes overesti-
mated to such an extent that it caused other species to be underestimated. Our
results suggest that correction factors could be developed to adjust sweep
sample estimates to account for consistent biases in sampling, but this correc-
tion would have to be done on a community-by-community and habitat-by-
habitat basis.

KEY WORDS community ecology, rangeland, sampling accuracy

Research on rangeland grasshoppers (Acrididae) often makes use of estimates
of the species composition of communities. These estimates are obtained using a
variety of methods, including vacuum sampling (Mulkern et al. 1978), pitfall
traps, barrier traps (Parmenter et al. 1991), pan traps (Evans & Bailey 1993), and
night traps (Evans et al. 1983). However, the most common method is sweep
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sampling (Larson 1996). Sweep samples have been used to determine whether
grasshopper community composition is affected by insecticide treatments (Quinn
et al. 1993, Jech et al. 1993), grazing (Capinera & Sechrist 1982, Miller & Onsager
1991, Welch et al. 1991), fire (Evans 1984), and plant community composition
(Kemp et al. 1990). Other studies have compared grasshopper community com-
position determined from sweep samples to frequency distributions of feeders of
different species observed on particular resources (Lockwood & Bomar 1992;
O’Neill 1994; O’Neill et al. 1993, 1994, 1997) and to records of grasshoppers as the
prey of birds (Joern 1988) and robber flies (Joern & Rudd 1982).

Implicit in these studies is the assumption that sweep-net samples provide
accurate estimates of the proportions of different species in a community. How-
ever, sweep samples could yield inaccurate estimates of actual community com-
position if some species are more or less susceptible to capture than others. Dif-
ferences among grasshopper species in susceptibility to capture by sweep-nets
could result from systematic variation in the distance covered, trajectory adopted,
and the height and speed attained by grasshoppers when they are flushed. Some
species may be difficult to capture because they fly long distances when flushed,
whereas others may not flush at all, making them difficult to catch when the net
does not reach the soil surface. Sampling accuracy also could vary with grass-
hopper density, the heterogeneity and vertical structure of the plant community,
temperature and wind speed, and sweep sampling technique.

Because of potential problems with sweep sampling of rangeland grasshop-
pers, several attempts have been made to compare estimates of community com-
position from sweep samples with those obtained using other methods. Mulkern
et al. (1978) compared sweep sample counts with those obtained from vacuum
samples, which they considered to be accurate estimates of the frequency distri-
bution of grasshopper species. They found “no detectable bias” in the species,
stage structure, and sexes of grasshoppers sampled with the two methods. Simi-
larly, after comparing sweep samples to night traps, Evans et al. (1983) concluded
that sweep sampling “provides a fairly accurate portrayal of the relative abun-
dances of grasshopper species” on tallgrass prairie. In both of these studies, sweep
samples were compared with other kinds of samples, rather than complete cen-
suses. Ideally, however, the accuracy of sweep sampling would be assessed by
comparing sweep samples with complete censuses of the community from which
the samples are drawn. We did this by comparing estimates from sweep samples
to what we consider to be accurate censuses of the grasshoppers present in the
area sampled. We sampled across a 5-wk period to determine if accuracy changed
seasonally and sampled both mowed and unmowed enclosures to relate the re-
sults to the physical structure of vegetation.

Materials and Methods

We conducted the research in July and August 1994 at a site 18 km south of
Three Forks, Gallatin County, Montana (45° 458 N, 111° 358 W). The site is a level
and relatively homogenous pasture consisting mainly of crested wheatgrass,
Agropyron cristatum (L.) Gaertn., with some alfalfa, Medicago sativa L., and
native grasses.

Six different 10 by 10 m plots were sampled on 13 d (one each day), so that 13
separate evaluations of sweep sampling accuracy were made. Four of the plots
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(sampled on a total of 10 d and no more than 3 d each) contained vegetation that
we did not manipulate beforehand. Because the site was ungrazed and because
grasses at the site were up to 40 cm in height, the net passed through the veg-
etation during sweeping of these enclosures. Two other plots, one of which was
sampled once and the other on two different days, were mowed to about 10 cm in
height to roughly simulate the height of vegetation following grazing.

The basic procedure, undertaken on each of the 13 d was as follows. Before
0800 hours (before grasshoppers were active), we enclosed the chosen 10 by 10 m
plot within a portable fence that prevented grasshoppers from escaping while
sampling occurred. The enclosure was constructed of four 10 m by 1.5 m high,
translucent white fabric panels secured to metal fence posts that had been set up
on previous days. The corners of the enclosure were sealed with binder clips and
the bottoms of the panels were secured to the ground with rocks to prevent
grasshoppers from escaping between or beneath the panels. Each enclosure was
erected within about 5 min.

Sampling of grasshoppers within the enclosure began between 0910 and 1224
hours when the mean (± SE) soil surface temperature was 23.0 ± 0.9°C (n 4 13).
The initial sample in an enclosure consisted of 42 to 53 sweeps (45.6 ± 1.1), each
sweep with the 38-cm-diameter sweep net traversing a 180° arc parallel to and
about 10 to 20 cm above the ground. For each sample, the sampler started in one
corner of the enclosure and walked an S-shaped path that minimized sweeping an
area twice while covering the entire enclosure. This procedure was repeated 14 to
26 times until consecutive samples each captured less than five grasshoppers.
The final sample began between 1009 and 1320 hours when soil surface tempera-
ture was 27.8 ± 0.8°C (n 4 13). One or two observers then crawled through the
enclosure to search for and capture individual grasshoppers. Finally, we took an
additional 400 sweeps, after which no grasshoppers were seen in the enclosure.
Thus, we are confident that we captured nearly 100% of the grasshoppers origi-
nally contained in the enclosure when sampling began. All sweep samples were
taken by the same person (DPL) and all sampling on each day was completed
within 2 h. After sampling, the enclosure fencing was immediately removed and
a period of at least 8 to 19 d was allowed before the plot was sampled again.

On each of 13 d, we tested the hypothesis that the initial sample, which we
take to be equivalent to the single sample taken in most studies, provided an
accurate estimate of grasshopper community composition. We used chi-square
contingency table analyses (Everitt 1977) to determine if the proportion of differ-
ent species in the initial sample taken on each day differed from their proportions
among the grasshoppers remaining in the enclosure after the first sweep and
removed by exhaustive sampling on that same day. All analyses were done using
counts of each species. When the overall chi-square values for the entire commu-
nity were significant (a4 0.05) on a particular day, we also undertook individual
2 by 2 contingency table analyses to determine if the proportions each of the focal
species differed between the initial sample and the remaining grasshoppers. In
these analyses, each species was contrasted against a group containing all other
grasshoppers in the enclosure.

All grasshoppers collected in the enclosures were identified to species. How-
ever, in each analysis we considered separately only those species that made up
$2% of all grasshoppers in the enclosures; all other species were lumped into an
“other species” category. Five species made up $2% of the grasshoppers in all 10
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enclosures on unmowed plots: Ageneotettix deorum (Scudder), Aulocara elliotti
Thomas, Melanoplus packardii Scudder, Melanoplus sangunipes (F.), and Phoet-
aliotes nebrascensis (Thomas); all but M. packardii made up $2% of the grass-
hoppers in all three mowed enclosures. Other species that comprised $2% of
grasshoppers some enclosures included Encoptolophus costalis Scudder (n 4 5
enclosures), Melanoplus infantilis Scudder (n 4 4), Psoloessa delicatula (Scud-
der) (n 4 6), Spharagemon equale (Say) (n 4 7), Trachyrachis kiowa (Thomas) (n
4 5), and Xanthippus corallipes Haldeman (n 4 8).

Although the enclosures had no tops, grasshoppers rarely climbed or flew over
the fabric (and they could not crawl through it). To minimize the probability of
grasshoppers climbing over the enclosure walls, the sampler walked around the
enclosure at frequent intervals and knocked any grasshoppers on the fabric back
to the ground within the enclosure. Adult A. pseudonietana (Thomas) and S.
equale (Say) at this site sometimes fly at heights higher than the walls of the
enclosure. Fortunately, these species comprised only a minor proportion of the
community at the site. Nymphs of A. pseudonietana constituted only 1.4% of the
grasshoppers in the enclosures, and S. equale nymphs made up only 1.3% of the
grasshoppers.

Results

Densities of grasshoppers in the enclosures ranged from a 2.6 to 13.0 per
square meter (n 4 13). Although the initial sweep samples captured an average
proportion of just 0.092 ± 0.7 (range: 0.05 –0.13) of the grasshoppers present, they
provided fairly accurate representations of the relative abundance of most of the
species present. On 6 of the 13 dates, the overall frequency distribution of species
did not differ between the initial set of grasshoppers captured and those remain-
ing in the enclosures (Table 1). When individual species were examined on the
other seven dates, the most consistent bias was exhibited in estimates of the
proportion of P. nebrascensis, whose relative abundance was overestimated in
four samples in the unmowed enclosures between 29 June and 18 July. On three
of these days, the bias in sampling of P. nebrascensis was the cause of the sig-
nificant chi-square value in the overall analysis. When this species was excluded
from the analyses, the overall chi-square values became nonsignificant on 29
June (X2 4 7.6, df 4 4, P 4 0.11), 8 July (X2 4 2.8, df 4 4, P 4 0.74), and 10 July
(X2 4 9.7, df 4 5, P 4 0.08), remaining significant only on 18 July (X2 4 27.6,
df 4 5, P < 0.001). The relative abundance of P. nebrascensis in the initial samples
in unmowed enclosures was overestimated by more than 0.10 on average (Table
1; Fig. 1). However, the average deviation for the other species was no more than
0.028 in the unmowed enclosures and no greater than 0.065 in the mowed enclo-
sures (Table 1; Fig. 1).

Discussion

The initial sweep samples that we took within enclosures provided fairly ac-
curate estimates of the relative abundance of most species. The mean differences
between estimated and actual proportions of each species were generally less
than 0.03 and were usually not significant. Of the 11 species analyzed, only a few
showed consistent patterns of inaccurate sampling (and even these biases oc-
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curred in a minority of the samples). The relative abundance of A. elliotti was
underestimated in 3 of 13 samples, whereas that of P. nebrascensis was overes-
timated in 4 of 10 samples in the unmowed enclosures (this species was relatively
rare in the mowed enclosures). In fact, inaccuracy of the initial samples in esti-
mating community composition was sometimes caused primarily by the presence
of P. nebrascensis. Among the three unmowed and three mowed enclosures that
were sampled over the same period (26 July through 5 August), no species stood
out as being inaccurately sampled in either set of plots. Thus, at least in this
grasshopper community, we found no evidence that the accuracy of sampling on
grazed plots would differ from that on ungrazed plots. The only major seasonal
pattern evident was that the proportion of P. nebrascensis was often overesti-
mated on and before 18 July, but not on later dates when fifth (final) instars and
adults predominated.

Although we choose to sample a relatively homogeneous habitat to reduce the
need for larger enclosures, exhaustive sampling of our relatively small plots was
still time-consuming and labor-intensive. One person can sample just one enclo-
sure each day and the enclosures sometimes contained more than 1,000 grass-
hoppers that required identification to species. Moreover, using our method to

Table 1. Results of chi-square contingency table analyses comparing fre-
quency distribution of grasshopper species in initial sample in
each enclosure with that for all grasshoppers remaining after
the initial sample.

Date

Accuracy of initial sample in enclosure

Overall
x2 df

Number of
grasshoppers Species

under-
estimated
initiallya

Species
over-

estimated
initiallya

Initial
sample Remainder

28 June 2.9 7 79 796
29 June 28.8*** 7 163 1140 Ae*, Ec** Pn***
8 July 28.2*** 8 69 525 Pn***

10 July 24.4** 8 130 938 Ae*, Se* Pn***
17 July 6.7 10 52 469
18 July 17.8* 9 100 841 Mp*, Xc* Pn**
21 July 10.7 8 51 472
26 July 10.3 8 67 618
27 July 4.7 8 42 488
28 July 20.4* 10 43 441 Ms*, Tk**
1 August 19.8* 10 26 340 Ae*, Mi* Ec*
3 August 26.5*** 7 31 636 Pd*
5 August 10.4 9 17 240

Mowed enclosure used on dates in italics. *P < 0.05, **P < 0.01, ***P < 0.001.
aSpecies abbreviations: A. elliotti, Ae; E. costalis, Ec; M. packardii, Mp; M. sanguinipes, Ms; P. nebras-
censis, Pn; P. delicatula, Pd; S. equale, Se; and T. kiowa, Tk.
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sample more heterogeneous habitats would require much larger enclosures or
multiple, randomly placed small enclosures that would have to be exhaustively
sampled over a short time. Thus, although exhaustive sampling of enclosures
probably provides the most accurate data on community composition, it is cer-
tainly impractical in most studies as a tool for measuring either species compo-
sition or grasshopper density.

When used on a more limited basis, however, enclosures may provide a prac-
tical means of assessing accuracy of sweep samples in a particular community.
When doubt exists as to the accuracy of sampling, absolute estimates of the type
obtained in enclosures would allow researchers to determine if a particular spe-
cies is consistently misrepresented in samples (as was P. nebrascensis during the
first 3 wk of our study). If so, perhaps correction factors could be developed and
used to adjust estimates obtained by normal sweep samples. The degree of ad-
justment needed would probably be specific to particular grasshopper communi-
ties, times of year, and microclimatic conditions. The use of enclosures to assess
sampling accuracy would help determine whether differences among habitats
(e.g., grazed and ungrazed pastures) in the relative abundance of grasshopper
species were due to differential habitat preferences or to sampling biases. Even if
correction factors are not developed, an awareness of the direction and degree of
bias in samples would help in interpretation of results.

Fig. 1. Difference between proportions of each species in the initial sweep sample
in the enclosures and in the total of all grasshoppers in the enclosures; for
unmowed enclosures, n 4 10; for mowed enclosures, n 4 3.
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Our results suggest that one should be aware of the existence of possible biases
when testing hypotheses that rely on grasshopper community composition esti-
mates obtained from sweep samples. However, our results are in general agree-
ment with Mulkern et al. (1978) and Evans et al. (1983), who concluded the sweep
samples generally provide accurate estimates of grasshopper community compo-
sition on grasslands.
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ABSTRACT The entomopathogenic fungus, Beauveria bassiana (Balsamo)
Vuillemin, was evaluated in alfalfa seed plots for control of lygus bug (primar-
ily Lygus hesperus Knight) in comparison with conventional chemical insecti-
cides and a water control. B. bassiana applications reduced lygus bug nymphs
relative to the water control during one of three prebloom (June) trials but not
during any bloom (July) trials. A single application of conventional insecticides
reduced lygus bug populations more frequently and to a greater extent com-
pared to three applications of B. bassiana. Infection rates were relatively high
in treated plots despite lower spray coverage than expected. Reduced B. bassi-
ana infection during the bloom trial compared to the prebloom trial may be
attributed to reduced spray penetration within alfalfa as the canopy closed.
Faster nymphal growth rates relative to growth of B. bassiana hyphae at field
temperatures could also explain seasonal differences in the effectiveness of B.
bassiana.

KEY WORDS Beauveria bassiana, Hemiptera, Lygus hesperus, microbial
control, Miridae, mycopesticide, Medicago sativa, alfalfa seed

In the western United States, Lygus hesperus Knight and L. elisus Van Duzee
(Hemiptera: Miridae) are serious pests of alfalfa seed, Medicago sativa L. (Soren-
son 1939, Stitt 1944, Clancy 1968, Gupta et al. 1980). These pests preferentially
feed on plant reproductive structures such as buds, flowers, and developing seeds,
reducing viable seed yields (Strong 1970). Management to reduce lygus bug num-
bers is essential since even moderate populations can completely destroy the seed
crop.

Current lygus bug management relies on broad-spectrum chemical insecti-
cides and is becoming increasingly difficult. Few insecticides are registered for
alfalfa seed, and lygus bug is becoming resistant to them (Zhu & Brindley 1992,
Xu & Brindley 1993). Insecticides that can be used after bloom are particularly
limited because the primary pollinator, the alfalfa leafcutting bee, Megachile
rotundata (F.) (Hymenoptera: Megachilidae), is highly susceptible to many insec-
ticides (Johansen & Mayer 1990). Augmentative release of M. rotundata during
alfalfa bloom is essential for effective seed production in the Pacific Northwest.
Integration of biological control strategies in lygus bug management would help

1Accepted for publication 5 November 1999.
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reduce bee poisoning, minimize resistance development by lygus bug to chemical
insecticides, and protect existing natural enemies of alfalfa pests.

Previous studies indicated that the entomopathogenic fungus, B. bassiana
(Balsamo) Vuillemin is virulent against Lygus spp. in laboratory and field cage
studies. L. hesperus inoculated with B. bassiana conidia in the laboratory showed
100% mortality 6 d after inoculation at 40 and 70% RH and 24-29°C (Dunn &
Mechalas 1963). Similarly, L. borealis (Kelton), L. desertinus Knight, and L. lin-
eolaris (Palisot de Beauvois) were all susceptible to B. bassiana in the laboratory
(Bidochka et al. 1993, Steinkraus & Tugwell 1997). Both nymphs and adults of
the European species, L. rugulipennis Popp. were equally susceptible to B. bassi-
ana, but the susceptibility differed between lygus bug generations and crop fields
where bugs were collected (Bajan & Bilewicz-Pawinska 1971). In field cage stud-
ies in Arkansas, adults of L. lineolaris were directly sprayed with B. bassiana or
indirectly contaminated with conidia sprayed on cotton plants. In both cases,
mortality was 100% 7 d after inoculation (Steinkraus & Tugwell 1997).

A preliminary bioassay showed that the commercially available B. bassiana
formulation, Mycotrolt (Mycotech Corp., Butte, MT), was virulent against fifth
nymphal instar and adults of L. hesperus (Noma 1999). These life stages are
particularly difficult to control with chemical insecticides (Madsen & Johansen
1978). Given this positive result as well as the positive results previously reported
in the literature, we were hopeful that B. bassiana might be used in the control
of lygus bug in alfalfa seed.

B. bassiana has characteristics that might make it a desirable component of an
integrated pest management program for alfalfa seed. B. bassiana attacks host
insects by penetrating through the integument. This mode of infection makes the
fungal pathogen a particularly attractive microbial agent for control of sucking
plant feeders, which are unlikely to ingest microbes (Dunn & Mechalas 1963,
Hajek & St. Leger 1994). The impact of entomopathogenic fungi on bees, preda-
tors, and parasitoids appears to be minimal in the field (Goettel et al. 1990). In
comparison to most conventional insecticides, B. bassiana is nontoxic to verte-
brates (Dunn & Mechalas 1963). The conidia can be mass-produced in vitro on a
commercial scale, and formulated for long shelf life and easy application (Bradley
et al. 1992, Feng et al. 1994).

Ultimately, evaluation of control efficacy should be made under field condi-
tions because virulence and persistence of B. bassiana may be limited by abiotic
and biotic constraints that exist in the field but not in the laboratory or field
cages. Our objective was to determine whether this fungus is able to infect and
reduce lygus bug in an alfalfa seed field. In this study, efficacy of B. bassiana
against lygus bug was compared with a control (no insecticides) as well as with
conventional chemical insecticides, using small field plots in southern Idaho.

To understand possible factors limiting the efficacy of B. bassiana in lygus bug
control in alfalfa seed, we monitored spray coverage, persistence of conidia on
alfalfa foliage, and prevalence of B. bassiana in lygus bug populations. Since
ambient temperature affects fungal growth and mycosis (Inglis et al. 1996, Far-
gues et al. 1997), we assessed virulence of B. bassiana against L. hesperus in the
laboratory at typical low, high, and mean summer temperatures for southern
Idaho. Finally, we estimated the effect of fluctuating field temperatures on
growth rates of B. bassiana and L. hesperus nymphs.
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Materials and Methods

Field plots and applications. The study was conducted during the sum-
mers of 1996-98 at the University of Idaho Research and Extension Center in
Parma, Idaho. A 0.4-ha alfalfa field, planted with the cultivar ‘Arrow’ with 60-
cm-row spacing in the fall of 1995, was divided into 45 plots (18 rows 4 10 m by
7 m). Five blocks of nine plots each extended parallel to irrigation furrows. Cor-
ridors between plots were mowed 2 m wide to minimize movement of nymphs
between plots. The experiment was arranged in a randomized complete block
design in which each plot was treated in two trials: during June (prebloom) and
July (bloom) when lygus bug density approached or exceeded the published spray
threshold of four bugs per 180° sweep (Baird & Homan 1996) (Table 1).

Both prebloom and bloom trials included B. bassiana, conventional chemical
insecticide, and water (control) sprays. The initial prebloom spray was applied in
early to mid June before release of M. rotundata for pollination. B. bassiana was
sprayed two additional times as part of the prebloom trial, each 5-6 d apart,
starting immediately after bee release (Table 1). The bloom sprays were initiated
after peak alfalfa bloom in July and two additional B. bassiana sprays followed at
5–7 d intervals between applications (Table 1). Only prebloom sprays were made
in 1998.

The B. bassiana conidia (strain GHA, Mycotrolt; ES Mycotech Corp., Butte,
Montana) were applied at the recommended rate of 1.16 L / ha (2.47 × 1013 conidia
/ ha in 286 L water / ha). Bifenthrin (Capturet, FMC Corporation Agricultural
Products Group, Philadelphia, Pennsylvania) was used for the conventional pre-
bloom sprays and Oxydemetonmethyl (Metasystox-Rt, Gowan Co., Yuma, Ari-
zona) was applied for the conventional bloom sprays. These chemical insecticides
were applied at their labeled rates (468 ml / ha for bifenthrin and 2.25 L / ha for
oxydemetonmethyl) only once per trial. All applications were performed using a
CO2 (40 PSI) hand sprayer (model HS, R&D Sprayers Inc., Opelousas, Louisiana)
equipped with four 80-1.5R nozzles (Spraying System Co., Chicago, Illinois)
spaced 43 cm apart along a 108 cm boom. The pair of nozzles on each side of the
boom were oriented downward at a 45 degree angle to the ground and faced
toward to each other. Thus, each pair of nozzles sprayed both the left and right
sides of a plant, and two rows of alfalfa plants were covered by each pass of the
boom. The angled nozzle orientation was intended to maximize the coverage of the
alfalfa plants. All B. bassiana applications were conducted between 1900 and
2200 h, after bee activity had ceased for the evening.

Impact of B. bassiana applications on lygus bug. Lygus bug was
sampled from every plot immediately before and 5–7 d after each B. bassiana
application with three 180° sweeps per plot using a 38 cm insect net. All sweep
sampling was conducted between 1100 and 1230 h. The insect samples were
transferred to plastic bags, frozen, and later examined in the laboratory for counts
and identification of developmental stage. Mean density of each lygus bug stage
was calculated for each spray treatment per block per sampling date. Analyses of
variance (ANOVA) (PROC GLM) were used to separately analyze the data for
prebloom and bloom trials in each year (SAS Institute 1989). Mean density of
each lygus bug stage was the dependent variable. Block, spray treatment, sam-
pling date, and the interaction between treatment and sampling date were tested
with model error as denominator in F-tests. Tukey-Kramer multiple comparison
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Table 1. Application dates for B. bassiana, chemical insecticide (bifenthrin and oxydemetonmethyl), and control
(water) treatments during prebloom (June) and bloom (July) trials.

Year Treatment

Prebloom trial

Treatment

Bloom trial

Spray 1 Spray 2 Spray 3 Spray 1 Spray 2 Spray 3

1996 Control 16 June – – Control 18 July – –
B. bassiana 17 June 22 June 28 June B. bassiana 18 July 24 July 31 July
Bifenthrin 17 June – – Oxydemetonmethyl 19 July – –

1997 Control 14 June – – Control 14 July – –
B. bassiana 15 June 20 June 26 June B. bassiana 14 July 20 July 25 July
Bifenthrin 15 June – – Oxydemetonmethyl 16 July – –

1998 Control 7 June – –
B. bassiana 8 June 14 June 20 June
Bifenthrin 7 June – –
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tests compared lygus bug densities among three treatments on each sampling
date.

Spray coverage and persistence of conidia on alfalfa foliage. Spray
coverage of the B. bassiana application was measured on 15 June and 14 July
1997. Immediately before applications, 10 water sensitive papers (2.5 by 2.5 cm)
(Spraying Systems Co., Wheaton, Illinois) were scattered at each of the top and
middle heights of alfalfa foliage. All papers were oriented horizontally, parallel to
the ground with sensitive surface up. After the spray application, all papers were
recovered and scanned into computer image files. Percent spray coverage on the
paper was determined using image analysis software (Mocha version 1.2.10, Jan-
del Scientific, San Rafael, California). A two-way factorial ANOVA was used to
analyze the data (PROC GLM), with arcsine-transformed percent spray coverage
as the dependent variable, and plant position (top or middle) and application date
as independent variables (SAS Institute 1989).

The persistence of B. bassiana conidia sprayed on alfalfa foliage was monitored
during the 1997 prebloom and bloom trials. Ten leaves were randomly collected
daily from the top and middle of alfalfa stems for 1 wk after each B. bassiana
application. The leaf samples were immediately brought into the laboratory and
kept in a refrigerator (≈4°C) for up to 5 d, a time period and temperature in which
conidia viability is not affected (Alves et al. 1996). The leaves were placed in 15 ml
of 0.01M K2HPO4 solution with two drops of Silwet L-77 (Loveland Industries
Inc., Greeley, Colorado) in a 50 ml polypropylene conical tube (Becton Dickinson
& Co., Oxnard, California). The tube was placed on a shaker at 160 rpm for 2 h
to wash conidia from the leaves. 100 ml of the wash solution was spread over a
semi-selective oatmeal-dodine agar plate described by Inglis et al. (1993) and the
plate was incubated for ≈6 d at 25°C until fungal colonies became visible. The
number of colony forming units (CFU) was counted, as an indicator of number of
viable conidia on alfalfa leaves. The washed leaves were photocopied, then the
images were scanned into computer files. Total leaf areas were determined using
Mocha image analysis software. The number of CFU / cm2 leaf area was calcu-
lated for every leaf sample. The percent survival of conidia at each sampling date
was computed relative to number of CFU / cm2 immediately after applications (0
d) as 100% viability. For each trial (prebloom and bloom), the three B. bassiana
applications were treated as replicates. Linear regression models were fit to per-
cent survival of conidia over time (PROC REG, SAS Institute 1989). Neither an
arcsine nor a probit transformation improved the fit of the model, based on the
sums of squared deviations from the untransformed percent survival data (Ra-
manathan 1998), so the regression was performed on the untransformed data.
Contrast tests (PROC GLM) were used to compare the declining rates of viable
conidia between top and middle of alfalfa foliage during two trials (SAS Institute
1989).

The leaf washing method was examined for its efficacy of recovering conidia
from washed leaves. Using a micropipette, four sets of 10 alfalfa leaves were
inoculated with 200 ml of conidia suspension of the same concentration and for-
mulation used for field applications. Inoculated leaves were air-dried in the labo-
ratory and were placed in the wash solutions described above. A control solution
was prepared by adding 200 ml of the conidial suspension into the wash solution
without leaves. The wash solutions were processed, spread on oatmeal-dodine
agar plates, and incubated in the same manner as described above. Percent re-
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covery of conidia with this leaf wash method was estimated by comparing mean
CFU per plate of four leaf samples relative to the control (100%).

B. bassiana infection in lygus Bug populations. B. bassiana infection
rate in lygus bug populations in the field was monitored during 1997 prebloom
and bloom trials. Eleven to 30 nymphs (third to fifth instars) and 10-30 adults
were collected daily for 6 d after B. bassiana applications from B. bassiana-
treated and control plots using a 38-cm insect net. When <10 nymphs or adults
were sampled, that date was excluded from the analysis. To verify infection,
sampled bugs were frozen and surface-disinfected by dipping in aqueous solution
containing 10% ethanol and 10% household bleach (5.25% sodium hypochlorite)
for ≈1 min. Freezing has been shown to have no detrimental effect on conidia or
hyphal bodies of B. bassiana (Goettel et al. 1996). The treated bugs were placed
on water agar plates and kept at room temperature for ≈3 d to allow sporulation
as an indicator of B. bassiana infection. A three-way factorial ANOVA (PROC
GLM) was used to compare prevalence of B. bassiana infection between lygus bug
nymphs and adults, between prebloom (June) and bloom (July) trials, and be-
tween control and spray treatments (SAS Institute 1989).

Effects of temperature on B. bassiana virulence against L. hesper-
us. L. hesperus adults were collected from alfalfa seed fields in Parma, Idaho on
8 September 1996. Bugs were maintained at 4°C overnight and then were placed
in 10-cm petri dishes (30 bugs per dish) lined with a filter paper before being
inoculated with the fungus.

Conidia of B. bassiana (strain GHA, Mycotech Corp.) were suspended in deion-
ized water with 0.04% Silwet, and six concentrations of conidia suspensions were
prepared by two-fold water dilution series. The highest concentration prepared
was approximately 3.70 × 106 conidia / ml based on conidia counts using a he-
macytometer. The control solution was deionized water with 0.04% Silwet.

To determine viability of conidia, 100 ml of the conidial suspension was added
to 1 ml of Sabouraud’s dextrose broth supplemented with 1% yeast extract in a
test tube and incubated at room temperature for 24 h. Two hundred and fifteen
conidia were examined for germination on a hemacytometer under a compound
microsocope.

Application of the conidial suspension onto L. hesperus was conducted using a
spray tower placed under a laboratory hood. The spray tower consisted of a
sprayer (model 250-5, Badger Air-brush Co., Franklin Park, Illinois) which was
fixed at 75 cm above the petri dish containing bugs. During the spray operation,
1 ml of a conidial suspension or control solution was injected into the sprayer
using a syringe while air pressure was added to the sprayer from a propellant
(Badger Propel, Badger Air-brush Co.). The petri dish cover was quickly removed,
a fine mist was directly sprayed onto bugs until the injected solution was de-
pleted, then the cover was replaced on the petri dish. The spray covered the
ground area of ≈346 cm2 (circle of 10.5-cm radius). Thus, the spray coverage using
the conidial suspension of the highest concentration (3.70 × 106 conidia / ml) was
1.07 × 104 conidia / cm2.

The pathogen-treated and untreated bugs were caged separately (30 bugs per
cage) in cardboard containers (6 cm in diameter by 7 cm in height) with screened
caps and were incubated at 15, 25, or 35°C at 15:9 (L:D) h and RH ≈70% for 20 d.
Cages were replicated three times for each concentration level within each incu-
bation temperature. Bugs were fed wtih fresh green beans, Phaseolus vulgaris L.,
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which first were washed in 2% household bleach, rinsed with water, and dried.
Beans were replaced, bug mortality was recorded, and dead bugs were removed
from the cage daily. Cadavers were examined for B. bassiana infection using the
method described above.

We attempted to fit regression models to probit-transformed data to describe
the relationship between lygus bug mortality and B. bassiana concentration at
each incubation temperature. However, because of poor model fit at 15 and 35°C,
only 25°C data was modeled to estimate lethal concentration (LC) values (LeOra
Software 1987). To compare bug mortality among temperatures at the highest
conidial concentration used, an ANOVA (PROC ANOVA) followed by Tukey’s
studentized range test were used (SAS Institute 1989). The percent mortality
data were transformed with the modified arcsine formula developed by Freeman
& Tukey (1950).

Field temperature and humidity. Average growth rates of B. bassiana in
the field, relative to its maximal growth rate at the constant optimal temperature
was estimated for the 1997 trials. A Stowaway temperature recorder (Onset In-
struments, Pocasset, Massachusetts), set in shade on the edge of the alfalfa seed
field, measured hourly ambient temperatures at ≈1 m above the ground during
the spray trials. Relative humidity data in Parma were obtained from U.S Bureau
of Reclamation.

Results

Impact of B. bassiana applications on lygus bug populations.
Nymphs, prebloom trials. Average lygus bug nymph populations were low in

control plots during the prebloom trials in 1996 and 1998 (Table 2). Populations
were below or close to the published spray threshold of four bugs per sweep (Baird
& Homan 1996). B. bassiana did not significantly reduce any nymphal stage in
either of these years. Application of bifenthrin significantly reduced lygus bug
nymphs in comparison with control populations on several sampling dates in
1996, and on one sample date in 1998 (Table 2). In contrast, nymph populations
increased to high levels (>45 nymphs per sweep) in the control plots during the
1997 prebloom trial (Table 2). B. bassiana applications significantly reduced ly-
gus bug nymphs but less than the reduction due to bifenthrin (Table 2).

Nymphs, bloom trials. By July, most of the lygus bug nymph population was
second-generation nymphs. In 1996, nymph populations in control plots were
sparse, averaging less than two bugs per sweep in each size class once sprays
began (Table 2). In 1997, nymph populations started high and declined over time
in control plots. In particular, instars 4 and 5 declined from 17 per sweep on
average before treatment, to less than 2.5 per sweep after the last B. bassiana
treatment (Table 2). In both 1996 and 1997 studies, B. bassiana applications did
not significantly reduce lygus bug nymphs (Table 2). On the other hand, oxy-
demetonmethyl significantly reduced late instars in 1996 and 1997 (Table 2).

Adults, all trials. Like nymph populations, average adult numbers were low
(<2 per sweep) during prebloom sprays in 1996 and 1998 (Noma 1999). Nymphs
accounted for most of the population growth during prebloom in 1997; adult
numbers in all plots decreased from an average of about eight bugs per sweep
before sprays started to two or fewer after sprays started (Noma 1999). By the
bloom trials, the first generation nymphs had become adults, and adult popula-
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Table 2. Number of lygus bug nymphs per sweep in plots treated with B. bassiana, insecticide, or water (control)
during the prebloom and bloom trials in 1996–98. Different letters in a column within each lygus bug stage
indicate a significant difference by Tukey-Kramer test at a = 0.05. An underline indicates a significant
reduction by B. bassiana application relative to control.

Year
Lygus
stage Treatment1

Prebloom (June)

Treatment1

Bloom (July)

Pre-
application Spray 1 Spray 2 Spray 3

Pre-
application Spray 1 Spray 2 Spray 3

1996 Instar 1–3 Control 0.3 a 1.4 a 2.0 a 1.9 a Control 0.2 a 0.2 a 0.4 a 1.9 a
B. bassiana 0.3 a 1.2 a 1.2 ab 2.5 a B. bassiana 0.3 a 0.1 a 0.7 a 1.3 a
Bifenthrin 0.2 a 0.0 b 0.1 b 1.4 a Oxydemetonmethyl 0.2 a 0.0 a 0.2 a 1.3 a

Instar 4&5 Control 0.1 a 0.5 a 0.6 a 3.4 a Control 4.4 a 1.8 a 0.8 a 0.7 a
B. bassiana 0.1 a 0.5 a 0.6 a 2.8 a B. bassiana 3.4 a 1.8 a 0.6 a 0.3 a
Bifenthrin 0.1 a 0.0 a 0.2 a 0.4 b Oxydemetonmethyl 3.7 a 0.0 b 0.0 a 0.4 a

1997 Instar 1–3 Control 1.2 a 5.6 a 22.4 a 22.3 a Control 3.8 a 1.3 a 0.8 a 1.6 a
B. bassiana 1.2 a 4.3 ab 16.4 b 24.3 a B. bassiana 5.1 a 1.8 a 0.5 a 1.9 a
Bifenthrin 1.0 a 0.1 b 6.6 c 16.8 b Oxydemetonmethyl 3.0 a 0.0 a 0.2 a 1.6 a

Instar 4&5 Control 1.8 a 1.8 a 6.2 a 26.1 a Control 17.3 a 7.6 a 2.7 a 2.4 a
B. bassiana 1.7 a 2.1 a 4.9 a 19.3 b B. bassiana 19.1 a 6.8 a 2.5 a 1.1 a
Bifenthrin 1.5 a 0.4 a 0.5 a 4.7 c Oxydemetonmethyl 18.3 a 0.7 b 0.2 a 0.8 a

1998 Instar 1–3 Control 0.3 a 0.2 a 0.3 a 1.5 a
B. bassiana 0.4 a 0.2 a 0.4 a 1.3 a
Bifenthrin 0.6 a 0.0 a 0.0 a 0.6 b

Instar 4&5 Control 1.5 a 0.3 a 0.5 a 0.6 a
B. bassiana 1.5 a 0.6 a 0.3 a 0.3 a
Bifenthrin 2.0 a 0.2 a 0.1 a 0.1 a

1B. bassiana was sprayed three times at 5–7 d intervals between sprays. Bifenthrin (prebloom) and oxydemetonmethyl (bloom) were sprayed once at Spray 1. Bugs
were sampled 5–7 d after each application.
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tions were much higher than in prebloom sprays. In both 1996 and 1997, average
control adult populations decreased from 19 (1996) and 13 (1997) before sprays to
four after the third B. bassiana spray (Noma 1999).

The low and declining adult populations in B. bassiana treated plots were not
significantly different from control plots in any year or trial (Noma 1999).
Bifenthrin also did not affect the small adult populations during prebloom,
whereas oxydemetonmethyl significantly reduced adult populations only after
spray 1 in 1996, the same trial in which late nymphs were reduced (Noma, 1999).
However, it is not clear whether the results for adult populations are accurate.
High mobility of adults across treatment plots (Fleischer et al. 1988) may have
obscured treatment effects (see infection results below). Therefore, detailed data
for the impact of B. bassiana applications on lygus bug adults is not presented
here.

Spray coverage and persistence of conidia on alfalfa foliage. Spray
coverage measured with water sensitive papers on the top of alfalfa foliage was
similar on 15 June (79%, SE 4 3.8) and 14 July 1997 (75%, SE 4 4.6). On the
former date, the spray coverage at the middle of the canopy (62%, SE 4 6.2%) was
not significantly different from that at the top of the canopy. However, as plants
had matured and were larger on the latter date, spray coverage at the middle of
the alfalfa canopy was reduced to 38% (SE 4 2.8), significantly less than at the
top of canopy (date-plant position interaction: F 4 3.96; df 4 1, 36; P 4 0.05).

Immediately after field applications, mean numbers of conidia recovered from
alfalfa foliage (n 4 3), adjusted with the conidia recovery efficiency of 76% by our
leaf wash procedure, were 2.53 × 103 CFU / cm2 (SE 4 775) at the top and 1.67
× 103 CFU / cm2 (SE 4 349) at the middle during the prebloom trial, and 2.29 ×
103 CFU / cm2 (SE 4 264) at the top and 1.87 × 103 CFU / cm2 (SE 4 604) at the
middle during the bloom trial. These CFU values were used as standards (100%)
to monitor decline in number of viable conidia over time during the prebloom and
bloom trials.

Linear regression models described the decrease in percent of viable conidia on
alfalfa leaves at the top and middle of foliage over time during the 1997 prebloom
and bloom trials (Fig. 1). The density of viable conidia on top of alfalfa foliage
declined by ≈24% per d during both prebloom and bloom trials, thus by day 4 after
applications, most conidia were nonviable (Fig. 1). During the prebloom trial, the
rate of decline of viable conidia at the top of the alfalfa canopy did not differ
significantly from that at the middle (contrast test: F 4 1.66; df 4 1, 76; P 4
0.20). However, during the bloom trial, number of viable conidia decreased twice
as fast at the top of foliage as in the middle of the canopy (contrast test: F 4 6.31;
df 4 1, 76; P 4 0.014).

B. bassiana infection in lygus bug populations. Throughout most sam-
pling dates in 1997, more bugs were infected with B. bassiana in treated plots
than in control plots (Fig. 2). Average infection rates were relatively high consid-
ering the minor effect of B. bassiana on bugs per sweep. Infection rates were
significantly higher in the prebloom trial than in the bloom trial, particularly in
the treated plots (Table 3, trial-treatment interaction). The presence of a low
percentage of B. bassiana-infected bugs in untreated plots (Fig. 2) probably indi-
cates movement of bugs from treated plots. It is also possible that there was drift
of conidia into control plots during applications, or natural B. bassiana infections.
On average, more infected adults than infected nymphs were observed in control
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plots (Table 3, stage-treatment interaction), indicating more extensive movement
of adults than nymphs. Recovery of infected bugs in the morning following appli-
cations indicates that penetration of the cuticle may occur within ≈14 h after
applications (Fig. 2, first date).

Effect of temperature on B. bassiana virulence against L. hesper-
us. The viability of conidia used for this experiment was 92% (SE 4 2.9). B.
bassiana was most virulent to L. hesperus at 25°C, less virulent at 15°C, and least
virulent at 35°C (Fig. 3). LC90 and LC50 at 25°C were spray rates of 1.34 × 107 and
1.92 × 106 conidia / ml, or ground coverage of 3.86 × 104 and 5.55 × 103 conidia /
cm2 respectively (X2 4 14.26, df 4 16, P > 0.10).

Field temperature and humidity. Daily temperatures fluctuated on aver-
age between 9 and 35°C (average daily mean 4 20°C) during the prebloom trial
and between 14 and 36°C (average daily mean 4 24°C) during the bloom trial in
1997 (Fig. 4). Average daily mean relative humidity in Parma was 53% (SE 4 2.0)
during the prebloom trial and 53% (SE 4 3.5) during the bloom trial in 1997.

Discussion

Overall, the impact of B. bassiana on lygus bug in alfalfa seed plots was minor.
B. bassiana reduced nymphal populations relative to water controls on two out of
15 prebloom sampling dates; both reductions occurred during the 1997 prebloom
trial when lygus bug density was higher than it was in two other prebloom trials
(Table 2). The reduction of early instars after the second spray and late instars
after the third spray during the 1997 prebloom trial may be a result of a single
reduction of one cohort at its early nymphal stage measured as the nymphs
developed, rather than two separate reductions (Table 2). Though significant,

Fig. 1. Persistence of B. bassiana conidia monitored over time at top and middle
of alfalfa foliage after field applications during prebloom and bloom trials
in 1997. Three application dates (indicated by s, h, and n) were used as
replicates.
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these reductions still left nymphal populations higher than the spray threshold of
four bugs per sweep. Better control was obtained with chemical insecticides
(Table 2). One application of bifenthrin or oxydemetonmethyl significantly re-
duced one or more stages of lygus bug on nine out of 15 sampling dates in three
years (Table 2). These sprays usually, but not always, kept the population below
or near the spray threshold. Adult lygus bug populations also were not affected by
B. bassiana, although movement between plots may have obscured treatment

Fig. 2. Percent of lygus bug nymphs and adults (n 4 10-30) that were found
infected with B. bassiana in B. bassiana-treated and untreated plots
during the 1997 study. Arrows indicate B. bassiana applications.

Table 3. Analyses of variance for determining the effect of trial (pre-
bloom vs. bloom), Lygus stage (nymphs vs. adults), and spray
treatment (B. bassiana vs. water control) on infection preva-
lence in lygus bug populations.

Source DF Sum of squares F P

Trial 1 4463.16 23.42 0.0001
Stage 1 406.39 2.13 0.15
Treatment 1 36303.68 190.52 0.0001
Trial × stage 1 477.11 2.50 0.12
Trial × treatment 1 2497.63 13.11 0.0005
Stage × treatment 1 3200.67 16.80 0.0001
Trial × stage × treatment 1 83.69 0.44 0.51
Error 107 20388.90
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effects. In the discussion below, we address the following two questions: first, why
was there so little effect of B. bassiana overall? Second, why was there a signifi-
cant effect during prebloom, but not during bloom?

Inoculation of lygus bug with a sufficient quantity of viable conidia is critical
for successful colonization and death of a host (Bajan & Bilewicz-Pawinska 1971).
Our spray rate, 2.47 × 1013 conidia / ha, (4 2.47 × 105 conidia / cm2) was
approximately equivalent to six times the LC90 for L. hesperus adults at 25°C in
the laboratory. However, mean CFU recovered from top and middle foliage right
after applications were only 46 and 30% of the LC50 for the prebloom trial and 41
and 34% for the bloom trial. This spray coverage may not have been sufficient for
lygus bug control, if spray coverage on the foliage was comparable to direct spray-
ing of bugs. This factor alone may be a sufficient explanation for the minimal
impact of B. bassiana on lygus bug in our plots. However, CFU counts tend to
underestimate spray coverage, probably because CFU developed from conidia
that are placed close together on an agar plate fuse and appear as one, and actual
conidial density on foliage may be much higher (S. T. Jaronski, Mycotech Corp.,
unpublished data). Furthermore, highly mobile lygus bug may pick up conidia
while moving along the plant surface (Steinkraus & Tugwell 1997). In fact, in-
fection rates of both adults and nymphs were relatively high, averaging 40% or
more in most trials, and reaching over 90% on some sampling dates (Fig. 2). This
suggests that spray coverage was not as limiting as the above calculations sug-

Fig. 3. Infection mortality of L. hesperus adults inoculated with B. bassiana.
Different letters indicate a significant difference in infection mortality at
the inoculation rate of 3.70 × 106 conidia / ml (Tukey’s studentized range
test, a4 0.05).
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Fig. 4. Hourly fluctuation of ambient temperature in the study field during 1997
prebloom and bloom trials. The average temperatures (horizontal lines)
were 20 and 24°C during the prebloom and bloom trials respectively.
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gest, but rather, environmental factor(s) prevented mortality in infected bugs.
The mechanism of conidia acquisition by lygus bugs from sprayed alfalfa foliage
should be studied to understand the relationship between conidial density, lygus
bug behavior, and infection / mortality rates.

Rapid loss of viable conidia on alfalfa within a few days was observed in this
study (Fig. 1) and in a study in Canada (Inglis et al. 1993). Exposure to ultraviolet
light (UV) probably explains why conidia were more short-lived on the top of
alfalfa foliage than in the middle during the 1997 bloom trial (Inglis et al. 1995,
Fargues et al. 1996).

We conducted all B. bassiana applications at sunset when UV exposure was
minimized and when lygus bug flight activity was greatest (Mueller & Stern 1973,
T.N., personal observations). Germination of conidia on L. hesperus and penetra-
tion of the cuticle appeared to occur by the following noon (Fig. 2). Despite this
ideal spray time, loss of viable conidia due to UV exposure may have contributed
to the minimal impact of B. bassiana on lygus bug.

Low relative humidity may cause some fungal mortality before cuticle pen-
etration. Relative humidity was 53% in the Parma area during our study, though
humidity in the alfalfa canopy was probably higher. Previous studies have shown
that occurrence of mycosis was independent of relative humidity (Ferron 1977,
Marcandier & Khachatourians 1987, Jaronski & Goettel 1997). A boundary layer
of moist air on the cuticular surface of insects may provide sufficient moisture for
initial fungal growth regardless of relative humidity (Ferron 1977). Thus, dry
conditions typical for southern Idaho may not be a major factor affecting microbial
control. On the other hand, windy conditions may eliminate the moist boundary
layer. These environmental factors may have contributed to the minimal effect of
B. bassiana in our field plots.

In the 1997 field study, applications of B. bassiana reduced lygus bug nymphs
during the prebloom trial while they had no impact on lygus bug nymphs during
the bloom trial (Table 2). In addition, infection rate was reduced during the bloom
trial as compared with the prebloom trial (Fig. 2). This occurred despite the longer
persistence of conidia during the bloom trial than the prebloom trial (Fig. 1).
Seasonal differences may be the result of reduced spray penetration and / or
faster nymphal growth rates relative to growth of B. bassiana hyphae at field
temperatures (see below). Spray penetration through foliage measured by water
sensitive paper was reduced as plant size and foliage increased. In cotton fields,
most L. hesperus, both nymphs and adults, were present in the upper portion of
plants especially on reproductive structures (Wilson et al. 1984). However, floral
racemes in alfalfa are present inside the canopy as well as on the surface. Thus,
distribution of lygus bugs in alfalfa may be much different from that in cotton.
Delivery of more conidia inside the alfalfa canopy, where conidia persist longer,
may provide more effective control if bugs frequently spend time within the fo-
liage.

Although spray coverage measured at the middle canopy height was similar
between the prebloom and bloom trials based on CFU counts, it was reduced
during the bloom trial based on spray coverage using water sensitive paper. The
inconsistency of these two results may be due to the different locations of sam-
pling in the middle canopy: CFU were counted on leaves collected mostly from the
edge of the canopy while water sensitive papers were set inside the canopy. At
middle height, spray penetration would have been reduced more inside the
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canopy than at the edges of the canopy, due to dense foliage. Faster nymphal
growth rates relative to B. bassiana hyphae at field temperatures could also
explain seasonal differences in the effectiveness of B. bassiana. Growth of B.
bassiana is a function of ambient temperature, peaking at 27°C (Fargues et al.
1997). In our laboratory assay, the B. bassiana strain GHA was most virulent at
25°C, less virulent at 15°C, and least virulent at 35°C (Fig. 3). This result was
consistent with those of Inglis et al. (1996) and Vandenberg et al. (1998) with
other host insects. Thus, mortality from B. bassiana appeared to be greatest at
the optimal temperature for hyphal growth. Mycosis and mortality among lygus
bugs infected in the field should be affected by fluctuating daily temperatures
(Inglis et al. 1997).

We estimated growth rates of B. bassiana and L. hesperus in the field for 1997
prebloom and bloom trials using hourly temperatures measured for 5 d after each
application (Fig. 4), and published relationships between temperature and
growth rate. The relationship between hyphal growth rate of B. bassiana strain
GHA and ambient temperature was established by Fargues et al. (1997). Optimal
temperature for maximum hyphal growth was 27°C. The relationship between
growth rate of L. hesperus nymphs and ambient temperature was established by
Champlain & Butler (1967). Optimal temperature for maximum lygus bug devel-
opment was 35°C. Each hourly temperature was converted to expected growth
rates, and then standardized relative to maximal growth rates (100%) at the
optimal temperatures. The average growth rates of B. bassiana and L. hesperus
were compared between the prebloom and bloom trials using t-tests (SAS Insti-
tute 1989).

On average, the estimated growth rate of B. bassiana hyphae relative to their
maximal growth rate (100%) at a constant optimal 27°C was not significantly
different between the prebloom and bloom trials (55% versus 54%, t 4 0.048; df
4 4; P 4 0.96). This is because the duration of time during the day that ambient
temperatures were close to optimum for maximal hyphal growth was the same
during both prebloom and bloom. During prebloom the period of optimal tem-
peratures occurred in the middle of the day, whereas during bloom, this period
occurred in the morning and evening.

The estimated average growth rate of L. hesperus relative to its maximal
growth rate at a constant optimal 35°C was significantly higher during the bloom
trial than that during the prebloom trial (58% versus 49%, t 4 2.78; df 4 4; P 4
0.049). This is because ambient temperatures were more likely to encourage
maximum nymphal development during the bloom trials than during prebloom
trials.

Though B. bassiana growth rates may have been similar during prebloom and
bloom, a more rapid development of lygus bug nymphs during bloom may help
them to overcome the pathogen. As molting intervals shorten, nymphs may es-
cape initial fungal invasion by shedding old cuticle on which conidia germinate
(Fargues 1972, Vandenberg et al. 1998). Based on average daily temperatures
during the two trials (20 and 24°C), and growth rates of L. hesperus nymphal
instars reported by Butler & Wardecker (1971), Lygus eggs hatching at the be-
ginning of the prebloom trial of 1997 would have developed into fifth nymphal
instars by the end of B. bassiana treatments. In contrast, eggs hatching at the
beginning of bloom would have become adults by the end of treatments. Thus, the
shortened molting interval of lygus bug nymphs during the bloom trial may have
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reduced nymphal mortality, and could explain the greater impact of B. bassiana
during the prebloom than the bloom trial in 1997.

These growth rate estimates assume that the body temperature of bugs was
similar to ambient temperature recorded in the field, and that bugs spend little
time actively thermoregulating. Ambient temperatures can be used successfully
to predict lygus bug development in the field (Sevacherian et al. 1977), so the
assumption is not unreasonable. However, some insects are capable of raising
their body temperatures above ambient temperatures through basking and habi-
tat selection (Carruthers et al. 1992, Watson et al. 1993, Inglis et al. 1996). It is
possible that infected lygus bug also may elevate their body temperatures to slow
infection, and thus, ambient field temperatures may underestimate daytime body
temperatures. This could explain the minimal effect of B. bassiana in the field,
despite high infection rates. A behavioral fever response by infected lygus bug
might be limited because the upper lethal temperature to L. hesperus nymphs
(<40°C) (Champlain & Butler 1967) is lower than the lethal temperature of some
other insect species that thermoregulate (>40°C) (Carruthers et al. 1992, Watson
et al. 1993, Inglis et al. 1996). Lygus bug body temperature also would be similar
to ambient temperature at night and on cloudy days when basking is limited, and
when behavior (e.g., feeding) requires the bug to be active within the alfalfa
canopy. Investigation of lygus bug thermoregulation in relation to ambient tem-
perature and infection would help refine the prediction of B. bassiana growth in
lygus bug.

Our study indicates that important changes need to be made in the delivery
system and/or strain of B. bassiana if the pathogen is to be a component of alfalfa
seed IPM. More effective delivery of conidia through dense alfalfa foliage (e.g.,
modification of spray angles for better penetration, higher spray pressure) may
increase spray coverage, infection and mortality of the lygus bug. Insects are often
most susceptible to fungal strains isolated from insects of the same species (Fer-
ron et al. 1972, Fargues 1976). B. bassiana isolated from a lygus bug was highly
virulent against L. lineolaris in a cage study under hot conditions (typically >35°C
during day time) in Arkansas (Steinkraus & Tugwell 1997). This strain may be
effective in controlling lygus bug in the western United States. Fungal complexes
made up of strains that have different optimum growth temperatures may be
most effective in fluctuating diurnal temperatures (Inglis et al. 1997). Should
such a fungal complex and effective delivery system become available, its efficacy
for control of lygus bug in alfalfa seed should be considered.
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Susceptibility of Cool-Season Grasses to
Greenbug Biotypes1,2

S. D. Kindler and D. B. Hays

Plant Science and Water Conservation Research Laboratory, USDA—ARS, 1301 North Western
Street, Stillwater, Oklahoma 74075

J. Agric. Urban Entomol. 16(4): 235–243 (October 1999)
ABSTRACT The development of host plant resistant cereals has been used
to limit the damage by greenbugs, Schizaphis graminum Rondani. The success
of this strategy has been challenged by the occurrence of resistance-breaking
biotypes. The dominant theory suggests that biotype development in this
aphid may be driven by the planting of resistant cultivars of cereal grains.
However, there are only a few reports examining the interaction of greenbug
with native grasses despite the potentially important role they may have in
driving the development, and in the harboring of as yet unknown biotypes of
greenbugs. Therefore, we investigated the host suitability of eight species of
range grasses to determine if any of them may have played a role in the
development of greenbug biotypes. These species of grasses are grown on
rangeland, pasture, roadsides, and some of them are used in reclamation pro-
jects in the Plains states. All entries supported populations of greenbug bio-
types and sustained plant damage after a 7 d confinement period. Although
wheat, Triticum aestivum L., supported higher greenbug numbers compared
with the grasses for most biotypes, some of the grasses suffered equal or more
plant damage than wheat. One of the most significant differences among the
biotypes occurred with Canada bluegrass, Poa compressa L. Greenbug biotype
F adults cultured on Canada bluegrass produced significantly more nymphs
than the other biotypes and inflicted a significantly higher damage rating. This
damage, which was ultimately lethal, was also observed in all of the species of
wheatgrass and mountain brome when challenged with any greenbug biotype.
These results suggest that the development of greenbug biotype F is driven by
native grasses. While this study did not reveal other grass species that were
diagnostic for the other biotypes, these results suggest that a more detailed
survey of other cool and warm season grass species would reveal similar re-
sults.

KEY WORDS Aphididae, greenbug biotypes, Homoptera, native grasses

For years, resistant cereal grains have been used to reduce damage by green-
bugs, Schizaphis graminum Rondani. However, the success of managing green-
bugs with plant resistance has been challenged by the occurrence of resistance-

1Accepted for publication 18 August 1999.
2This article reports the results of research only. Mention of a proprietary product does not constitute an
endorsement or a recommendation for its use by U.S. Department of Agriculture.
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breaking biotypes. Nine greenbug biotypes have been identified and
characterized. They are biotypes B, C, E, F, G, H, I, J, and K. Greenbug biotypes
were described in Kindler & Spomer (1986), Puterka & Peters (1990), Harvey et
al. (1991), Beregovoy & Peters (1994), or Harvey et al. (1997).

The latest biotype to be described, biotype K, is able to damage sorghum
resistant to biotype I (Harvey et al. 1997), especially I-resistant sorghum derived
from PI 550610. Since this PI is currently being used in many public and private
sorghum breeding programs, biotype K greenbug may become economically im-
portant.

The literature specifically defining host relations between grasses and cereal
aphids in North America seems surprisingly limited in view of the potential
importance of grasses as alternate hosts for these aphids and as possible reser-
voirs for aphid-vectored plant viruses (Stoner 1976). A comprehensive list of the
Graminaceous North American host plants of the greenbug with notes on biotypes
has been published (Michels 1986). The total number of confirmed greenbug host
plants include 70 species in 44 genera. Robinson & Hsu (1963) prepared a com-
prehensive list of grasses colonized by aphids in fields in Manitoba. Most other
studies have been designed to test suitability of specific grasses as hosts for
greenbug (Dahms et al. 1954, Daniels 1960, Kieckhefer & Stoner 1978, Kieck-
hefer 1983, Kindler & Spomer 1986). With the exception of the study by Kindler
& Spomer (1986) using known greenbug biotypes at the time, studies to test
suitability of specific grasses as hosts for existing greenbug biotypes have not
been done. Therefore, we investigated the suitability of eight species (five genera)
of range grasses to greenbugs confined on the plant. The species of grasses sur-
veyed in these studies are grown on extensive acreage of rangeland, pasture, and
roadsides, and some are used in reclamation projects in the Plains states.

Materials and Methods

All plants were grown in the greenhouse in Redi-Earth soil mixture (Redi-
Earth Peat-Lite Mix, Grace Sierra Horticultural Products Company, Milpitas,
California) in conetainer cells (20.6 by 3.8 cm, Ray Leach Supercell Cone-Tainer,
Stuewe & Sons, Corvallis, Oregon). Cells were set in supportive holders and
placed in trays filled with fertilized water (All Purpose Peters Soluble Plant Food,
20–20–20, St. Louis, Missouri).

In separate but identical tests for each of the plant species, five seeds were
planted per cone, but thinned to three plants per cone at time of infestation. When
plants were three weeks old, each cell was infested with ten apterous adult green-
bugs and caged with ventilated clear cellulose tubing (3.8 by 20.3 cm). The biotype
colonies were maintained on ‘TAM W-101’ wheat. The infested plants were main-
tained in the greenhouse at 23.9 ± 10°C with a photoperiod of 16:8 (L:D) h. After
seven days, greenbugs were removed and counted. Plants were rated for damage
at seven days post-infestation using a scale of 14 no damage, to 94 plant death.
The test design was a randomized complete block design for each plant species,
with the aphid biotype as the main effect and the plant species as the block with
four replications. For each analysis the response variable was greenbug number
and plant damage.

Plant entries evaluated were: Wheat, ‘Tam W-101’, Triticum aestivum L.,
Canada bluegrass, ‘Rueben’, Poa compressa L., Western wheatgrass, Pascopyrum
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smithii (Rydberg) A. Love, Crested wheatgrass, ‘Summit’, Agropyron desertorum
(Fischer ex Link) Schultes, Crested wheatgrass, ‘Parkway’, Agropyron cristatum
(L.) Gaertner, Crested wheatgrass, ‘Kirk’, Agropyron cristatum (L.) Gaertner,
Crested wheatgrass, ‘Hycrest’, Agropyron cristatum, (L.) Gaertner, Mountain
brome, Bromus marginatus Nees ex Steudel, Rescue grass, Bromus catharticus
Vahl, and Smooth brome, Bromus inermis ssp. inermis Leysser. Greenbug bio-
types used were B, C, E, F, G, H, I, and K (J was not available for the test).

The data were analyzed using PROC ANOVA (SAS Institute 1988). Means
comparisons were made using least significant difference (P 4 0.05, SAS Insti-
tute 1988).

Results and Discussion

All entries supported populations of greenbug biotypes and sustained plant
damage after a 7-d confinement period (Fig. 1). Although wheat supported higher
greenbug numbers compared with the grasses for most biotypes, some of the
grasses suffered equal or more plant damage than wheat. All the wheatgrasses
and mountain brome had similar or more damage than wheat.

In general, biotype F and G had, with some exceptions, the lowest population
means and damage ratings of all the biotypes on wheat and several of the grasses.
Biotype G had the lowest population of greenbugs on the wheatgrass entries and
the bromegrasses, with the exception of western wheatgrass.

One of the most significant differences among the biotypes occurred with
Canada bluegrass. Biotype F produced significantly more greenbugs on Canada
bluegrass than the other biotypes (Fig. 1); the higher number of greenbugs of
biotype F is reflected by a higher damage rating (Fig. 1).

Although biotype F is considered a biotype best suited to grasses (Kindler &
Spomer 1986), it performed very poorly on smooth brome, having the lowest
reproduction rate and causing the least plant damage of all the biotypes.

Kentucky bluegrass, Poa pratensis L., is a known host of the greenbug in the
United States and Canada (Webster & Phillips 1912, Wadley 1931, Patch 1938,
Robinson & Hsu 1963). Occasionally the greenbug has caused serious (economic)
damage to Kentucky bluegrass (Webster & Phillips 1912) but not until 1970, was
the greenbug reported to occur in epidemic proportions on that host (Street et al.
1978).

Most cereal scientists consider the greenbug as a pest of the cereal crops
including grain sorghum. Few scientists consider it a pest of native grasses. There
are hundreds of papers reporting the interaction of greenbugs and cereal crops,
while there are few papers reporting the interaction of greenbugs and native
grasses.

Patch (1938) listed 62 grass plants on which the greenbug has been observed;
however, she gave no information on the insect’s reproductive potential or popu-
lation persistence on them.

Dahms et al. (1954) subjected 23 grasses to greenbug infestation and found
only two failed to maintain a population. Eleven of the species were not recorded
by Patch (1938).

Daniels (1960) spot-checked grasses growing in the Panhandle area of Texas
during the spring and summer of 1953-59 for greenbugs infesting grasses. Twenty
species of grass on which greenbugs have been observed were reported by Daniels.
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Five of those species were not mentioned by either Patch (1938) or Dahms (1954).
In general, greenbugs maintained heavier populations on Western wheatgrass,
Pascopyrum smithii, and remained later than on the other grass species.

Many Kentucky bluegrass pastures in eastern Nebraska originated from over-
grazing of the natural prairie grasses or early plantings of unadapted grasses that

Fig. 1. Greenbug reproduction and damage ratings on nine entries of native
grass and one variety of wheat. Values are the mean ± SE. Bars with the
same letter are not significantly different (P>0.05, LSD test).
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were killed by drought. Nebraska Common Kentucky bluegrass eventually in-
vaded and became predominant. (Kindler & Kinbacher 1975). One seed source of
Kentucky bluegrass comes from harvesting seed from pastures located in South
Dakota, Kansas, Nebraska, Iowa and Minnesota. The seed harvested from these
pastures is sold under the name of Nebraska Common, South Dakota Common,
etc.

Field and greenhouse studies with bluegrass billbug (Sphenophorus parvulus)
and greenbug biotypes C and E have shown that Common varieties of Kentucky

Fig. 1. (Continued).
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bluegrass are significantly more resistant to these insects compared to varieties
that originate from Europe (Kindler & Kinbacher 1975, Kindler et al. 1983). Both
the greenbug and bluegrass billbug have a long history of infesting Kentucky
bluegrass particularly in Nebraska and it is believed that the feeding stress by
these two species over time has selected for insect resistance in these Kentucky
bluegrass entries.

Greenbugs were observed by Kindler & Spomer (1986) infesting Kentucky
bluegrass seeded lawns in early Autumn (August and September) in Eastern
Nebraska. Populations were generally economically damaging, causing death of

Fig 1. (Continued).
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the sod growing under the tree drip line. Greenbugs collected from these field
populations were identified as a new biotype named F (Kindler & Spomer 1986).
Greenbug populations collected in Lincoln, Nebraska and identified as biotype F
were compared to greenbug collections from Kentucky bluegrass seeded lawns
near Columbus, Ohio, and found to be the same biotype based on host plant
reaction studies (Kindler & Spomer 1986).

Two general theories have been proposed for the development of greenbug
biotypes. The prevailing theory proposes that the development of resistant cereals
drive the development of virulent biotypes (Porter et al. 1997). The second pro-
poses that biotype development is driven by the selective pressure from non-
cultivated host plants such as perennial grasses (Porter et al. 1997).

The results of these studies indicate that most greenbug biotypes are capable
of reproducing and causing damage to several species of grass. Wild grasses and
volunteer wheat are vital to the maintenance of most greenbug biotypes, espe-
cially during the summer when they create a bridge between wheat harvest and
fall planting of the next year’s crop (Daniels 1960). This limited survey and a
previous study have revealed a differential in Canada bluegrass (Kindler &
Spomer 1986) that appears to be diagnostic for the development of biotype F.

Powers et al. (1989) reported greenbug biotypes B and C diverged 300,000–
600,000 years ago based on mitochondrial DNA divergence analysis. Many of the
grasses hosting greenbugs are native grasses that were growing and harboring
greenbugs long before cultivated cereal crops were grown in the Great Plains
(USA). Many of these native grasses that host greenbugs belong to the triticum or
sorghum tribe of Gramineae which contains the genera Triticum (wheat), Hor-
deum (barley), and Sorghum (grain sorghum) on which greenbugs are a pest. We
suspect that this species is native to both warm and cool-season grasses and has
moved on to the cultivated relatives of these grasses.

Also, the development of greenbug resistant wheat appears not to drive the
development of new biotypes of greenbug. In every case, no resistant cultivars
were in use that were resistant to the prevailing greenbug biotype prior to the
report of a new biotype (Porter et al. 1997). While sorghum resistant to the
prevailing biotypes was in production prior to the report of a new biotype, the
level of resistance in sorghum is low in comparison to that found in wheat. Re-
sistance in sorghum is graded on the plants ability to survive 17 d after infesta-
tion versus 10 and 14 d for other resistant sorghum (Kofoid et al. 1991). This

Fig. 1. (Continued).
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intermediate level of resistance is thought to cause little selective pressure for the
development of biotypes in greenbug (Porter et al. 1997). Porter’s et al. (1997)
theory and the results of the present study suggest that the development of
greenbug biotypes is driven by the greenbugs long-standing interaction with na-
tive grasses. A more detailed screening of other native host plant species and
different genotypes within these species may reveal other grass hosts that are
diagnostic for the known biotypes of greenbug.
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Hessian Fly (Diptera: Cecidomyiidae) Larval Survival as
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ABSTRACT The effects of allelic dosage of wheat resistance genes; larval
density; and temperature on the expression of resistance and on Hessian fly,
Mayetiola destructor (Say), larval survival was studied in a growth chamber.
Wheat plants homozygous and heterozygous for resistance genes H3, H5,
H7H8, H9, H10, and H11 expressed a high level of resistance as indicated by
levels of plant damage. Plants heterozygous for the H6 gene were only mod-
erately resistant. Little or no larval survival occurred on resistant plants ho-
mozygous and heterozygous for the H13 and H22 genes. However, significantly
more larvae survived on resistant plants heterozygous for the H3, H5, H6, H7
H8, H9, H10, or H11 genes compared to the corresponding homozygous plants.
Thus, larval survival on resistant heterozyous plants rather than levels of
plant damage appears to be the best criterion to determine if a resistance gene
has complete or incomplete dominance. Wheats with resistance genes H1H2,
H7H8, H11, and H13 expressed a high level of resistance across all egg (larval)
densities (5, 10, 20 eggs per plant) and temperature. Larval survival increased
on resistant plants having H1H2 and H7H8 genes as egg density and tem-
perature (18, 24, 28°C) increased, with the highest survival recorded at 24°C.
Little or no larval survival occurred on resistant plants carrying the H11 or
H13 genes across density and temperature treatments.

KEY WORDS antibiosis, genetic and environmental factors, larval sur-
vival, Mayetiola destructor, Triticum, wheat

Genetic resistance in wheat (Triticum aestivum L.) has been the most effective
and economical means of controlling the Hessian fly, Mayetiola destructor (Say).
Twenty-seven resistance genes designated H1 through H27 have been identified
in Triticum species and Secale cereale L. for use in cultivar improvement (Rat-
cliffe & Hatchett 1997). Resistance genes have been found to be dominant, par-
tially dominant, or recessive. The mechanism of resistance conditioned by these
genes is antibiosis, whereby first instars die soon after they begin to feed on
plants.

A gene-for gene relationship exists between resistance in wheat and avirulence
in the Hessian fly, with virulence in the insect conferred by homozygous recessive
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pairs of genes (Hatchett & Gallun 1970). As a consequence of this highly specific
interaction between wheat and the Hessian fly, 16 biotypes of fly (designated
Great Plains and A through O) have been identified from field populations and
are distinguished only by their ability (virulence) or inability (avirulence) to sur-
vive on and stunt wheats carrying specific resistance genes (Gallun 1977).

Genes for resistance to the Hessian fly exhibit differential sensitivities to high
temperature, and cultivars carrying the genes react differently when infested by
various biotypes (Cartwright et al. 1946, Sosa & Foster 1976, Sosa 1979, Tyler &
Hatchett 1983, Ratanatham & Gallun 1986). The allelic dosage of wheat resis-
tance genes also has been shown to affect the expression of resistance under
different temperature regimes. For example, Tyler & Hatchett (1983) found that
resistance of plants heterozygous for the H13 gene to fly biotypes was reduced
greatly at 28°C, whereas resistance of plants homozygous for this gene was rela-
tively stable at this high temperature. Ratanatham & Gallun (1986) showed that
the interactions of larval density, fly biotype, and temperature did not signifi-
cantly affect resistance expression of plants carrying H3, H5, or H6 genes.

Because wheat cultivars carrying different resistance genes will be deployed in
different agroecological zones where they will be grown under different tempera-
tures and various levels of infestation, we tested in the present study the null
hypothesis that resistance of some genes in both homozygous and heterozygous
conditions will be expressed similarly in these different environments.

The objectives of this study were to determine the effects of wheat allelic
dosage, temperature, and Hessian fly larval density on the expression of resis-
tance and larval survival on resistant plants.

Materials and Methods

Hessian fly larval survival on wheat plants homozygous or heterozy-
gous for resistance. F1 seeds were produced by crossing wheat cultivars or
lines carrying a resistance gene with the susceptible wheat ‘Newton’. Nine resis-
tance genes were included in the study: H3 (‘Arkan’), H5 (‘Arthur’), H6 (‘Cald-
well’), H7H8 (‘Seneca’), H9 (‘Ella’), H10 (Purdue 76529 A5), H11 (Kay), H13
(KSH8998), and H22 (KS85WGRC1).

This experiment was carried out in a growth chamber set at 18 ± 1°C and 12:12
(L:D)h photoperiod. The experimental design was a randomized complete block
with three replications, repeated over time. About 40 seeds of each of the cultivars
or lines and their F18s were planted in separate pots filled with soil. The plants
were thinned at the one-leaf stage to 30 per pot and covered with a cheesecloth
cage. Three mated Hessian fly females were released in each pot for infestation.
The final resistance evaluation of plants was made when the larvae had fed for
about 12 days. Resistant and susceptible plants were separated on the basis of
feeding symptoms: susceptible plants were stunted and dark green in color,
whereas resistant plants were not stunted and had normal light green color.
Resistant plants were separated into two categories, those with only dead larvae
and those that had live larvae. The percentage of plants with live larvae was
based on the number of resistant plants with live larvae over the total number of
resistant plants. The percentage of plants resistant was based on the total num-
ber of resistant plants with dead and live larvae over the total number of plants
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tested. The number of live larvae and their lengths were recorded for five sus-
ceptible and five resistant plants.

The data was analyzed using a 2-way ANOVA with allelic dosage as one effect
and gene as the second. Because H13H13, H13h13, and H22H22 did not allow for
any larval survival on resistant plants and H22h22 allowed very little larval
survival, these genotypes were excluded from analysis of variance of the percent-
age resistant plants with live larval.

Temperature-larval density. This experiment was conducted in a growth
chamber as a split plot design with temperature as the whole plot and larval
density as the subplot. The experiment was repeated twice over time. Four
sources of resistance genes were included in this study, (‘Big Club 608 H1H2),
‘Seneca’ (H7H8), ‘Kay’ (H11), and KSH8998 (H13), and Newton was the suscep-
tible check. Three temperatures (18, 24, and 28°C) and three Hessian fly egg
densities (5, 10, and 20 eggs per plant) were used to produce different larval
densities. Approximately 20 seeds of each wheat were planted in uniformly
spaced rows (one entry per row) in standard greenhouse flats containing vermicu-
lite. Seedlings at the one-leaf stage were infested by confining about 100 mated
females inside a cheesecloth tent placed over the flats. After 6-8 h of oviposition,
adult flies and tent were removed. Plants then were removed from the flats and
examined individually under a microscope for eggs. The plants were divided into
three groups of 10, each having 5, 10, or 20 eggs. Excess eggs were crushed with
a small dissecting needle. Each group of 10 plants was transplanted into indi-
vidual pots containing soil. Pots were kept in a growth chamber set at 18°C and
12:12 (L:D)h photoperiod until eggs hatched and first instars reached the base of
the plants, after which they were moved to growth chambers set at 18, 24, or 28°C
with 12:12 (L:D)h photoperiod. When larvae were in the puparial stage, the plants
were removed from the pots and classified as resistant or susceptible on the basis
of feeding symptoms.

Hessian fly used for the two experiments were originally from a heterogeneous
population (GP biotype) collected in Ellis County, Kansas and had not been pu-
rified for avirulence to the genes tested.

Results

Hessian fly larval survival on wheat plants homozygous and hetero-
zygous for resistance genes. Plant genotype (gene) had a highly significant (P
<0.01) effect on the percentage of resistant plants (Table 1). All genotypes (ho-
mozygous or heterozygous) expressed a high level of resistance, except H6h6
which was only moderately resistant (64.4% of the plants) (Fig. 1.). Plant geno-
type and allelic dosage also had highly significant (P <0.001) effect on the per-
centage of resistant plants with live larvae (Table 1). Cultivars homozygous and
heterozygous for H13 and H22 genes had the lowest percentage of resistant plants
with live larvae, 0% in the homozygous condition for both, and 0% and 5.1% in the
heterozygous condition, respectively. All heterozygous plants with the other
genes (H3, H5, H6, H7H8, H9, H10, H11) had a significantly higher percentage of
resistant plants with live larvae than their corresponding homozygous plants. At
least 50% of the resistant plants of these hybrids had live larvae (Fig. 2).

Effect of temperature and larval density on the expression of resis-
tance and larval survival. Highly significant (P <0.001) differences in the
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percentage of resistant plants occurred for all cultivars carrying resistance genes
compared to susceptible Newton (Table 2). The effect of temperature on the per-
centage of resistant plants was also significant (P <0.05), whereas that of density
was not (Table 2.).

Plant genotype, larval density, temperature, and the interaction between plant
genotype and larval density and between plant genotype and temperature had
highly significant (P <0.001) effects on the percentage of resistant plants with live
larvae (Table 2). The interaction between plant genotype, egg density and tem-
perature was also significant (P <0.05) (Table 2). The interaction means indicated
that on cultivars with H11H11 and H13H13 genotypes, the percentage of resis-

Figure 1. Response of wheat plants homozygous and heterozygous for different
resistance genes and susceptible Newton wheat to infestations of Hes-
sian fly, growth chamber test.

Table 1. Analysis of variance of two expressions of nine genes for resis-
tance to Hessian fly as affected by plant allelic dosage (homozy-
gous or heterozygous).

Source of variation

% Plants resistant
% resistant plants

with live larvae

df MS F df MS F

Gene 8 0.0486 3.92* 6a 0.1097 9.37**
Allelic Dosage 1 0.0053 0.43 NS 1 4.640 396.5**
Gene × Allelic Dosage 8 0.0057 0.46 NS 6 0.0259 2.21 NS
Error 18 14

NS, no significant difference (P < 0.05); *, **, significant difference at P < 0.01, P < 0.001, respectively
based on an F test.
aFour genotypes (H13H13, H13h13, H22H22, H22h22) were excluded from ANOVAN analysis of the %
resistant plants with live larvae as they allowed for either zero or very little larval survival.
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tant plants with live larvae was low and changed little at different egg densities
or at different temperatures (Table 3). In contrast, on cultivars with H1H1H2H2
and H7H7H8H8 genotypes, this percentage generally increased as egg density
and temperature increased (optimal at 24°C, but somewhat reduced at 28°C).

Plant genotype, larval density, and the interactions between plant genotype
and larval density and between plant genotype and temperature had highly sig-
nificant (P<0.001) effects on the number of live larvae per resistant plant (Table
2). The interaction between plant genotype, egg density and temperature was also
significant (P<0.05). The interaction means showed that on cultivars with geno-
types H11H11 and H13H13, the number of live larvae per resistant plant was low
and changed little as egg density and temperature were increased, whereas on
cultivars with H1H1H2H2 and H7H7H8H8, the number of live larvae per resis-
tant plant increased at higher egg densities and higher temperatures (optimal at
24°C, but somewhat reduced at 28°C) (Table 4). For the susceptible Newton,
larval survival increased at higher egg densities but decreased at higher tem-
peratures.

Discussion

All plants homozygous and heterozygous for the resistance genes tested, except
H6H6, expressed a high level of resistance as measured by number of plants with
live larvae and larval survival (Fig 1). The stunting reaction of F1 plants to
Hessian fly larval feeding has been used as one of the criteria to determine if a
gene expresses complete or incomplete dominance. Based on the results of this
study, only the H6 gene would be considered as incompletely dominant, because

Figure 2. Hessian fly larval survival on wheat plants homozygous and hetero-
zygous for different resistance genes, growth chamber test.
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Table 2. Analysis of variance of three expressions of Hessian fly resistance as affected by plant genotype; tempera-
ture; Hessian fly larval density (5, 10, or 20 eggs per plant); and their interaction.

Sourcea of variation

% plants resistant
% resistant plants with

live larvae
No. live

larvae/plant

df MS F df MS F df MS F

Temperature 2 0.0159 3.39* 2 0.315 84.5** 2 5.769 14.17**
Egg density 2 0.0077 1.64NS 2 0.126 33.76** 2 13.57 33.33**
Plant genotypes 4 4.074 866.71** 3 2.775 743.12** 4 53.68 131.82**
Plt. geno. × Egg dens. 8 0.0034 0.72NS 6 0.0921 24.68** 8 10.364 25.45**
Egg dens. × Temp. 4 0.0007 0.15NS 4 0.0024 0.65NS 4 0.914 2.25NS
Plt. geno. × Temp. 8 0.009 1.96NS 6 0.064 17.19** 8 1.819 4.47**
Plt. geno. × Egg dens.

× Temp. 16 0.0015 0.32NS 12 0.0088 2.37* 16 0.888 2.18*
Error 42 33 42

NS, no significant difference (P > 0.05); *, **, significant difference at P < 0.05, P < 0.001, respectively based on an F test.
aMain effects: Temp., Temperature; Dens., Density; Plt. geno., Plant genotypes
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the expression of resistance was lower in the F1 plants than in the homozygous
plants. According to previous reports, genes H6 (Allan et al. 1959), H3 (Caldwell
et al. 1946), H5 (Shands and Cartwright 1953), H7H8 (Patterson and Gallun
1973, Amri et al. 1990b), and H10 (Stebbins et al. 1982) are partially dominant.
Based on either the reactions of F1 plants or the segregation ratios of F2 plants
and F3-derived lines, genes H9 (Stebbins et al. 1982), H11 (Stebbins et al. 1983),
H13 (Hatchett et al. 1981), and H22 (Amri 1989, Raupp et al. 1993) were classi-
fied as being completely dominant. These contradictions of gene expression cause
confusion as how to describe resistance genes.

Comparison of larval survival on plants heterozygous and homozygous for a
specific allele appears to be the best measure of determining if a gene expresses
complete or incomplete dominance. The data obtained in the present study (Fig.
2), showed that H3, H5, H6, H7H8, H9, H10, and H11 genes allowed for signifi-
cantly more larval survival on heterozygous plants than on homozygous plants; at
least 50% of the resistant heterozygous plants had live larvae. These genes should
be considered as having incomplete dominance because their antibiosis was not
fully expressed in F1 plants and some larvae survived on heterozygous plants.
Conversely, H22 and H13 genes were completely dominant and expressed a high
level of antibiosis, because most first instars died.

Hessian fly resistance genes have been found in the A, B, and D genome of
wheat. The genes H3, H6, and H9 are linked and are located on chromosome 5A
(Stebbins et al. 1982). The same authors reported that the H10 gene also is
located on chromosome 5A at more than 50 map units from H9. The genes H5 and
H11 are linked and located on chromosome 1A (Stebbins et al. 1983). Gene H7 is
located on chromosome 5D (Amri 1989), H13 was mapped to the long arm of
chromosome 6D (Gill et al. 1987), and H22 is located on chromosome 1D (Raupp

Table 3. Effects of temperature and Hessian fly larval density (5, 10, or 20
eggs per plant) on the percentage of resistant plants with live
larvae on wheats carrying resistance genes. Interaction means
for first experiment.

Plant
genotype

Temperature
(°C)

Mean (± SD) % resistant plants with live larvae

5 eggs/
plant

10 eggs/
plant

20 eggs/
plant

H1H1H2H2 18 11.8 ± 1.0 42.1 ± 6.9 43.7 ± 8.8
24 58.3 ± 11.8 90.0 ± 14.1 95.0 ± 7.1
28 41.4 ± 2.1 55.7 ± 8.1 61.2 ± 1.8

H7H7H8H8 18 11.2 ± 1.8 18.7 ± 3.2 40.0 ± 0.0
24 31.6 ± 2.3 41.2 ± 8.8 71.2 ± 12.2

H11H11 18 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
24 5.0 ± 1.4 5.0 ± 0.8 0.0 ± 0.0
28 11.2 ± 3.2 5.0 ± 2.1 5.0 ± 2.8

H13H13 18 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
24 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
28 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
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et al. 1993). Our data suggest that the genes on the A genome have incomplete
dominance, and those on D genome have complete dominance.

The A genome, the ancestral genome of wheat, likely has coevolved with Hes-
sian fly for a long time. The percentage of larval survival on heterozygous resis-
tant plants with A-genome genes was relatively high, varying from 44% (H11h11)
to 87% (H6h6) (Fig. 2). The larvae that survive on resistant plants were shown to
be of the avirulent genotype (El Bouhssini 1992), so the chances for new biotype
development should be reduced. Because resistance of the H13 gene was ex-
pressed 100% in both homozygous and heterozygous plants, it also might give a
relatively durable resistance even if it did not allow for any avirulent larvae to
survive on resistant plants. This gene was derived from a wild relative of wheat,
Triticum taushii, for which virulence alleles in populations may be rare because
of its recent exposure to the Hessian fly.

All genes tested expressed a high level of resistance to Hessian fly larvae
across all densities and temperatures. The results suggest that the resistance
genes should be stable in different environments and under different levels of
Hessian fly infestation. The results do not agree with those of Amri et al. (1992),
who reported that resistance of H1H2 and H11 genes was reduced severely at
27°C. Larval density may be responsible for the difference, because in their ex-
periment, it was not controlled and may have been much higher than that used
in this study. Hessian fly larval survival was higher on H1H2 and H7H8 resistant
plants as larval density and temperature increased; survival was highest at 24°C.
Under heavy Hessian fly infestations and warmer environments, cultivars car-

Table 4. Effects of temperature and Hessian fly larval density (5, 10, or 20
eggs per plant) on the survival of larvae on wheats carrying
different resistance genes.

Plant
genotype

Temperature
(°C)

Mean (± SD) number of live larvae/resistant plant

5 eggs/
plant

10 eggs/
plant

20 eggs/
plant

H1H1H2H2 18 2.5 ± 0.7 2.8 ± 0.3 3.9 ± 0.8
24 1.9 ± 1.1 4.2 ± 1.6 6.9 ± 2.0
28 1.4 ± 0.1 2.8 ± 0.5 6.1 ± 0.1

H7H7H8H8 18 1.0 ± 0.0 1.0 ± 0.0 5.0 ± 2.1
24 2.1 ± 0.2 3.9 ± 0.6 7.7 ± 2.4
28 1.3 ± 0.5 3.0 ± 0.3 5.1 ± 1.3

H11H11 18 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
24 0.5 ± 0.0 2.5 ± 0.7 0.0 ± 0.0
28 1.5 ± 0.7 0.5 ± 0.4 0.5 ± 0.3

H13H13 18 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
24 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
28 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

Newton 18 4.1 ± 0.4 8.4 ± 0.6 15.0 ± 1.1
24 2.2 ± 0.3 7.0 ± 1.1 13.5 ± 0.3
28 2.2 ± 0.3 5.4 ± 0.6 13.5 ± 1.5
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rying these genes should provide more durable resistance, because most of the
larvae that survive on resistant plants are likely to be avirulent. Any incipient
virulence in the Hessian fly populations will be diluted continuously by the aviru-
lent flies, thus reducing the rate of virulent biotype development. The H11 and
H13 resistance genes were highly antibiotic and allowed for little or no larval
survival across the different larval densities and temperatures.
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Ostrinia nubilalis (Lepidoptera: Pyralidae) larval
parasitism and infection with entomopathogens in

cornfields with different border vegetation1,2
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ABSTRACT Observational studies were conducted in 1995 and 1996 to
sample natural enemies of the European corn borer, Ostrinia nubilalis (Hüb-
ner) (Lepidoptera: Pyralidae) along field borders with differing vegetation lev-
els. Corn fields adjacent to three broad classes of border vegetation: herba-
ceous, intermediate, and wooded, were studied. A cornfield adjacent to each
border class was sampled along the entire length of its respective border.
Ostrinia nubilalis larvae collected were evaluated for presence of the ento-
mopathogens Beauveria bassiana (Balsamo) Vuillemin (Deuteromycotina: Hy-
phomycetes) and Nosema pyrausta (Paillot) (Microspora: Nosematidae) and
the parasitoid Macrocentrus grandii Goidanich (Hymenoptera: Braconidae).
There was a negative interaction noted between larvae parasitized by M. gran-
dii and O. nubilalis larvae infected with N. pyrausta. This antagonism be-
tween the two biotic factors may explain why increased food and shelter ad-
jacent to corn bordering diverse vegetation did not result in significantly
higher parasitism in limited observations. The levels of entomopathogen in-
fections also were not consistently influenced by border vegetation type.

KEY WORDS Ostrinia nubilalis, Macrocentrus grandii, field border,
Nosema pyrausta, Beauveria bassiana

The European corn borer, Ostrinia nubilalis (Hübner), a pest of foreign origin,
was first discovered in the United States in 1917 (Baker et al. 1949). Ostrinia
nubilalis moved westward across the United States with the first documented
infestation occurring in Iowa in 1942 (Harris & Brindley 1942). Ostrinia nubilalis
has varying numbers of generations per growing season with range depending on
day length, temperature, and genetic composition of the population. Number of
generations in the United States can range from univoltine (one generation)
northern, bivoltine (two generations) central, and multivoltine (three or more
generations) southern. Ostrinia nubilalis is bivoltine in Iowa with the average
date beginning for first generation pupation 12 May and 16 July for second gen-

1Accepted for publication 27 December 1999.
2Names are necessary to report factually on available data; however, neither the USDA nor Iowa State
University guarantees or warrants the standard of the product, and the use of the name implies no
approval of the product to the exclusion of others that may be suitable.
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eration, with completion 8 June and 14 August, respectively (Jarvis & Guthrie
1987).

Parasitoids and microorganisms are important biotic control factors of O. nu-
bilalis. Several parasitoids were introduced to Iowa; however, only Macrocentrus
grandii Goidanich (4 gifuensis Ashmead) and Eriborus terebrans (Gravenhorst)
(4 Horogenes punctorius [Roman]) (Hymenoptera: Ichneumonidae) remain
(Lewis 1982). Lydella thompsoni Herting (4 Grisecens Robineau-Devoidy auth.)
(Diptera: Tachinidae), once a prominent parasitoid, has not been reported in Iowa
since 1966 (Lewis 1982). Several possibilities exist for the varying degrees of
success of these parasitoids, including availability of adult food, (nectar from
flowering plants) and maintenance of O. nubilalis populations in plant species
other than corn. Macrocentrus grandii was imported to the United States from
Europe and the Orient (Baker et al. 1949). When importation began, little was
known about the specific climatic requirements of M. grandii except that it flour-
ished in a variety of conditions ranging from continental climates to regions with
warm winters and hot summers accompanied by excessive rainfall (Parker 1931).

The specific habitat requirements of parasitic insects and how inclusion or
exclusion of these types of habitats in proximity to the crop interface affects
intensity of parasitism is an active area of research (Landis & Haas 1992; Dyer &
Landis 1996). Several plant species may influence behavior and increase longev-
ity of insect parasitoids. Several species of flowering plants have positive affects
on longevity of M. grandii. Plant species with short corollas have some positive
affect, and those with no corolla have the greatest affect in increasing longevity of
M. grandii adults (Orr & Pleasants 1992). Adults of many parasitoid species are
known to exploit plants for food by using nectar or secretions from aphids or scale
insects (van Emden 1963, 1990; Jervis et al. 1993). An appropriate food source for
hymenopterous parasitoids was shown to benefit the control of eggs and pupae of
tent caterpillar, Malacosoma americanum (F.) (Lepidoptera: Lasiocampidae), and
larvae of codling moth, Cydia pomonella L. (Lepidoptera: Tortricidae) (Leius
1967). Many studies have shown that an increase in structural diversity in agro-
ecosystems leads to a greater diversity of both pests and beneficial insects that
often results in less damage by the pest (Risch et al. 1983; van Emden 1990). This
increase in insect diversity with structural diversity appears to be the result of
two correlated factors: increased plant species diversity and increased plant ar-
chitectural complexity (Lawton 1983). Hawkins and Lawton (1987) found that
parasitoids respond strongly to increased plant architectural complexity; exhib-
iting the lowest diversity on monocots and herbs and the highest on trees and
shrubs.

The microsporidium Nosema pyrausta (Paillot) is an effective agent in inte-
grated pest management programs for the suppression of O. nubilalis (Sajap &
Lewis 1989). Nosema pyrausta is an obligate parasite of O. nubilalis (Sajap &
Lewis 1992) that slows larval developmental rate, increases larval mortality
(Zimmack et al. 1954; Kramer 1959; Siegel et al. 1986b; Solter et al. 1990), and
reduces fecundity and longevity in infected adults (Windels et al. 1976).

From the aspect of integrated biological control programs there are negative
aspects to larval infection with N. pyrausta. Nosema pyrausta detrimentally af-
fects M. grandii by reducing pre-imaginal survival, adult longevity, and fecundity
(Andreadis 1980, 1982; Siegel et al. 1986a; Cossentine & Lewis 1987; Sajap &
Lewis 1988). Only 39% of M. grandii larvae emerging from N. pyrausta-infected
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hosts eclosed as adults (Cossentine & Lewis 1987). Infection with N. pyrausta also
changes the behavior of M. grandii. Larval wandering, instead of the normal
clustering around the host for pupation, occurred in 46% of heavily infected co-
horts (Orr et al. 1994). This wandering behavior accounted for nearly 40% of the
mortality in infected parasitoids and was attributed to decreased cocoon produc-
tion by O. nubilalis. This caused parasitoid larvae to search for a suitable sub-
strate on which to spin their cocoons (Orr et al. 1994). The sex ratio of M. grandii
was unaffected by host infection level, but the mean number of adults emerging
from infected O. nubilalis larvae was reduced from an average of 40 in uninfected
hosts to an average of 11 in heavily infected hosts (Orr et al. 1994). Parasitism
levels by M. grandii were also inversely related to prevalence of N. pyrausta
(Andreadis 1982; Siegel et al. 1986a) and coincided with the decline of M. grandii
in Illinois (Siegel et al. 1986a).

Beauveria bassiana (Balsamo) Vuillemin, an entomopathogenic fungus viru-
lent against O. nubilalis (Lefebvre 1934; York 1958), occurs naturally in soil and
plant residue and colonizes corn plant tissue (Lewis & Cossentine 1986; Lewis &
Bing 1991). Beauveria bassiana suppressed populations of O. nubilalis when used
as a plant protectant (Bartlett & Lefebvre 1934; Stirrett et al. 1937; Beall et al.
1939; York 1958; Lewis & Cossentine 1986; Feng et al. 1988; Lewis & Bing 1991).
As with N. pyrausta, infection with B. bassiana has a detrimental impact on
parasitoids of O. nubilalis. Unlike infection with N. pyrausta, which reduces
survival of M. grandii, B. bassiana infection kills both developing O. nubilalis
larvae and parasitoid larvae (L. C. L., unpublished data).

The objectives of this research were to observe the presence and prevalence of
parasitoids of O. nubilalis, and the percentage O. nubilalis larvae infected with
the entomopathogens B. bassiana and N. pyrausta in cornfields bordered by vary-
ing levels of vegetational complexity.

Materials and Methods

1995 Field studies.
First generation 1995. Studies were performed during the summer of 1995 to

observe for parasitoids and disease-causing organisms of O. nubilalis in a corn-
field adjacent to one of three vegetational types. Three cornfields located in Story
and Polk Counties, Iowa were chosen for study in 1995. All cornfields were in a
minimum till, corn-soybean rotation with no insecticide usage. Fields were sepa-
rated by at least one mile. Sampling was done in July at each field. Field one was
sampled on 13, 18, and 26 July; field two on 14, 21, and 31 July; and field three
on 13, 18, and 26 July. Crop-field interfaces consisted of a grassy, herbaceous
border dominated by Bromus inermis Leyss. (field 1), an arboreal class made up
of a variety of flowering plants and a large stand of deciduous trees (field 2), and
a class consisting of an intermediate level of plant diversity with a few flowering
plants and scattered small shrubs (field 3) (Table 1). Field one was bordered to the
west, and fields two and three to the south.

Sampling for O. nubilalis was conducted on each sample date by randomly
selecting 25 plants from each of four rows of corn adjacent to the bordering
vegetation. Row selection began nearest the field edge with each successive
sample an increasing number of rows into the field, but never more than 23 m into
the field. The first sample was from rows 1–5, sample two rows 6–10, sample
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Table 1. Common and scientific names and Iowa flowering dates of plant
species collected at research sites in 1995 and 1996.

Common name Scientific name
Months

flowering

1995 1996

Ha Ib Wc H I W

Amaranthaceae
Prostrate pigweed Amaranthus

gracizans L. July–Oct. ✓

Tall water hemp Amaranthus
tuberculatus
(Moq.) Saur. July–Oct. ✓ ✓

Apiaceae
Golden alexander Zizia aurea (L.)

Kech. May–July ✓

Wild parsnip Pastinaca sativa
L. May–July ✓ ✓ ✓ ✓

Apocynaceae
Hemp dogbane Apocynum

cannabimum L. May–Sept. ✓ ✓

Asclepiadaceae
Common milkweed Asclepias syriaca

L. May–Aug. ✓ ✓ ✓

Asteraceae
Canada thistle Cirsium arvense

(L.) Scop. June–Aug. ✓

Canada goldenrod Solidago
canadensis L. July–Sept. ✓ ✓ ✓

Common ragweed Ambrosia
artemisiifolia L. July–Oct. ✓ ✓

Daisy fleabane Erigeron strigosus
Muhl. ex Willd. May–Aug. ✓ ✓

Dandelion Taraxacum
officinale Weber April–Oct. ✓ ✓

Field sow thistle Sonchus arvensis
L. July–Sept. ✓

Giant ragweed Ambrosia trifida
L. Aug.–Oct. ✓ ✓

Goatsbeard Tragopogon
dubius Scop. May–July ✓ ✓

Heath aster Aster ericoides L. Sept.–Oct. ✓ ✓

Jerusalem artichoke Helianthus
tuberlosus L. Aug.–Oct. ✓

Marestail Conyza canadensis
(L.) Cronq. June–Sept. ✓ ✓ ✓

Prickly lettuce Lactuca serriola L. June–Sept. ✓ ✓ ✓
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Table 1. Continued

Common name Scientific name
Months

flowering

1995 1996

Ha Ib Wc H I W

Tall thistle Cirsium
altissimum (L.)
Spreng. Aug.–Sept. ✓

Western lettuce Lactuca
ludoviciana
(Nutt.) Ridd. June–Sept. ✓

Wild lettuce Lactuca
canadensis L. July–Sept. ✓

Bignoniaceae
Trumpet creeper Campsis radicans

(L.) Seem. June–Sept. ✓

Brassicaceae
Purple meadow rue Thalictrum

dasycarpum
Fisch. May–July ✓

Virginia pepperweed Lepidium
virginicum L. June–Nov. ✓ ✓

Yellow rocket Barbarea vulgaris
R. Br. April–June ✓

Chenopodiaceae
Lambs quarter Chenopodium

album L. June–Sept. ✓

Equisetaceae
Field horsetail Equisetum arvense

L. April–June ✓ ✓

Euphorbiaceae
Nodding spurge Euphorbia nutans

Lag. May–Oct. ✓ ✓

Fabaceae
Alfalfa Medicago sativa L. May–Sept. ✓

Birdsfoot trefoil Lotus corriculatus
L. May–Sept. ✓

Black medic Medicago lupulina
L. April–Nov. ✓

Red clover Trifolium pratense
L. May–Sept. ✓ ✓

White clover Trifolium repens
L. May–Oct. ✓

White sweet clover Melilotus alba
Medic. May–Oct. ✓ ✓

Yellow sweet clover Melilotus
officinalis (L.)
Pall. May–Oct. ✓
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Table 1. Continued

Common name Scientific name
Months

flowering

1995 1996

Ha Ib Wc H I W

Lamiaceae
Catnip Nepeta cataria L. June–Oct. ✓

Liliaceae
Day lily Hemerocallis

fulva L.
May–Aug. ✓

Giant solomon
seal

Polygonatum
biflorum (Walt.)
Ell. April–July ✓ ✓

Malvaceae
Velvetleaf Abutilon

theophrasti
Medic. June–Oct. ✓ ✓

Oxalidaceae
Oxalis Oxalis stricta L. April–Oct. ✓

Plantaginaceae
Plantain Plantago rugelii

Dcne. May–Nov. ✓

Poaceae
Giant foxtail Setaria faberi

Herrm. July–Oct. ✓ ✓ ✓

Kentucky bluegrass Poa pratensis L. May–Aug. ✓

Quack grass Agropyron repens
(L.) Beauv. May–Aug. ✓

Reed canary grass Phalaris
arundinacea L. May–July ✓ ✓ ✓

Smooth brome Broumus inermis
Leyss. ✓ ✓ ✓ ✓ ✓ ✓

Squirrel tail Hordeum
jubatum L. June–Aug. ✓ ✓

Polygonaceae
Pennsylvania

smartweed
Polygonum

pennsylvanicum
L. July–Oct. ✓

Swamp
smartweed

Polygonum
amphibium L.
var emersum
Michx. July–Sept. ✓

Wild buckwheat Polygonum
convolvulus L. June–Sept. ✓

Primulaceae
Fringed loostrife Lysimachia

ciliata L. June–Aug. ✓
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three rows 11–15, and sample four rows 16–20. All 25 plants from each of the four
rows sampled were examined for infestation by O. nubilalis. Due to time con-
straints, and to ensure that larvae from each sample distance were collected from
more than one plant on each sample date, five infested plants out of the 25
examined were carefully dissected at each sample distance. Collected O. nubilalis
larvae were placed on a meridic diet (Guthrie et al. 1985) and allowed to continue
development at a photoperiod of 16:8 (L:D)h, 27±1°C, and 80% RH. Larvae were

Table 1. Continued

Common name Scientific name
Months

flowering

1995 1996

Ha Ib Wc H I W

Ranunculaceae
Canada anemone Trifolium

pratense L.
May–Sept. ✓

Rosaceae
Multiflora rose Rosa multiflora

Thunb.
May–June ✓

Raspberry Rubus
allegheniensis
Porter

May–June ✓

Sulfur cinquefoil Potentilla recta L. May–July ✓

Wild rose Rosa arkansana
Porter May–Aug. ✓

Schrophulariaceae
Common mullein Verbascum

thapsus L. June–July ✓ ✓

Solanaceae
Horse nettle Solanum

carlinense L. May–Sept. ✓

Smooth groundcherry Physalis
longifolia Nutt. May–Sept. ✓ ✓

Verbenaceae
Hoary vervain Verbena stricta

Vent. May–Sept. ✓

Violaceae
Wood violet Viola sororia L. April–June ✓ ✓

Vitaceae
Wild grape Vitis raparia

Michx. April–June ✓

Woodbine Parthenocissus
vitacea (Knerr)
Hitche. May–July ✓

aPlant species collected from the herbaceous border.
bPlant species collected from the intermediate border.
cPlant species collected from the woody border.
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not collected from all infested plants and a small percentage of larvae were acci-
dently killed. As a result, a total of 2–17 live larvae were collected from the 15
plants dissected at each sample distance over all dates. Collected larvae were
observed daily until emergence of a parasitoid, eclosion, or death. Adult O. nubi-
lalis then were sacrificed and a small portion of their abdomen was examined for
N. pyrausta with a compound microscope (400×). Any larvae that died also were
examined for spores of N. pyrausta and mycelium of B. bassiana.

Second generation 1995. Studies performed during the second generation of
O. nubilalis in 1995 occurred at the same three fields as first generation. Field
two was sampled on 29 August, and fields one and three on 31 August. The
sampling protocol used for first generation larval collection was also used for
second generation. However, larvae were sampled only once from each field and
sample distance at which time the majority were fifth instars. This alteration was
made to allow M. grandii, the primary parasitoid of O. nubilalis in central Iowa,
the opportunity to parasitize O. nubilalis larvae throughout the life cycle of O.
nubilalis. Any larvae that were not mature fifth instars were placed on a meridic
diet (Guthrie et al. 1985) and allowed to complete development. The total number
of live O. nubilalis larvae collected from a sample distance ranged from 7–31.

A very small percentage of the larvae were accidentally killed while dissecting
stalks in 1995 (<1%). The larvae killed were examined under a dissecting micro-
scope for presence of endoparasites, none of which were observed. After exami-
nation for parasitoids, half of each larva was examined for infection with N.
pyrausta with a compound microscope (400×) and half placed on agar favoring the
growth of B. bassiana (Doberski & Tribe 1980). Once all surviving larvae had
matured, they were placed into a sterile 2-dram vial along with a piece of moist-
ened filter paper. Mature larvae were placed near a window in an unheated
building and allowed to undergo obligatory diapause. In early April, larvae were
removed from overwintering conditions and maintained at a photoperiod of 16:8
(L:D)h, 27 ± 1 °C, and 80% RH. Larvae were observed daily until emergence of a
parasitoid or eclosion. Dead, overwintering larvae and eclosing adults were ex-
amined as described earlier.

Statistical Analysis. To account for the differences in the number of O. nubi-
lalis larvae collected from each sample distance, a weighted General Linear Mod-
els (GLM) procedure was used to determine differences in the percentage of lar-
vae parasitized and levels of disease-causing organisms. An arc-sine
transformation of the square root of the weighted percentages calculated was
performed to stabilize the variances (Snedecor & Cochran 1989) and means sepa-
rated using a Standard t-test comparison (SAS Institute 1995). The model state-
ment tested for variation in infestation, entomopathogens, and parasitism levels
due to bordering vegetation and sample distance. Larvae collected from the three
dates during the first generation were totaled for each sample distance and per-
centages of disease-causing organisms. Parasitism was also calculated using the
total number of larvae collected. The reference probability used for all statistical
analyses was P # 0.10, because this was an observational study with no treat-
ments applied.

1996 Field Studies.
First generation 1996. Similar studies were again performed during the sum-

mer of 1996 at three additional cornfields in Story County, Iowa, with border
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vegetation similar to those used in 1995 (Table 1). All borders were located on the
west side of the cornfield.

Sampling was performed 15 July at all fields, at which point the majority of O.
nubilalis had reached the fifth instar. Larvae were collected from along the length
of the appropriate border of each field from three sampling locations, 31 m in
length separated by 45 m. The total number of O. nubilalis larvae collected from
a five plant sample at a sampling location ranged from 0–10. The change in
sampling protocal was made to better characterize occurrence of larval parasitism
and infection by pathogens.

Plant sampling was conducted as in 1995, within each 31-m sampling location.
Because we observed no differences in percentage parasitism or pathogen infec-
tion as we moved away from the bordering vegetation in 1995, the four samples
were never more than 16 m into the corn. This ensured that all of our samples
would demonstrate an influence from the vegetation. Larval collection from each
location was performed in the same manner as described for the second genera-
tion in 1995. Once collected from the field, larvae were maintained as described
previously and observed for parasitism and pathogens.

Second generation 1996. Studies performed during the second generation of
O. nubilalis in 1996 occurred at the same three fields used for first generation.
Sampling was performed in September, at which point the majority of larvae were
fifth instars. Field one was sampled on 17 September, field two on 19 September,
and field three on 24 September.

The sampling protocol used for first generation larval collection also was used
for second generation. The total number of O. nubilalis larvae collected from a five
plant sample at a single location ranged from 3–26. A very small percentage of the
larvae were again accidentally killed while dissecting stalks in 1996 (<1%). The
larvae killed were examined under a dissecting microscope for presence of en-
doparasites, none of which were observed. After examination for parasitoids, half
of the larva was examined for infection by N. pyrausta with a compound micro-
scope (400×) and half placed on agar favoring the growth of B. bassiana (Doberski
& Tribe 1980). Live, mature fifth instars were placed in a sterile 2-dram isolation
vial along with a piece of moistened filter paper. Larvae that were not mature
fifth instars were placed on a meridic diet (Guthrie et al. 1985) and allowed to
complete development at which point they were transferred to sterile 2-dram
vials.

Simulation of overwintering conditions was performed by placing larvae into
an environmental chamber (Percival Scientific, Boone Iowa). All larvae were ini-
tially placed in a chamber with a photoperiod of 8:16 (L:D)h, a daytime tempera-
ture of 20°C and a nighttime temperature of 15°C. The temperature in the cham-
ber was then lowered 2–3°C per week until conditions reached a daytime
temperature of 0°C and a nighttime temperature of, −4.0°C. These final condi-
tions were maintained for 5 wk.

On 18 December, the temperature was increased 1–2°C every 2–3 d along with
15 min of light every 12–14 d. This regime was continued until final conditions of
a photoperiod of 12:12 (L:D)h, a daytime temperature of 24°C, a nighttime tem-
perature of 20.5°C, and 80% RH were reached. Larval pupation began on 31
January, eclosion of O. nubilalis adults began on 19 February, and M. grandii
adults began eclosing on 21 February 1997.
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Statistical analysis. To account for the differences in the number of O. nubi-
lalis larvae collected, a weighted GLM analysis of the arc-sine transformation of
the square root of the percentage of parasitized larvae and disease-causing or-
ganisms was again used to stabilize the variances (Snedecor & Cochran 1989).
Means were separated using Student’s t-test comparison (SAS Institute 1995).
The hypothesis test used assumed that each of the three locations adjacent to a
bordering vegetation type were independent of each other. To determine differ-
ences in the percentage of larvae parasitized or infected with disease-causing
organisms between fields, the location (field) mean square was used as the error
value and the Field mean square as the treatment mean square value in the F
test. The three sample locations along a border were treated as replications in the
analysis even though they may not have been independent of each other. The
model statement tested for variation in infestation, entomopathogens, and para-
sitism levels due to field and location(field). It is unknown how far M. grandii
adults fly, so a female may have parasitized larvae collected from more than one
location within a field. Therefore, the error may have been slightly underesti-
mated, which may subsequently overestimate significance. The reference prob-
ability used for all statistical analysis was P # 0.10, because this was an obser-
vational study with no treatments applied.

Vegetation sampling.
1995 Vegetation samples. Samples of vegetation were taken from all borders

on 6 or 7 July (Table 1). Vegetation samples were taken by walking the border and
attempting to collect samples of the most prominent grasses and any flowering
plants. Fresh-cut samples were wrapped in dry newspaper and returned to the
laboratory for identification. All plant samples were identified by Richard Pope,
Iowa State University, Ames, Iowa 50011 (Great Plains Flora Association 1986).

1996 Vegetation samples. In 1996 samples were taken twice from each field to
approximately coincide with the flight of M. grandii (8 July for first generation
and 10 September for second generation) (Table 1). This change was made to
improve characterization of vegetation present in a border relative to activity of
M. grandii. Our sampling of vegetation was rather subjective, especially in re-
gards to which plants were flowering at the time of the sample, therefore, we
decided that by sampling during the flight of the parasitoid we would gain a
better understanding of which nectar sources were available. Vegetation sam-
pling was conducted as in 1995 and identified by Richard Pope (Great Plains
Flora Association 1986).

Results

1995 Field studies.
Infestation. There were significant differences observed between fields in the

percentage of plants infested with O. nubilalis during the first generation (F 4
10.3; df 4 2, 6; P 4 0.01; Table 2). There was no difference in percentage of plants
infested relative to distance that larvae were collected from the border (F 4 1.64;
df 4 3, 6; P 4 0.28). There also were significant differences between fields in the
percentage of corn infested with O. nubilalis during the second generation. There
was a smaller percentage of corn plants observed to be infested adjacent to the
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woody vegetation compared to corn adjacent to the herbaceous and intermediate
borders during second generation (F 4 14.6; df 4 2, 6; P 4 0.005; Table 3). There
was no difference in the percentage of corn infested relative to distance that
larvae were collected from the border (F 4 2.33; df 4 3, 6; P 4 0.17).

Beauveria bassiana. There were significant differences observed in the first
generation among fields in the percentage of larvae infected with B. bassiana.

Table 3. Mean percentage of plants infested with O. nubilalis larvae, and
percentage of larvae infected with B. bassiana, N. pyrausta, or
parasitized by M. grandii during second generationa, 1995.

Field
border n

% plants
infested

(O. nubilalis)

% O. nubilalis larvae infected or parasitized

(B. bassiana) (N. pyrausta) (Parasitism)

Herbaceous
(100, 84)c 4 86.0 ± 2.6ab 1.1 ± 1.1a 83.3 ± 6.1a 4.8 ± 1.8a

Intermediate
(100, 83)c 4 79.0 ± 7.9a 2.4 ± 1.3a 79.5 ± 4.5a 4.8 ± 2.2a

Wooded
(100, 43)c 4 53.0 ± 3.4b 7.0 ± 5.4a 55.8 ± 7.2b 18.6 ± 6.3b

aOstrinia nubilalis is bivoltine in Iowa.
bMeans were separated using Student’s t-test for multiple comparisons. Means (± SEM) in the same
column with different letters are significantly different (P # 0.10).
cThe total number of plants examined to estimate the percentage of infestation, and the total number of
larvae examined to estimate infection with entomopathogens and parasitism along each type of border-
ing vegetation.

Table 2. Mean percentage of plants infested with O. nubilalis larvae, and
percentage of larvae infected with B. bassiana, N. pyrausta, or
parasitized by M. grandii during first generationa, 1995.

Field
border n

% plants
infested

(O. nubilalis)

% O. nubilalis larvae infected or parasitized

(B. bassiana) (N. pyrausta) (Parasitism)

Herbaceous
(300, 75)c 12 41.4 ± 3.8ab 6.5 ± 10.2a 23.4 ± 10.5a 3.3 ± 6.0a

Intermediate
(300, 11)c 12 18.0 ± 3.1b 28.6 ± 29.5b 35.7 ± 25.2a 9.1 ± 21.4a

Wooded
(300, 42)c 12 33.3 ± 2.9a 0.0 ± 0.0a 44.1 ± 9.7a 4.8 ± 7.8a

aOstrinia nubilalis is bivoltine in Iowa.
bMeans were separated using Student’s t-test for multiple comparisons. Means (± SEM) in the same
column with different letters are significantly different (P # 0.10).
cThe total number of plants examined to estimate the percentage of infestation, and the total number of
larvae examined to estimate infection with entomopathogens and parasitism along each type of border-
ing vegetation.
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Larval infection was significantly higher in the field adjacent to the intermediate
vegetation than in fields adjacent to the herbaceous or woody vegetation (F 4

25.03; df 4 2, 6; P 4 0.001; Table 2). No significant differences in infection were
observed among fields during the second generation (F 4 0.89; df 4 2, 6; P 4

0.45; Table 3). Distance that larvae were collected from the border had no influ-
ence on levels of larval infection during either first (F 4 1.58; df 4 3, 6; P 4 0.29)
or second generation (F 4 0.68; df 4 3, 6; P 4 0.59).

Nosema pyrausta. Observed levels of N. pyrausta infection in O. nubilalis
populations were not significantly different between fields (F 4 2.2; df 4 2, 6; P
4 0.19; Table 2) or distance into the field that larvae were collected from during
the first generation (F 4 0.27; df 4 3, 6; P 4 0.84). Percentages of larvae infected
with N. pyrausta differed significantly between fields during second generation.
Larvae collected from the fields adjacent to the herbaceous and intermediate
vegetation had significantly higher levels of N. pyrausta infection than larvae
collected adjacent to the wooded border during second generation (F 4 8.86; df 4

2, 6; P 4 0.02; Table 3).
Parasitism. Parasitism of O. nubilalis larvae occurred in all fields in both

generations. Macrocentrus grandii was the most frequently collected parasitoid,
and made up 85% of the total parasitoid recoveries. Tachinids (Diptera) were
occasionally recovered from O. nubilalis larvae. These flies were collected only
from fields adjacent to intermediate or woody vegetation. Due to the low number
of flies collected (first generation 1995, 1 fly/128 larvae; second generation 1995,
7 flies/210 larvae; first generation 1996, 2 flies/124 larvae; second generation
1996, 0 flies/420 larvae), they were not included in the analysis.

Observed levels of larval parasitism were similar for all classes of border
vegetation (F 4 0.49; df 4 2, 6; P 4 0.64; Table 2) and distance that larvae were
collected from the border (F 4 0.73; df 4 3, 6; P 4 0.57) during the first gen-
eration. There were significant differences observed between fields on the per-
centage of larvae parasitized during the second generation (F 4 3.4; df 4 2, 6; P
4 0.10; Table 3), but not distance that larvae were collected from the border (F 4

0.13; df 4 3,6; P 4 0.93).
1996 Field studies.
Infestation. There were significant differences observed in percentage of

plants infested with O. nubilalis larvae between fields during the first generation
(F 4 8.97; df 4 2, 6; P 4 0.001; Table 4). Corn adjacent to the herbaceous border
had the highest percentage of infestation followed by corn adjacent to the wooded
and intermediate borders, respectively. During the second generation, corn adja-
cent to the woody border had significantly (F 4 5.0; df 4 2, 6; P 4 0.06; Table 5)
greater infestation by O. nubilalis than corn adjacent to the intermediate veg-
etation, which was greater than the herbaceous vegetation.

Beauveria bassiana. The level of B. bassiana larval infection was not signifi-
cantly different during either the first (F 4 0.86; df 4 2, 6; P 4 0.47; Table 4) or
second generation (F 4 0.96; df 4 2, 6; P 4 0.43; Table 5).

Nosema pyrausta. There were significant differences in the percentage of lar-
vae infected with N. pyrausta during the first generation (F 4 7.96; df 4 2, 6; P
4 0.02; Table 4). Nosema pyrausta infection was absent in larvae from plants
along the intermediate vegetation while larvae from the herbaceous and woody
borders were infected. During the second generation there were no significant
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differences in the percentage of larvae infected (F 4 1.2; df 4 2, 6; P 4 0.36;
Table 5).

Parasitism. The level of larval parasitism observed between fields was not
significantly different during the first generation (F 4 2.0; df 4 2, 6; P 4 0.22;
Table 4). During the second generation there were significantly fewer larvae

Table 5. Mean percentage of plants infested with O. nubilalis larvae, and
percentage of larvae infected with B. bassiana, N. pyrausta, or
parasitized by M. grandii during second generationa, 1996.

Field
border n

% plants
infested

(O. nubilalis)

% O. nubilalis larvae infected or parasitized

(B. bassiana) (N. pyrausta) (Parasitism)

Herbaceous
(300, 133)c 12 26.0 ± 2.7ab 26.3 ± 3.8a 59.4 ± 6.8a 11.7 ± 3.7a

Intermediate
(300, 110)c 12 34.3 ± 3.1b 20.0 ± 2.9a 50.9 ± 7.2a 2.2 ± 2.2b

Wooded
(300, 177)c 12 46.5 ± 3.4c 23.7 ± 3.9a 57.0 ± 3.3a 13.2 ± 3.5a

aOstrinia nubilalis is bivoltine in Iowa.
bMeans were separated using Student’s t-test for multiple comparisons. Means (± SEM) in the same
column with different letters are significantly different (P # 0.10).
cThe total number of plants examined to estimate the percentage of infestation, and the total number of
larvae examined to estimate infection with entomopathogens and parasitism along each type of border-
ing vegetation.

Table 4. Mean percentage of plants infested with O. nubilalis larvae, and
percentage of larvae infected with B. bassiana, N. pyrausta, or
parasitized by M. grandii during first generationa, 1996.

Field
border n

% plants
infested

(O. nubilalis)

% O. nubilalis larvae infected or parasitized

(B. bassiana) (N. pyrausta) (Parasitism)

Herbaceous
(300, 56)c 12 52.2 ± 4.9ab 0.0 ± 0.0a 46.4 ± 7.8a 0.0 ± 0.0a

Intermediate
(300, 14)c 12 26.3 ± 3.5b 0.0 ± 0.0a 0.0 ± 0.0b 7.1 ± 9.1a

Wooded
(300, 54)c 12 41.9 ± 4.8c 1.9 ± 1.3a 40.7 ± 7.4a 11.1 ± 4.6a

aOstrinia nubilalis is bivoltine in Iowa.
bMeans were separated using Student’s t-test for multiple comparisons. Means (± SEM) in the same
column with different letters are significantly different (P # 0.10).
cThe total number of plants examined to estimate the percentage of infestation, and the total number of
larvae examined to estimate infection with entomopathogens and parasitism along each type of border-
ing vegetation.
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parasitized in the field with an intermediate border (F 4 3.33; df 4 2, 6; P 4 0.05;
Table 5).

Discussion

In this observational study, we are unable to draw any causal effect of border-
ing vegetation type on the percentage of plants infested, levels of entomopatho-
gens, or parasitism observed. Differences between fields can be inferred from the
data, and the observations made may be used to agree or disagree with, but not
test previously hypothesized effects of border vegetation.

Infestation levels of plants differed between fields in 1995 during both the first
and second generation. Plants from fields with an intermediate and wooded bor-
der had significantly lower levels of infestation during the first and second gen-
eration, respectively. The pattern of infestation levels observed during the first
generation in 1996 was the same as that observed in 1995. Corn plants adjacent
to the intermediate vegetation class had the lowest level of infestation followed by
the wooded and herbaceous vegetation. Corn plants adjacent to the herbaceous
field borders were hypothesized to have the highest population of O. nubilalis
adults and subsequently the highest larval populations because of an ample sup-
ply of adult action sites (Showers et al. 1976).

There was an overall increase in the percentage of plants infested from the
first to the second generation in 1995. An overall increase in the percentage of
plants infested occurred in fields adjacent to the intermediate and wooded borders
in 1996 but not the herbaceous border. The increase in plant infestation levels
was probably due to an overall increase in the O. nubilalis populations from the
first to the second generation. The number of adults present in the first flight that
emerge from overwintering larvae is always smaller than the number emerging in
the second generation. This can be partially explained by overwintering mortal-
ity. Death from B. bassiana can be as high as 84% during the winter (Bing &
Lewis 1993).

The percentage of larvae infected with B. bassiana was significantly different
among larvae from different fields during the first generation in 1995 but not
during the second generation or in either generation of 1996. This inconsistency
of larval infection levels between fields and in collection distance from the field
edge indicates that larval infection rates with B. bassiana, as with most ento-
mopathogenic fungi, is most commonly attributed to environmental conditions
(Beall et al. 1939). Beauveria bassiana occurs naturally in the soil and levels of
inoculum left in the field also depend on tillage practices. Higher levels of B.
bassiana larval infection occur in fields with minimum or no-till systems versus
a conventional tillage regime (L. C. L., unpublished data).

Significantly different levels of larval infection with N. pyrausta were found
between fields during the second generation in 1995. Fields with significantly
higher levels of plants infested with O. nubilalis also had significantly higher
levels of larvae infected with N. pyrausta. Fields adjacent to woody vegetation had
both a significantly lower level of plants infested with O. nubilalis and O. nubi-
lalis larvae infected with N. pyrausta during the second generation of 1995. Dif-
ferences in infestation levels during the second generation of 1996 were not ac-
companied by differences in N. pyrausta infection levels. Higher levels of N.
pyrausta infection in second generation larvae than in first generation larvae

268 J. Agric. Urban Entomol. Vol. 16, No. 4 (1999)



during 1995 and 1996 was most likely due to increased horizontal transmission of
the microsporidium (Hill & Gary 1979; Andreadis 1984; Siegel et al. 1986b).

Parasitoids, most notably M. grandii, were the natural control agents expected
to benefit most from increased levels of plant diversity adjacent to a cornfield.
Macrocentrus grandii feeds on flowering plants with short (2–3 mm) corollas in
addition to those plants producing extra floral nectaries (Orr & Pleasants 1996).
Parasitism levels of armyworm Pseudaletia unipuncta (Haworth) (Lepidoptera:
Noctuidae) was greater in Michigan along cornfields with wooded borders
(Marino & Landis 1996). Levels of O. nubilalis parasitism by E. terebrans have
also been shown to be higher in field margins adjacent to woodlots (Landis &
Haas 1992) The woody vegetation appears to provide both nectar sources and a
more favorable microclimate during the heat of the day. Landis & Haas (1992)
speculate that E. terebrans take shelter from excessive heat in shade provided by
a wooded border, then move back into corn in search of hosts when conditions
become more favorable.

The observed percentage of parasitized larvae between fields was not signifi-
cantly different during first generation in 1995 or 1996. Significantly more larvae
were parasitized in the field adjacent to wooded vegetation during second gen-
eration in 1995. During the second generation in 1996, there were again signifi-
cantly more larvae parasitized adjacent to the woody and herbaceous borders
than the intermediate border. Parasitism levels increased both years between the
first and second generations in larvae collected adjacent to a woodland. The mean
percentage of larval parasitism was higher from fields adjacent to wooded borders
than from along any other type of bordering vegetation during the second gen-
eration of both years. There may be a pattern of increased parasitism of O. nu-
bilalis larvae by M. grandii adjacent to the wooded borders, but our sample size
did not allow us to consistently see it.

There was a negative interaction noted between N. pyrausta and parasitism by
M. grandii. Wandering and lack of pupation by M. grandii larvae emerging from
O. nubilalis larvae infected with N. pyrausta as reported by Orr et al. (1994), was
observed in this research. This negative affect of N. pyrausta on parasitism levels
may have been prevalent enough to mask differences in parasitism adjacent to
different types of bordering vegetation. Macrocentrus grandii parasitizing O. nu-
bilalis larvae heavily infected with N. pyrausta would have drastically reduced
numbers of offspring compared to M. grandii parasitizing noninfected larvae (Orr
et al. 1994).

Differences in O. nubilalis larval parasitism by M. grandii were mixed in the
fields observed in 1995 and 1996. The numbers of adult M. grandii present in the
corn and in the adjacent habitats studied in 1995 and 1996 were found to be the
same (Bruck & Lewis 1998), so an increase in the percentage of larvae parasitized
in a field may have been due to food and shelter sources, low levels of larval
infection with N. pyrausta or a host of other factors. Because this was an obser-
vational study, we were unable to attribute parasitism rates to any one factor.
Levels of larval infection with B. bassiana varied little between fields and may
have been due to its dependency on environmental factors and the fact that all
fields underwent minimum tillage and corn-soybean rotation. Levels of larval
infection with N. pyrausta differed only with a corresponding significant increase
in the percentage of plants infested with O. nubilalis, and subsequent increases
in horizontal transmission.
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Susceptibility of European Corn Borer, Ostrinia nubilalis
(Hübner) (Lepidoptera: Pyralidae) Neonate Larvae

to Fipronil1
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ABSTRACT Susceptibility to technical grade fipronil was determined for
10 populations of the European corn borer, Ostrinia nubilalis (Hübner). Field
collections were made from 8 locations across the United States. Two labora-
tory colonies were also tested. Most collections were from sites where the
biovoltine Z strain of O. nubilalis predominates, but samples of other strains
were also obtained. Field-collected larvae or egg masses were reared for one
generation in the laboratory, and susceptibility of neonates was determined
with feeding bioassays where increasing concentrations of the toxin were ap-
plied to the surface of artificial diet. Small differences in LC50 and LC90 values
were observed, but the magnitude of the differences was small (<3-fold). These
results indicate that the observed susceptibility differences were the result of
natural variation among populations and unrelated to previous selection. In
addition, these data provide a baseline for future comparisons to determine if
susceptibility has changed as the insecticide becomes widely used for corn
borer management.

KEY WORDS bioassays, fipronil, Lepidoptera, Ostrinia nubilalis, Pyral-
idae

The phenylpyrazoles and the first member of this group, fipronil, constitute a
relatively new class of neurotoxic insecticides that block neurological inhibition of
the GABA-gated chloride channel (Cole et al. 1993, Gant et al. 1998). This unique
mode of action sets it apart from organophosphates, carbamates, pyrethroids, and
all other classes of compounds where resistance development in many key insect
pests has limited their long-term effectiveness (Metcalf 1989). Consideration and
implementation of resistance management strategies for fipronil will contribute
to the durability and profitability of this new technology. One of the most critical
needs to establishing resistance management programs for new pest control
agents is the development of baseline susceptibility studies of key insect pests in
all ecosystems where the product is likely to be used (Whalon 1992). Quantifica-
tion of the susceptibility of species such as the European corn borer, Ostrinia

1Accepted for publication 14 September 1999.
2Current address: DuPont do Brasil SA, Estação Experimental Agrı́cola, Rua Bortolo Ferro, No. 500, Poço
Fundo, Paulı́nia 140-000 Brazil.

273

Prod. #4-5



nubilalis (Hübner), will aid in resistance monitoring programs and allow detec-
tion of changes in sensitivity following commercial introduction. Thus, informa-
tion gathered in baseline susceptibility studies will aid in decisions to appropri-
ately label and recommend product use in the framework of resistance
management. The high efficacy of fipronil in controlling insect pests of corn (Zea
mays L.) such as O. nubilalis, make early planning for resistance management
essential. This report contains information regarding development of fipronil bio-
assay techniques and provides a baseline of current susceptibility of geographi-
cally distinct O. nubilalis populations.

Materials and Methods

Insects. O. nubilalis larvae and egg masses were field-collected from 6 states
across the United States [Nebraska (NE), Minnesota (MN), Iowa (IA), Indiana
(IN), Pennsylvania (PA), North Carolina (NC)]. Most collections sites represented
the bivoltine Z pheromone race. Additional collections were made to represent the
univoltine Z race (MN) and the multivoltine E strain (NC) (Marçon et al. 1999).
Two different laboratory colonies (Z and E strain in culture for 9 and 21 genera-
tions, respectively) were also tested. Field-collected larvae or neonates from field-
collected egg masses were immediately placed on artificial diet in individual
containers to minimize possible spread of disease. These larvae were then reared
to adults and mated using standardized rearing techniques (Guthrie et al. 1965).
Egg masses from the mated females were collected and allowed to hatch. Neonate
larvae obtained from the field-collected parents (F1 generation) were used for
subsequent bioassays.

Bioassay. All bioassays were conducted by exposing neonate O. nubilalis
larvae (<24 hr after hatching) to artificial diet treated with various fipronil con-
centrations. The rearing diet developed for Heliothis virescens (F.) (King et al.
1985) and adapted for O. nubilalis (B. Lang, Mycogen Seeds, personal communi-
cation) was used in all bioassays. Bioassays were performed in 128 well trays (CD
International, Pitman, New Jersey). A stock solution of fipronil (1 mg/ml) was
prepared in acetone and diluted with 0.1% Triton-X 100 to 1 mg/ml. Seven con-
centrations of fipronil were tested and dilutions were prepared in 0.1% Triton-X
100 to obtain uniform spreading of the solution over the diet surface. Control
exposures consisted of diet treated with 0.1% Triton-X 100. Individual larvae
were placed in the wells and mortality was recorded at daily intervals for 7 days.
At the end of the 7-d exposure, surviving larvae at a given concentration were
pooled and weighed to determine larval growth relative to control larvae. In
addition to the artificial diet bioassays, we also attempted to assess fipronil tox-
icity to neonate O. nubilalis larvae by treating leaf discs of corn tissue. A leaf disc
of corn foliage (1.5 cm diam.) was excised with a cork borer and placed into wells
of the bioassay trays previously filled with 1 ml of liquid agar (1%). After the agar
solidified, the surface of the leaf disc was treated with fipronil solutions as pre-
viously described.

Analysis. The entire bioassay was repeated two times for each population,
and each dose was replicated three times for each bioassay. Bioassays consisted
of at least four fipronil concentrations that produced mortality of >0% but <100%.
Data were analyzed by probit analysis (Finney 1971) as adapted for PC use
(LeOra Software 1987). The significance of differences among eleven populations
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was determined by the likelihood ratio test for parallelism, and significance of
differences among LC50 values was determined by the likelihood ratio test for
equality with pairwise comparisons determined by non-overlapping confidence
intervals (Savin et al. 1977). Larval weights recorded at the end of the 7-day
exposure were transformed to % growth inhibition relative to the controls and
these data were analysed by non-linear regression using SAS PROC NLIN and
fitted to a probit model with numerical derivatives (SAS Institute Inc. 1988,
Marçon et al. 1999).

Results and Discussion

Figure 1 shows the change in susceptibility of O. nubilalis neonate larvae to
fipronil as measured by the LC50 over 7 days of exposure to treated diet. Clearly,
fipronil had a significant effect on O. nubilalis mortality after 24 h exposure,
indicating a relatively rapid mode of action. However, LC values decreased
sharply from the 1-d to 2-d exposures, but did not change significantly from 2-7 d
(Fig. 1) suggesting that the 48 h mortality may be suitable for routine bioassays.

Because of the relatively minor changes in suceptibility after 48 h, complete
dose-mortality regressions and probit analysis are presented only for the 48 h
data (Table 1). Although there were significant differences among the populations
tested based on non-overlapping confidence intervals, it is clear that the differ-
ences were relatively small. The greatest difference in LC50 values were 3.3-fold
at the 1-d exposure and only 2.0-fold for the 7-d exposure. There was no correla-

Fig. 1. Fipronil LC50 values for neonate O. nubilalis larvae over 7-d exposure
period.
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tion between susceptibility levels and pheromone and/or life-history strains, and
laboratory colonies in culture for up to 21 generations did not respond differently
from the F1 colonies tested. The small differences detected in fipronil suscepti-
bility are most likely the result of natural variability among populations (Rob-
ertson et al. 1995) and do not indicate any prior selection for resistance by other
neurotoxic insecticides.

Based on larval growth inhibition (Table 2), it is apparent that sublethal con-
centrations of fipronil caused adverse effects, because larvae surviving at concen-
trations resulting in <100% mortality were significantly smaller than larvae not
exposed to fipronil. Such sublethal effects on larval growth may be important
from a control standpoint if the impacted larvae are unable to complete develop-
ment. At present, we do not know if the reduced growth rate would have even-
tually resulted in mortality or if larval development would simply be delayed
relative to unexposed larvae.

It is unclear if the exposure of the neonate larvae to fipronil occurred as a
result of ingestion of treated diet or if the insecticide was taken up through the
integument as a result of contact with the diet surface. Preliminary data com-
paring fipronil toxicity when applied to diet surface vs corn leaf discs of similar
surface area indicated that neonate larvae were more susceptible to treated leaf
discs (Fig. 2). Because of deterioration of the leaf disc, data was not recorded

Table 1. Susceptibility of European corn borer neonate larvae to fipronil
treated diet after 48 h of exposure.

Population N Slope ± SEa LC50 (95% FL)bc LC90 (95% FL)bc

Aurora, NE 763 3.32 ± 0.26 bcd 3.19 (2.67–3.74) de 7.75 (6.38–10.10) cde
Concord, NE 765 3.85 ± 0.27 cd 1.80 (1.57–2.06) ab 3.89 (3.28–4.91) ab
Dakota, MN 764 3.79 ± 0.31 cd 1.53 (1.36–1.70) a 3.34 (2.91–3.98) a
Mead, NE 763 3.13 ± 0.23 abcd 2.66 (2.22–3.15) cd 6.84 (5.54–9.19) cd
Lab-F9 768 3.44 ± 0.25 abcd 2.04 (1.76–2.34) abc 4.80 (4.01–6.14) abc
Lab-F21 381 4.24 ± 0.74 d 2.51 (1.99–2.94) bcd 5.03 (4.23–6.69) bc
Selinsgrove,

PA 762 2.67 ± 0.18 a 3.33 (2.80–3.94) de 10.06 (7.97–13.80) de
Gibbon, IA 763 2.56 ± 0.21 a 3.33 (2.74–3.94) de 10.54 (8.57–13.85) de
Brickhouse,

NC 766 2.85 ± 0.21 ab 3.74 (3.07–4.48) e 10.53 (8.35–14.61) de
Bloomington,

IL 764 2.73 ± 0.21 ab 3.70 (2.94–4.54) e 10.92 (8.41–16.17) e
Ft. Branch,

IN 765 2.93 ± 0.19 abc 3.30 (2.82–3.83) de 9.01 (7.34–11.81) de

aValues followed by the same letter within a column for a single sampling time are not significantly
different (P > 0.05). Significance of differences determined by likelihood ratio test for parallelism (Savin
et al. 1977).

bng/cm2 diet surface; FL 4 fiducial limits
cValues followed by the same letter within a column for a single sampling time are not significantly
different (P > 0.05). Significance of differences determined by likelihood ratio test for equality followed
by pairwise comparisons using nonoverlapping fiducial limits (Savin et al. 1977).

276 J. Agric. Urban Entomol. Vol. 16, No. 4 (1999)



beyond 24 h. It is uncertain whether this increased susceptibility was due to
increased consumption of corn tissue relative to artificial diet or if the leaf surface
provided a more efficient transfer of insecticide across the insect integument.

These results suggest strongly that O. nubilalis is susceptible to fipronil across
its distribution in North America. Furthermore, it does not appear that labora-

Fig. 2. Comparative mortality of fipronil-treated diet vs. fipronil-treated corn
leaf discs (Bars indicate SEM; N 4 96 for each concentration).

Table 2. Growth inhibition of neonate European corn borer larvae on
fipronil treated diet during 7-d exposure period.

Collection site N EC50
a 95% Fiducial limits

Aurora, NE 768 1.38 1.00–1.83
Concord, NE 768 1.13 0.96–1.30
Dakota, MN 768 0.92 0.79–1.05
Lab-F9 768 1.13 0.88–1.70
Lab-F21 384 1.47 1.32–1.64
Selinsgrove, PA 768 1.42 1.27–1.58
Gibbon, IA 768 1.35 0.65–2.31
Brickhouse, NC 768 1.10 0.92–1.95
Illinois 768 1.15 0.87–2.05
Indiana 768 1.04 0.81–1.29

ang/cm2; concentration causing a 50% reduction in larval growth relative to controls.
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tory rearing and any selection that might be associated with such rearing has a
significant effect on fipronil toxicity. The bioassay technique developed for neo-
nate larvae provides a relatively simple and consistent measure of toxicity and
should provide a basis for routine resistance monitoring.
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ABSTRACT Infections from Erynia neoaphidis (Remaudière & Hennebert)
have often resulted in epizootics in green peach aphid, Myzus persicae (Sulzer),
populations on spinach, Spinacia oleracea L., produced for processing in the
Arkansas River Valley of Arkansas and Oklahoma. Use of this fungal pathogen
as an aphid management tool has been unsuccessful because of poor timing,
i.e., epizootic occurrence generally occurs at or after harvest. In the study
reported herein, attempts at manipulating disease occurrence with overhead
irrigation and fungicide applications were made. In samples 16- to 35-d after
irrigation was initiated, the percentage of aphids infected with E. neoaphidis
was significantly greater than in aphids from plots not receiving irrigation.
The percentage of infection in the 35 d sample was twice as great in irrigated
plots as in those not irrigated. In subsequent samples, however, significant
differences were not detected and peak epizootic did not differ between the
irrigation treatments. M. persicae populations were eliminated in both blocks
63 d after sampling was initiated. The fungicide, manganese ethylenebis-
dithiocarbamate, initially had little detectable effect on disease prevalence;
however, in samples taken 21- and 41- d after the initial application, percent-
age of aphids infected with E. neoaphidis was significantly reduced.

KEY WORDS Erynia neoaphidis, fungicide, irrigation, Myzus persicae,
spinach

The green peach aphid, Myzus persicae (Sulzer), is the predominant insect pest
of spinach, Spinacia oleracea L., produced for processing in the Arkansas River
Valley of western Arkansas and eastern Oklahoma. Aphid populations in the
Arkansas River Valley seldom reach sufficient levels to reduce spinach yields but
the presence of aphids at harvest may render the crop unusable by processors.
The broad and crinkled leaves of spinach make removal of aphids during process-
ing exceedingly difficult. Because aphid parts in processed spinach result in con-
sumer complaints and litigation, entire spinach fields may be rejected by the
processor if aphids are detected at harvest (McLeod 1989).

Aphid management on spinach currently consists of delayed planting in fall
months and foliar application of imidacloprid (McLeod et al. 1998). In addition,
the entomopathogenic fungus Erynia neoaphidis (Remaudière & Hennebert) has

1Accepted for publication 22 November 1999.
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caused epizootics in green peach aphid populations on spinach (Elkassabany et al.
1992, McLeod et al. 1998). This fungus is the most common pathogen of aphids
and has a worldwide distribution (Wilding & Brady 1984). Epizootics also have
been reported in Acyrthosiphon aphid populations on alfalfa, Medicago sativa L.,
(Pickering & Gutierrez 1991), and in cereal aphid populations on wheat, Triticum
avenae L., (Feng et al. 1991) and barley, Hordeum vulgare L., (Feng et al. 1992).
McLeod et al. (1998) observed E. neoaphidis epizootics in 90% of spinach fields
infested with aphids from 1990 to 1993 in the Arkansas River Valley. Although
the fungus appeared to play a significant role in aphid population regulation in
several of the sampled fields, the epizootics generally occurred near or after the
normal harvest period of spinach. In fields where diseased aphids were present at
harvest, processors were even more likely to reject the spinach due to increased
difficulty in removing diseased aphids which were more noticeable due to their
white color and because they are strongly attached by fungal rhizoids to the leaf
surface. In other spinach fields fungal prevalence remained low throughout the
growing season. Because of the difficulty in managing aphids on spinach during
cool seasons, there is interest in use of E. neoaphidis as a management tool. In the
study reported herein, we sought to promote the occurrence of E. neoaphidis by
increasing humidity through overhead irrigation. Because fungicides are rou-
tinely applied to spinach to reduce the occurrence of plant diseases, we also were
interested in exploring the effects of foliar fungicide applications on E. neoaphidis
prevalence.

Materials and Methods

Test Plot Characteristics. The spinach field used in the study was located
at the University of Arkansas Vegetable Station at Kibler in the Arkansas River
Valley. ‘Fall Green’ spinach was planted on 10 September 1991. Experimental
design was a split block with 2 main plots (irrigation and no irrigation); 3 subplots
(no fungicide, weekly fungicide applications and biweekly fungicide applications);
and was replicated 4 times. Each plot consisted of a 1.8-m-wide bed 20 m in
length. Within a subplot, plots were separated by 4-m buffers and subplots were
separated by 1.8-m-wide beds planted with spinach. No insecticides or additional
fungicides were applied during the study. Other production practices were stan-
dard for spinach production in the Arkansas River Valley. Minimum and maxi-
mum daily temperatures and daily precipitation were recorded at the University
of Arkansas Vegetable Station at Kibler.

When plants reached the 10 leaf stage on 14 Jan 1992, treatments were ini-
tiated. Irrigation was applied with an overhead irrigation system equipped with
Rain Bird impulse nozzles (Rain Bird Sprinkler Mfg. Corp., Glendora, California).
Water was applied to irrigated blocks three times (Monday, Wednesday and Fri-
day) per week at a rate of 0.25 cm per application except when rainfall exceeded
0.25 cm per day. The irrigated block received 18 days of irrigation or precipitation.
The non-irrigated block received 5 days of rainfall. The fungicide treatments
consisted of foliar applications of manganese ethylenebisdithiocarbamate (Maneb
80WP supplied by Atochem Agrichemicals, Philadelphia, Pennsylvania) applied
at 2.27 kg AI/ha with a CO2 powered backpack sprayer calibrated to deliver 151.4
l/ha. Treatments consisted of no fungicide; 6 weekly applications from 14 Jan to
18 Feb; and 3 biweekly applications from 14 Jan to 10 Feb.
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Aphid Sampling. Aphids were sampled beginning 1 day prior to the initial
treatment application and thereafter at approximately weekly intervals until
harvest on Mar 17. On each sample date 10 plants were randomly selected from
each plot. Plants were selected by throwing a 91-cm-long wire stake flag (Forestry
Suppliers, Jackson, Mississippi) into the air over each plot. The closest plant not
damaged by the flag was selected for sampling. Plants were cut below the soil
surface with a knife, placed individually in sealed plastic bags, and transported in
cool ice chests to the laboratory for aphid counting. Aphids were classified as
alive, dead from fungal mycoses, or dead from other causes. Data were subjected
to ANOVA (Wilkinson 1998).

Identification of Fungal Pathogens. Aphids with symptoms of fungal my-
cosis were removed from freshly picked spinach leaves to identify the fungal
species involved. When fungi were first evident, 10 infected aphids were removed
randomly from several spinach plants, squashed individually in lactophenol-acid
fuchsin stain on a microscope slide and examined at 400× with phase microscopy.
Morphological characteristics of the fungi were compared with descriptions in
Keller (1991). Conidial size and shape, presence of cystidia and rhizoids, and lack
of resting spores were consistent with E. neoaphidis for all of the symptomatic
aphids examined.

Results

One day prior to the initiation of treatments (−1 days after treatment - DAT)
the number of live aphids per plant was 20.3±1.7 (mean±SE). At this sample
period, additional means of aphids per plant were 1.6±0.4 and 0.6±0.1, for fungal
infected aphids and other dead aphids, respectively. Aphids killed by E. neoaphi-
dis were white and at death were held tightly to the leaf surface by fungal rhiz-
oids. By occasionally observing dead aphids with no initial symptoms through
time, it was concluded that these were in the early stages of infection and would
later develop fungal infection symptoms. Seven days after the initial application
no significant differences in the percentage of aphids infected with E. neoaphidis
were detected between the irrigation blocks (F42.787; df 4 1, 234; P 4 0.097). In
each of the samples from 16 to 35 DAT, percentage of aphid infection was sig-
nificantly greater in the irrigated block (16 DAT: F44.120; df 4 1, 234; P 4
0.044; 21 DAT: F428.425; df 4 1, 234; P 4 0.000; 27 DAT: F413.577; df 4 1,
234; P 4 0.000; 35 DAT: F433.444; df 4 1, 234; P 4 0.000). During this period
infection rates in the irrigated block ranged from 15.3±1.9 at 16 DAT to 17.4±1.1
at 35 DAT (Fig. 1). Comparable rates in the non-irrigated block ranged from
9.6±2.0 to 8.5±1.1 on the same dates. Infection rate was over twice as high in the
irrigated block 35 DAT than that in the non-irrigated block. From 41 to 63 DAT
no significant differences in aphid infection rate were observed between the irri-
gated and non-irrigated blocks. In the next to last sample (55 DAT) E. neoaphidis
infections were observed in more than 94% of the aphids from both blocks. The
epizootic devastated the aphid population and at the last sample (63 DAT) the
mean number of live aphids per plant was 0.1±0.0 in both irrigated and non-
irrigated blocks.

Fungicide application initially had no significant effect on aphid infection rate
(7 DAT: F40.217; df 4 2, 234; P 4 0.642; 16 DAT: F42.289; df 4 2, 234; P 4
0.104). By 21 DAT, however, percentage of aphids with E. neoaphidis infection
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was significantly lower in plots receiving either of the fungicide treatments
(F45.010; df 4 2, 234; P 4 0.007). These differences are also evident in Fig. 2. No
additional significant differences in aphid infection rate were detected among the
fungicide applications until 41 DAT. At this sample date the mean percentage of
aphids with E. neoaphidis infection in plots not receiving fungicide was 39.6. In
plots receiving fungicides mean percentages were 25.6 and 25.4 for the biweekly
and weekly applications, respectively. Both means were significantly lower than
for aphids from the non-treated plots (F49.200; df 4 2, 234; P 4 0.000). No
additional significant differences among fungicide applications were detected
through the remainder of the sampling period. None of the irrigation fungicide
interactions were significant during the sampling period ( 7 DAT to 63 DAT).

Discussion

The influence of irrigation on increasing E. neoaphidis infection rate was evi-
dent in aphid samples beginning 16 days after the initial application of water. At

Fig. 1. Influence of irrigation on percentage of M. persicae infected with E.
neoaphidis on spinach grown at Kibler, Arkansas, in 1992.
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this time about twice as many aphids in the irrigated block were dying from
disease as in the non-irrigated block. Using drip lines as the method of irrigation
which does not wet plant surfaces, Leskovar & Black (1994) were unable to
observe increased rates of E. neoaphidis epizootic development in M. persicae on
spinach. In our study, irrigation was from overhead resulting in increased surface
moisture on foliage. This increased moisture may have played a role in the epi-
zootic development. Also, splattering of wet soil onto plants during overhead
irrigation may have added to epizootic development by providing primary inocu-
lum (Milner & Bourne 1983). Although effects of irrigation on disease prevalence
were evident during the initial sample periods, differences in disease incidence
decreased and did not significantly differ from 41 DAT until the conclusion of the
study. The epizootic peak occurred 55 DAT in both the irrigated and non-irrigated
block. Thus, overhead irrigation may not contribute to fungal mediated regulation
of aphid populations.

One concern in utilizing E. neoaphidis to manage M. persicae on spinach is the
effect of foliar applications of fungicide on the fungi. Fungicide directed at plant

Fig. 2. Influence of the fungicide Maneb on percentage of M. persicae infected
with E. neoaphidis on spinach grown at Kibler, Arkansas, in 1992.
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pathogens may impair E. neoaphidis. Although multiple fungicide applications
significantly reduced infection rate in two of the samples (21 and 41 DAT), effects
were only slight and were undetectable in all other samples. In our study the
fungicide subplots received weekly or biweekly applications. Under normal spin-
ach management practices, fungicide applications occur much less frequently and
may therefore have little adverse effect on epizootic occurrence. Similarly, Lesko-
var & Black (1994) reported no negative impact of the fungicide metalaxyl on E.
neoaphidis occurrence. These observations suggest that typical levels of fungicide
applications to spinach are not the cause of delayed epizootic development.
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