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INSTRUCTIONS FOR AUTHORS 

Editorial Policy 

The Journal of Agricultural Entomology is devoted to the publication of 
original research concerning insects and related arthropods of agricultural 
importance, including those affecting humans, livestock, poultry, and wildlife. 
The Journal is particularly dedicated to the timely publication of articles and 
not.es pertaining to applied entomology. aJthough it will accept suitable 
contributions of a fundamental nature related to agricultural 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 JourTIal of Agricultural Entomology is published under the auspices of 
the South Carolina Entomology Society, Inc. A subscription to JAE accompanies 
membership in the SeES, and prospective authors are encouraged to join. 
Inquiries may be sent to the Secretarytrreasurer, SCES, P.O. Box 582, 
Clemson, SC 29633-0582. 

Manuscript Preparation 

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

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 by 28 em (8.5 by 11 in.) nonerasable, high-quality paper. All margins 
should be 3.2 em (1.25 in.). Manuscripts should be prepared with a legible 
typeface. Sections of the manuscript should be arranged in lhis order: 

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 
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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 Journal 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 number, and FAX number (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 ten 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, "8pDdDptera 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 very high~quality reproductions. All 
figures 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, JAE 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 Orgallisms (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. 
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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 JAE, 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 and Jones 1978)
 
(Smith 1973, Smith and Jones 1978, Ward 1978)
 
(Smith et aI. 1973a,b, Jones 1987, Roberts 1987, 1988)
 
(Jones 1987, 16-25) for specific pages
 
(Jones 1987; L. J. Smith, Bigtime Univ., persona) 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 and 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. JAE 
uses Serial Sources {or 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. 

Journal Articles 
One or two authors are listed alphabetically; three or more authors should 

be listed chronologically: 
Elsey, K C. and J. A. KIun. 1989. Pickleworrn 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., and R. Bums. 1975. Title. Abbr. J. 00: 00-00. 
Jones, M. A., and R. Bums. In press. Title. Abbr. J. 00: 00-00. 
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Jones, M. A., R. Burns, and 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, and C. A. Triplehorn. 1981. An introduction to the 

study of insects, 5th ed. Saunders, Philadelphia, Pennsylvania, 827 pp. 
"Mitchell, E. R. [cd.]. 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 l.eds.l, Book title. Publisher, city, state, 233 pp. 
Reynolds, H. T., P. L. Adkisson, and R. F. Smith. 1975. Cotton insect pest 

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

Royer, T. A., J. V. Edelson, and 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 rPM, 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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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 
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In Press 
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Department of Agriculture Forest Service Miscellaneous Publication 1426, 
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Theses and Dissertations 
Anway, C. L. 1982. Male-produced aggregation pheromone of the maize weevil 

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

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

Abstracts and Translations
 
Barker, S. 1989. Toxicity of XXX. Chern. Abstr. 18: 193a.
 
Hooker, M. \V., and E. M. Barrows. 1989. Clutch sizes and sex ratios in 

Pediobius. Ann. Entomo!. 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 
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Other 
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Cary, North Carolina, 956 pp. 

Authors are urged to review the most recent issue of Journal ofAgricultural 
Entomology before submitting a manuscript. This will give the author an 
overview of JAE style and format. 
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Publication of Other Scholarly Works 

Scientific Notes. The Journal of Agricultural 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.	 Name 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 JAE. 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 
JAE. 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 Journal, 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. In order 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. 

Submission of the Completed Manuscript 

Contributing authors should submit an original manuscript and three 
copies (four copies tota1), including copies of illustrations, to the Editor, 
Journal of Agricultural Entomology, Oklahoma State University, WWAREC, 
P.O. Box 128, Lane, Oklahoma 74555. Authors will be notified of receipt of the 
manuscript. The editor will designate a subject editor, who will coordinate the 
review of the manuscript, and will recommend its acceptance or rejection to the 
editor. Manuscripts are reviewed by at least two peers, who remain anonymous 
to the authors. 

Authors will be notified in writing of the acceptance (or rejection) of their 
manuscript, and one set of galley proofs will be sent directly from the printer 
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for approval. Return of galleys within 48 hours is requested. Authors should 
check carefully for typographical and factual errors. However, the content of an 
article should not be altered once it is in galley form. Extensive alterations may 
delay publication, and increase the cost to authors. Corrections other than 
printer's or editor's errors will be billed to the author at a rate of $2.00 per line. 

Manuscripts may be submitted on diskette. Authors should contact the 
editor for fonnatting and program infonnation if interested. 

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. ]n order to initiate an appeal, 
the author must submit nine copies of the following to the Editor, JAE, 
Oklahoma State University, WWAREC, Box 128, Lane. Oklahoma 74555. 

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 correspondenee 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 $45.00 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. 



Factors Affecting Corn Earworm (Lepidoptera: Noctuidae)
 
Resistance in Food Corn'
 

T. L. Archer, B. R. Wiseman2, and A. J. Bockholt3 

Texas Agricultural Experiment StCltion
 
R~ 3, Box 219, Lubbock, Texas 79401
 

J. Agric. Entomol. 110): 9·16 (January 1994) 
ABSTRACT Commercially available and experimental food corn hybrids 
(corn used for snack and Mexican food products) were evaluated for 
resistance to corn carworm, Helicouerpa zea (Boddie). Ears of 11 of the 126 
entries received penetration ratings :s:: 5.7 indicating that they were the most 
resistant food corn hybrids to corn carworm feeding. Only TAES EXP 
90206YQ. a Texas Agricultural Experiment Station cultivar. received a low 
larval car-penetration rating (5.2) and produced low weight (44 mg) larvae 
after being fed a pinto bean diet containing dried silks. Six of the nine 
entries producing low weighL (37-70 mg) larvae had penetration raLings > 
8.0. The entries with low weight larvae and high penetration ratings had 
lower husk Lightness ratings (x = 1.1, loose husks) than the low weighL larvae 
with lower pcneLrHtion ratings (x = 2.3. medium husk tightness). Loose husks 
could allow rapid larval entry under the husk afi.cr the larva found the silk 
unpalatable. 

KEY WORDS Corn earworm, corn, resistance, Lepidoptera, Noctuidae, 
Helicouerpa zoo.':.::....:.=---------------


Much research has been conducted on corn earworm, Helicoverpa zea 
(Boddie), resistance in field and sweet corn, Zea m.a,ys L. (McMillian et a1. 1967, 
Starks and McMillian 1967, Straub and Fairchild 1979, Wiseman 1985). 
However, there are no data on resistance in food corn, a special type of dent corn 
having a high test weight and hard endosperm. Food corn is used for production 
of snack and Mexican food products and must meet the high quality standards 
set by food com processors. Otherwise, the corn will be rejected for food use at 
the elevator and downgraded to less profitable feed corn. Feeding by corn 
earworm larvae may lower the grade of food corn by causing damage to kernels 
that results in discoloration of corn products during cooking. The quality 
standards differ slightly among corn processors, but in general if corn exceeds 
12% nips and cracks the load will be rejected by the processor, and if it is 
between 8 and 12% damaged kernels, the price paid for the corn will be reduced. 
Nips refer to locations on kernels where larvae took bites out of a kernel, but do 
not eat most of it. Cracks refer to internal cracking of kernels which the 
processors assume are from earworm feeding. 

1Received for publication 23 July 1992; :u:ceptcd 23 t\pril 1993.
 
2 USDA-ARS.IBPMRL, Tinon, GA 31793.
 
S Soil & Crop Science Department. Texas A&M University, College Station. TX, 77843.
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Corn resistance to corn earworms has been identified and associated with husk 
tightness and silk or kernel extracts (McMillian et aJ. 1967, Starks and McMillian 
1967, Straub and Fairchild 1970). Also, the larval growth inhibitor, maysin, has 
been identified as a resistance mechanism (Waiss et al. 1979). A negative 
relationship between levels of maysin in silks and com earworm growth has been 
demonstrated in laboratory feeding trials (Waiss et aJ. 1979, Wiseman et aJ. 1992). 
But the relationship between maysin content in silks and com earworm feeding 
penetration into the ear has not been consistent (Wiseman and McMillian 1982, 
Henson et al. 1984). Corn resistance to corn caTworm may be the result of a 
combination of factors and may vary depending on weather and climatic differences 
across regions (Widstrom et al. 1982, Henson et al. 1984, Wiseman et al. 1985). 

The objectives of this research were to evaluate food com hybl;ds for resistance 
to corn eanvorm in a semi-add, irrigated production region. The effect on lan'al 
penetration into ears, husk tightness, and effect of silks on larval growth were 
evaluated for several corn hybrids. Also, the effect of corn eanvorm feeding on 
grain quality was measured for severa] of these hybrids. 

Materials and Methods 

Field evaluations, The experiment included 126 food corn hybrids provided 
by commercial and state breeders in a Texas statewide food corn nursery. Plots 
were arranged in a randomized complete block design with four replications. Plots 
were one row wide (1 m apart) by 5 m long. Corn was planted on 24 April 1990, 
and grown using furrow irrigation production practices common for the Texas 
High Plains. The top ear on each of 10 plants per row was infested with 34-40 
laboratory-reared corn earworm eggs when silks were 2-3 d old. Eggs were 
suspended in a 0.2% agar solution and applied to the silks with a pump applicator 
inserted into a test tube as described by Wiseman et aJ. (1974). The infestation date 
varied among entries depending on when anthesis of a hybrid occurred. Infested 
ears were rated for the depth of penetration by a corn earwonn larva 18·21 d after 
eggs were placed on ears, using the method described by Widstrom (1967). The 
rating scaJe was 0 = no damage, 1 = silk damage, 2 = ear tip damage, 3 ... = damage 
increased by 1 unit for each additional cm penetration. 

Husk tightness ratings were made at growth stage 7 (soft dough, Hanway 
[1971]). Ears were rated using 0 to 5 scale where 0 = loose husks with ear visible; 1 
=loose husks and silk channel but ear not visible; 2 = husks medium tight with at 
least some space between husk cover and ear, no husk extension; 3 = husks 
medium tight \vith no empty space behveen husk cover and ear, with loose husk 
extension; 4 = husks firm against the ear but not difficult to husk, with a tight 
husk extension; and 5 = very tight husks which are difficult to husk, with very 
tight extension (Wiseman and Isenhour 1992). 

At maturity, 10 ears were collected from selected plots and rated for grain quality 
by determining the percentage of the kelnels nipped or cracked from corn earwonn 
feeding. Quality rating was time consuming so it was necess8.lY to limit ratings to 
ears that might have resistance acceptable for food com producers based on larval 
penetration ratings and silk antibiosis. Therefore, ears receiving a penetration 
rating $; 7.0 or a larva weight in the antibiosis test of < 70 mg were used for the 
quality ratings. 
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L~boratorysilk feedings. 'J\vo-day-old silks were collected from com plants for 
testing silk antibiosis. Silks were dried at 41'C, ground, and incorporated into a 
standard pinto bean diet (Wiseman et al. 1984). Three grams of dried silk were 
mixed into 60 g of pinto bean diet diluted at the ratio of 3:2 ml of diet:water. One 
neonate corn eanvonn larva was placed on the diet in an 18-ml plastic cup and the 
cup was capped. Ten cups were infested for each entry. In addition, diet without 
silks, diet with dried silks of StoweU's Evergreen com (susceptible to com earworm) 
and diet with Zapalote Chico silks (resistant to com earworm) were used as controls. 
Almr 8 d, the larva was removed from the cup and weighed. 

Data were analyzed by the PROC GLM analysis of variance procedure (SAS 
Institute 1987). Means were separated with the Least Significant Difference 
procedure (P = 0.05). Relationships among penetration ratings, husk tightness, 
larval weight, and kernel quality (for entries receiving this rating) were determined 
using PROC GLM regression analysis. 

R.!sults and Discussion 

Ears of 11 of the 126 entries received penetration ratings (S 5.7) Dot 
significantly difTerent from TAES EXP 90207WQ which received the lowest rating 
(Table 1). Larval weights ,; 70 mg were not significantly dilTerent from those for 
larvae feeding on diet containing resistant Zapalote Chico silks (Table 1). Of the 11 
hybrids receiving the lowest penetration ratings, only TAES EXP 90206YQ had a 
low penetration rating and larval weight. Seven of the hybrids (Germains GC
6260, GC-6255, GC-96001, Wilson 1890, George Warner W-2177, TAES EXP 
90204YQ, and NC + 6414) whose silks produced larvae with low weights had 
penetration ratings significantly higher than the rating lor TAES EXP 90206YQ. 
These seven entries had a mean husk tightness of 1.1 (range =0 to 2.0) compared 
to the husk tightness rating of 2.3 for each of the three enlt,es (TAES 90206YQ, 
90205WQ, and Hyperformer HS64) with lower penetration ratings. 

The correlation between penetration rating and larval weight was not significant 
,:I. = 0.06). The poor correlation may result fium dilTerences in husk tightness among 
entries. A tight husk should slow penetration of larvae into the ear and cause them 
to feed on resistant silks longer, thus inhibiting growth. Low penetration ratings 
were significantly, but weakly, correlated to husk tightness (,:I. =0.39). 

As quality was measured primarily for entries that had high to moderate 
resistance, little dilTerence occurred among ratings (,:I. = 0.29 and 0.14 for grain 
quality vs. penetration and larval weight, respectively). NC + 6414 and Cargil 
125647x received quality ratings higher than the other entries that were rated. 
Their ratings exceeded the 8% damage required for dockage and 12% for load 
rejection set by the food corn processors. Our ratings did not include the 1 to 3% 
cracking caused by harvesting equipment. 

These data demonstrate that there is resistance in food com to com eanvonns 
and that several factors are probably involved. Ear penetration was low for several 
hybrids (Asgrow RX807, George Warner WxC-168(x), Northrup King N8565W, 
Pioneer 3192, TAES EXP 90207WQ, and Triumph 1610) despite loose husk 
ratings. These hybrids are either tolerant or the kernels may be antibiotic to corn 
earwonns. Research is underway to select for greater resistance in some of these 
entries and identify the resistance mechanisms. 
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Table 1.	 Agronomic and quality characteristics of food corn and its 
resistance to corn earworrn. 

Larval 
Days to Husk Penetration weight Quality 

Entry anthcsisO tightnessIJ ratingc (mg)'i ratinge 

TAES EXP 90207WQ f 89 2.0 ± 0.0 3.5 ± 0.5 161 ± 18 0.3 ± 0.2 
Triumph 1610 81 2.0 ± 0.6 4.4 ± 0.4 167 ± 11 4.0 ± 1.4 
Asgrow RX 807 76 1.0 ± 0.6 5.2 ± 0.4 99 ± 15 3.2 ± 1.3 
TAES EXP 90206YQ 90 2.3 ± 0.3 5.2 ± 0.3 44± 7 0.3 ± 0.1 
Pioneer 3192 83 1.7 ± 0.3 5.2 ± 0.3 167 ± 7 1.8 ± 0.7 
Northrup King N8565W 83 1.3 ± 0.3 5.3 ± 0.5 131 ± 15 5.3 ± 1.9 
Garrison 8G-7600x 84 3.0 ± 0.6 5.4 ± 0.5 144 ± 19 2.5 ± 0.9 
TAES EXP 86103Y 81 2.3 ± 0.9 5.5 ± 0.3 189± 9 1.6 ± 1.1 
Sunhell EXP 9448 91 2.7 ± 0.3 5.6 ± 0.4 203 ± 9 0.2 ± 0.1 
G. Warner WxC·168(x) 81 1.7 ± 0.3 5.6 ± 0.4 161 ± 10 3.5 ± 0.8 
Triumph TRX 9860 81 2.3 ± 0.7 5.7 ± 0.4 155 ± 14 5.3 ± 1.9 
Sunbelt 1876 92 3.7 ± 0.3 5.9 ± 0.5 181 ± 10 0.1 ± 0.1 
TAES EXP 90205WQ 90 2.3 ± 0.3 5.9 ± 0.5 70 ± 15 0.5 ± 0.2 
Sunhelt EXP 8400 95 3.3 ± 0.3 5.9 ± 0.6 94± 14 0.9 ± 0.5 
Conlee 115W 84 2.7 ± 0.3 5.9 ± 0.3 187 ± 10 1.6 ± 0.8 
TAES EXP 90203WQ 86 2.3 ± 0.3 6.0 ± 0.8 127 ± 15 0.1 ± 0.1 
Triumph TRX 0383 83 2.3 ± 0.3 6.0 ± 0.5 194 ± 6 2.2 ± 1.2 
Garrison 8G-7202 83 2.7 ± 0.3 6.0 ± 0.4 193 ± 6 O.lt 0.1 
GroAgri EXP 4196 78 1.7 ± 0.3 6.0 ± 0.5 139 ± 16 3.2± 0.8 
Hyperformer HS 64 81 2.3 ± 0.3 6.1 ± 0.4 68± 9 5.U 1.4 
Taylor Evans EXP9007W 81 1.7 ± 0.7 6.1±0.7 152 ± 10 3.2 ± 1.0 
Cargill 145554x 83 2.0± 0.6 6.3 ± 0.5 2.2 ± 0.6 
Triumph TRX 9382 83 2.0 ± 0.0 6.4 ± 0.5 155 ± 9 1.9 ± 0.7 
G. Warner WxC-166(x) 83 2.0 ± 0.0 8.4 ± 0.7 152 ± 15 1.5 ± 0.5 
Cargill 9027 81 2.7 ± 0.3 6.6 ± 0.4 96± 11 1.5 ± 0.5 
Delta & Pine 6043X 83 2.0 ± 0.6 6.6 ± 0.5 224 ± 18 0.9 ± 0.5 
Asgrow 404 91 2.3 ± 0.3 6.7 ± 0.4 211 ± 14 0.7 ± 0.3 
Garrison SG-7205 83 1.7 ± 0.3 6.7 ± 0.5 198± 9 0.4 ± 0.2 
Cargill 147003x 84 1.7 ± 0.3 6.8 ± 0.4 180± 7 6.4 ± 1.5 
G. Warner WxC·118(x) 83 1.7 ± 0.7 6.9 ± 0.8 132 ± 19 0.8 ± 0.5 
Vineyard V58W 81 2.3 ± 0.3 6.9± 0.7 182 ± 34 0.3 ± 0.1 
Asgrow RX 959W 85 2.3 ± 0.3 6.9 ± 0.4 146 ± 17 0.1 ± 0.1 
Conlee 113W 83 2.3 ± 0.3 6.9 ± 0.7 184 ± 9 0.8 ± 0.4 
Cargill 125647x 81 1.0 ± 0.0 6.9 ± 0.7 178 ± 21 12.2 ± 1.8 
Conlee 202 83 2.3 ± 0.3 7.0 ± 0.5 193 ± 12 1.6 ± 0.7 
Vineyard V68Aw 83 2.7 ± 0.3 7.1 ± 0.4 192 ± 10 
Taylor Evans EXP9002 81 1.7 ± 0.3 7.1 ± 0.9 187 ± 11 
DcKalb DK703W 81 2.0 ± 0.6 7.1 ± 0.6 162 ± 10 
G. WarncdWl-42-WW 83 1.3 ± 0.3 7.1 ± 0.6 195± 9 
Vineyard Vx91225(x) 76 2.7±0.7 7.2 ± 0.5 154 ± 10 
Asgrow RX 956W 83 3.0± 0.0 7.2 ± 0.6 165 ± 12 
Vineyard Fc5IJO 83 1.0 ± 0.6 7.2 ± 0.4 176 ± 8 
Jacques 9220 81 1.7 ± 0.3 7.2± 0.5 110 ± 16 
Conlee 8850 78 0.3 ± 0.3 7.2 ± 0.7 154 ± 12 
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Table 1. Continued. 

Larval 

Entry 
Days to 

anthesisa 
Husk 

tightnessb 
Penetration 

ralingC 
weight 
(mg)d 

Quality 
ratinlf 

Vineyard Vx 458w{x) 81 1.0 ± 0.6 7.3±0.7 199 ± 6 
Delta & Pine G-4644W 84 2.0 ± 0.6 7.3±0.7 195 ± 6 
Asgrow RX 908 83 2.0 ± 0.6 7.3 ± 0.5 80 ± 12 
Taylor Evans T-E 7055 76 2.0 ± 0.6 7.1 ± 0.5 132 ± 16 
Northrup King N8727 81 1.7 ± 0.3 7.6 ± 0.1 133 ± 12 
Vineyard Vx 91190(x} 83 1.3 ± 0.3 7.6 ± 0.5 123 ± 21 
Asgrow 405w 92 3.0 ± 0.6 7.6 ± 0.5 211 ± 9 
GroAgri EXP-4626 81 1.0 ± 0.0 7.7±0.7 196 ± 5 
Pioneer 3162 78 1.3 ± 0.3 7.7 ± 0.5 95 ± 10 
Jacques 8510 83 2.0 ± 0.6 7.8 ± 0.7 169 ± 12 
Big Crop Blanco 84 2.7±0.7 7.8± 0.6 181 ± 13 
ORO 190 78 1.7 ± 0.3 7.8 ± 1.0 107 ± 15 
Garrison SG-8440A 84 2.0 ± 0.0 7.8 ± 0.5 78 ± 16 
Garrison SG-8440 81 1.3 ± 0.3 8.0 ± 0.5 135 ± 16 
Vineyard Fe 560 78 1.3 ± 0.3 8.1 ± 0.6 162 ± 15 
Asgrow RX 947 84 2.7 ± 0.3 8.1 ± 0.6 193 ± 9 
Germains GC-6260 83 1.0 ± 0.6 8.1±0.5 54 ± 5 4.6 ± 1.1 
Germains GC-3114 83 1.3 ± 0.3 8.1 ± 0.6 78± 13 
Gro Agri 2333 83 1.7 ± 0.3 8.2 ± 0.9 123 ± 10 
Delta & Pine DP 5750 81 1.3 ± 0.3 8.2 ± 0.5 79 ± 13 
Vineyard Vx 9036l(x) 81 2.3 ± 0.9 8.2 ± 0.7 210 ± 10 
Pioneer 3168 81 0.3 ± 0.3 8.3 ± 0.6 165 ± 12 
G. Warner WxC·167{x) 76 1.3 ± 0.3 8.3 ± 0.7 114 ± 7 
GroAgri 4192 76 1.7 ± 0.7 8.3 ± 0.7 130 ± 9 
Northrup King N8110W 83 2.3 ± 0.3 8.3 ± 0.9 189 ± 9 
Big Crop C90Ix 83 1.0 ± 0.0 8.1 ± 0.1 169 ± 12 
Vineyard Vx 91195(x) 81 1.0 ± 0.6 8.1 ± 0.1 94 ± 9 
Taylor Evans T·E 1166W 86 2.0 ± 0.0 8.1 ± 0.6 224 ± 15 
Triumph 1990W 83 1.7 ± 0.3 8.5 ± 0.7 156 ± 28 
Taylor Evans T-E 7081 81 0.1 ± 0.3 8.6± 0.7 161 ± 8 
G. Warner W-2166 83 0.7 ± 0.3 8.6 ± 0.8 160 ± 13 
Vineyard V68w 85 3.0 ± 0.6 8.6 ± 0.6 209 ± 11 
Germains GC-6255 81 1.3 ± 0.3 8.6 ± 0.7 37± 6 5.7 ± 1.1 
Triumph 1650FG 83 1.7 ± 0.3 8.7 ± 0.5 151 ± 11 
ORO 180 88 2.3 ± 0.3 8.7 ± 1.0 82 ± 14 
Wilson 1890 78 1.7 ± 0.3 8.8 ± 0.7 45 ± 7 3.2 ± 1.0 
TAES EXP 90216Y 83 1.3 ± 0.3 8.8±0.5 208± 18 
GroAgri GSC-2344w 83 2.7 ± 0.3 8.8 ± 0.6 197 ± 12 
GroAgri GSC-4715 81 0.3 ± 0.3 8.8 ± 0.5 162 ± 26 
Hypcrfonncr HS 9773 83 1.7 ± 0.3 9.0 ± 0.7 94 ± 18 
Frontier F-3040 83 1.3 ± 0.3 9.0 ± 0.9 93 ± 24 
Conlee 8631 83 2.3 ± 0.3 9.1 ± 0.8 172 ± 6 
Pioneer X9714 83 2.3 ± 0.3 9.1 ± 0.8 98 ± 13 
Taylor Evans EXP9003 83 1.3 ± 0.3 9.2 ± 0.9 181 ± 13 
G. Warner W-2192-A 83 0.7 ± 0.3 9.2 ± 0.8 143 ± 16 
GroAgri 2216 81 0.7 ± 0.3 9.3 ± 0.8 89 ± 13 
GroAgri 4161 81 0.7 ± 0.3 9.3 ± 0.9 lI8 ± 13 
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Table 1. Continued. 

Larval 
Days to Husk Penetration weight Quality 

Entry anthcsisrt tight.ness" ratinlf' (mgyl ratinge 

Germains GC~3117 83 0.7 ± 0.3 9.3 ± 0.7 164 ± 18 
Pioneer 3144W 85 2.0 ± 0.0 9.5 ± 0.7 172 ± 9 
Jacques 7910 76 1.0 t 0.6 9.5 ± 1.1 105 ± 12 
G. Warner \VxC·170(x) 85 2.0 ± 0.6 9.5 ± 0.6 75± 7 
G Warner W-2177 81 0.3 ± 0.3 9.6 ± 0.9 69± 20 6.6 ± 1.8 
Garrison SG-8500x 78 0.3 ± 0.3 9.6 ± 0.6 146 ± 10 
Northrup King N7816 81 0.3 ± 0.3 9.7 ± 0.7 78± 4 
Taylor Evans 6951 78 0.7 ± 0.3 9.8 ± 0.8 101 ± 15 
Germains GC-96001 83 2.0 ± 0.6 9.8 ± 0.5 60 ± 12 5.9 ± 1.3 
G. Warner WxC-lll(x) 78 0.7 ± 0.3 9.9 ± 0.8 124 ± 13 
DeKalb DK764 76 1.0 ± 0.0 9.9 ± 0.7 148 ± 15 
DcKalb DK656 83 1.0 ± 0.0 9.9 ± 0.9 156 ± 11 
Triumph 1595 83 0.7 ± 0.7 9.9 ± 0.7 107 ± 14 
TARS EXP 90204YQ 85 0.7 ± 0.3 10.0 ± 0.6 74± 9 
Jacques 8210 76 1.3 ± 0.3 10.0 ± 0.8 134 ± 17 
Pioneer 3189 78 0.3 t 0.3 10.0 ± 1.0 108 ± 13 
NC + 6414 81 0.0 ± 0.0 1O.2± 0.6 50 ± 15 22.7±6.6 
ORO 150 83 0.3 ± 0.3 10.3 ± 0.8 92± 6 
Frontier F·3038 78 0.7 t 0.3 10.5 ± 1.0 134 ± 14 
Northrup King PX954 81 0.7 ± 0.3 10.6 ± 1.0 148 ± 19 
Cargill 7993 78 0.7 ± 0.3 10.8 t 0.9 155 ± 14 
NC +X6260 83 1.0 t 0.6 10.8 ± 1.0 80± 23 
Delta & Pine 0-4513 76 1.0 t 0.6 10.8 ± 0.7 99 ± 15 
ORO 120 78 1.0 ± 0.0 10.9 ± 0.9 114 ± 19 
NC + 5891 83 0.7 ± 0.7 10.9 ± 1.0 148 ± 12 
Delta & Pine G·4673 83 0.7 ± 0.3 10.9 ± 0.9 154 ± 11 
Delta & Pine 0-4500 83 0.3 ± 0.3 11.0 ± 1.0 122 ± 15 
Frontier F-3045 81 0.3 ± 0.3 11.4 ± 0.6 158 ± 20 
Asgrow RX 788 83 0.3 ± 0.3 11.4 ± 0.8 146 ± 13 
Big Crop Champion 81 2.0 ± 0.6 11.5 ± 0.9 198 ± 12 
Garrison SG-8515 81 0.7 ± 0.7 12.1 ± 1.1 160 ± 12 
Hyperformer HS 9663 81 O.O± 0.0 11.9 ± 0.9 116 ± 14 
Hyperformer HS 59 83 0.3 ± 0.3 12.2 ± 1.0 104 ± 16 
Cargill 7877 78 0.0 ± 0.0 12.4 ± 0.7 128 ± 15 
Wilson EXP 1352 83 1.3 ± 0.9 14.3 ± 0.9 126 ± 15 
Pinto Bean Diet 310 ± 42 J1 

Stowell's Evergreen 191 ± II 
Zapalotc Chico 9± 2 
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Table 1. Continued. 

Larval 
Days La Husk Penetration weighl Quality 

Entry anthcsisO tightnessb ralinrf (mgl" rntingC 

F 4.49 5.50 12.50 6.58 

df 250 250 980 79 

P 0.0001 0.0001 0.0001 0.001 

LSD 1.I 2.3 65 6.7 

'"	 ~l:ean number of days until 50% of the plants were shedding pollen. 
"	 Husk tightness rnting genie: 0 = loose husks with ear \isible; I = loose husks and silk channel but ear 

not visible; 2 • husks medium tight. with at least some space betwl."Cn husk cover and ear, no husk 
cxtension; :l . husks medium tight with no empty space between husk covcr and car, nnd loose husk 
cXlcnsion; tl = husks firm against thc car but not difficult to husk, with n tight husk extension: nnd 5 = 
vcry tight husks which arc difficult to husk. with \'cry tight extension (Wiscman and Isenhour 1992). 
Com carworm penetration rating: 0 = no damagc. I = silk damage. 2 = car tip damage. 3 ... = 
damage increased by 1 unit for each additional cm penetration (WidsLrom 1967). 

d Larval weight after 8 d on diet containing dry silks. 
Percentage of the kerncls that were cracked or nipped as a result of larva fceding. 

I Organization producing a hybrid and hybrid name or number. TAES = Texas Agricultural 
Experiment Station. 

, The last three entries were used as checks for the feeding experiments nnd were not included in the 
field C\'nluations. 
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ABSTRACT Newly emerged overwintered adult Colorado potato beetles 
were individually marked and released into either a potato field or a fallow 
area in western Massachusetts. Beetles disappeared more rapidly from the 
fnllow Area (23% dctcdcd 4 d after release, versus -1.6% for potato field). 
Males were more likely to remain within the pot.3l0 field (50% after 4 d) than 
were females (42% after 4 d). but the reverse was true for the fallow habitat 
09% of males and 28% of females detected ancr 4 d). Among the three 
release dates (31 May, 3 and 6 June), beelles released earlier werc more 
likely to remain in either habitat, an effect apparently independent of 
temperature and solar intensity. Within the potato field, males moved away 
from the release point somewhat more rapidly. There was a weak indication 
of directionality in dispersal for some release date/detection date 
combinations, but no overall consistent direction of orientation from the 
release point. After 15 d, beetles were distributed throughout the 35- by 30-m 
potato field. 

KEY WORDS Insecta, Coleoptera, Chr)'somelidae, Leplinotarsa decemliJwata, 
dispersal, mib>Tation, orientation, marlting. 

Colorado potato beetle, Leptinotarsa decemlineata (Say) (CPB), is a major pest 
of potatoes in the north temperate zone. In many regions, it is resistant to 
multiple classes of insecticides (Roush el aJ. 1990). Cultural, biological and 
microbial controls are essential to a long-term strategy of environmentally-sound 
suppression of this pest (Hare 1990). However. knowledge of these alternative 
controls is limited (Ferro in press; \Veber and Ferro in press). Cultural controls, 
resistance management, and rational deployment of transgenic plants all 
demand more knowledge of beetle behavior, especially its dispersal under field 
conditions. Dispersal of adults and larvae within a mosaic field of resistant and 
susceptible potato plants, for instance, has important implications for 
deployment of resistant transgenic plants, including those plants containing 
Ba.cilllls tlw.ringien,r;is tellebrionis delLa-endotoxin (Gou ld et a1. in press). 
Dispersal among habitats has consequences for crop rotation, altered planting 
dates, trap cropping, and the spread or persistence of pesticide-resistant 
genotypes in agroecosysterns. 
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2 Currenl address: .r\pplied Enlomoklgy Laboratory, Instilute of Plant Sciences, Swiss Federal InslitulC 
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17 

I 



18 J. Agric. Enlomol. Vol. 11, No.1 (1994) 

Flight of the overwintered generation of adults in the field is more frequent than 
that of the summer generation (Le Berre 1966, Caprio and Grafius 19901. Caprio 
and Grafius (1990) found a greater frequency of take-ofT from bare soil in the field 
following starvation in ovcnvintered beetles, compared to those fed potato foliage 
within the last day before the trial. Ferro et al. (1991) showed the distance Oown on 
a night mill was nearly four times longer for starved overvtintered females, than for 
overwintered females fed potato foliage. Voss and Ferro (1990a) state that 
postdiapause adults exhibit a range of dispersal behavior including walking, trivial 
and long-distance flight. 

Knowledge of the magnitude and phenology of Colorado potato beetle movement 
from habitats with or without host plants following emergence in the spring is 
critical to cultural management tactics, including crop rotation, trap cropping, and 
altered planting dates (Weber and Ferro in press). The aim of this study was to 
quantifY departure fi·om two habitats (a potato field and a fallow field), as well as to 
track movement of individual overwintered beetles, soon after emergence. An 
individual marking technique was chosen, in preference to a mass-marking 
technique such as radioactive or elemental labeling, in order to easily distinguish 
the treatment, release date, sex, and the subsequent movements of specific 
individual beetles. 

Materials and Methods 

Beetles used in field experiments were collected by soil screening on 9 May 1991 
from wooded field borders in Whately, Massachusetts, prior to postdiapause 
movement within the soil. They were stored in a cool room at 2Q C in 50-ml 
ventilated plastic boxes in field soil until 26 May, after which they were moved to a 
climate-controlled chamber maintained at 27°C and 16:8 L:D photoperiod. 
Emergence was checked daily. Beetles were not fed but were provided water-soaked 
dental ,"vicks until release, which was 0-3 d postemergence. On the day of release, 
beetles were sexed, then marked on either clytron with uniquely numbered and 
positioned bee markers (Opalithplattchen, Hamman Co., Hassloch, D-6733 
Germany), using a cyanoacrylate ester adhesive, ZAPAGAP/CA+ (Pacer 
Technology, Rancho Cucamonga, California). For overwintered adults, this marker
adhesive combination had yielded zero loss of markers, and no increase in mortality 
over a period of3 wk, in laboratory tests. A total of919 marked adults was released, 
assigned in approximately equal numbers to each of two treatments. Beetles were 
released by opening the tops of the 2.8-liter ventilated containers in which 50 to 100 
beetles ofmixed sexes were transported. 

Releases were made at the University of Massachusetts Vegetable Farm in 
South Deerfield, Massachusetts. Beetles were released between 1400 and 1600 
hours on 31 May, 3 June, and 6 June 1991. Half were released into the center of a 
small (35 m by 30 m) potato field, with potato plants (cv. 'Superior') spaced on 
approximately 1- by I-m centers (rows OIiented 30Q east of north); plants were 15
20 em tall at the time or releases. The other half was released into the center of a 
fallow field sUI"J"Ounrled by an 8- by 8-m aluminum Dashing barrier wh.ich was 30 
em tall. Results from pilot experiments showed that the beetles were unable to 
ascend this barrier (0/80 tries), and thus unable to exit the fallow plot except by 
night. To detect short-distance dispersal by night fTom the fallow plot, 40 potato 
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plants (cv. 'Superior', 20 em tall) were arranged 1 m distant from the perimerer of 
the flashing, with 1 In between plants. The fallow field was newly plowed, however 
by the end of the study weed coverage was estimated at 10%, dominated by redroot 
pig'\\'eed (Amarantlws relro{lexlls L.) and lambsquarters (Chenopodium aLbum L.l. 
No known CPB hosts were present. The release sites were not replicated, however, 
release dates were replicated, and the treatments were balanced with respect. to 
beetle numbers of each sex. 

All potato plants in the release field were inspected individually for the presence 
of marked beetles on 4, 7, 11 and 18 June 1991, and the fallow area (in 30-cm 
strips) and its perimeter plants were examined on 4, 11, and 20 June. The location 
of marked live beetles was noted, but they were not disturbed. Dead marked beetles 
were removed. For purposes of determining rates of disappearance, beetles not 
found on a given sample date, but found subsequently within their original release 
habitat, were assumed to have been present on the earlier sample date. Numbers of 
unmarked beetles, and the presence or absence of CPS eggs and larvae, were noted 
on each plant. \Veather parameters, including air and soil temperature, sunlight 
and rainfall, were recorded hourly at a weather station less than 400 m from the 
release fields. Soil surface temperature was at 1 em depth. Air temperature was 
within a standard shaded enclosure at 3 m height. 

Departure of beetles was analyzed according to treatment, sex, release date, 
days since release, day·degrees since release (hourly average air and soil surface 
temperature, using 10°C threshold) and accumulated solar radiation, using 
stepwise logistic regression (BMDP LR, Dixon 1990; PROC CATMOD, SAS 
Institute 1988). Displacement within the field was analyzed using regression and 
with circular statistics (Rayleigh test and Horelling·s tests; Batsehelet 1981). 

Results 

Marked beetles emigrated from both the potato field and fallow site. Overall, 
emigration was more rapid from the fallow field. Males were less likely to emigrate 
from the potato field than females. Conversely, in the fallow field males emigrated 
more than did females. The stepwise logistic regression shO\\·ed that proportion of 
beetles detected was strongly related to days since release (maximum likelihood 
test X2 

=: 257.6; df = 1; P < 0.0001) and to an interaction of sex and treatment 
(maximum likelihood test X' = 122.7; df = 3; P < 0.0001). Logistic regressions using 
degree·days (air temperature or soil surface) and accumulated solar radiation were 
very nearly equal to days since release in their ability to explain the observed 
variation (maximum likelihood test, 257 < X' < 283, all P < 0.0001). This reflects the 
strong autocorrelation of these variables and days since release. For simplicity, 
days since release was used as an independent variable. Individual logistic 
regressions are shown in Fig. 1 to illustrate the downward trend in beetles detected 
with increasing days since release, and the interaction of sex with treatment. 
Single·degree-of-freedom maximum likelihood tests of this interaction (model 
including release date also) showed significant differences in the trends for fallow 
versus potato field <X' = 109.13; P < 0.0001), male versus female within the fed 
treatment (X' = 7.29; P < 0.007), and male versus female within the unfed 
treatment (X' = 11.80; P < 0.0006). Table 1 shows the equations and statistics for 
the four logistic regressions ofFig. 1. 



20 J. Agric. EntomoJ. Vol. 11, No.1 (1994) 

70 % ,-----,-----...,------"T-----,------, 

o 
W 60 % 
I
U 
W 
I 50 % 
W 
o 
(f) 40 % 
W 
---l 
I
W 30 % 
W 
m 

20 %o 
w 
~ 
D:::: 10 % rI<{ ............'9 ~ - - 9
 

Q ..::E 

... 
... 

il ... 
~"" 

............ 

... ... 

d 

Q 

... ... 

d 

... 

fallo~······· ...~... 

... 
(} 

Q 

d' .•... 9 

" ..... 
... 

- - ... 

rI o % '--"__~-'-_'_-'---'----'-_"'--'--_'____~-'-_'___'___L_"'--'--"__~_'__'__J 

o 5 10 15 20 

DAYS SINCE RELEASE 

Fig. 1. Disappearance of male and female marked Colorado potato beetles from a 
potato field (bold symbols) and a fallow area (light symbols), in South 
Deerfield, Massachusetts, June 1991. Regression lines (bold =potato field, 
light = fallow area; solid = male, dashed = female) illustrate interaction of 
release habitat and sex of beetles (pooled over release dates). Estimates 
for all four regression lines are significantly different (see text for 
comparisons). Parameter estimates are shown in Table 1. 

Release date was also a significant component of the logistic model 
(maximum likelihood test, X2 = 72.9; df = 2; P < 0.0001). Beetles disappeared 
more rapidly from both habitats with later release date. The effect was 
independent of degree-day accumulation or cumulative solar radiation, because 
when these effects were substituted for days since release in the logistic 
analysis, release date continued to have a high statistical significance. 

No marked beetles were found on the potato plants surrounding the 
perimeter of the fallow area, suggesting those beetles which dispersed by flight 
were not engaged in host-seeking within this short distance from the Oashing 
barrier. Twelve marked beetles (five males and seven females) from the fallow 
plot were found within the potato plot, approximately 200 m to the NE. Three 
male beetles from the fallow fleld were found in other experimental potato 
plantings: one 50 m south, 3 d after release; one 150 m NNE, 20 d after release; 
and one 380 m SSW, 71 d after release. 
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Table 1. Parameters Cor logistic regressions of the form 

where y = proportion detected, and x = days since release, for 
proportion of beetles detected in the four sex-by-treatment 
combinations shown in Fig. 1. Tests for statistical significance are of 
the X2 maximum likelihood type. 

Treatment - Sex Combinations 

Parameter in Potato field Potato field Fallow field Fallow field 
logistic equation females males females males 

Po estimate ·0.2122 -0.5668 0.3902 0.9181 

Po std. error 0.1266 0.1346 0.1707 0.2048 

X' for ~O 3.05 17.73 5.22 20.77 

P 0.0809 <0.0001 0.0223 <0.0001 

PI estimate 0.1365 0.1376 0.1386 0.1341 

~l std.error 0.0155 0.0160 0.0201 0.0249 

X' for PI 77.37 74.26 47.59 28.92 

P <0.0001 <0.0001 <0.0001 <0.0001 

Within the potato field, marked beetles which remained were distributed 
throughout the field after about 15 d (Fig. 2). The quadratic term of the regression 
was statistically significant, which means that distance from the release point 
increased more rapidly at later times (DAYS' effect F = 30.3; df = 1,518; P = 
0.000l). Degree-days (air temperature) had an equivalent ability to explain the 
variation, also in a quadratic trend (DO' effect F =27.4; df = I, 518; P = 0.0001). 
However, release date had no significant effect on movement within the potato 
field. Males moved somewhat more within the field than did females, as shown by 
the statistical significance of the sex effect in the quadratic multiple regression 
including days since release (SEX effect F =7.8; df = 1,518, P =0.0056). Therefore 
the quadratic equations shown for males and females in Fig. 2 are significantly 
different. 
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Fig. 2. Redistribution of marked male and female overwintered Colorado 
potato beetles within a potato field, South Deerfield, Massachusetts, 
June 1991. Solid line is quadratic regression of distance from release 
point over time; dotted line is mean distance expected from a uniform 
distribution within the entire release field. 

Regression equation for males: 
DISTANCE =0.3396 + .3842 (DAYS) + 0.0167 (DAYS)2 
(R2 = 0.394; P = 0.0001) 

Regression equation for females: 
DISTANCE =0.8118 + .0846 (DAYS) + 0.0446 (DAYS)2 
(R2 = 0.608; P = 0.0001) 
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Trajectories of marked beetles within the potato field were analyzed using 
HoteBing's one-sample test (Batschelet 1981), which indicated significant 
directional displacement from the original release site in 7 of 22 instances (P < 
0.05). There was no clear trend in preferred direction over different release dates 
and days since release (Table 2). Directionality per se, regardless of distance of 
displacement, was tested with the Rayleigh statistic. Four of the 22 mean vectors 
were statistically significant (P < 0.05). When only displacements of >3 m were 
included in the Rayleigh test, only 2 of 22 vectors were statistically significant 
(Table 2). In terms of movement, there appeared to be a slight preference overall for 
southerly and westerly orientation. However, directions were widely scattered. 

Discussion 

The result that more overwintered beetles depart a non-host habitat (fallow 
field) is consistent with the findings of Ferro et aJ. (1991) that night in the 
laboratory is more frequent in starved overwintered female beetles than in 
comparable fed insects, and the starved females engaged in longer-range flight than 
fed beetles for the first 2 wk after emergence from diapause. The fact that a large 
proportion of beetles depart the potato field, despite the presence of seemingly 
desirable hosts, agrees with the finding of Jermy et al. (1988) that many newly
emerged overwintered beetles encountered but did not remain on a potato plant 
host. Weber (1992) found that >40% of beetles pass through a dense potato trap 
crop after emergence from overwintering sites at the edge of the previous year's 
potato field in Massachusetts. This lack of arrestment behavior appears to pose a 
limitation on the efficacy of trap cropping, and also has implications for patterns of 
potato crop rotation and timing of plantings. 

The fact that 12 beetles released in the fallow area were subsequently found 
within the potato plot suggests that at least some beetles engaged in host-seeking 
behavior in fields ncar their release point. Since the potato field subtendcd an 110 

angle as viewed from the fallow field, if one assumes random directional dispersal 
and one-time perfect detection of the potato field, the expected number of beetles 
arriving at the potato field would be 14.0. This expectation is merely a comparative 
baseline, however. Dispersal was probably not random in direction, and host 
detection was undoubtedly neither a one-time process nor a perfect one. 

The finding that males move more within the habit,.;1.t is consistent with the 
findings of 5zentesi (1985), who tracked marked overwintered males and females in 
a 54- by 7-m potato field in Hungary. Beetles on the ground \vithin the habitat were 
predominantly males (2.4:1), whereas single beetles on plants were predominantly 
female 0:1.3). Voss and Ferro (1990b) found that significantly more males than 
females were caught in windowpane traps adjacent to a Massachusetts potato field, 
in 1 of 2 years studied for the overwintered generation, and in 2 of 2 years for the 
first summer generation. In collections of first.-generation long-distance niers, 
however, the sex ratio did not d.iffer significantly from 1:1. Pitfall traps adjacent to 
the field captured more males of the overwintered generation; 85 to 90% of these 
beetles had originated in the adjacent field, as determined by rubidium chloride 
marking of the plants (Voss and Ferro 1990b). 

The finding of this study that ovenvintered males departed a fallow area more 
readily than females, but were more likely than females to remain in a potato field, 
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Table	 2. Directionality of overwintered Colorado potato beetle 
movement within a potato field.o 

Rayleigh tests 

Release Days HotcHing's all only>3m 
date since release Sex I-sample test movements distances 

May31 4 F 
May31 4 M 
May 3] 7 F ·220" • 2380 

May 31 7 M 
May31 11 F 
May31 11 M 
May31 18 F 
May31 18 M 
June 3 1 F 
June 3 1 M * 137 0 .1360 

June 3 4 F ,. 316" 
June 3 4 M 
June 3 8 F ·287" 
June 3 8 M .2560 ·240" * 241" 
June 3 15 F 
June 3 15 M 
June 6 1 F .111° * 116° 
June 6 1 M * 1430 ,.. 1320 

June 6 5 F 
June 6 5 M 
June 6 12 F 
June 6 12 M 

"	 • indicates statistically significllnt (P <: 0.05) directions for the given lest. Directions given in 
compass degrees (a" = north; 90" = east.; 1800 ::r south; 270" = west), Empty cells indicate no 
significant. dircetionalit},. 

is the first difference noted between the sexes in dispersal between habitats. It is 
possible that this relates to differences in abiJity to ny, 01' to difference in choice 
whether to fly by males and females, in the first few days fo1.1owing emergence from 
the soil. Taken together with the fact that males seem to move more within the 
habitat, it suggests that they search for and use the host habitat to secure mates in 
the spring. As far as is known, males can mate immediately after emergence, 
whereas overwintered females, though almost all are previously inseminated, 
cannot immediately oviposit (Tauber et aJ. 1988, Ferro et aJ. 1991). Solely for 
purposes of mate-finding <that is, not including desire for food), males are more 
likely to remain in the potato field habitat, whereas already-mated females would 
seem to have no such incentive. 
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Differences in the departure of beetles depending on release date are apparently 
not. related to the weather factors tested (air and soil surface temperature, and 
solar radiation). However, specific environmental conditions, including plant 
condition, could have produced the observed trend of greater departure at later 
dates. Physiological difTerences in tbe ability of beetles to ny could have been 
related to release date, which was in tum related to time of emergence from soil in 
the growth chamber. For instance, later emergers could be physiologically more 
mature, because emergence behavior may not be perfectJy related to the 
physiological condition of the postdiapause CPO. 

The findings of several authors, considered together, present no clear picture of 
compass orientation on the part of the CPB. Jermy et a\. (1988) describe 
experiments using a turntable in the field, which showed that adult CPB can retain 
compass direction relative to the sun, even after a transient encounter with a potato 
leaf. Jermy et a\. (1988) found that releases into habitats of bare soil, wheat or 
meadow resulted in walking toward the west-to·south quadrant. They hypothesized 
that this might result from dispersal coinciding with the warmest period of the day, 
at which time an orientation toward the sun would produce a southwesterly 
displacement. However, Ng and Lashomb (1983) report a northwesterly orientation 
by starved overwintered beetles walking out of non·crop habitats (bare soil, wheat 
and turO. In a study using &OCo-labeled overwintered adults, Chigarev and 
Molchanova (1967) noted a southeasterly displacement of beeUes collected after 
emergence into a potato field. Wegorek et a\. (1967), also using "Co·labeled 
ovenvintered adulls, found a scattering of directions in dispersal of adults within a 
potato field, with most going toward the east. 

Studies of nying beetles suggest that OI;entation to objects may be important. 
Zehnder and Specse (1987) demonstrated the attraction of adult ovenvintered and 
first-generation CPB to yellow windowpane traps, and their avoidance of similar 
red or black traps. For nondiapaused adults in late summer, Voss and Ferro 
(1990a) observed onented night of adults to wooded diapause sites bordenng potato 
fields, and termed this behavior lldiapause night." Direction of movement may 
depend on an interaction of the beetle's physiological state, solar incidence, and the 
perceived landscape, which would account for differences in direction of movement 
within and among locations. 

Additional studies with various populations of beetles and a variety of 
environmental stimuli would help to elucidate the relative importance of these 
factors in the magnitude and direction of CP8 movement. Movement of beetles, 
within and especially among a mosaic of habitats distributed across the landscape, 
will determine the efficacy and risk involved with different strategies to suppress 
CPB populations and their development of insecticide resistance. 
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ABSTRACT Abundance of cotton aphids, Aphis gossypii Glover, was 
monitored on 24 cotlon, Gossypium hirsutum L., genotypes grown in small 
field plots during 1992. Lower numbers of aphids were found on glabrous 
than on pubescent cotton genotypes. Mean counts of aphids per leaf ranged 
from 12.86 to 34.21 among collon genotypes at the time of peak aphid 
abundance (day 204). Nearly a threefold difference in the range of aphid 
counts was observed at this time. Mean counts of aphids ranged from 0.76 to 
18.52 among colton genotypes on the last sample date (day 225), the 
difference being greater than twentyfold. Cluster analysis of the data 
revealed three dusters of collon genotypes corresponding to low, medium, 
and high numbers of aphids. The duster with lowest numbers of aphids 
contained on1y glabrous colton lines, while the duster with medium numbers 
contained a mixture of glabrous and pubescent lines, anu the duster with 
highest numbers contained only pubescent lines. These data indicated that 
glabrous cotton lines should be given thorough consideration for indusion in 
integrated pest management programs where cotton aphid control is a 
priority. 
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Very little published information is available regarding the effect of cotton 
genotype upon abundance of aphids. However, during the first half of this century 
Dunnam and Clark (1938) and Annand (1946) noted higher numbers of aphids on 
pubescent than on glabrous varieties. Nevertheless, there was concern that this 
association may have diminished during the many ye81'S of varietal selection that 
have since occurred. Those early reports were confounded by that of Gawaad and 
Soliman (972) who found no association between leaf pubescence and aphid 
resistance in their study of 19 cotton lines. More recently, Allen et a1. (1992) 
concluded that some cu]tivars developed lower aphid populations than others, but 
provided no statistical justification nor explanation for their findings. 

The objectives of this study were to investigate the possibility that aphid 
abundance differs among cotton genotypes and, if so, to attempt to explain these 
differences. Of 24 cotton genotypes evaluated, nine were glabrous, fourteen were 
pubescent, and one was an intermediate. The genotypes chosen for study included a 
broad selection of cotton lines planted throughout the U. S. cotton belt and one of 
Chinese origin (Zhorgmain 12). Three of the genotypes were isogenic lines of a 
particular cultivar (Stoneville 213) which differed in the degree ofleaf pubescence. 

Materials and Methods 

The research site was located at the Delta Research and Extension Center, 
Mississippi State University, Stoneville. Field plots were arranged in a randomized 
complete block (RCB) design with seven replications of 24 cotton genotypes. The 
genotypes evaluated are presented in Table 1. Plot size was one row, 5.03 m in 
length, with I-m spacing between rows. Plots were seeded on 5 May 1992 at a rate 
of about 100,000 plantslha. Applications of fertilizers and pesticides were made in a 
manner typical for the region to maximize yield, minimize pest damage, and 
provide conditions for comparison of numbers of aphids comparable to that in 
commercial cotton. 

Cotton aphids were sampled on 10 dates from mid-June to mid-August by 
counting the number of live aphids per leaf at a maximum of three positions within 
the plant canopy as described by Hardee et al. (1993). In brief, position 1 was the 
fourth fully expanded lear from the terminal, position 2 was the first main stem 
green leaf about one-third the distance from the tenninal, and position 3 was the 
first main stem green leaf above the first fruiting branch. The number of positions 
sampled increased as the season progressed. Position 1 was sampled early-season 
on four plants per plot. Positions 1 and 2 were sampled mid-season on two plants 
per plot. All three positions were sampled late-season on one plant per plot. Data 
were subjected to analyses of variance (ANOVA) to test hypotheses that mean 
numbers of aphids were equal among positions and among cultivars. Mean COWlts 
of aphids were separated using Fisher's protected least significant difference (LSD). 
Ward's minimum variance cluster analysis (w:MVCA) was used to group cotton 
genotypes into uniquely defined populations based upon similarities in the 
magnitude and variability of aphid counts (SAS Institute 1985). In general, cluster 
analysis involves statistical techniques which produce classifications from initially 
unclassified data, and has been referred to as topology, grouping, classification and 
numerical taxonomy. Mean counts of aphids among clusters of cotton genotypes 
were examined by ANOVA and separated by LSD (SAS Institute 1985). These 
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comparisons were made on groups that were identified by the cluster analysis 
rather than on predefined groups. Nevertheless. in this application the LSD was a 
useful indicator of when differences among groups exceeded tile variability within 
groups. 

Results and Discussion 

An analysis of data combined over dates revealed that greater numbers of aphids 
were found in the lower compared to upper portions of the cotton plant if = 104.39; 
df =2. 12; P =0.00(1). The rankings of counts for aphids among sample positions 
were consistent across cotton genotypes if =1.23; df =46, 276; P =0.1602). Analyses 
for individual sample dates indicated that sample position affected the number of 
aphids found on five of seven dates for which comparisons were possible (F;, 10.44; 
df = 1, 6 or 2, 12; P " 0.0218). Greater numbers of aphids were observed at 
successively lower levels within cotton plants (position 3 > position 2 > position 1) on 
each of the five dates for which a significant position effect was detected (n = 7; P " 
0.05; LSD tests). At the point of greatest aphid abundance (day 204), mean counts at 
positions 1 and 2 were 12.9 and 25.8, respectively - about a twofold difference (LSD = 
3.97; df= 6; P" 0.05). On the last sample date (day 225), mean counts at positions 1, 2 
and 3 were 3.4, 9.1 and 14.8, respectively· each being different (LSD = 2.48; df= 12; 
P " 0.05). These data indicated that the greatest proportion of cotton aphids 
remained in the lower sections of the plant as it grew. These findings substantiate 
those of Hardee et al. (1993) and Weathersbee and Hardee (1993). Based upon the 
results of these analyses, data from different sample positions were combined before 
t-onducting analyses of cotton genotype effects upon density of aphids. 

Results of an analysis combined over sample dates indicated that cotton 
genotype affected the mean numbers of aphids (F =4.59; df =23, 138; P =0.000ll. 
Cotton lines with lowest (24-8 OKRA) and highest (DES 119) aphid abundance 
differed by about 60 percent with respect to means for the season (LSD = 1.68; df = 
138; P " 0.05) (Table 1). The glabrous genotype, 24-8 OKRA. developed lower 
densities of aphids than all other genotypes except Stoneville (Stv) 213 Sm2' a 
glabrous isoline of the commercially available pubescent cultivar, Stv 213. Indeed, 
both 24-8 OKRA and Sty 213 Sm2 had exceptionally low numbers of aphids, and 
possibly possess the genes required for selective breeding of aphid resistant cotton. 
The genotypes with exceptionally high numbers of aphids were DES 119, Premo, 
McNair 235, PO 3, GA King, and LA 887. All of these were pubescent genotypes. To 
summarize means for the season, 6 of 9 glabrous genotypes (24-8 OKRA, Stv 213 
Sm2' CAB-CS, DPL 90, DPL 5415, and Sty 213 Sm,) had lower counts of aphids 
than 8 of 14 pubescent genotypes (Zhorgmain 12, Prema, PO 3, Acala SJ2, GA 
King, LA 887. McNair 235, and DES 119)(LSD = 1.68; df = 138; P " 0.05). None of 
the pubescent genotypes had lower counts of aphids than any of the glabrous 
genotypes. These data indicate a strong trend for lower numbers of aphids on 
glabrous compared to pubescent cotton lines. 

The effect of date also influenced aphid abundance if =89.68; df =9, 54; P = 
O.OOOll and the rankings of counts for aphids among genotypes were inconsistent 
across dates if = 1.29; df =207, 1242; P =0.0068). However, the F-value for the 
interaction tenn was low in comparison to those values for the main effects of 
genotype and date. This indicated that the interaction was minor relative to overall 



Table 1. Mean numbers of cotton aphids and cluster assignments among 24 cotton genotypes in field plots in "' '"Washington Co., Mississippi, 1992. 

Julian date 

Cotton Leaf" Season 
genot.ype t.rait 171 175 183 189 192 199 204 210 218 225 ~'lenn 

Number of aphids per leafh. c 

Low numbers cluster<l 

24-8 OKRA G 0.11 c 0.07 u 1.54 fg 0.29 (I 3.64 a 3.79 gh 12.86 de 9.50 u 3.62 a 0.76 f 3.62 h 
"-Sty 213 Sm:.; 

DPL50 
CAB-eS 

G 
G 
G 

0.11 c 
0.18 e 
0.14 c 

0.18 a 
0.07 a 
0.21 n 

0.75 g 
1.75 e-g 
1.54 fg 

2.71 a 
0.14 a 
0.29 a 

8.71 a 
7.71 a 
7.43 a 

3.54 h 
4.43 f-h 
4.79 e-h 

14.71 de 
20.86 h-e 
17.29b-e 

11.29 a 
14.93 a 
13.50 a 

7.29 a 
4.10 a 
7.38 a 

2.24 ef 
8.81 b-f 
5.10 d-f 

5.15 gh 
6.30 d-g 
5.77 e-g 

;p 

'3. 
~ 

KC 311 G 0.14 e 0.07 a 2.29 dog 1.21 a 6.29 n 5.82 c-h 23.21 bod 12.79 a 9.90 {\ 4.48 d-f 6.62 Cog 

'" DPL 90 
MD 51ne 
Cluster meun 

G 
G 

0.04 c 
0.18 c 
0.13 B 

0.04 n 
0.11 n 
0.12 A 

I.75 e-g 
2.82 b-f 
1.78 A 

1.34 a 
0.64 a 
0.95 A 

8.71 a 
12.36 a 
7.84 A 

4.75 e-h 
5.25 doh 
4.62 B 

20.29 b-e 
18.36 b-e 
18.22 B 

9.43 a 
9.43 a 

11.55 B 

6.00a 
11.48 a 
7.11 AB 

4.67 d-f 
7.67 cor 
4.82 C 

5.70 fg 
6.77 e_g 
5.71 C 

"8' 
3 e. 
<: 

Medium numbers clust.er e. 
~ 

HS 26 
DPL 5415 

P 
G 

0.14 c 
0.25 c 

0.14 n 
0.07 u 

3.79 (I-e 
2.04 dog 

0.64 a 
0.71 a 

9.07 a 
10.00 u 

7.21 n-f 
6.39 h-f 

10.86 e 
1H.29 c-e 

16.00 a 
12.71 a 

4.62 a 
2.81 a 

4.71 d-f 
4.05 d-f 

5.72 fg 
5.53 fg 

.!"" 
Z 
~ 

Stv 214 Sm l G 0.11 e 0.04 a 2.18 dog 0.79 a 5.29a 7.36 s-c 18.21 b-e 9.43 a 4.00 a 7.14c-f 5.45 fg ~ 

Zhorgmuin 12 
Stv 453 

P 
P 

0.39 bc 
0.50 be 

0.29 a 
0.12 u 

3.93 a-d 
3.64 u-c 

1.43 a 
0.64 a 

13.93 a 
7.43 a 

7.79 n-d 
6.46 bog 

19.93 b-e 
18.00 b-e 

12.00 a 
15.00 II 

6.52 a 
6.24 a 

8.76 b-f 
8.95 h-f 

7.50 bod 
6.70 Cog 

;::; 
"' "' Stv 904 I 0.46 be 0.18 u 2.96 b-f 2.14 a 10.29 a 6.96 a-r 21.21 b-c 18.50 a 3.908 9.48 b-e 7.61 bod ~ 

Cluster menn 0.31 B 0.14 A 3.09A 1.06 A 9.33 A 7.03 A 17.42 B 13.94 AB 4.68 B 7.18 B 6.42 B 

High numbers cluster 

Tameot COaH P 0.82 tlb 0.11 a 3.12 b-f 0.64 a 7.29 a 9.54 a 15.57 c-c 13.86 a 7.71 a 9.10 b-f 6.77 cog 
Coker 320 P 1.21 a 0.32 a 2.82 b-f 0.93 a 5.86 a 8.04 a-d 21.00 h-c 16.79 a 4.24 a 8.14 c-f 6.94 b-f 
Prema P 0.54 be 0.14 a 2.11 dog 0.57 a 9.07 a 7.93 n-d 21.93 b-d 17.798 8.90 a 16.81 ab 8.58 ab 
PD3 P 0.32 be 0.29 u 2.57 e_g 0.36 a 6.07 a 8.75 ab 25.79 a-c 17.14 a 6.76 a 12.14 a-d 8.02 a-c 
Acala SJ2 P 0.46 be 0.39 £I 2.43 dog 1.93 a 7.86 a 8.12 a-c 16.57 b·d 14.57 a 12.48 u 10.29 a-e 7.51 b-d 
Stv 213 P 0.29 be 0.14 a 1.14 fg 1.36 a 6.07 a 6.50 bog 15.43 c-e 22.07 a 10.00 a 11.33 a-d 7.43 b-e 



Table 1. Continued. 

Julian dale 

Cotton Leal" Season 
genotypc trait 171 175 183 189 192 199 204 210 218 225 Mean 

Number of aphids per leaf b. c
 

High numbers cluster
 

Acala Royale P 0.36 be 0.25 a 2.57 e-g 0.21 a 5.21 a 6.96 <l·f 14.07 de 16.29 n 4.86 n 16.76 ab 6.76 e-g 
GAKing P 0.82 nb 0.36 a 4.64 ab 2.36 a 5.79 a 7.68 a-d 22.21 bod 13.00 a 7.81 n 15.05 n-e 7.97 a-d 
LA 887 p 0.18 e 0.21 a 5.18 a 0.79 a 6.21 a 7.96 a-d 27.21 ab 12.43 a 10.10 a 8.95 b·f 7.92 nod 
McNair 235 P 0.18 be 0.32 a 4.57 a-e 0.71 n 6.86 a 8.18 a-c 18.36 b-e 16.07 a 8.38 <l 18.52 a 8.22 a-c 
DES 119 P 0.46 be 0.21 a 2.1 dog 2.57 a 11.93 a 9.11 ab 34.21 a 14.07 a 5.05 a 14.76 n-c 9.46 a 
Cluster mean 0.51A 0.25 A 3.03 A 1.13 A 7.11 A 8.07 A 21.12 A 15.83 A 7.84 A 12.90 A 7.78 A 

o 

S 
• G - glabrous; P . pubescent; I • Intermediate. ::I
 

b Mean numbers of aphids within a column followed by the same lower case letter were not significantly different (n = 7; P > 0.05; LSD tests [SAS Institute 1990]).
 
C Cluster menns within a column followed by the same upper case letter were not significantly different (n = 7; P > 0.05; LSD tests rSAS Institute 1990)).
 
d Division of cotton genoLypcs into three clusters corresponding to high, medium and low numbers of aphids yielded a squared multiple correlation coefficient (R·squarc)
 

value of0.435. Method was Ward's minimum variance duster analysis. 
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genotype and date effects. Nevertheless, separate analyses were conducted for each 
sample date to insure that, overall, the trend of lower aphid abundance on glabrous 
cotton genotypes was stable over time. 

Counts of aphids differed among cotton lines on 5 of 10 sample dates (F" 1.69; 
df = 23, 138; P ,; 0.0340) (Table 1). At the point of greatest aphid abundance (day 
204), numbers were just over 60 percent lower on 24-8 OKRA than on DES 119; in 
fact, all glabrous Jines had lower numbers of aphids than did DES 119 (LSD = 
10.82; df = 138; P ,; 0.05). Differences in aphid abundance were most pronounced 
among cotton genotypes on the last sample date (day 225). On this date, numbers of 
aphids difTered by greater than tenfold between 24-8 OKRA and eight of the 
pubescent genotypes, and by greater than fivefold between Stv 213 Sm2 and seven 
of the pubescent genotypes (LSD =8.57; df=138; P'; 0.05). One pubescent line (HS 
26) had abnormally low counts of aphids relative to other pubescent. genotypes, 
indicating that there may be other host factors besides leaf pubescence which 
regulate numbers of aphids. 

The period of maximum aphid abundance occurred 1 wk later on HS 26, Stv 213 
and Acala Royale (Table 1). A reason for the delay on these pubescent genotypes was 
not apparent; however, aphid population increases beyond day 204 were common 
among pubescent genotypes, while rare among the glabrous genotypes. A delay was 
not observed with the two smooth isolines of Stv 213. The same occurred in another 
study (Weathersbee and Hardee 1993), where the point ofgreatest aphid abundance 
occurred 1 wk earlier on the glabrous cultivars DPL 90 and MD 5lne than on four 
other cultivars, three of which were pubescent. Combined evidence from the 1\'10 

studies indicates that aphid populations attain maximum levels earlier on some 
glabrous as compared to pubescent cotton genotypes. A physiological explanation for 
this anomaly would be helpful in further understanding the cause for differences in 
susceptibility to aphids among cotton genotypes. 

Results of the cluster analysis aided interpretation of the ANOVA and mean 
separations, and justified the tenet that cotton genotype susceptibility to cotton 
aphid is associated with the degree of leaf pubescence. Cluster assignments for the 
24 cotton lines are given in Table 1. Based upon values for the squared multiple 
correlation coefficient, 43.5 percent of the variability in aphid abundance among 
cotton genotypes was accounted for by identifYing three clusters (high, medium and 
low aphid numbers). All genotypes in the low cluster were glabrous. A combination 
of glabrous and pubescent genotypes were found in the medium cluster, and all 
genotypes were pubescent in the high cluster. 

An analysis of clusters combined over dates indicated that the season means for 
counts of aphids differed among clusters (F = 49.31; df = 2, 12; P = 0.0001) and among 
sample dates (F = 88.55; df = 9, 54; P = o.ooon The season mean for the low cluster 
(5.71) was lower than that for the medium cluster (6.42), and means for both of these 
were lower than that for the high cluster (7.78) (LSD = 0.46; df = 12; P'; 0.05). The 
rankings of means for clusters were inconsistent over time (F = 5.49; df= 18, 108; P = 
0.00(1); however, the F-value was low in oomparison to those for the main effects of 
cluster and date. This indicated that the interaction of effects was minor in 
comparison to overall cluster and date effects. lndeed, examination of cluster means 
for each date revealed that inconsistencies in rankings were minor (Fig. 1), 
particularly with regard to sample dates where a significant cluster effect was 
detected. Numbers of aphids differed among clusters on 6 of 10 dates (F" 3.88; df = 2, 
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Fig. 1. Mean numbers of cotton aphids among three clusters of 24 cotton 
genotypes grown in Washington Co., Mississippi during 1992. Cotton 
genotypes were assigned to clusters by Ward's minimum variance 
cluster analysis. Bars for a particular sample date marked with the 
same letter are not significantly ditTerent (n = 7; P > 0.05; LSD tests 
[SAS Institute 1990]). 

12; P'; 0.05). Aphid counts were numerically lower in the high cluster than in the other 
two clusters on only one sample date (day 192); however, there was no difference in 
aphid abundance among clusters at that time (F =2.00; elf=2, 12; P = 0.1780). 

A trend for lower numbers of cotton aphids on glabrous compared to pubescent 
cotton genotypes was observed for the duration of the experiment. Results of 
ANOVA and WMVCA both supported this conclusion. The same results were 
observed in a large, field plot evaluation of six cotton cultivars, three each of which 
were glabrous nnd pubescent (Weathersbee and Hardee 1993). The presence or 
absence of insecticide use presumably did not alter cotton genotype effects upon 
aphid abundance. as the outcomes of the two experiments were similar. The 
present data agree with those of Dunnam and Clark (1938) and Annand (1946), 
and indicate that the association between leaf pubescence and numbers of aphids 
remains true after many years of varietal selection for improved crop performance. 
The results also suggest there are other unknown genetic factors that influence 
host genotype susceptibility to cotton aphids. A study of glabrous cotton lines at the 
physiological level may help to identify specific mechanisms involved in the 
expression ofhost plant resistance to cotton aphid. 
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Based upon the results of this experiment and those of Weathersbee and Hardee 
(1993), planting a glabrous cotton cultivar known to have reduced susceptibility to 
cotton aphid is recommended when aphid management is a priority. This practice 
will not resolve all of the problems associated with aphid control in cotton but will 
serve as an additional tool for use in an integrated pest management approach. 
Consideration should be given to the fact that. some glabrous genotypes are less 
susceptible to cotton aphid than others. The experimental genotypes 24-8 OKRA 
and Sty 213 Sm2 had exceptionally low numbers of aphids and should be further 
developed for commercial use. Meanwhile, cultivars CAB-CS, DPL 90, and DPL 
5415 are commercially available and should be utilized to reduce seasonal aphid 
infestation levels in commercial plantings. 
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Pyriproxyfen Bolus for Control of Fly' Larvae2.> 
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J. Agric. Entomol. 11(11: 39-44 (January 19941 
ABSTRACT Fifly-g boluses containing 2% pyriproxyfen were 
administered to calLie in Maryland and Texas. Boluses eroded at u fasLer 
rale when two boluses compared La one were administered. With two 
boluses, average inhibition of adult celosian of horn nies, Haematobia 
irritans (L.), and face nics. Musca autumnolis De Gccr, was 96% for 10 wk, 
whereas it was only 47% for house nics, Musca domes/tea L. With one bolus, 
average inhibition for the same period of time was 89% and 44% for face flies 
and house nics, respccti\'cly. 

KEY WORDS Diptera, Muscidae, bolus, pyriproxyfcn, hom ny, Hoemotobia 
irritans (Linnaeus). face fly, Musca aulumflalis De Geer, house fly, Musca 
cromestica Linnaeus. 

In recent years, two boluses containing insect growth regulators (lGRs) have 
been developed and marketed for control of dung breeding pests of livestock 
(Miller and Miller 1978, Miller et aJ. 1979a,b, 1986). The Vigilante® bolus 
contains diflubenzuron, a chitin inhibitor, and the Inhibitor® bolus contains 
methoprene, a juvenile honnone mimic. Millcr and Miller (1978) demonstrated 
that both of these compounds can be incorporated into a sustained-release bolus 
to provide efficient, long-lasting control of the horn ny, Haematobia irritans (L.), 
and the face ny, Musca aulumnalis De Geer. Although these boluses are 
generally difficult to administer, their use may provide an important tool in 
management of insecticide resistance, especially in areas of the country where 
horn nies have become resistant to pyrethroids used in cal' tags. 

Pyriproxyfen (8umitomo 8-31183), 2-11-methyl-2-(phenoxyphenoxy) ethoxy] 
pyridine acts as a juvenile hormone mimic and has a high degree of activity as a 
feed-through compound for poultry, cattle, and swine for control of house Oy, 
Musca domeslica L., larvae in manurc (Miller 1989). Pyriproxyfen was also 
found to be active against face fly larvae in the manure of cattle fed the 
compound (Miller 1989). 

This paper reports research to evaluate the effect.iveness of a sustained-release 
bolus containing pyriproxyfen against horn nies, face nies, and house nies. 

1 Diptern: Muscidae 
2 This paper reports the result of research only. Mention of n proprietary product or n pesticide docs 

not oonstilute recommendation b)' USDA, nor does it imply registration under FIFltA as amended. 
:I Received for publicaLion 4 May 1993; accepted 31 August 1993. 
4 Knipling-Bushlnnd U. S. Livestock Insects Laborntory, AUS, USDA. Kerrville, Texus 78028. 
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Materials and Methods 

The studies were conducted at the ARS Livestock Insects Laboratories in 
Beltsville, Maryland and Kerrville, Texas. Boluses were formulated and 
fabricated according to the format described by Miller et al. (1979a). 
Pyriproxyfen (99% purity) was blended into a molten mixture of 2 parts 
monostearin and 3 parts carnuba wax. Barium sulfate (20 parts) was then 
blended into the mixture. The molten mixture was poured in a thin layer onto 
aluminum foil and allowed to cool. The boluses were fabricated by cryogenic 
grinding of the hardened wax-based formulation into a powder capable of 
passing through a 3D-mesh sieve. The powder was pressed in a conventional 
large veterinary bolus punch and die at ca. 83,000 KPa (12,000 psi). The 
resulting 50 g boluses contained 2% (w/w) pyriproxyfen, and were placed 
directly into the reticula of Tumen-fistulated cattle. At each experimental 
location the boluses were removed, blotted dry, weighed, and placed back into 
the reticulum of each animal at ca. 2-wk intervals. 

Maryland experiment. Four Holstein dairy cows were used. Two of these 
were housed at the Beltsville Agricultural Research Center (BARC), and two 
were housed at the Central Maryland Research and Education Center, 
Clarksville, Maryland (CMREC). These cows weighed between 620 and 820 kg 
and were non-lactating during the experiment. Cattle at BARC were fed the 
BARC complete-feed ration described in Table 1 at a maintenance level of 
intake plus 2 kg of alfalfa hay per day. Cattle at CMREC were fed the complete
feed ration described for that location in Table 1 at a level of ca. 1.7x 
maintenance, as these cows were duc to calve soon after completion of the 
experiment. At each location onc cow received one bolus and the other cow 
received two boluses. 

Table 1. Composition of complete-feed rations fed cattle at the 
Beltsville Agricultural Research Center (BARC) and at the 
Central Maryland Research and Education Center (CMREC). 

Percentage (by weight) 

Ingredient BARC CMREC 

Alfalfa silage 

Alfalfa hay 

Concentrate 

Corn silage 

High moisture corn 

Shelled corn 

Soybean supplement 

Timothy hay 

11.9 

6.7 

7.1 
50.2 

13.8 

10.3 

25.6 

28.2 

39.7 

2.6 

3.8 
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At least once a week, and sometimes twice a week after the boluses were 
administered, freshly excreted manure was collected from behind each of the 
bolused cows as well as from two non-treated cows fed the same diet. Manure 
samples were stored frozen (> 1 wk) and thawed for bioassay following the 
procedure described by Miller (1982). BrieOy, 200 g of thawed manure was 
placed into each of four paper souffie cups. Two of the cups were seeded with 25 
I-d-old face Oy larvae and two were seeded with 25 I-d-old house Oy larvae. The 
samples were incubated 7-10 d, at ca. 27°C and 50% RH. Pupae were then 
extracted and held for adult eelosion. 

Texas experiment. Five Hereford cows each weighing 400-450 kg were 
treated with two boluses each. Cattle were maintained on ca. 2.5 ha coastal 
bermuda pasture supplemented with free choice hegari hay. 

For manure sampling, cattle were separated in small isolation pens for 24 h. 
Duplicate 100-g manure samples were collected the day prior to the ca. 
biweekly observation of erosion of the boluses. Manure from an untreated cow 
held in the same pasture as the treated cows was used as a control in the 
bioassays. After freezing (> 1 wk) the manure samples to kill all natural 
infestations, the samples were thawed and seeded with 100 horn Oy eggs « 3-4 
h old). The remainder of the bioassay was similar to that described for the 
Maryland experiment. A complete description of the Texas bioassay procedure 
can be found in Miller et aL (1986). 

For bioassays at each location, percent inhibition of adult eclosion was 
corrected for control inhibition by Abbott's formula (Abbott 1925). Bolus erosion 
data for the first 10 wk after the boluses were administered were analyzed 
using General Linear Models Procedures (SAS Institute 1985). Cows within 
treatment was used as the error term in the analysis. Least significant 
difference procedures were used to test for differences among means. 

Results and Discussion 

Table 2 shows the bolus erosion rates for cattle in Maryland and Texas. In 
Maryland greater erosion was observed with two boluses than with one bolus. 
The difference between one and two boluses approached significance (P < 0.08). 
This finding is in agreement with the work of Miller et al. (1986) and probably 
reflects the action of the two boluses rubbing against each other in the reticula 
of the cattle. 

Adult inhibition data for face mes and house mes in Maryland are shown in 
Table 3. At both locations, inhibition of face flies was higher in the manure of cows 
receiving the two boluses compared wiih those that received only onc. This is 
consistent with the greater erosion of two boluses compared with onc bolus. Face 
fly mortality from cow no. 7894 was noticeably lower than from the other three 
cows. probably due to the lower erosion rate of the bolus in this particular cow 
(Table 2). The lower activity of pyriproxyfen against the house Oy as compared 
with the face Oy is in agreement with work pre\'iously reported (Miller 1989). 

Table 3 also shows the efficacy of the treatment against the horn Oy for the 
Texas study. These data indicate that. although there is considerable animal to 
animal variation in erosion rate (Table 2), two boluses were effective in 
controlling horn flies in the manure of treated cattle for ca. 10 wk. 



Table 2. Erosion of 2% pyriproxyfen boluses in the reticula of Maryland and Texas cows. '" '" 
Mean daily erosion (g) 

1 bolus -MD 2 boluses - MD 2 boluses - TX 

Weeks in Cow" Cowb Cow" Cowb Cow Cow Cow Cow Cow 
reticulum 7894 1438 7897 281 118 176 1085 2473 2474 ,.. 

2 0.286 0.400 0.736 0.800 0.786 0.807 0.400 0.571 0.857 >
'4 

4 0.085 0.375 0.754 0.750 0.554 0.577 0.286 0.421 0.600 ~. 

6 0.067 0.666 0.520 1.333 0.653 0.420 0.379 0.871 0.671 '" ~ 

8 0.054 0.354 0.979 0.436 0.379 &' 
3 

9 0.560 1.000 ~ 

10 0.043 0.528 1.243 0.436 < 
~ 

~ 

~ 

i" 0.297 ± .148 0.746 ± .148 0.642 ± .107 z 
9 

11 0.200 0.533 <;; 
12 0.053 '"e 
13 1.324 
14 0.054 0.500 1.321 
16 0.029 

"Cow housed at Beltsville Agricullural Research Center. 
I> Cow housed at Central Maryland Research and Education Center.
 
~ Mean cluily bolus erosion through 10 wk after administration not different (P > 0.05. least significant difference),
 



Table 3. Inhibition of adult eclosion of face rues (F), house rues (H), and horn rues (Ho) from manure of cattle 
administered 2% pyriproxyfen boluses. 

Percent corrected inhibitionQ 

1 bolus - MD 2 boluses - MD 

Cow Cow Cow Cow Cow 
Weeks 7894 1438 7897 281 118 
postbolusing F H F H F H F H Ho 

1  2 99 4 100 71 100 50 99 27 99 
3  4 88 18 98 55 100 51 100 64 99 
5  6 85 36 98 79 100 50 100 50 99 
7  8 72 10 100 60 100 24 100 81 98 
9 - 10 56 40 95 64 100 16 82 54 99 

11- 12 58 18 83 22 97 47 
13 - 14 72 12 50 54 100 62 100 
15 - 16 20 14 88 55 100 59 

o Corrected for conlrol inhibition by Abbott's fonnula (Abbot.t 1925). 

2 boluses- TX 

Cow Cow Cow 
176 1085 2473 
Ho Ho Ho 

99 99 96 
99 95 91 
94 85 96 
81 77 
97 100 100 

98 
99 

Cow 
2474 
Ho 

94 
100 
98 
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These studies show that pyriproxyfen can be formulated into an effective 
sustained-release bolus for control of both face nies and horn flies in the 
manure of treated cattle. It appears that two 50-g boluses are needed for control 
of these pests for ca. 10 wk. 
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KEY WORDS Predator, hom fly, Staphylinidae. Philonthus. Diptera, Muscidae. 
Coleoptera, Haematobia irriwns. 

Beetles in the staphylinid genus Philonthus are well-documented as predators 
of dung-breeding mes (Roth et al. 1983. Thomas et al. 1983. Hunter et al. 1989). 
Both the adult and larval stages of Philonthus prey on immature stages of mes 
in dung deposits. The most important staphylinid predators of the horn fly, 
Haematobia irritans (LJ. in Missouri (Thomas and Morgan 1972) and sometimes 
the fi.Tst insects to arrive at freshly deposited cattle dung in British Columbia 
(Macqueen and Beirne 1975) and in Texas (Hunter et al. 1986) were species of 
Philonthus. Laboratory studies demonstrated that P. flauolimbatus Ericson was 
an effective predator of horn fly eggs (Harris and Oliver 1979). In other 
laboratory studies, P. flauolimbatus and P. cruentatus Gmelin were reported to 
prey primarily on the eggs of the horn fly while P. rectangulus Sharp was a 
predator en horn fiy larvae (Roth 1982). 

The horn fly is a major economic pest of cattle because of the biting and blood 
feeding habits of adult flies. Female horn flies lay eggs beneath the outer edges 
of cattle dung pats within minutes after the dung is deposited (MeLintock and 
Depner 1954). The generation time (egg to egg) ranges from 8-10 d in the 
summer to 28-30 d in the spring and fall (Kunz and Cunningham 1977). 

Several exotic staphylinid species are presently oolonized at the Food Animal 
Protection Research Laboratory in College Station, Texas, for evaluation as 
predators of the horn fly. The results of predation by three exotic species, 
Philonthus flauocinctus Motschulsky. P. longieornis (Stephens) and P. minutus 
Boheman, on the immature states of hom flies are reported herein. 

Diptera: Mu&cidae 
2 Coleoptera: Staphylinidae. 
3 Received for publication 8 December 1992; accepted 8 October 1993. 
4 CurrenL address: Departmenl of Ent.omo)ogy, Texas A&M University, College Station, TX 77843. 
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Philonthus minutus was colonized from surface-sterilized eggs shipped from 
Australia and P. /Zauocinctus. a southeast Asian species, was obtained fTom 
adults collected on the island of Hawaii. Philonthus longicornis, a cosmopolitan 
species established throughout much of the United States (Horn 1884), was 
colonized from adults captured in Texas. The three species of beetles were 
maintained on eggs and larvae of the stable ny, Stomoxys calcitrans (L.) 
(Hunter et a!. 1989). 

Predation tests were conducted in 1.5·liter, cylindrical plastic containers (13 
X 13 em). Moist, sandy loam soil was placed in each container (3-4 em deep) and 
a thin layer of peat moss was deposited on the soil surface to simulate natural 
pasture conditions. A special device was used to simulate a natural deposit of 
cattle dung on pasture. This apparatus consisted of a cylindrical, plastic 
container 10 em in diameter and 9.5 em deep. Most of the bottom of this 
container was removed to accommodate a 9-cm plastic plate attached to a 15-cm 
long metal rod that was used as a plunger. Cattle dung, 200 g, was pressed into 
this container with a spatula to form a small cowpat with a dome-shaped upper 
surface, similar to a naturally-deposited cowpat. Ten furrows, 5-8 mm deep and 
about 5 mm wide and directed from the outer perimeter toward the center of 
the pat, were made with a spatula in the outer edge of the dome-shaped 
surface. The furrows were about 2 em in length and were spaced 2-3 em apart. 
One-hundred horn Oy eggs « 4 h old) were deposited on the pat by placing 5-15 
eggs in each furrow. Eggs were obtained from a laboratory colony of horn flies 
(Bay and Harris 1978). The container holding the cowpat with eggs was then 
inverted and held 5-6 em above the soil surface in the 1.5-liter container. The 
metal rod was slowly pushed down to eject the dung onto the soil-peat moss 
surface. This procedure allowed the predators access to the horn ny eggs under 
the outer edges of the dung pat, similar to naturally deposited cowpats dropped 
on pasture. 

Predation on horn fly eggs was determined by placing one male-female 
beetle pair of the same species into a container immediately after the dung with 
horn fly eggs was added. The containers were then covered with a screen lid 
and maintained in an incubator at 30°C (± 1°), 60-80% RH and a 14:10 (L:D) 
photoperiod. The predators were removed after 16 h, a sufficient time for all 
horn Oy eggs to hatch (Roth 1982). The screen lids were replaced after 6 d with 
a cone trap to capture emerging adult horn meso Predation of the larval-pupal 
stages was determined by a similar procedure except that predators were added 
24 h after the dung and fly eggs were placed in the containers and were not 
removed until after the adult horn flies emerged. To determine predation on aH
life stages of horn flies (egg-adult), tests were set up similar to the egg 
predation test except that the predators were not removed from the containers. 
Equal numbers of containers without predators were used as controls for each 
test. Each test was replicated six times. 

Differences in mean horn fly emergence among treatments were analyzed by 
a one-way completely randomized analysis of variance (ANOVA), and means 
were separated by Duncan's multiple range test (Duncan 1955). Voucher 
specimens of Staphylinidae used in this study were deposited in the insect 
collection of the USDA-ARS Food Animal Protection Research Laboratory in 
College Station, Texas. 
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All three Philonthus species were more effective against horn fly eggs than 
against the larval-pupal stage (Tahle 1). Significant difTerences (P'; 0.05) in egg 
predation were observed among all three species of predators when results were 
compared with each other and with the control. No sign.ificant differences (P ~ 

0.05) were observed among the three staphylinid species in predation on the 
larval-pupal stage (Table 1). However, predation did occur in this test since all 
three species significantly (P ~ 0.05) reduced the number of emerging horn flies 
when compared with the control. 

Table 1.	 Predation by three exotic species of Philonthus on immature 
stages of the horn fly." 

Egg stage Larval-pupal stage All-life stages 

Predator 

Mean no. 

horn nies 

% 

reduction 

Mean no. 

horn flies 

% 

reduction 

Mean no. 

horn flies 

% 

reduction 

Control 

P. flavocinctus 

P. minutus 

P. longicornis 

62.7 a 

32.8 b 

21.3c 
1.7 d 

47.6 

66.0 
97.3 

75.2 a 

49.5 b 

56.2 b 

48.5 b 

34.1 

25.3 
35.5 

63.8 a 

24.8 b 

20.3 b 

0.5 c 

6l.! 
68.l 
99.2 

o Means in n column followed by	 the same letter arc not. sib'llificnntly different. (P > 0.05) according to 
Duncan's New Multiple Range Tcst (Duncnn 1955). 

No significant differences (P :5 0.05) were found between P. {lauocinctus and 
P. minutus in the mean number of horn flies that emerged in the all-life stages 
predation test, but both species significantly (P ,; 0.05) reduced the mean 
number of emerging flies when compared with the control (Tahle 1). In the all
life stages test of P. longicornis predation, significant differences (P ~ 0.05) 
were evident when results were compared with those of the tests with the other 
two staphylinid species and with the control. 

Philonthus flavolimbatus, commonly found in cattle dung in the southern 
United States, is similar in size (4.5-5.5 mm) to P. flavocinctu.s and P. minutu.s. 
A predator: prey ratio of 1 P. flauolimbatus to 10 horn fly eggs caused a 72% 
reduction in horn fly emergence in simulated field studies (Harris and Oliver 
1979). In laboratory studies, P. fZavolimbatus caused 57.3% mortality to the egg 
stage of horn flies while mortality to the larval-pupal and all-life stages was 
23.3 and	 50.5%, respectively (Roth 1982). These results are similar to those 
obtained in the present study with P. flauocinctus and P. minutus. 

Philonthus longicornis is similar in size (6.0-7.5 mm) to P. cruentatus (6.5
7.0 mm), another commonly found species in cattle dung. Philonthus cruentatus 
caused 51.8% mortality to the egg stage of horn flies, 7.2% mortality to the 
larval-pupal stages, and 62.9% mortality to the all-life stages (Roth 1982). The 
results of this study suggest that P. longicornis may be a more effective 
predator of horn flies than P. cruentatliS. Philonthus longicornis, probably of 
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European origin, has been established in this country for many years but little 
biological and ecological information has been published on this species or on 
the other two species of Philonthu.s used in this study. Both P. flauocinctus and 
P. minulus have been released in Texas but it is too early to determine if they 
have become established. 

All three species of Philonthus tested were most effective as predators of the 
egg stage of the hom ny. However, there was substantial predation by all three 
species on the larval-pupal stages. Of the three species tested, P. longicornis 
was the better predator on horn flies under laboratory conditions. The 
importance of these three species of Philonthus in cattle dung deposited on 
pasture can only be fully evaluated after seasonal field population levels and 
interactions with other insects are determined. 
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ABSTRACT In laboratory and field studies, three nccm·bascd 
formulations were tested to determine their repellent and feeding deterrent 
effects on flea beetles on canola. At concentrations ranging from 0.05 to 
l2.0% concentrate, Safer's Neem Insecticide (SNI) was more effective ilian 
RD·9 Repclin or Margosan-Q in decreasing planl damage through a higher 
beetle mortality and repellency. RD-9 Repclin showed repellency for 1·2 d at 
12% concentration and for 6 h at 1.2 and 6% levels. However, the repellency 
of Margosan-O was limited to 6 h at the 6% conccntralion. The decrease in 
feeding injury in neern-treated seedlings was attributable largely to the 
repellent effects of ncem products. In field studies, SNI significanlly reduced 
nea beetle recolonization of crucifer seedlings for 1-2 d. Short residual 
activit.y of neern formulations limits their effectiveness as a seedling 
prolcclant for nea beeUcs on canola. 

KEY WORDS Insecla. Coleoplera, Chrysomclidac, Phyllatreto. crucifeme. ncern, 
o7.adirachtin, repellenl, dctcn-cnL, canola, phytochemicals. 

The flea beetles, Phyllotrel.a, cruciferae (Goeze) and P. striolata (Fabricius), are 
the most serious insect pests or oilseed rape, Brassica campesl.ris L. and B. napus 
L. in western Canada (Lamb 1989). The oilseed rape grown in Canada is known 
as canola. Feeding injury by these insect pests is most severe when canola 
seedlings are attacked, but damage can also occur due to their reeding on canola 
pods. Most canola growers in western Canada apply soil insecticides at seeding 
to protect seedlings (Lamb 1989). Although the rates of insecticides currently 
used are effective against flea beetles in Canada, recent studies have sho\\'T1 that 
the nca beetle population in Manitoba, where granular insecticides have been 
more heavily used than in other provinces, have developed a very low level of 
resistance to some insecticides (W. J. Tumock and S. A. Turnbull, Agriculture 
Canada, \V'innipeg. Manitoba. and Agriculture Canada, London. Ontario, 
respectively, personal communication). The possible development of pesticide 
resistance and environmental concerns suggest the need for alternative pest 
management methods. 

Received for publication 20 January 1993; accepted 5 November 1993. 
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The ncem tree, Azadirachta. indica A. Jussieu (Meliaceae), is well known for its 
medicinal and insecticidal properties (Jacobson 1989). Neem products have been 
used for centuries in the Indian subcontinent to protect agricultural crops and 
stored products from insect attack (Saxena et a1. 1989). Environmental concerns 
over the usc of tox.ic insecticides have revived interest in neem, and in the past 
decade a number of publications revealed antifeedant, repellent and insect growth 
regulatory properties of neem (Jacobson 1989 and the references therein). The oil, 
seed cake. and various extracts from leaves, seeds, and bark, and the limonoid 
azadirachtin, the active principle in neem, have been effective against more than 
200 species of pest insects of various orders, including Coleoptera (Meisner and 
Mitchell 1982, Abdul Kareem et al. 1989, Schmutterer and Hellpap 1989). Meisner 
and Mitchell (1982) have shown that various neem extracts, as well as 
azadirachtin, have antifeedant activity againsL a nea becUe, P. striolata, on radish. 
Neem-based insecticides with an azadirachtin content higher than in the neem seed 
kernel have been formulated for commercial use. The extracts of neem tree parts 
and commercial neem-based formulations have not been tested on P. cruciferae. 
The purpose of this study was to determine the repellent and feeding deterrent 
properties of some commercial neem-based fonnulations against P. cruciferae. 

Materials and Methods 

Margosan-O, a commercial emulsion concentrate containing 3000 ppm of 
azadirachtin, was obtained from W. R. Grace and Co., Columbia, Maryland, USA. 
RD-g Repel.in, an emulsion concentrate with 300 ppm of azadirachtin, was acquired 
from 1. T. C. Ltd., Rajahmundry, Andhra Pradesh, India. In addition to neem, RD-9 
Repelin contains four other botanicals, karanjia (Pongamia glabra Ventenant), 
castor (Ricinus communis L.), mahua (Madhuca indica Gmelin), and gingelly 
(Sesomum indicum L.). Safer's Neem Insecticide (SNl) was provided by Safer Ltd., 
Victoria, British Columbia, Canada, as an experimental solution with 1520 ppm of 
azadirachtin. 

Laboratory tests. Adult P. cruciferae used in laboratory experiments were 
collected in the spring from allyl isothiocyanate·baited traps (Burgess and Wiens 
1980). Beetles were held in screen cages (0.5 m3) in the laboratory at 20 ± 1°C (day) 
and 15 ± 1°C (night), 70% relative humidity (RR), and a 16:8 L:D cycle with the 
photoperiod from 0700 to 2300 h. Beetles were fed cabbage and given access to 
water from a flask fitted with a dental wick. One day before their use in 
experiments, beetles were transferred to an experiment room with similar 
environmental conditions as above, and were provided water only_ Beetles were 
used only once in any experiment. 

Seedlings of Brassica napus L. cv. \Vestar were grown in the greenhouse either 
individually in vermiculite in 7-dram plastic vials with holes at the bottom to 
facilitate watel;ng, or in sterilized soil in ll-cm diam plastic pots each containing 5 
seedlings. Fot' watering, vials and pots were held in trays containing Hoagland's 
nutrient solution. The seed.lings were used 7-8 d after emergence when in the 
cotyledon stage. Neem fonnulations were diluted in distilled water and applied 
with a handsprayer at a water volume of 25 mVm2 to the treatment seedlings. 
Control seedlings were sprayed with distilled water only. Following spraying, all 
plants were d,;ed in a fumehood for 1 h before being used in the experiments. 
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Plants grown in vials were used in choice and no-choice arena experiments. An 
arena consisted or a clear plastic cage (35 by 35 by 35 em) with a nylon screened 
top, and had a foam base with holes to tightly hold the vials. In choice tests, 15 
pairs of seedlings, each pair consisting of a treated and an untreated (control) 
seedling, were evenly positioned in the arena with a spacing of 3.75 em between 
seedlings of a pair and 7.5 em between pairs. In no-choice tests, each arena 
contained 15 evenly-positioned seedlings of the same treatment. At the start of the 
experiment, 6 beetles per seedling were introduced into each arena~ To determine 
the repellency of neem treatments, beetles on individual seedlings were counted at 
varying periods after infestation: 6, 24, and 48 h in choice tests and 8, 24, and 48 h 
in no-choice tests. To determine feeding deterrent effects. nea beetle damage to 
each cotyledon of all seedlings was rated visually using a scale from 0 (no damage) 
to 10 (100% of cotyledon area damaged). The values for the two cotyledons of a 
seedling were then added to obtain the damage score for the whole seedling. Thus, 
a maximum score of 20 was assigned to a seedling when both cotyledons were 
completely eaten. 

Seedlings in pots, covered with cylindrical plastic cages (9 by 23 em) vented at 
the top and on two sides with nylon screen, were used in a no-choice experiment to 
determine beetle mortality and feeding deterrence. A total of 60 cages (12 
treatments, 5 replications) were used in this experiment. Fifteen flea beetles were 
added to each cage, and the number of dead beetles were counted after 24 and 48 h. 
To facilitate counting, a layer of white quartz sand (20-40 mesh) was spread over 
the soil in the pots afrer spraying. The damage to the individual cotyledons of all 
seedlings was assessed after 24 and 96 h as described before. 

Field tests. Field experiments were conducted to test the repellency of neem 
sprays. On 29 June 1990, three species ofCruciferae, Brassica napllS L. cv. Westar, 
B. jlU/cea L. cv. Cutlass, and Sin.apis alba L. cv. Gisilba, were seeded in small plots 
(30 cm2) in three blocks, each containing fow' plots per species randomly allotted. 
Plots were separated by a 60-cm unseeded strip within a block and by 1 m between 
blocks. To ensure a nea beetlc population in the experimental area, plots were 
surrounded by a 3-m wide strip of winter rape that was seeded on 31 May 1990. 

Treatments of neem, diluted in distilled water, were applied by a hand sprayer 
at a rate of 3 mi per plot in nine plots (three plant species, three replications). Eacb 
plot was treated on 25 July and the same treatment was applied again on 31 July. 
Control plots were sprayed with distilled water. Immediately before spraying a plot, 
all flea beetles \\'cre removed by suction with a D-vac. Plots were assessed by 
collecting beetles with a D-vac at varying intervals following spraying. 

For statistical analysis, data on beetle numbers were transfonned to log,o (x + 1.0); 
Duncan's multiple range test (SAS Institute 1989) was used to separate means when 
the analysis of variance revealed significant differences among treatments. 
Differences between treated and untreated plants within a treatment were 
determined by t-tests (P < 0.05) (Tables I, 2) and the differences among neem 
treatments were analyzed by Duncan's multiple range test (P < 0.05) (Tables 5, 6). 
Plant damage ratings were analyzed by 'Wilcoxon's signed rank test (Wilcoxon 
1945) (P < 0.05) (Tables 3, 4). The relationship between repellency and 
concentration of neem fonnulations was de!ennined by linear regression analysis. 
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Table 1.	 Mean number of flea beetles per plant observed on seedlings 
receiving foliar applications of various concentrations of 
Margosan-D (MG), RD-9 Repelin (RD-9) and Safer's Neem 
Insecticide (8N1) in a choice-test using seedlings in vials. 

Mean number of flea beetles I plant (n = 15) 

6h 24 h 48 h Neem %
 

formulation Cone. e T" e T" e T"
 

MG 0.05 2.0 3.7* 2.5 3.7 2.3 1.9
 
MG 0.3 2.8 3.2 2.7 4.0 2.7 2.9
 
MG 0.6 2.7 3.5 4.0 4.4 3.1 3.3
 
MG 3.0 4.9 3.1 3.3 2.8 2.4 2.5
 
MG 6.0 4.7 0.8' 4.9 3.0 4.1 3.3
 
RD-9 0.1 3.8 3.4 3.2 3.1 3.1 2.6
 
RD-9 0.6 3.7 3.0 2.4 3.0 1.9 1.5
 
RD-9 1.2 3.8 1.7' 2.2 2.7 2.0 3.2
 
RD-9 6.0 6.0 0.0' 3.9 2.2 3.4 3.3
 
RD-9 12.0 4.2 0.1' 3.4 0.7' 2.7 1.7'
 
SNI 0.1 2.4 2.0 2.6 2.7 1.9 2.3
 
SNI 0.6 2.5 0.1' 3.0 1.0' 3.3 1.9'
 

SNI 1.2 2.4 0.0' 3.3 0.3' 3.0 0.5'
 
8NI 6.0 3.5 0.0' 4.1 0.0* 3.5 0.1*
 

8Nl 12.0 2.2 0.0* 3.2 D.O' 2.9 D.O'
 

II An asterisk indicates that the number of beetlcs found on untreated (C) and corresponding treated 
(T) plants of each ncern concentration in each observation period is different at 5% level (paired t· 
test). 

Results 

In choice tests (Table ll, Margosan-O reduced beetle numbers only at the 6-h 
count with the highest concentration (6%). At lower concentrations, plants treated 
with Margosan-O consistently had higher beetle numbers than untreated plants, 
with the difference being significant for the 0.05% concentration at the 6-h coun!. 
Plants treated with RD-9 Repelin at concentrations of 1.2, 6, and 12% had 
significantly fewer beetles alter 6 h, but repellency effects were noticed only at the 
highest concentration 2 d after spraying. For SNI, all concentrations above 0.1% 
significantly reduced beetle numbers on seedlings, as long as 48 h. When different 
concentrations were compared within each formulation, the differences were 
b'J"eatest for 8Nl and RD-9 Repelin, with the lowest number of beetles on seedlings 
that received the highest concentrations. When not on plants, beetles were usually 
found on the screen at the top of the arena. [n 8Nl treatments, fewer beetles were 
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Table 2.	 Mean number of flea beetles observed on seedlings receiving 
foliar applications of various concentrations of Margosan-O 
(MG), RD-9 Repelin (RD-9) and Safer's Neem Insecticide (SNI) 
in a no-choice test using seedlings in vials. 

Mean number of nca beetles I 
plant" (n = 15) 

Neem % % 
formulation Cone. 8h 24 h 48 h MortalitY" 

MG 0.0 3.3 1.8 1.3 10 
MG O.OS 2.1 1.9 1.S 6 
MG 0.3 2.9 1.8 1.6 6 
MG 0.6 4.0 2.1 1.1 13 
MG 3.0 3.8 2.7 1.3 22 
MG 6.0 3.S 4.0 1.9 20 
RD-9 0.0 2.3 1.7 1.4 5 
RD-9 0.1 3.7 2.1 1.3 13 
RD-9 0.6 4.2 3.7 1.7 19 
RD-9 1.2 4.S 3.7 1.9 6 
RD-9 6.0 4.1 4.6 2.S IS 
RD-9 12.0 O.S" 2.3 3.3 16 
SNl 0.0 2.9 3.3 2.8 19 
SNI 0.1 1.6" 3.S 2.0 11 
SNI 0.6 1.1" 2.3 3.2 19 
SNI 1.2 D.O' 0.8" 2.1 37 
SNI 6.0 D.O' 0.0" 0.0" 84 
SNI 12.0 0.1" D.O' 0.0" 96 

a An osterisk indicates 0 value which is significantly different (P S 0.05) from the corresponding 
control (O.()'l, cone.) orthe same neem ronnulation Bnd within each observation period (I-test). 

" Mortality ot 48 h. 

found on plants than in the other treatments (Table lJ, suggesting that SNl is more 
repellent to beetles than the other two formulations. 

In no-choice tests (Table 2), repellency by neem was less pronounced than in 
choice tests. With Margosan-D, no significant reduction in number of beetles per 
plant occurred at any concentration. For plants treated with RD-9, a significant 
reduction in beetle numbers was observed only at the highest concentration (12%), 
afWr 8 h. Beetle numbers for SNI were reduced significantly at all doses afWr 8 h, 
and for all observations at the two highest rates. The measured response of 
repellency for 8Nl was concentration dependent. Linear regression of flea beetle 
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Table 3. Flea beetle to canDia seedlings receiving foliar application of 
various concentrations of Margosan·O (MG), RD-9 Repelin 
(RD·9) and Safer's Neem Insecticide (SNI) in a ehoice·test 
using seedlings in vials. 

Mean damage score I plant" (n =15) 

24 h 48 h Neem % 

formulation Conc. e Tb e Tb 

MG 0.05 3.30 7.55* 7.40 11.50* 
MG 0.3 3.75 6.65* 6.50 9.10* 
MG 0.6 4.25 7.30 6.85 9.65* 
MG 3.0 7.85 4.40· 10.65 7.90* 
MG 6.0 6.45 2.75* 8.65 4.90' 
RD-9 0.1 9.00 7.75 11.30 11.15 
RD-9 0.6 6.00 4.55 7.75 5.85' 
RD-9 1.2 6.15 4.00' 9.15 6.25 
RD-9 6.0 10.35 3.15* 13.00 6.45' 
RD·9 12.0 5.75 0.75' 8.00 2.30' 
SNI 0.1 5.85 5.00 7.65 7.15 
SNI 0.6 5.50 0.85 6.65 2.55 
SNI 1.2 4.50 0.00' 7.35 0.00' 
SNI 6.0 8.00 0.00' 10.40 0.00' 
SNI 12.0 4.75 0.00* 7.45 0.00* 

It Damngc to the t ..... o coL)'lcdons of each seedling were individually rated using a scale from 0 (no 
damllge) to 10 (whole cotyledon cliten) and the lwo scores \vcrc then added to obutin the damage 
score for the whole seedling. Thus. a maximum score of 20 WIiS assigned to a seedling when both 
cotyledons were complct.cly eaten. 

" An IlsLcrisk indicllLcs Lhat the dllmage between the unlrC!aled (e) and corresponding treatment 
plants en of each ncem conccnuntion in each obsen'aLion period is differenL aL 5% level, Wilcoxon 
signed rank tcsL 

numbers after 2 d against loglO concentrations ofSNI was significant(P < 0.05, r2 = 

0.97). Repellency after 48 h for RD-9 Repelin was not related to concentration (P > 
0.15, r 2 = 0.58) while the relationship for Margosan·O could be analyzed only after 
1 d because of extensive plant mOltality by flea beetles and was not significant (P > 
0.25, r 2 =0.33). 

In general, the number of beetles on plants in choice and no-choice tests showed 
strong con·elations to subsequent feeding damage. In choice tests, correlations for 6-h 
beetle count and 24-h damage (r = 0.93) and for 24-h count and 48·h damage (r = 
0.92) remained high. In choice tests (Table 3) at the lower two dose levels, Margosan
a treatments suffered significantly greater plant damage than the control plants. At 
3% and 6% concentrations, however, the treated plants received significantly less 
damage, even 48 h after the treatment. For RD-9 Repelin, the treated plants 
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Table 4. Flea beetle damage to canola seedlings receiving foliar 
applications of various concentrations of Margosan-O (MG), 
RD-9 Repelin (RD-9), and Safer's Neem Insecticide (SNI) in a 
no-choice test using seedlings in vials. 

Mean damage scorelplanta.b (n = 15) 
Neem % 

fonnulation Cone. 8h 24 h 48 h 

MG 0.0 3.2 11.9 18.0 
MG 0.05 3.1 9.7 14.9* 
MG 0.3 4.9 12.9 19.0 
MG 0.6 5.7' 15.6* 20.0 
MG 3.0 3.1 13.5 20.0 
MG 6.0 3.6 13.5 20.0 

RD-9 0.0 1.3 7.7 10.2 
RD-9 0.1 2.5 13.3* 20.0* 

RD-9 0.6 3.3* 12.7* 19.0* 

RD-9 1.2 3.5* 12.6* 17.9* 

RD-9 6.0 1.4 10.7 18.3* 
RD-9 12.0 0.0* 2.6* 9.2 
SNI 0.0 2.3 U.8 16.9 

SNI 0.1 0.6 U.S 18.7 

SNI 0.6 0.5* 3.5* 13.9 

SNI 1.2 0.0' 004* 6.6' 

SNI 6.0 0.0' 0.0' 0.0* 

SNI 12.0 0.0' 0.0' 0.0' 

a Damage to the two cotyledons of each seedling were indh'idually rated using a Kale from 0 (no 
dnmage) to 10 (whole cot)'ledon eaten) and the two scores were then added to obtain the damage 
score for the whole seedling. Thus, a maximum score of 20 was as.c;igncd to a seedling when both 
cotyledons were complet.ely ealen. 

It	 An asterisk indicat.cs that the value is significantly different (P < 0.05) from the corresponding \'aluc 
for the control (0.0% cone.) within the same formulation and observation period; Wilcoxon signed 
rank test.. 

suffered less damage than the control plants with the difference being greatest at 
the highest two concentration levels. \+Vith SNJ, at concentrations of 1.2% or higher, 
no nea beetle feeding occurred for as long as 48 h. 

In no-choice tests (Table 4), plants treated with Margosan-O in most cases had 
slightly more damage than control plants. RD-9 Repelin treatments also produced 
similar results, except at the 12% dose where treated plants suffered significantly 
less damage after 8 and 24 h (P < 0.05). With SNI, damage after 8 and 24 h was 
significantly reduced in all concentrations except the lowest rate. Significant 
reduction in damage was also noticed after 48 h at the three highest concentrations. 
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Plants receiving 6 and 12% SNI treatments remained virtually injury-free for as 
long as 48 h (Tahle 4). 

In tests with potted seedlings (Table 5), a comparison of treatments after 1 d 
showed that plants in SNI treatments suffered the least damage, while those in the 
control and treated with low doses ofMargosan-O suffered the most. On day 4, only 
SNI treatments significantly reduced seedling damage, with damage most reduced 
at higher concentrations. For Margosan-O and RD-9 Repelin l an inverse 
relationship between ncern concentration and seedling damage was evident only for 
the damage estimate on day 1. 

Flea beetle mortality was noted in most treatments of all three fOl1nu)ations 
within 1 d after infestation (Table 5). A comparison of treatments between 
formulations showed that SNI, at 6 and 12%, produced significantly greater 
mortality than all other treatments, 1 and 2 d after infestation. For within
formulation comparisons, Margosan-O did not cause mortality, while high 
concentrations of RD-9 Repelin and SNI had significantly greater mortality than 
low concentrat.ions. 

All neem formulations significantly reduced beetle populations in field plots 3-4 
h after application in both tests on two different dates (Table 6). At the first counl, 
SNI treated plants had significantly fewer beetles lhan those treated with 
Margosan-O or RD-9 Repelin. On day I, SNI treatments had significantly fewer 
beetles than the control in both tests, but beetle counts on RD-9 Repelin-treated 
plants at day 1 differed from the control only in the second test. Margosan-O 
reduced beetle numbers for less than 1 d. No difference among any neem 
treatments was observed on day 2, but on days 5 and 6, neern treatments had more 
beetles than the control with the difference being significant after 6 d for SNI in the 
first test. 

Discussion 

The reduction of flea beetle numbers on neem-treated plants was due to both 
repellency and mortality effeeLs on neem. Of the three formulations tested, SNI had 
the highest repellency and beetle mortality. Because repellency was found to be 
concentration-dependent particularly with SNI and RD-9 Repelin, increasing the 
concentrations will increase the potency and persistence of these two products. A 
similar dose-related repellency effect of neem on other insects has been documented 
(Jilani and Saxena 1990). Although Margosan-O has been an effective repellent 
against other insects (Jilani and Saxena 1990), rates substantially higher than 
those presently recommended would be needed against P. crueiferae. Margosan·O 
also was effective against cotton insects but only at concentrations eight times the 
recommended rate (0.6% solution) (Flint and Parks 1989). In the current choice
tests, only the highest concentration (6%) had a sib'Tlificant repellency that lasted 
for less than 1 d alter spraying. While Margosan·O concentrations greater than 6% 
are needed to increase residual activity, the concentrations have to be below 12% to 
avoid severe phytotoxicity to canola seedlings. 

In the current study, while beetle counts measured repellency, a reduction in 
feeding damage without a corresponding decline in beetle counts could be 
considered as a measure of feeding detel,-ence. A reduction in flea beetle damage by 
neem may be att,ibuted to either repellency only or both repellency and feeding 



Table 5. Damage to canola seedlings and mortality of flea beetles in treatments receiving foliar applications of 
various concentrations of Margosan-O (MG), RD-9 Repelin (RD-9) and Safer's Neem Insecticide (8NI) in 
a no-choice test using seedlings in pots. 

;> "" ~'Iean damage scorefplan~(n ::: 25)	 Mean beetle mortality. %b (n::: S) 

~ 
Day I Day4	 Day 1 Day 2 U;

::;:NI,.'em ;> 
formulation Cone., % Score P < O.OSc P < 0.05d Score P < O.05c P < O.OSd Dead p < 0.05c P < O.OSd Dead P < D.OSc P < O.OSd ~ 

~ 
MG 0.0 5.4 a be 13.9 a ab 1.3 a 0 1.3 a d <:::J 

::;:
MG 0.6 6.3 a b 14.8 a ab 0.0 a 0 2.7 a od u; 

6.0 2.1 b ef 13.2 a abo 2.7 a 0 8.0 a bod ~MG 
t"l 

12.0 2.7 b de 13.9 a ab 4.0 a 0 9.3 a bodMG i;l 
RD·9 0.0 5.8 a bo 10.a a bod 0.0 b 0 0.0 b d 

0"
0 
~ 

1.0 4.2 ab ed 12.0 a abed 2.7 b 0 2.7 b d ~RD·9 Z 
~ 

RD-9 ~10.0	 3.6 ab do 8.8 a od 5.3 ob 0 8.0 b bed 
3 

20.0 2.0 b ef 10.1 a bed 10.i a 0 20.0 a bRD·9 "" 
0.0 8.3 a a 15.6 a a 1.3 0 1.3 b d c

o 
SNI 

SNI	 b 0 " 
0.6 0.5 b fg 8.3 b d 8.0 b 0 16.0 b be 0 

I;; 
6.0 0.0 b g 2.6 0 e 33.3 a b 49.3 a a 0,SNI 

SNI 12.0 0.0 b g 0.0 0 e 46.7 3 a 65.3 3 a i>
." 
, 

" Di.lmage to the two ool.ykodons ofe;lch seedling were individually rated using a scale from 0 (no damage) to 10 (whole cotyledon e<'lten) and the two scores were is' 
l?then added to obtain the damage score for the whole seedling. Thus, a ma'rimum score of 20 was assigned to a seedling when both cotyledons were completely i> 

eaten. " 
/I For each concentration, the mean % mortality is based on the number of beetles introduced (n::: 15) in each offivc cages (replications).
 
~ Comparison of different concentrations within each neem formulation: ....alues with similar letters within each formulation do not differ at 5% level.
 
d Comparison of nil formulations together: values with similar letters in a column do not differ at 5% level, Duncan's new multiple range test. 0'
..., 
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Table 6.	 Number of flea beetles collected from plots of all cultivars of 
the same treatment and at different periods following 
spraying with Margosan~O, RD-9 Repelin, and Safer's Neem 
Insecticide (SNl). 

Mean number of beetlesiplot" (0 = 9) 
Spray 
Date Treatment 3-4 h I d 2d 5d 6d 

July 25 Control 

Margosan6% 
RD-9 Repelin 3% 
SNl3% 

97.9 a 

55.9 b 
17.4 c 

7.9 d 

71.3 a 
76.2 a 
79.7 a 
40.1 b 

47.1 a 

51.2 a 
49.7 a 

48.3 a 

131.0 b 

146.4 ab 
126.9 b 

163.2 a 

125.9 b 

169.0 ab 
139.2 b 

219.1 a 

July 31b Control 
Margosan 69'0 

RD-9 Repelin 3% 
SNl3% 

245.2 a 

85.1 b 
22.6 c 
14.4 c 

154.8 a 

105.0 ab 
102.6 b 

39.6 c 

171.9 a 

180.9 a 
169.0. 

168.1 a 

145.6 a 

165.8 a 
161.9 a 

171.1 a 

a Values followed by the same lett.ers in the same column for each lest date are not significantly 
different at 5% level, Duncan"s new multiple range test. 

b Plots were not. sampled on day 6. 

deterrence. Because beetle numbers on treated plants were strongly correlated with 
plant damage, the difference in damage among treatments can be attributed 
largely to the differences in the extent of repellency of these treatments to beetles 
rather than to the differences in the feeding. For example, plants receiving SNJ 
sprays at concentrations greater than 1.2% were not damaged mainly because no 
beetles were found on plants in this treatment. Feeding deterrence contlibuted to 
only a small extent to differences in damage among treatments. For example, while 
after 1 d, only the highest concentration 01 Margosan-O significantly reduced beetle 
numbers, a significant reduction in feeding damage was observed with the two 
highest doses lor a longer period. As lor beetle counts, SM! provided the best 
protection Irom flea beetle damage lor at least 2 d. At the highest two 
concentrations of SNI, no damage to seedlings was obsen'ed after 2 d because of 
high beetlc mOltal.ity, indicating that the actual protection to seedlings could have 
been longer had the expedment continued. 

Azadirachtin has been well documented for its feeding deterrent and insect 
growth regulatory properties (Meisner and Mitchell 1982, Rembold 1989, 
8chmutterer and Hellpap 1989) at concentrations as low as 0.001% (Meisner et aI. 
1981b). However, in pure form, azadirachtin has not been sho\\rrl to repel insects. tn 
the present studies, Margosan-O had twice as much azadi.rachtin as SNI but was 
less effective than SNI in reducing the beetle numbers, suggesting that in SNI, 
azadiractin was not the only repellent to beetles. The increased activity of 8NI over 
the other two formulations may be attributed to neem compounds (Jones et al. 
1989) other than azadirachtin. Similarly, the increased acti,'ity 01 RD-9 Repelin 
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over Margosan-O may be ascribed to botanical compounds other than azadirachtin 
because Margosan-O had 10 times more azadirachtin than RD-9 Repelin. 

All fonnulations lost their repellency faster in lhe field than in the laboratory. 
For example, a 1.2% concentration of8m repelled beelles for as long as 48 h in the 
laboratory but \\'as not effective at twice this concentration 24 h after application in 
the field. A rapid decrease in insecticidal activity ofazadirachtin and neem products 
wilh azadirachtin also have been reported in other studies (Meisner et al. 1981a). 

Neem extracts and formulations are known to have insect growth regulatory 
act.ivity and cause mortality in several species of insects when ingested 
(Mikolajczak et al. 1989). The application of neem extrad fonnulations has caused 
adult mOltality in other chrysomelids (Karel 1987), with the mortality ascribed to 
their feeding on treated plants or to starvation. At the highest 51\'1 dose, 46% of 
beelles died within 24 hand 96% after 48 h without observable seedling damage. 
Starvation is not a factor since adult beetles can survive more than 3 d without 
feeding (P.P., unpublished observations). It is not known if 8NI has fumigative 
activity that is toxic to nea beetles. 

Neem products are effective against several vegetable insect pests including 
those of crucifers (Schmutterer and Hellpap 1989), and are environmentally safe 
and least harmfuJ to beneficial insects and natural enemies of insect pests (Saxena 
1987). The current study demonstrates that some neem-based fonnutations can 
reduce the number of beetles on canola seedlings and prevent subsequent damage. 
However, the potential of neem as a seedling proteetant for canola will depend on 
fonnulations with longer residual activity being developed. 
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ABSTRACT Wheat (Triticum aestivlIm L.) and cotton (Gossypium 
hirsutum LJ in five counties in northeastern South Carolina (Darlington, 
Dillon, Lee, Marlboro, Sumter) were surveyed for thrips (Thysanoptera) 
during the spring of 1991 and 1992. Wild mustard CBrassica haber roC.] L. 
C. Wheeler>, sorrel (Rumex hastatulus Baldwin), and toadnnx (Linaria 
canadensis IL.J) were surveyed at one location in Darlington County in 1991 
and in Sumter County in 1992. Limolhrips cerealium (Haliday), 
Fronkliniella tritici (Fitch), F. occidentalis (Pergande), P. {usca (Hinds), and 
Haplothrips graminis Hood comprised ca. 98% of the adult thrips on wheat 
during both years. Frankliniella oceidentalis was predominant on cotton 
during both years, comprising ca. 68 and 89% of the adults during 1991 and 
1992, respectively. Frankliniella fusea and F. tritici accounted for ca. 26 and 
3% respectively, of the adults during both years. Fraflkliniella occidentalis 
wns predominant on the three noncultivated hosts, comprising over 93% of 
the thrips collected from each of these hosts during both years. Thrips 
densities were much brrealer on wild mustard than on toadnax and sorrel. 
Nine additional species of thrips were collected during this study. Densities 
of immature thrips were high on wheat, cotton, and wild mustard. This study 
indicates that wheat and wild mustard may be important reservoi,·s for 
thrips populations which subsequently migrate to cotton. 

KEY WORDS Thrips, Thysanoptera, FranklinieJ/a occidentalis, Fmnkliniella 
fusca, Franklini.ella tritici, Limothrips cerealium, Haplothrips gmminis, cotton, 
wheat, Thripidae, Phlaeothripidae. 

Several species of thrips (Thysanoptera) are important economic pests of 
seedling cotton, Gossypium hirsutum L., in the United States (Gaines 1934. 
Dunnam and Clark 1937, Watts 1937a,b, Carter et al. 1989, Cochran et al. 1989, 
DuRant 1989). Watts 0937a) reported that the four species of thrips most 
damaging to cotton in South Carolina were the flower thrips, Fronkliniella tritici 
(Fitch), the tobacco thrips, F. fusca (Hinds), the onion thrips, Thrips tabaci 
Lindeman, and the soybean thrips, Sericothrips "ariabi/is (Beach). DuRant 
(989) observed that the soybean thrips, tobacco thrips, flower thrips, and 

1 Technical support contribution No. 3410 of the South Carolina Agric:ulLural Experiment Station, 
Clemson University. 

2 Received (or publication 2 May 1993; accepted 9 November 1993. 
3Tex8.5 Agricult.ural Extension Service, TUBS A & M University, Brynn. TX 77806-2160. 
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western flower t1uips, F. (x:cidenlalis (Pergande), comprised 98% of the t1uips on seedling 
cotton at a Darlington County, South Carolina location in 1985. With the exception ofthe 
flower thrips, these species also prevailed in 1987. Chamberlin et al. (1992) surveyed 45 
plant species for thrips in Georgia and Florida dwing the winter and spring and recorded 
western [lower thrips from 44 species, flower tluips from 41 species, and tobacco thrips 
from 25 species. Trifolium. spp. and volunteer peanut, Arru:his hypogoea L., yielded the 
greatest numbers ofwestem flower tluips and tobacco thrips. 

Thrips populations in habitats adjacent to cotton are a potential source for 
infestation of seedling cotton. Kamer and Cole (1992) reported that F. occidentalis 
was the most commonly collected species in both adjacent habitat (wheat, Triticum 
aestivum L., and grass) and cotton in southwestern Oklahoma. Chamberlin et al. 
(1992) collected western flower thrips from Brassica spp. and wheat in Georgia and 
Florida. The wheat acreage in South Carolina is substantial, and cotton often is 
planted adjacent to wheat. Although numerous weed species occur adjacent to 
cotton fields, three of the most common species are wild mustard, Brassica kaber 
(DC.) 1. C. Wheeler, sorrel, Rumex hastatulus Baldwin, and toadflax, Linaria 
canadensis (L.). This study was conducted to detennine the species composition and 
population densities of thrips on wheat and seedling cotton in five South Carolina 
counties and on wild mustard, sorrel, and toadflax in two locations. 

Materials and Methods 

Studies were conducted in Darlington, Dillon, Lee, Marlboro, and Sumter 
Counties in northeastern South Carolina during April, May, and June of 1991 and 
1992. A wheat field and adjacent cotton field were surveyed in two locations in each 
county. Wheat sampling was initiated on 3 April of both years, when the plants were 
in the jointing to early boot stage of development, and repeated at approximate 
weekly intervals until plant maturity (29 May 1991, 10 June 1992). Ten randomly 
selected tillers (single stems) were collected in each field by cutting the upper portion 
of the tiller (ca. 15 cm). Following ear emergenl.'e, the sample consisted primarily of 
the ear and flag leaf. Cotton sampling was initiated when the plants were in the 
cotyledon stage (8 May 1991, 13 May 1992) and repeated at approximate weekly 
intervals until plants attained the four-leaf stage of development (5 June 1991, 10 
June 1992). Thrips have little economic impact on cotton beyond the four-leaf stage 
(M.E.R., unpublished data). Ten randomly selected plants were collected in each 
field by cutting the plants ca. 1-2 crn above the soil surface. Due to differences in 
planting dates and plant emergence, all fields were not sampled on all sampling 
dates. An additional cotton survey was conducted as described previously on 20-22 
May 1991 and 5 June 1992, when the plants were in the cotyledon to four-leaf stage 
of development (1991) and two-leaf to seven-leaf stage (1992), in 10 fields in each of 
the five counties. Ten plants were collected fl'om each field in 1991 and five were 
collected in 1992. Toadnax, sorrel, and wild mustard plants located adjacent to 
cotton fields were swveyed at one location in Darlington County during 1991 and at 
one location in Sumter County during 1992 by cutting the upper portions of 10 
randomly selected stems (ca. 15 em) at appro,imate weekly intervals 15 April - 29 
May 1991 and 3 April - 10 June 1992. The exception was toadflax during 1992, for 
which 100 stems were collected on each survey date. 
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All plant material was immediately placed in O.95-liter glass jars containing ca. 
300 ml of 70% elhyl alcohol which were sealed wilh removable lids and transported 
to the laboratory, where all thrips specimens were separated from the plants using 
a plant washing procedure modified from those described by Irwin el a1. (979) and 
Burris et al. (990). The plant malerial was shaken vigorously in lhe alcohol Lo 
dislodge all thrips and discarded. The alcohol containing the thrips was poured into 
a 200·mesh sieve. Water containing a small amount of detergent was used to wash 
the thrips from the sieve into a 500-ml beaker. The water containing the thrips was 
poured into a Biichner funnel attached to a vacuum pump which suctioned the 
water through lined filter paper, leaving the thrips on the paper. The thrips were 
lhen counted using a binocular microscope and transferred to vials of 70% ethyl 
alcohol. 

All thrips adults were identified by C. L. Cole. Each specimen was mounted on a 
slide and identified using a compound microscope with phase-contrast and 
Nemarski Differential Interference Contrast capabilities. Voucher specimens were 
placed in lhe Entomology Museum, Texas A&M University, College Station. 
lmmature thrips were not identified to species because taxonomic keys have not 
been developed (Chamberlin et a!. 1992). 

Results and Discussion 

Wheat. Five species comprised 98.6 and 98.1% of the adulllhrips collected from 
wheat during 1991 and 1992 from a Lotal number of 1017 and 916, respectively 
(Fig. 1). These species (percentages for 1991, 1992) were the grain lhrips, 
Limothrips cerealillln (Haliday) (51.8, 22.8), F. tritici (25.8, 13.0), F. occickntalis 
(8.1,39.7), F. {ItSCO (6.7, 15.8), and Haplothrips gmminis Hood (6.3, 6.8). 
Percentages of these adults which were females (1991, 1992) were L. cerealium 
(66.4, 100.0), F. triti£i (34.7, 60.5), F. eccidenta.lis (29.3, 46.4), F. {liSCO (79.4, 56.6), 
and H. graminis (92.2, 82.3). Although population densities for each species 
fluctuated greatly among fields and survey dates, all five species were collected 
from each of the 10 fields during both years. The only exception, F. occidclltalis, was 
not collecled from two fields during 1991. Eighl additional species collected from 
wheal comprised only 1.4 and 1.9% of the adults during 1991 and 1992, 
respectively. Thirty of the 31 specimens were females. Twelve Plesiothrips 
perplexus (Beach), five F. tenuicornis (Uzel), four Chirothrips mexicanus Crawford, 
three F. williamsi Hood, two (one male, one female) Karn)'othrips harti (Hood), 
three Karnyothrips sp., one S. uariabilis, and one Frankliniella. sp. possibly rUllneri 
Morgan were collected. 

Wheat began Ilowering the second week of April in 1991 and harvesting began 
in lale May. Unseasonably coollemperatures during the spring of 1992 delayed the 
initiation of Ilowering until early May and harvesting until early June. Population 
densities of adult thrips were relatively low prior lo Ilowering of wheat and peaked 
following the completion of flowering (Fig. U. Population densities of immature 
thrips peaked at 4191100 tillers on 8 May 1991, and 2221100 tillers on 19 May 1992 
(Fig. 2). 

Densities ofL. cerealium peaked during early May of 1991 and mid-May of 1992, 
following the completion of flowering. This species appeared to be more abundant in 
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1991 than in 1992. Densities of F. tritici peaked between mid·April and early May 
of 1991, during nowering of wheat. Densities of this species were lower during 1992 
and nuctuated greatly, peaking on 29 April, 13 May, and 1 June. Population 
densities of F. occidentalis peaked on 8 May 1991 and 25 May 1992, following 
wheat kernel formation. Densities of F. occidentalis were greater during 1992 than 
during 1991. Densities of F. {usca peaked on 17 April 1991, during wheat 
Oowering. and on 19 May 1992. following the completion of Oowering. Low 
numbers of H. graminis were collected from wheat during both years. This species 
was present throughout the season and no distinct peaks in densities occurred (Fig. 1). 

Cotton. FranklinieLLa occidentalis was the predominant species of thrips on 
cotton during both years, comprising 67.7 and 90.6% of the adults collected during 
1991 and 1992, respectively, for the weekly collections from a total number of99 in 
1991 and 330 in 1992 (Fig. 3). Frofl.kliniello {usco and F. tntici represented 25.3 
and 2.0%, respectively, of the thrips collected during 1992. Percentages of adults 
that were females (1991, 1992) were F. occidentolis (80.6, 88.3), F. (usea (96.0,88.2), 
and F. tritici (l00.0. 90.0). These sex ratios were more female·biased than the sex 
ratios of these species on wheat. Higgins and Myers (1992) reported that the adult 
sex ratios of F. occidentalis were density-dependent in vegetable greenhouses, 
remaining male-biased in stable popu.lations and becomjng female-biased in 
expanding populations. Also, they reported that females of this species live longer 
than males. Three additional species collected from cotton comprised only 5.0 and 
1.2% of the adults during 1991 and 1992, respectively. Five L. cerealium females, 
two H. graminis females and onc male of this species. and one S. uariabilis female 
were collected. Population densities of immature thrips peaked at 361100 plants on 
29 May 1991 and 80/100 plants on 10 June 1992 (Fig. 4). 

Cotton emergence began in early May of both years. Three fields of cotton in 
the cotyledon stage were surveyed on 8 May 1991 and 13 May 1992. Seven and 
eight lields (cotyledon stage) were surveyed on 15 May 1991 and 19 May 1992, 
respectively. Ten fields were surveyed on the remaining dates except for only 
six fields on 5 June 1991. Plant development among fields varied during 1991. 
On 15 May, plants in two Ii.elds were in the one-true-Ieaf stage. By 29 May, all 
plants had reached the one-leaf to four-leaf stage of development. In 1992 
plants in all fields were in the cotyledon stage on 19 May, the two-leaf stage on 
25 May, and the four-leaf stage on 10 June. 

Densities of F. occidentali. peaked during mid-May of 1991 and late May 
early June of 1992 (Fig. 3). Densities of F. {usca were greatest during mid-May 
of 1991, but showed no clear trend during 1992. DuRant (1989) reported that 
F. (usca comprised 16-29% of the thrips collected from untreated cotton in 
Darlington County during early June 1985, and mid-late May 1987. Eddy and 
Livingstone (1931) noted that excessively rainy weather was always followed by 
8 decrease in population densities ofF. fusca adults and larvae. All cotton fields 
surveyed had received applications of insecticides for thrips control, resulting in 
extremely low thrips population densities. The higher densities of thrips during 
1992 possibly were due to low temperatures and low soil moisture levels which 
inhibited plant uptake of soil-applied insecticides. Reed (1988) stated that 
early-season drought may force F. occidentalis to seedling cotton by reducing 
the attractiveness of Oowering host plant species. 
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The surveys of 10 cotton fields in each of the five counties, conducted 20-22 
May 1991 and 5 June 1992 (Figs. 5, 6), produced results similar lo those for the 
weekly surveys previously discussed (Fig. 3). FranJdinielia occidentalis was 
predominant in all counties except. Lee and Sumter in 1991, comprising 68.5 
and 87.7% of the adults during 1991 and 1992, respectively. Frallklilliella {w;ca 
and F. lrilici comprised 26.6 and 3.5%, respectively, of the thrips collected in 
1991 and 5.5 and 6.2%, respectively, of the thrips collected in 1992. Pen:entages 
of these adults which were females (1991, 1992) were F. occidellialis (79.6, 90.5), 
F. {us<:a (84.2, 88.9), and F. lrilici (80.0, 100.0). Densities were greater in 1992 
than in 1991 in all counties. In addition to the low temperat.ures and low soil 
moisture levels during 1992, the larger plants collected in 1992 may have 
favored greater numbers of thrips. The fields surveys 20-22 May 1991 contained 
plants ranging from the cotyledon stage lo the four-leaf stage, whereas in 1992 
the plants ranged from the two-leaf ta the seven-leaf tage of development. 
Densities of immature thrips fluctuated greatly among counties and between 
years (Fig. 6). This was not unexpected, since insecticide treatments, cotton 
cultivars. and environmental conditions varied among fields. 

\Veeds. Frankliniella occidentalis was the predominant. species of thrips on 
wild mustard, toadflax, and sorrel during both years (Figs. 7, 8). This species 
comprised 96.3 and 97.9% of the adults on wild mustard during 1991 and 1992 
from a total number of 409 and 747, respectively. Corresponding percentages 
for this species on toadOax and sorrel were 97.4 and 93.6 from a total number of 
39 and 14, respectively, for 1991 and 93.6 and 98.7 from a lotal number of 78 
and 77, respectively, for 1992. The next most abundant species, F. {usca and F. 
tritici, each made up less than 4.0% of the adults on each species of weed during 
both years except fol' F. (usca on toadnax during 1992, when this species 
comprised 6.4% of the adults. Percentages of F. occidentalis which were females 
(1991, 1992) were 66.0, 67.0 for mustard; 44.7, 61.6 for toadllax; and 100.0,60.5 
for sorrel. Thloee additional species of thrips, all females, were collected: one 
Thrips physa.pus L. from wild mustard in 1991, one L. cerealiwn from sorrel in 
1991, and one H. cra.m..inis from mustard in 1992. 

Densities of adult.s of F. occidentalis and unidentified larvae were much 
greater on wild mustard than on toadnax and sorrel (Figs. 7, 8). The virtual 
absence of thrips from mustard on 8 May 1991 is unexplained and may be due 
to a sampling error. On 10 May wild mustard plants were examined at the 
survey site and numerous thrips were present. Survey data for 3 April and 8 
April 1992 are not presented in Fig. 8 because thrips densities on wild mustard 
were extremely lowo One F. occidentalis was collected from wild mustard on 3 
April and three F. occid.el1lali$, one F. fusca, and three immature thrips were 
collected fTom this host on 8 April. 

This study indicates that wheat and wild mustard may be important 
reservoirs for thrips populations which subsequently migrate to cotton. 
Limothrips cerealium, often the most abundant thrips on wheat, was rarely 
collected from cotton, but the three Frankliniella species common on wheat 
comprised the majority of thrips collected from cotton. Although F. occidellialis 
was predominant on cotton, the extent to which the insecticide treatments 
altered the species composition is unknown. Fra,nklinieLLa tritici comprised 
25.8% of the thrips recovered from wheat during 1991 but was scarce on 
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adjacent cotton, suggesting that possibly this species preferred other hosts 
over cotton or was more susceptible Lo the insecticides on cotton than F. 
occidentalis. Densities of Frankliniella lriliei on wheat peaked before 
densities of F. occidentalis peaked, indicating that F. tritici may leave 
wheat earlier than F. occidentalis (Fig. 2). This was especially noticeable 
during 1991, when F. lritici. virtually disappeared from wheat before 
emergence of cotton in all but the earliest planted fields. The scarcity of 
cotton may have forced F. tritici to seek other host plants. 

Plant densities were ca. 5,400,000 wheat tillerslha and ca. 100,000 cotton 
plantslha. Based on these figures, I ha of wheat with a population density of 
onc F. occidenlalis/tiller theoretically could provide enough thrips to infest 54 
ha of cotton at the economic threshold level of one thrips/plant. In 1992, ca. 
79,000 ha of cotton and 115,300 ha of wheat were produced in South Carolina. 
Since wheat maturation and harvesting occur during the time that cotton is in 
the seedling stage and nearly all of the thrips collected were macl'optcl'OUS, 
migration of thrips from wheat to cotton appears feasible. DuRant (1989) 
observed that late-planted cotton escaped high population densities of thrips 
and economic injury. This study documents the occurrence of relative high 
population densities of Fra.nhliniella spp., which are economic pests of cotton, 
on wheat and wild mustard. Additional studjes on the in.Ouence of insecticides 
on species composition of thrips on cotton and on host plant preferences of 
thrips arc needed to determine the impact of these and other cultivated and 
noncultivated species of plants on the population dynamics of thrips on cotton. 
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CONSTITUTION 

(Revised and Adopted 7 November 1991) 

PREAMBLE 

In order to promote both the quality and extent of (ll the professional and non
professional study of insects and their arthropod relatives, (2) the publication 
and verbal presentation of the results of entomological study, (3) public and 
private training in entomological matters, (4) recognition of excellence in 
entomological scholarship and service. (5) dissemination of entomological 
information to South Carolina citizens of aJl ages, (6) the enhancement of South 
Carolina arthropod species to humans and suppression of injurious populations, 
(7) the protection of threatened or endangered South CaroEna arthropod 
species, and (8) the welfare of its members and their stature in governmental 
and private aJfairs, we do hereby unite into the South Carolina Entomological 
Society. Inc. 

ARTICLE 1- Name and Principal Office 

Section 1. The name of this organization shall be "The South C
Entomological Society. Inc." Hereinafter it is cal
"Society" or "Corporation." 
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Section 2. The principal office of the Society is located 
Department of Entomology, Clemson University, C
Pickens County, South Carolina 29634. 
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ARTICLE II - Objectives 
The objectives of this Society shall be to promote the quality and extent of: 

1. Skill and efficiency in entomological study, 
2. The publication and verbal presentation of the results of entomological study, 
3. Entomological teaching, 
4. Recognition of excellence in entomological scholarship and service, 
5. Answering individual or general questions about the role arthropods can and 

do play in daily life, 
6. Control of arthropod populations of immediate benefit or threat to the quality 

of human existence in South Carolina, 
7. Protection for threatened or endangered South Carolina arthropod species, and 
8. The well-being of its members and their positive image in government and 

society. 
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ARTICLE III -

Section 1. 

Section 2. 
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Provision for Tax-exempt Status 

No part of the net earnings of the corporation shall inure 
to the benefit of, or be distributed to, its members, 
director's, or other private persons except that the 
corporation shall be authorized to pay reasonable 
compensation for services rendered and make payments 
and distribution in furtherance of the purposes set forth in 
the statement of objectives. No substantial part of the 
activities of the corporation shall be devoted to 
propaganda or otherwise attempting to influence 
legislation, and the corporation shall not participate in, or 
intervene in (including the publication or distribution of 
statements) any political campaign on behalf of any 
candidate for public office. Notwithstanding any other 
provision of these articles, the corporation shall not carry 
on any activities not permitted (a) by a corporation exempt 
from Federal income tax under section 501 (c) (3) of the 
Internal Reven ue Code of 1954 (or the corresponding 
provision of any future United States Revenue Law) or (b) 
by a corporation, contributions. to which are deductible 
under section 170 (c) (2) of the Internal Revenue Code of 
1954 (or the corresponding provision of any future United 
Stales Internal Revenue law). 

Upon dissolution of the corporation, the Board of Directors 
shall, after paying or making provision for the payment of 
all the liabilities of the corporation, dispose of all the 
assets of the corporation exclusively for the purposes of 
the corporation in such manner, or to such organization or 
organizations organized and operated exclusively for 
charitable, educational, or scientific purposes as shall at 
the time qualify as an exempt organization under section 
501 (c) (3) of the Internal Revenue Code of 1954 (or the 
corresponding provision of any future United States 
Internal Revenue law), as the Board of Directors shall 
determine. Any of such assets not disposed of shall be 
disposed of by the Court of Common Pleas in the county in 
which the principal office of the corporation is then 
located, exclusively for such purposes or to such 
organization or organizations, as said Court shall 
determine, which are organized and operated exclusively 
for such purposes. 
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ARTICLE IV-

Section 1. 

Section 2. 

Section 3. 

Section 4. 

Section 5. 

Section 6. 

Section 7. 

Constitution and By-Laws 

Membership 

There shall be 5 classes of membership, namely: 
1. Active Membership 
2. Sustaining Membership 
3. Student Membership 
4. Honorary Membership 
5. Emeritus Membership 

Subject to the recommendation of the Membership 
Committee and final confirmation by the Board of 
Directors, any person who has an active interest in 
entomology, upon payment of dues hereinafter provided 
fOT, may become an active member. 

Subject to the recommendation of the Membership 
Committee and final confirmation by the Board of 
Directors, any person or firm who is interested in the 
promotion of the field of entomology, upon payment of 
dues hereinafter provided for, may become a sustaining 
member. 

Upon recommendation of the Membership Committee and 
final confirmation on the Board of Directors, any student, 
upon payment of the dues hereinafter provided for, may 
become a student member. 

Upon recommendation of the Membership Committee and 
final confirmation of the Board of Directors, an honorary 
membership may be conferred upon any person for a 
distinguished achievement or service by a vote of two
thirds of lhe voting members present at any annual 
meeting. Honorary membership is conferred for life. 

Subject to the recommendation or the Membership 
Committee and final confirmation of the Board of Directors, 
a former active member in good standing who has been 
retired from hislher principal occupation may become an 
Emeritus Member. With the exception of gratis 
subscriptions, such a member shall have all rights and 
privileges of active membership and will be relieved of 
payment of dues. Emeritus Membership is conferred for 
life. 

Only active, student. and emeritus members in good 
standing shaIl be eligible to vole or be eligible ror election to 
office or to the Board of Directors, or retention in office. 
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ARTICLE V -

Section 1. 

Section 2. 

Section 3. 

Section 4. 

ARTICLE VI-

Section 1. 

Section 2. 
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Officers 

The officers of the Society shall be a President, Vice 
President, Secretary-Treasurer, and Historian who shall 
be elected for a term of one (1) year. Only the Secretary
Treasurer and Historian may succeed themselves in office; 
however, their terms in office shall be limited to three (3) 
consecutive years. 

The officers shall be elected by a majority of votes of 
active, student and emeritus members present at the 
annual meeting and shall be inducted into office at the 
close of the annual meeting, and shall hold office until 
their successors have been qualified. 

In the event of a vacancy in the office of President, the 
Vice~President shall assume the duties of that office. In 
the event of a vacancy in any other office, an active, student 
or emeritus member of the Society shall be appointed by the 
Board of Directors to hold such office until the next annual 
meeting at which time a member shall be elected. 

Where there is not a quorum of six (6) members present at 
any regular authorized Board of Directors meeting, the 
President is hereby authorized to appoint temporarily any 
active, student, or emeritus member in good standing to 
act on said board at any meeting as a Board of Directors 
member with full authority. 

Directors 

The Board of Directors shall consist of all elected officers 
and committee chairpersons appointed by the President. 
The President shall be the Chairperson of the Board of 
Directors. 

The Board of Directors shall have the rights, powers, 
privileges, and duties as are generally conferred upon 
Boards of Directors and, in addition thereto, shall: 
A. Conduct the business of the Society. 
B. Select a depository or depositories for the fund(s) of the 

Society. 
C. Devise ways and means of increasing the membership and 

providing for the financing of the Society. 
D. Fix the time and place of the annual meeting. 
E. PerfanD such other duties as may be specified or specifi

cally delegated to it. 
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ARTICLE VU -

Section 1. 

Section 2. 

Section 3. 

ARTICLE VIII -

Section 1. 

ARTICLE IX-

Section 1. 

ARTICLE X-

Section 1. 

Constitution and By·Laws 

Voting Privileges 

Every active, student, and emeritus member of the Society 
present at the annual meeting and who is in good 
standing prior to the first business meeting shall be 
entitled to one vote. 

In addition to the persons nominated for such offices by 
the Nomination Committee, other nominations for such 
offices may be made from the noor. 

A majority of the voting members present at the annual 
meeting will suffice for election of officers or decision of all 
motions except as may be specified elsewhere in this 
Constitution. 

Resolutions 

Resolutions may be proposed in writing by five (5) voting 
members in good standing and submitted in duplicate to 
the Secretary-Treasurer of the Society. Upon receipt of 
any such resolution, one copy shall be delivered by the 
Secretary-Treasurer to the Resolutions Committee. The 
Society shall not act on any resolution dealing with 
controversial questions which are fundamentally racial, 
religious, or political in their character. 

Loss of Membership 

Whenever any member is deemed to have committed 
willfully an act bringing discredit to the Society, the Board 
of Directors, upon the filing of a written complaint, may 
suspend membership in the Society until a complete 
investigation has been made by the Membership 
Committee. A two-thirds vote of the voting members 
present at the annual meeting is necessary to expel a 
member from the Society. 

Amendments 

This Constitution may be amended at any annual meeting 
by a two-thirds vote of the responding voting membership 
of the Society, provided a ballot and the proposed 
amendment in writing shall have been mailed to each 
voting member at least thirty days before such meeting 
and that mail-ballots shall be counted as valid. Minor 
changes in the proposed amendment(s) may be made by 
the Society members in attendance at the annual meeting 
during the course of their consideration. 
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BY-LAWS 
SOUTH CAROLINA ENTOMOLOGICAL SOCIETY, INC. 

ARTICLE 1-

Section 1. 

Section 2. 

Section 3. 

Section 4·, 

ARTICLE II-

Section 1. 

Section 2. 

Section 3. 

Section 4. 

Finances 

Annual dues for the various classes of membership shall 
be established by the Board of Directors and then 
approved by a majority vote of the membership at an 
Annual Meeting. 

Other income including that from publications of the 
Society will be available. 

Subscription fees and other Society financial polices shall 
be established by the Board of Directors and then 
approved by an majority vote of the membership at an 
Annual Meeting. 

No more than 80% of the annual interest from the J. H. 
Cochran Memorial Fund shall be distributed to awardees. 

Duties of Officers 

The duties of officers shall be such as are implied by their 
respective titles and which usually pertain to their 
respective offices, together with such other duties as are 
specified in these by-laws, or may from time to time be 
delegated to them by the Board of Directors. 

The President shall be chairperson of the Board of 
Directors, preside at the annual business meeting of the 
Society, and appoint all committee chairpersons thereof, 
except as hereinafter provided. 

The Secretary-Treasurer shall keep full records of all 
proceedings of the Society and of the Board of Directors, 
have the custody of all records and papers belonging to it, 
unless otherwise provided for, notify in writing aJl officers 
of their elections and all members of committees of their 
appointment, give notice of the time, place, and purpose of 
all meetings, and conduct the correspondence of the 
Society and the Board of Directors. It shall be his duty 
also to notify any member of any change which may occur 
in his membership status. 

The Secretary-Treasurer shall have charge of all funds of 
the Society and shall deposit the same in an account 
designated by the Board of Directors. The Secretary
Treasurer shall report the fmancia] condition of the Society 
to the Board of Directors whenever requested to do so. 
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Section 5. 

ARTICLE lIJ -

Section 1. 

Section 2. 

Section 3. 

Section 4. 

Section 5. 

Section 6. 

Constitution and By-Laws 

The Secretary-Treasurer shall make a written report at 
the annual meeting of the society. 

Committees 

There shall be the following standing commitlces: 
(A) Nomination Committee 
(B) Resolutions Committee 
(C) Program Committee 
(D) Membership Committee 
(EJ Editorial Committee 
(F) Auditing Committee 
(G) Awards Committee 

The Nominating Committee shall consist of three 
members. The Chairperson of this committee will appoint 
the other members of the committee. The committee shaJl 
prepare and submit at the annual meeting the names of 
the person it recommends for the various offices to be 
filled by election. 

The Resolutions Committee shall consist of three 
members. The Chairperson of this committee will appoint 
the other members of the commitlce. It shall be the duty 
of the committee to consider all resolutions referred to it 
by the Secretary-Treasurer and report upon each 
resolution with its recommendation at the annual 
business meeting. 

The Program Committee shall consist of three members. 
The Chairperson or this committee will appoint the other 
members of the committee. It shall be the duty of the 
committee to make all arrangements for a program at the 
annual meeting. 

The Membership Committee shall consist of three 
members. The Chairperson of this committee will appoint 
the other members of the committee. It shall be the duty 
of the committee to devise ways of increasing the 
membership of the Society and to acknowledge new 
members by name at the annual meeting. It shall be the 
duty of this Committee to review annually the status of 
student members. 

The Editorial Commitlce shall consist of the Editor, the 
Business Manager, the Technical Editor, and the Subject 
Editors of the Journal of Agricultural Entomology, all of 
whom shall be members of the South Carolina 
Entomological Society in good standing. The Editor shall 
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Section 7. 

ARTICLE IV-

Section I. 

Section 2. 

Section 3. 
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be appointed or reappointed for three~year terms that may 
run consecutively by the President of the South Carolina 
Entomological Society acting in consultation with the 
Board of Directors. The Board of Directors shall appoint or 
reappoint a Business Manager for the Journal of 
Agricultural Entomology for three-year terms that may 
run consecutively. The Editor shall appoint the Technical 
Editor and Subject Editors for three-year terms that may 
run consecutively. The Editor shall chair the Editorial 
Committee. It shall be the duty of the Committee to 
establish publication and editorial policies for the Journal 
of Agricultural Entomology as specified in Article TV, to 
review and edit articles and materials submitted for 
publication and recommend those articles and materials 
which it believes satisfactory for publication, and to devise 
ways and means for publication of articles. 

The Auditing Committee shall consist of three members. 
The Chairperson of this Committee will appoint the other 
members of the Committee. It shall be the duty of the 
Committee to make an annual audit of the funds of the 
Society, to approve the financial report of the Secretary
Treasurer made at the annual meeting, to make an 
annual audit of the books maintained by the Business 
Manager of the Journal of Agricultural Entomology, and 
to report the Committee's findings at the annual meeting. 
The Committee may contract a professional auditor to 
assist in these responsibilities. 

Publications 

The Journal of Agricultural Entomology shall be 
published under the auspices of the South Carolina 
Entomological Society. 

The Editorial Committee shall recommend for approval by 
the Board of Directors the publication and editorial 
policies of the Journal of Agricultural Entomology. Such 
policics shall be summarily published in the Journal and 
as necessary in correspondence with authors. Proposed 
changes to policies must be approved by the Board of 
Directors. 

The Editor shall maintain administrative oversight of the 
editorial process. 
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Section 4. 

Section 5. 

ARTICLE V-

Section 1. 

ARTICLE VI-

Section 1. 

The Business Manager shall manage all business 
transactions related t.o subscriptions, editing, printing, 
and distribution of the Journal. 

The Board of Directors shall make contractual agreements 
with the Editor and Business Manager for three-year 
appointments. The Editor and Business Manager shall 
receive remuneration for their services. 

Application for Membership 

Any person may make application for membership upon 
such form or forms as may from time to time be prescribed 
by the Board of Directors. 

Amendments 

The By-laws of the South Carolina Entomological Society 
may be amended at any Annual Meeting by a two-thirds 
vote of those members present and voting. 
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INTRODUCING OUR NEW EDITOR 

Bob Cartwright 

Dr. Bob Cartwright will be replacing Dr. Catherine A. Walgenbach as the new 
Editor of the Journal of Agricul.tural Entamology as of January I, 1994. We 
regret losing Cathy to the responsibilities of motherhood but will always 
remember that she provided exceptional service and carried out the duties of 
Editor with distinction. Dr. Bob Cartwright, located at Oklahoma State 
University, is eager to assume his new role as Editor of our Journal and I am 
sure we will all want to congratulate him on this new endeavor. 

Bob received his Ph.D. in Entomology in 1983 from the Virginia Polytechnic 
Institute and State University, Blacksburg, VA. His B. S. (Agriculture/ 
Entomology Major-1978) and M. S. (Entomology 1979) degrees were obtained from 
Oklahoma State University, Stillwater, OK. Bob has more than 10 years 
experience in entomological research and currently holds an Associate 
Pmfessorship in the Dept. of Entomology, Oklahoma State University, where he is 
responsible for developing pest management systems for arthropod pests of 
vegetable crops. His duties are split 75% research and 25% extension. 

Professional organizations in which Bob actively participates include: The 
Entomological Society of America, Oklahoma Beekeepers Association, 
Southwestern Entomological Society, Oklahoma Vegetable Association and, I 
hope soon the South Carolina Entomological Society. On the international 
scene, Bob currently serves on the Working Group on Developing Economic 
Thresholds for Vegetable Pests, 1st Congress, Skeirniewicz, Poland; the 
Vegetable Committee, International Organization for Pesticide Resistance 
Management; and as consultant for Chestnut Hill Farms, Miami, FL advising 
on technical aspects of pest control on strawberries in Central America. 

Bob brings with him considerable experience publishing and editing research 
articles. He has served as subject editor for Insecticide and Acaricide Tests for 5 
years and reviews many manuscripts for the various journals annually. His 
knowledge and experience in entomology covers an extensive range as 
evidenced by his own numerous publications which include 25 refereed articles. 
3 book chapters. 34 extension publications, and 62 other miscellaneous 
publications. 

I'm sure Bob's numerous talents will be utilized to the fullest as t.he new Editor 
of the Journal of Agricultural Entomology and I hope you will all join me in 
welcoming Bob to this new position and work with him to make our journal one 
of the best of its kind. Please note that manuscripts should now be submitted to 
the new address located on the inside cover. 

John D. Hopkins, President 
South Carolina Entomological Society 



84 J. Agric. Entomol. Vol. 11, No.1 (1994) 

NOTICE TO CONTRIBUTORS 

Please make note of the address of our new editor, which is where manuscripts 
should be submitted for publication after January 1, 1994. 

Dr. Bob Cartwright, Editor 
Journal ofAgricultural Entomology 

Oklahoma State University
 
WWAREC
 

P. O. Box 128
 
T,ane, OK 74555·0128
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ABSTRACT Laboratory feeding trials were conducted to assess the 
comparative impact of registered and new unregistered insecticide-treated 
bran baits on nontarget epigcal arthropods. Yellow mealworm beetles and 
larvae (Tcllebrio molitor, L.) (8 surrogate, surface-dwelling tenebrionid) were 
individually housed in containers and exposed to five different dosages 
(quantities) of bran bait treated with three different insecticides. Response to 
the baits (mortality in beetles and moribundity in larvae) was greatest in the 
chlorpyrifos bait tr'eatment, and progressively lower in the dimethoate and 
carbaryl treatments. Mealworm beetles and larvae showed a probit re!iponse 
to increasing dosages of carbaryl and dimethoate bl'on bait as evidenced by 
the sigmoidal shape of their mortality curves (i.e., increasing dosages of bran 
bait corresponded to increased responses). The mortality curves for yellow 
mealworms exposed to these same dosages of chlorpyrifos hait lacked the 
characteristic sigmoidal shape and were low-sloped. Fecding trials with 
chlorpyrifos buit at low enough dosages to produce a sigmoid rC!iponse were 
not conducted. It is postulated thai field populations of tenebrionids could be 
negatively affected by the use of chlorpyrifos bait to control grasshopper 
populations. 

KEY WORDS l'encbrio moWor L., bran bait, nonlurget, carbaryl, dimethoate, 
chlorpyriros, Coleoptera, Tenebrionidae. 

The widespread use of insecticides by the agricultural industry makes the 
periodic exposure of nontarget organisms to these insecticides unavoidable. The 
increasing body of literature examining impact of insecticides on nontarget 
organisms (Ripper 1956, Newsom 1967, Pimentel 1971, McEwen et al. 1972, 
Ware 1980, Brandenburg 1985) attests to the perceived need for agents or 
formulations that pmvide suitable levels of pest control, and yet spare nontarget 
invertebrates. 

Contribution No. 3879055 from the Agriculture Canada Research Station, Lethbridge. Alberta. 
=! Received for publication 23 March 1993; llccepted 12 NO'icmbcr 1993. 
:I Environment Canada. Edmonton, Alberta T6B 2X3. Canada. 
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Bran bait formulations of insecticides have been suggested as such agents, 
and have proven to be efficient methods of pest control. Carbaryl (Foster et a1. 
1979, Onsager et al. 1980, Johnson 1986, Johnson and Henry 1987, Johnson et 
al. 1987, Quinn et a1. 1989), chlorpyrifos (Johnson 1986, Johnson et a1. 1987, 
Boetel et a1. 1989a,b), and dimethoate (Mukerji et a1. 1981, Johnson and Henry 
1987) bran baits have all been shown to provide significant levels of 
grasshopper control. These insecticides are commonly used in spray 
fonnulations to reduce the damage caused by grasshopper infestations of cereal 
crops and grasslands. In 1986, an estimated 69,100 liters of Sevin XLR 
(carbaryl), 60,000 liters of Lorsban (chlorpyrifos), 42,000 liters of Cygan 
(dimethoate), and 15,500 kg of Hopper Stopper (dimethoate bran bait) were 
applied in Alberta for grasshopper control (D. Johnson and M. Dolinski [Alberta 
Agriculture], unpublished data). Presently in Canada, only dimethoate is 
registered in a bran bait formulation for grasshopper control. Studies of the 
potential impact on nontarget organisms are required prior to the registration 
of new bran baits. 

Bran baits' lower concentrations of active ingredients and reduced rate of 
drift result in lower direct contact and less residue buildup on crops relative to 
spray fonnulations, factors which make these baits safer for most nontarget 
organisms. In addition, the impact of bran bait is greatest on those organisms 
which actively feed on it (Le., grasshoppers). A consequence of this, however, is 
that organisms with feeding habits similar to those of grasshoppers are also 
affected. Such organisms include herbivorous species of beetles. 

Quinn et a!. (1990) noted that field populations of darkling beetles were 
reduced by 59% after exposure to carbaryl bait. McColloch (1918) determined 
that adult Eleodes tricostata Say (a tenebrionid) were susceptible to poisoned 
baits, but the larvae were not. George et al. (1992) noted that field populations 
of Coleoptera had not returned to pretreatment population densities 1 yr after 
exposure to carbaryl qran bait. 

With over 1000 species in North America (Doyen and Tschinkel 1974), the 
Tenebrionidae family is prevalent in many different environments. The surface
dwelling members of this beetle family are detritivores (Arnett 1986), and thus 
are the group of nontarget insects most likely to be negatively affected by 
grasshopper control measures using bran bait. I 

The objective of the current research was to compare the effects of various 
levels of registered and unregistered bran baits on the survival of yellow 
rnealworms (Tenebrio molilor L.), a nontarget tenebrionid species. 

Materials and Methods 

Mealworm beetles and larvae were individually housed in containers in the 
laboratory and exposed to bran bait treated with carbaryl, dimethoate, or 
chlorpyrifos insecticide, each at five dosages. The insects were reared at 20°C 
and 50% R.H. in 2-liter mason jars containing a mixture of four parts each of 
yellow cornmeal, wheat bran, wheat germ, white flour, and one part brewer's 
yeast (modified from Cotton 1956). 

Separate trials were conducted for beetles and larvae. For the beetle trial, one 
newly-emerged adult beetle (" 1 wk old) was placed in each of200 50-ml plastic 
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containers in a randomized complete block design. Each of the 10 blocks 
contained 20 treatments. The treatments consisted of five dosages of bran bait 
(0.007,0.018,0.050,0.135, and 0.370 g), of each of three baits used, 4% carbaryl 
bait (A.1. by weight), 5.3% dimethoate bait, and 3% chlorpyrifos bait as well as 
five controls (no bait). These levels corresponded to a field rate of 5 kg/ha (0.007 
g), and 2.5, 7, 19, and 53 times this rate. After 24 h, 10 g of a soil/peatmoss 
mixture (50:50), 2 g of the rearing medium (food), a No.1 filter paper (refuge), 
and a small piece (approx. 1 g) of carrot were placed in each container to 
provide moisture and food. Additional carrot pieces were added every 3 d if 
necessary. Daily assessments were made of the number of beetles dead, 
moribund (limited response to probe stimulation), and unaffected by the bait 
(typical reaction to probe stimulation). The experiment was terminated after 22 
d, at which time no further mortality due to the treatments was evident. 

The larvae trial followed the same experimental design, procedure, and 
feeding regime as the adult trial, using larvae with a mean weight of 0.14 g 
(SO = 0.02). The experiment was terminated after 17 d. 

Bran bait formulation. Commercial formulations of carbaryl (Sevin XLR, 
Rhone Poulenc Canada Inc., Montreal, Quebec), chlorpyrifos (Lorsban 4E, Dow 
Chemical Canada Inc., Sarnia, Ontario), and dimethoate (Cygon 480, Cyanamid 
Canada Inc., Markham, Ontario) were used to prepare the baits. Bran bait 
formulations of these insecticides were 4% carbaryl, 3% chlorpyrifos. and 5.3% 
dimethoate (A.I. by weight), which are concentrations typically used in 
grasshopper control studies (Johnson et al. 1987, Boetel et al. 1989a,b, Quinn et 
al. 1989). The carbaryl bait was formulated as described by Johnson and Henry 
(987), and the chlorpyrifos bait was formulated as described by Johnson 
(1986). Commercially available dimethoate bran bait was used ("Hopper 
Stopper" - Peacock Industries, Saskatoon, Saskatchewan). 

Statistical analyses. Data were analyzed using the Sl08-Multiline Quantal 
Bioassay computer program (Morse et al. 1987). The program fits dose-response 
regression equations to quantal data, using maximum likelihood estimation. 
The regression allows for estimation of the effective dose (ED), i.e., the dose 
necessary to precipitate a response (lethal or sublethal) in a specified 
proportion of the treated individuals (cf. Morse et al. 1987). The program also 
calculates a common regression line which is used to test the hypothesis that 
the individual probit lines are identical. If the probit lines for the treatments 
differ, tests are performed to determine if the difference is due to the intercepts, 
the slopes, or both (Finney 1971). Mealworm responses were analyzed 
cumulatively (referred to subsequently as 5 d, 10 d, and 15 d cumulative 
responses). 

Plots of the observed percentage responses against )oglO(dose) of bait 
quantity, together with the curve of expected values (as calculated by the 
maximum likelihood regression of probit response on transformed bran bait 
doses) lVere generated using SAS (SAS Institute 1985). 

Results 

Bait had a lethal eflect on beetles, with very few observed in moribund states 
and a significant number being affected within hours of exposure to the baits. 



88 J. Agric. Entomol. Vol. 11, No.2 (1994) 

Larvae, on the other hand, remained moribund for many days with few dying 
within the time-frame of the experiment. Data analysis was, therefore, 
conducted on time-to-death for beetles, and time-ta-moribundity for larvae. 

Slopes of mortality curves for carbaryl and dimethoate in beetles were 
statistically indistinguishable on days 5 and 10. The mortality data for both 
compounds were therefore pooled on each day and common mortality curves 
generated. The slopes of the common mortality curves for beetles treated with 
carbaryl and dimethoate were calculated to be 2.60 and 3.46 for the 5 d and 10 d 
mortality responses, respectively (Table 1). The 5-d and lO-d common response 
curve slopes for larvae moribundity were 0.97 and 2.67, respectively (Table 1). 
The response curves for the beetles and larvae are presented in Figs. 1 and 2, 
respectively. 

Table 1.	 Probit lines, significance tests and effective doses for yeUow 
mealworm beetles and larvae.o 

Day	 Treatment Probit Model (y=) SE (slope) )(l (dO ED50 ED.5 

Adults 

1-5	 Carbaryl 2.041 + 2.284 (x) 0.584 0.807 (3) 0.128 0.671 
Dimethoate 2.770 + 3.061 (x) 0.807 0.300 (3) 0.125 0.429 
Commonb 2.345 + 2.605 (x) 0.012 (1) 0.126 0.539 

1-10	 Carbaryl 5.644 + 4.998 (x) 1.523 0.015 (3) 0.074 0.159 
Dimethoate 4.166 + 3.104 (x) 0.764 0.309 (3) 0.046 0.154 
Commono 4.288 + 3.457 (x) 3.183 (1) 0.058 0.172 

1-15	 Carbaryl 5.212 + 4.453 (x) 1.328 0.089 (3) 0.068 0.158 
Dimethoate 5.801 + 3.711 (x) 0.994 0.412 (3) 0.027 0.076 
Commonb 6.217 + 3.977 (x) 0.203 (l) 0.043 0.141 

Larvae 

1-5	 Carbaryl 0.428 + 1.651 (x) 0.700 2.402 (3) 0.550 5.456 
Oimethoate 0.539 + 0.880 (x) 0.341 5.094 (3) 0.244 18.090 
Commonc 0.314 + 0.974 (x) 1.113 (1) 0.475 23.270 

1-10	 Carbaryl 1.145 + 2.128 (x) 0.726 2.335 (3) 0.290 1.718 
Dimethoate 3.751 + 3.864 (x) 1.080 7.465 (3) 0.107 0.285 
Commonb 2.617 + 2.668 (x) 2.223 (l) N/A N/A 

'"	 N/A:: not enough intermediate responses for analysis; ED =effective dose required to achieve 50% or 
95% response; x = log dose. 

b =identicllllines (same slope P ;> 0.05, same intercept P;> 0.05). 
~ :: pllrollcl1ines (same slope P;> 0.05, different intercepts P < 0.05). 
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The beetle 5-d effective dose for 50% response (EDso), calculated from the 
common probit analysis (carbaryl and dimethoate), was 0.13 g as compared 
with 0.48 g for the larvae (Table 1). 

The response of the larvae to bran bait was greatest in the chlorpyrifos bait 
treatments, less in the dimethoate and least in the carbaryl bait treatments 
(Fig. 2). Both beetles and larvae displayed an immediate and pronounced 
response to the chlorpyrifos treatments, succumbing within hours of exposure. 
The 5-d and 10-d responses for beetles in the carbaryl and dimethoate 
treatments were not significantly different from each other (Table 1). After 15 d, 
the mortality curves were parallel but with different intercepts, indicating a 
more pronounced mortality response for dimethoate-treated beetles than for 
carbaryl-treated beetles. The 5-d and 10-d dose responses for the larvae 
revealed that the carbaryl and dimethoate regression lines were parallel to 
each other, but had difTerent intercepts (Table 1). 

The ED50 values for carbaryl and dimethoate reveal similar relationships 
(Table 1). For the beetle 5-d and 10-d responses, the EDso for carbaryl and 
dimethoate were equivalent, but for the 15-d response, the EDso for dimethoate 
was less than that for carbaryl. For larvae, the ED50 for dimethoate was lower 
than that for carbaryl on days 5 and 10 (Table 1). 

The sigmoidal shape of the dose-response mortality curves (Figs. 1, 2) 
indicates that increasing dosages of bran bait corresponded to increasing levels 
of response. The chlorpyrifos bait treatments reached nearly complete mortality 
at lower dosages. Mortality in beetles and moribundity in larvae reached 100% 
with only 0.018 g of chlorpyrifos bait (log dose - 1.74; Figs. 1,2). When beetles 
and larvae were confined with similar amounts of carbaryl and dimethoate bait, 
oand 10% or less, respectively, they became moribund. 

Total response of beetles and larvae to the bran bait was enhanced over time, 
as shown by the increasing slope of the functional response curves from the 5-d 
response through to the 15-d response (Figs. 1, 2, Table 1). The slopes of the 
common mortality curves for beetles were 2.61, 3.46, and 3.98 for the 5-d, 10-d, 
and 15-d responses, respectively. The same trend was evident for the larvae, 
the slope of the response curve increasing from 0.97 for the 5-d response to 2.67 
for the 10-d response (Table 1). 

Discussion 

Chlorpyrifos-treated bran bait had a greater effect on beetles and larvae than 
either carbaryl- or dimethoate-treated bran bait. The slopes of the dose-response 
curves for carbaryl. and dimethoate-treated bait were high. Hudson et al. 
(1984) noted that the dose response curves for most of the chlorpyrifos-treated 
nontarget species he studied had low slopes. The implications of low slope 
response curves are that some individuals will be affected by the bait, even at 
treatment levels significantly lower than the LDso (Tucker and Leitzke 1979). 
The steep slopes of the dose-response curves for carbaryl and dimethoate bran 
baits are characteristic of "safer" toxicants. They imply that dosages lower than 
the LDso would not cause significant levels of mortality among yellow 
mealworms. 
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Mealworm beetles and larvae exhibited a probit response to the carbaryl and 
dimethoate baits (Le., increasing rates of bran bait corresponded to increasing 
responses). A probit response was not observed for beetles or larvae in the 
chlorpyrifos treatments. High rates of mortality for beetles and high levels of 
moribundity for larvae, were observed even at the lowest levels of chlorpyrifos 
bait. This low level response further illustrates the toxic nature of chlorpyrifos 
bait. This study did not attempt to estimate the threshold below which no 
effects are produced by chlorpyrifos bait. 

Mortality of beetles exposed to the carbaryl and dimethoate baits became 
more pronounced over time. Evidently. the bran bait was effective throughout 
the experimental period. The immediate and total response of the beetles and 
larvae to the chlorpyrifos bait precluded any time-response trend which 
otherwise might have been observed. It is doubtful whether the longevity of 
bran bait would be of significance in a field setting. Although rainfall and 
sunlight might begin to degrade the bait shortly after its deposition in the field, 
most would be ingested in a short period of time by both target and nontarget 
organisms (Mukerji et al. 1981). 

Mealworm larvae were more tolerant of insecticide-treated bran baits than 
adults. Larvae have lower activity and respiration rates and presumably, 
absorb less insecticide. In addition, the larvae have endocrine systems which 
are particularly insensitive to organophosphorus and carbamate insecticides 
(McCaleb et al. 1980, Sparks and Hammock 1980). 

Field studies would be necessary to determine if the use of bran bait in a 
grasshopper control program would have any impact on the field survival, age 
structure, and rate of growth oftenebrionid populations. Direct extrapolation of 
these results to a field setting is not possible. The meal worms were, in some 
cases, exposed to quantities of bran bait many times higher than what they 
could be expected to encounter in the field. However, these laboratory trials 
gave the mealworms a maximum and prolonged exposure under controlled 
conditions to the different bran baits, a necessary first step prior to field work. 
The results indicate that yellow mealworms would have to ingest or come into 
contact with relatively large amounts of carbaryl or dimethoate bait before 
appreciable losses would occur. Exposure to only small amounts of chlorpyrifos 
bait, however, could have a significant impact on tenebrionid populations. 
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ABSTRACT Experiments were conducted to evaluate the potential lor 
controlling striped cucumber beetle (SteB), Acalymma vittata (F.), on 
cucumber, Cllcumis sativa (L.). using a squash trap crop. A squash. 
Cucurbita maxima (Duch.) cv. 'NK530', was identified in greenhouse choice 
assays as being exceptionally attractive to SleB. Trap crop experiments were 
conducted using 50% and 15% of experimental plots planted to the trap crop. 
In both sets of experiments. plots which contained squash were more 
attractive than plots which did not. In 50% experiments, at least 70% of 
beetles found in plots were found on squash plants throughout the sampling 
period, with 90% on squash during the first 5 d. The use of a feeding 
deterrent on cucumbers did not significantly enhance the attractiveness of 
squash. In 15% experiments, over 70% of beetles were found on squash 
plants initially, although this number declined after 3 d. Two planting 
arrangements were tested and found not to differ. These experiments 
demonstrate strong potential for the usc of this control strategy. 

KEY WORDS Acalymma viua/a, striped cucumber beetle, trap crop, cultural 
control, Cucumis sativa. Cucurbita maxima, colonization, aggregation, 
Coleoptera, Chrysomclidae. 

The use of trap crops has been suggested as a control strategy for agricultural 
pest insects since the idea was advanced by Stern (1969) io the use of alfalfa 
interplanted with cotton for control of western lygus bugs (Lygus hesperus 
Knight and L. elisus Van Duzee) on cotton. Hokkanen (1991) surveyed the 
literature on trap cropping and noted two general strategies: l} early planting of 
a trap crop to coincide with emergence of the pest, prior to establishment of the 
main crop and 2) establishment of trap and commercial crops simultaneously. 
The latter relies on a trap crop with stronger attractive qualities to the pest than 
the commercial crop. 

I Received for publiwtion 13 August 1993; accepted 12 January 1994. 
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Management factors that may affect trap crop performance include: the 
choice of trap species, the size and location of the stands, establishment and 
growing operations (fertility levels, tillage practices), possible manipulations to 
increase their attractiveness (use of antifeedants on commercial crop, 
application of attractants to the trap crop), and pesticide treatments (Hokkanen 
1991). Based on their extensive work on the chemical ecology of pests, Rhodes 
et al. (1980) suggested the use of trap crops to control pests of the genus 
Diabrotica. The present study evaluates the potential of a squash (Cucurbita 
spp.) trap crop to control striped cucumber beetle (StCB), Acalyrnrna uit/ata 
(F.), on cucumber, Cucumis sativa (L.). 

There is evidence that StCB has a marked preference for certain genera of 
the Cucurbitaceae, specifically for Cucurbita spp. relative to Cucumis spp. 
Gould (1944) noted that StCB's would feed on zucchini-type squashes, 
Cucurbita pepo (L.), before feeding on cucumbers (Cucumis sativa). Lower 
(1972) found that degree and frequency of feeding damage on cucumber were 
greater when lZucchini Elite' squash (C. pepo) was the surrounding cultivar 
than when any of three cucumber cultivars were the surrounding plants, 
suggesting attractiveness of squash. Elsey (1988) supported this with his 
observation of higher numbers of StCB's in patches of zucchini than patches of 
cucumber. In a ranking of preference for several genera of the Cucurbitaceae, 
Howe et al. (1972) found strong preference by StCB for species of Cucurbita, 
with C. maxima Duch. the most preferred, although Cucumis sativa was the 
second·most preferred. However, leaf disk choice assays in petri dishes were 
used in this study, and it is possible that using injured tissue may alter the 
volatile chemical environment in the dishes (Carrol and Hoffman 1980, Risch 
1985). 

Preference has been demonstrated both within and between species of 
Cucurbita. Wiseman et al. (1961) showed that StCB has strong preference for 
seedlings of certain cultivars within Cucurbita pepo over others of the same 
species. Further study of feeding by Diabrotica spp. on intact cotyledons of 
various Cucurbita cultivars resulted in near-maximum damage ratings on 
zucchini-types and near-zero damage on scallop and acorn squashes, all of which 
are cultivars of C. pepo (Ferguson et al. 1983). Likewise, among hundreds of wild 
and cultivated cucurbits screened for feeding resistance, zucchinis (C. pepoJ were 
rated among the most damaged from feeding of StCB and southern corn 
rootworm (SCR), Diabrotica undecimpullctata howardi Barber, while some of 
the pumpkins (C. pepo) were least damaged (Baker and Robinson 1985). Howe 
and Rhodes (1976) dacumented a strong attraction of StCB to nine Cucurbita 
spp. tested in the field, with the highest numbers of beetles attacking C. 
maxima. Thus, both preference for Cucurbita spp. over Cucumis spp., and 
preferences for certain species within Cucurbita are well documented. 

Cucurbitacins, triterpenoid compounds common to the family Cucurbitaceae, 
have been shown to strongly influence the behavior of Diabrotica spp. beetles. 
Although most of the work with cucurbitacins has been done with members of 
the genus Diabrotica, similar activity has been demonstrated in the StCB 
(Metcalf et al. 1979, Rhodes et a!. 1980). Cucurbitacins may function only as an 
arrestant and feeding stimulant, while the combination of volatiles emanating 
from cucurbit seedlings functions as the long range attractant, causing the 
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sudden infestations typical of this pest. Lewis et al. (1990) confirmed that such 
eITective host finding involves olfactory cues received from seedlings. In a field 
experiment designed to deprive beetles from reception of visual or tactile cues, 
significant numbers of SteB's were trapped on veiled sticky cups containing 
concealed Cucurbila maxima seedlings. Cucurbitacins could influence the 
ability of a squash trap crop to hold StCB's for an extended period of time 
through their arrestant effect, though their function of attraction is in doubt. 

Based on these previous studies on StCB attraction and preference, a series 
of experiments was conducted in 1990 and 1991, designed to evaluate the 
potential for a trap crop strategy for controlling StCB in cucumber fields. 
Objectives of this study included: 1) identifying a cultivar of squash which is 
strongly preferred over cucumber, 2) examining two field characteristics 
hypothesized to have an effect on beetle tenure in cucumber plots: a) plot shape 
and b) soil texture, and 3) testing trap crop configurations in the field. 

Materials and Methods 

All field studies were carried out at the University of Maine Sustainable 
Agriculture Research Station in Stillwater, Maine. 

Host preference among cucumber and squash cultivars. Choice tests 
were conducted comparing cucumber, Cucumis sativa, with several squash 
cultivars of Cucurbita pepo and C. maxima. These squash species were chosen 
because of their high levels of cucurbitacin B (Ferguson et al. 1983), as well as 
their high feeding damage ratings (Wiseman et al. 1961, Ferguson et a!. 1983, 
Baker and Robinson 1985). 

Assays. Assays were conducted in a greenhouse. Each assay arena consisted 
of a Plexiglas™-sided cage with screened top and bottom, measuring 20 by 20 
by 40 em (length, width, height). and contained a seedling of one of the trap 
plant candidates at one end of the cage and a cucumber seedling (cv, 'Score', a 
variety grown commercially in Maine) at the other end. Squash cultivars tested 
included: Cucurbita maxima cvs: 'Sweet Mama' and INK530', and C. pepo cvs: 
IAmbassador', 'Caserta', 'Chefini', 'Gold Rush', and 'Black Jack'. In addition, a 
low cucurbitacin cucumber (Cucumis sativa) cv 'Marketmore 80', was tested 
against 'Score' cucumber. 

Plants were grown in 4.45 cm2 Jiffy StripTM peat pots in the glasshouse. 
Beetles, which were collected in the fall of 1990 and maintained in cages with 
cucumber plants (cv. 'Score') in the greenhouse, were held in plastic tubes 5 em 
in length and starved for 24 h prior to assay. At the start of each assay, holding 
tubes were inserted into the center of the long wall of one side of each cage, at a 
point approximately equidistant from the two seedlings. Then, a cardboard gate 
which had been holding the beetle in the tube was lifted out, allowing the beetle 
to enter the cage and select a seedling. The temperature during the assays 
ranged from ca. 20 to 30'C, and natural daylight illuminated the assay arenas. 
Upward air flow was maintained by blowing a stream of air over the tops of the 
cages using a tabletop fan on low speed. This was done to prevent plant 
volatiles from building up in the cage and thus disorienting the beetle. 
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The experiment was a randomized complete block design and blocks were 
usually conducted 12 replicates at a time, although the first few trials consisted of 
only four replicates. The positions of beetles in cages were checked approximately 
every hour through the daylight hours. A beetle was recorded as having chosen a 
seedling ifit remained on the originally chosen plant to the end of the day. 

Analysis. Data were analyzed using one~way analysis of variance. Data were 
expressed as the proportion of cages in a trial in which a beetle made a clear 
choice of a particular seedling. Cages in which choices were not made were not 
included in the analysis. Such situations included: 1) the beetle never left. the 
tube, and 2) the beetle left the tube but was never observed on a plant. Data 
from each trial were weighted according to the number of assay cages in which 
a particular combination of seedlings was tested. To correct for possible 
differences in choice based on the influence of leaf size, cotyledon length was 
measured and averaged for each trial (a strong correlation was found between 
total leaf area and abundance of a closely related tropical species, Acalymma 
innubium (F.) (Bach 1984)). These cotyledon lengths were incorporated into the 
ANOVA as a covariate. The mean proportions chosen were separated using the 
Tukey compromise test (Zar 1984); paired l~tests were used to directly discern 
preference for each candidate squash (C. pepo and C. maxima) over 'Score' 
(Cucumis sativa) by comparing mean proportions chosen to 0.5, the 
hypothetical proportion at which there is assumed to be no preference. 

Perimeter~to~area ratio. In 1990, a field experiment was designed to 
assess whether perimeter-to-area ratio of the planting affects a trap crop 
strategy. Four plots of equal area (25m2) were established on 26 May, using 100 
cucumber (Cucumis sativa) seedling transplants (cv. 'Score') spaced at 0.5 m in 
both directions. Plots were separated by a minimum of 100 m from each other or 
any other crop plantings to avoid interplot movement. Two plot shapes 
(differing in area by 1 m2) which represented the extremes of perimeter-to-area 
ratios (5 by 5 m-square, and 16 by 105m long) were replicated twice. Plots were 
marked with numbered red flags along the perimeter to create a coordinate grid 
so that day-to-day movements of beetles could be tracked. 

Sampling. Plots were sampled in the early morning for 4 or 5 consecutive 
days during three periods (25-28 June, 2-5 July, and 15-19 July), following a 
thorough examination of every plant and removal of all beetles from all plots 
during the previous evening. During sampling, each plant was examined, 
beetles were counted without disturbance, and their positions on the coordinate 
grid within the plots recorded. 

Analysis. The effect of plot shape on total density of beetles was tested using 
a two-way ANOVA (plot shape, sampling period), treated as a randomized 
complete block design, with two replicates of each treatment per block. Power of 
the test (b) was determined for detection of a ditTerence of 100% of the mean 
(Zar 1984). Indices of dispersion (l = s2 Ix) were calculated for each plot on each 
day for all three sampling periods. A t-test was used to test the null hypothesis 
I = 1. The effect of plot shape on colonization rate and dispersion (s2 I x) of 
colonizing beetles were discerned using a two~way ANOVA (plot shape, sampling 
period), with time within each period used as a covariate. Colonization rate data 
were expressed as a proportion of the maximum number of beetles that colonized 
each plot to eliminate confounding differences in local populations over time. 



RADIN & DRUMMOND: Trap Cropping to Control Striped Cucumber Beetle 99 

Soil texture experiments. Early in the 1990 field season, it was observed 
that beetles spend a significant portion of time in the soil and often can be seen 
under soil clods and in soil cracks. Experiments were designed to test whether 
soil surface texture influenced the tenure of beetles on individual plants. 

During the summer of 1990, an experiment was conducted in a 0.3-ha 
cucumber field planted with the hybrid cucumber, Cucumis sativa, cultivar 
'Score' spaced 1 m between rows and 0.5 m within rows. Four adjacent 
seedlings within each of four nonadjacent rows were used. On the afternoon of 
26 July 1990, three mating BtCB pairs were released into each of sixteen 0.6
m3 field cages; each cage covered an individual cucumber seedling. Beetles were 
marked on their left elytra to indicate sex and on the right by one of fOUT color 
groups. The purpose of using cages was to allow beetles to establish themselves 
on seedlings. Cages were then removed early the following morning without 
affecting the insect's behavior. Two treatments were replicated twice; two 
groups of fOUT adjacent plants in which the soil surface was finely pulverized by 
hand, and two groups in which the soil was left in its natural state (frequent 
surface cracks, 2-3/ m2, 2-4 cm in depth). 

Sampling. Cages were removed at 6:00 AM on 27 July, and beetles were 
counted on each plant. Plants were examined at 3-h intervals throughout the 
day. Observations were continued on the following 2.5 days, but only with 
morning and evening observations. 

Analysis. The number of beetles per four adjacent plants were log (X + 1) 
transformed and analyzed as a completely random design using a one-way 
ANOVA with repeated measw·es (Wilkinson 1989). 

A second experiment was conducted from 30 July to 7 August 1991. One 12
m2 plot consisted of four blocks; each block consisted of four subplots, each 
containing 16 plants arranged in four rows. Two levels of two factors appeared 
once in each block: two plant types, squash (Cucurbita maxima) cv. 'Sweet 
Mama' and cucumber (Cucumis sativa) cv. 'Score'; and two soil treatments (soil 
pulverized using a rototiller and soil left in its natural state). Plants were 
grown from seed in polystyrene Pro TraysT.\l in the glasshouse and transplanted 
at a spacing of 0.75 m in both directions. 

Sampling, Sampling was performed on six mornings during a 9~d period. 
Every plant in the plot was examined on every sample date. Data were analyzed 
as a randomized complete block design with split plots, with plant type and soil 
texture as the main plot factors and time as the subplot factor (Wilkinson 1989). 

Trap crop field test. Two trap crop planting ratios were evaluated in 1991: 
a 50:50 (Experiment One) and an 85:15 (Experiment Two) cucumber (Cucumis 
sativa) to squash (C. m.axima) ratio. 

Experiment One, 50% cucumber - 50% squash. In the first experiment, a total 
of three treatments were used: 1) 50% trap squash - 50% cucumber; 2) an 
arrangement identical to the first except that cucumber plants were sprayed 
with a feeding deterrent in an attempt to increase the attractiveness of the 
squash trap plants; and 3) 100% cucumber. Margosan-O™ (W. R. Grace and 
Co., Columbia, Maryland, USA), an ethanol·based preparation of azadirachtin, 
is a commercially available antifeedant compound containing 0.3% 
azadirachtin. Azadirachtin, a secondary natural product from seeds of the neern 
tree, Azadirachta indica A. Juss., has been shown to have activity as a feeding 
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deterrent against StGB in laboratory and greenhouse feeding assays (Reed et 
al. 1982). Neem extract containing 0.3% azadirachtin applied at both 100 ppm 
and 1000 ppm to cantaloupe seedlings in the greenhouse did not cause total 
rejection of treated plants by StGB's, although feeding relative to the untreated 
control was significantly deterred (Reed et al. 1982). 

Plots. Plants were grown from seed in Jiffy Strips peat pots in the 
greenhouse and transplanted into nine plots on 28 May. Varieties planted were 
'Score: a hybrid pickling cucumber and 'NK 530: a hybrid variety of Cucurbita 
maxima. Three treatments replicated three times were assigned in a completely 
randomized design to nine 225-m2 plots at a minimum distance of 100 m from 
each other, a maximum distance of 375 m, and turf grass in between plots. The 
neem oil spray was applied to runoff on three occasions (2, 6, and 13 dafter 
planting) at 40 ppm. The third treatment consisted of 100% cucumbers to test if 
the overall long-range attractiveness of plots containing trap plants differed 
from plots that lacked them. Each plot contained 400 plants in a 20 row by 20 
column array. Plants were spaced at 0.75 m in both directions. In plots 
containing both squash and cucumber, fOUT alternating groups of five rows 
(each considered a subplot) were planted running north to south. The eastern
most group was cucumber, followed by squash, cucumber, squash. This 
orientation was maintained through all nine of the plots. 

Sampling. Samples were taken during the cool early morning hours just 
after sunrise to avoid disturbing the beetles. The four subplots of each plot were 
divided into four sub-subplots, each consisting of 25 plants arranged in a five 
row by five column a....ay. This resulted in a total of 16 sub-subplots per plot. 
Plots were sampled on 14 occasions during a 23-d period starting on 2 June. On 
each sampling date, five plants were selected at random from each sub-subplot 
and the number ofbeetles*per-plant were recorded. 

Analysis. Data were analyzed using one-way analyses of variance for three 
tests: 1) to test for overall differences in attraction between the three treatments 
on a beetle-per-plant basis, summed over the entire sampling period of 23 days; 
2) to test for differences in the two trap crop treatments on a beetle-per-plant 
basis, both by sample day and over the entire sampling period; and 3) to test for 
differences between the two plant species within a plot on a beetle-per-plant 
basis, both by day and over the entire sampling period. The last test was 
contingent upon results of the second test; it was planned that if no differences 
were found between the trap crop plots with azadirachtin and those without 
azadirachtin, then the plots wouJd be treated as six individual blocks with two 
treatments per block (squash and cucumber) for the last test. Otherwise, the 
azadirachtin treatment would be included as a separate factor. Comparison of 
overall attractiveness was made using the Tukey HSD multiple comparison test 
(Wilkinson 1989). Data were transformed for the comparison of trap crop 
treatments by calculating the ratio of beetles per squash plant to beetles per 
cucumber plant, and then the ANaVA was performed on the ranked data. 

Second Experiment 85% cucumber - 15% squash. Plants were grown from 
seed in polystyrene Pro Trays™ and transplanted on 12 July 1991 to nine plots 
as in the 50% cucumber - 50% squash plots, except that plots were 182 m2 and 
consisted of 18 row by 18 column arrays of plant, also spaced 0.75 m in both 
directions. Water soluble 20-20-20 fertilizer was applied at the time of 
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transplanting to all plots. Varieties planted were the same as in the 50% squash 
experiment. These plots differed from those above in that one in every six rows 
was planted to squash. Treatments were assigned at random. Three plots had 
five north-south running rows of cucumber (on the west side of the plot), followed 
by one row of squash, with this pattern repeated three times within an 18-row 
plot (single-row pattern); three plots had 15 north-south running rows (on the 
west side of the plot), followed by three rows of squash (group of three-row 
pattern); and three plots consisted entirely of cucumber plants, which served to 
compare overall long-range attractiveness of plots with trap plants. 

Sampling, Plots were sampled on six occasions during a 11 d-period starting 
on 16 July. Stratified random sampling was performed in the early morning 
hours except that there were 54 sub-subplots per plot, each consisting of a row 
of six plants. One plant sample was taken randomly from each sub-subplot on 
the first two sampling dates, and after this, two plants per row of six were 
sampled, the average of the two being used as each data point. This was 
modified because it was observed that beetles were highly aggregated and it 
was felt that a higher sampling intensity was required to detect accurate 
population density. 

Analysis. One-way analyses of variance were used to: 1) test for overall 
differences in attraction between the three treatments on a beetles-per-plant 
basis summed over the entire sampling pedod of 11 d; 2) test for differences in 
the two planting pattern treatments on a beetles-per-plant basis in the mixed 
plots, both by day and summed over the sampling period; 3) test for ditTerences 
between the two plant species on a beetles-per-plant basis in the mixed plots, 
both by day and summed over the sampling period. Categorical grouping of 
treatments in the third test (for plant species) were based on results of the 
second test (for planting arrangement). Comparison of overaJi attractiveness was 
made using the Tukey HSD multiple comparison test (Wilkinson 1989). Data 
were log (X + 1) transformed as above to compare the trap crop treatments. 

Results and Discussion 

Host preference among cucumber and squash cultivars. SteB's chose 
the Cucurbila, maxima squash cultivar 'NK530' over the CuclUnis sativa 
cucumber cultivar 'Score' with greater frequency than four of the six squash 
varieties tested (Table 1). Cotyledon size alone had no efTect on preference (F = 
1.49, df = 1, 80; P > 0.05), although a significant cotyledon size by cultivar 
interaction was found (F = 2.35; df = 5, 80; P < 0.05), indicating that some 
cultivar comparisons are differentially affected by difference in cotyledon size. 

Cucurbitacin B is present in cotyledons of most, if not all Cucurbita maxima 
and Cucurbita, pepo cultivars but not in cotyledons of Cucumis sativa (Ferguson 
et aJ. 1983), and the cultivar 'Marketmore 80' was bred with low levels of all 
cucurbitacins specifically for resistance to cucumber beetle feeding. The fact 
that 'Marketmore 80' (Cucumis saliva) was chosen greater than 50% (61.2%) of 
the time over 'Score' (Cu.cumis sativa) (I = 2.36; df = 18; P < 0.05) supports 
earlier work which questioned the role of cucurbitacins as a long range 
attractant (Howe et aJ. 1976, Quisumbing and Lower 1978, Branson and Guss 
1983). Because of these results, Cucurbila maxima, 'NK530', was chosen as the 
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Table 1.	 Menn proportion of beetles choosing a cultivar of squash or 
cucumber over the cucumber cultivar 'Score' in greenhouse 
choice tests. Letters indicate significant differences (P < 0.05) 
in frequency of choosing the test cultivar relative to 'Score' 
(Tukey compromise test). The t·values and probabilities are 
results from individual tests of mean proportion chosen 
versus no preference (proportion = 0.5). 

Mean 
Cultivar Proportion dE P 

squash 'Sweet Mama' (C. maxima) 0.502 a 21 0.09 0.927 
squash 'Chefini' (C. pepo) 0.545 ab 10 0.58 0.575 
squash 'Caserta' (C. pepo) 0.569 ab 6 2.12 0.078 
squash 'Ambassador' (C. pepo) 0.687 b 12 -25.98 0.0001 
squash 'NK 530' (C. maxima) 0.805 c 20 -13.15 0.0001 
cucumber 'Marketmore 80' (C. sativa) 0.612 ab 17 - 2.36 0.031 

candidate trap crop for field evaluation and 'Score' was chosen over 
'Marketmore 80' as the cucumber (Cucumis sativa) variety. 

Perimeter-to-area ratio. No difference in density of colonizing beetles was 
found between the two plot shapes (long plots: x=287 ± 66.33, square plots: x= 
220.667 ± 34.98; F =0.55; df =1, 6; P > 0.05; b =0.35 to detect 100% difference). 
Plot shape did not affect colonization over time (Fig. 1) within the three 
sampling periods (F = 2.27; df = 2, 54; P > 0.05) or over time among the three 
sampling periods (F =0.44; df =2, 54; P. > 0.05). 

The overall mean index of dispersion, 1.595, was found to be significantly 
greater than one (I = U.8, df = 51; P < 0.05), indicating that StCB's occulTed in 
a clumped distribution. The change in the index of dispersion over time 
decreased (population became less aggregated) as the season progressed (F = 
8.6; df =2, 43; P < 0.05; early season slope =0.818 ± 0.22; middle season slope = 
0.622 ± 0.076; late season slope = -0.096 ± 0.194). The index of dispersion was 
affected by plot shape (F =3.99; dE = 1, 43; P < 0.05; long: 1 = 1.55, square: I = 
1.71). The above results suggest that: 1) field plot shape does not affect the 
overall beetle densities which colonize a field, 2) colonization rate is 
independent of field shape and time of year in the spring in Maine, 3) beetles 
have a high degree of aggregation, as measured by the index of dispersion, upon 
initial colonization, but the degree of colonization decreases through time as 
beetles spread out within the plot, and 4) plot shape afTects the degree of 
dispersion. square plots having a significantly higher degree of aggregation 
than narrow plots. 

DaCosta and Jones (1971) first suggested that an aggregation pheromone 
might playa role in the characteristic sudden attack by StCB's, since many 
beetles were found to aggregate on single seedlings. Howe et al. (1976) also 
mentioned this possibility in the case of southern corn rootworm, Diabrotica 
undecimpuflctata howardi Barber and western corn rootworm, Diabrotica 
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Fig. 1.	 Colonization of long and square plots during (A) 26-39 June, (8) 3-6 
July, and (C) 16-20 July 1990. Solid line is regression for long plots and 
dashed line is regression ror square plots. 
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uirgifera uirgi{era LeConte. Raemisch and Turpin (1984) found no evidence of 
the production of aggregation pheromones by western corn rootworm actively 
feeding on freshly sliced high cucurbitacin·containing fruits of Cucurbita 
foetidissima or dried powdered fruits of high-cllcurbitacin containing hybrid 
fruits of Cucurbita andreano x C. maxima. Guss et a1. (l982) identified a female
produced sex pheromone of western corn rootworm, which was found to be a 
powerful attractant to males of western corn rootworm and northern corn 
rootworm, Diabrotica barberi Smith & Lawrence. While evidence of StCB 
pheromones has yet to be detected, early season sex ratios of 3:1 male:female 
(Lewis et a1. 1990) and at least 1.5:1 male: female (Elsey 1988) imply attraction 
of males to females. No further investigations have explored this as a 
mechanism of mass attack. Nevertheless, the aggregative nature of 8tCB's is a 
potentially useful attribute for control with a trap crop. The plot shape influence 
on aggregation, at least at the spatial scale that we studied the phenomenon 
should be incorporated as a design variable in a trap crop control practice. 

Soil texture experiments. Beetle abundance was not affected by soil 
texture treatment in the first experiment conducted in 1990 (F =6.32; df =1,9; 
P > 0.05). Similar results were obtained in the second soil texture experiment. 
There was no effect of soil texture (F = 0.46; df = 1, 1509; P > 0.05), but higher 
numbers of beetles were found on squash (F =21.45; df = I, 1509; P < 0.05). A 
significant plant by soil texture interaction (F = 12.14; df = I, 1509; P < 0.05) 
was observed, with squash on unpulverized soil having the greatest number of 
beetles over time (Fig. 2). 

The importance of the soil habitat, particularly when plants are in the small 
seedling stage in the spring, has been emphasized by Jewett (1927), who 
observed mating pairs in soil crevices. This is also a time when oviposition rate 
is high (Elsey 1988). Although manipulation of soil surface texture does not 
consistently affect where beetles are found in regards to plant species, the C. 
maxima cultivar ('Sweet Mama') used in the present studies was colonized by 
more SteB's than cucumber when tested in the field, and this effect was 
enhanced when soil texture was in a crusty state. 

Trap crop field test. 
First trial experiment. Treatment differences over the season were found in 

numbers of beetles per plot (F =8.77; df = 2, 6; P < 0.05; Fig. 3a-c). There were 
differences between cucumber and unsprayed plots and between cucumber and 
neem oil-sprayed plots, but not between unsprayed and neem oil-sprayed plots. 
Mean (± SD) number of beetles per plot, summed over the entire sampling 
period were 18.3 (± 15.7),619 (± 353.1), and 412.4 (± 364.9), in 100% cucumber, 
50% squash without neem oil, and 50% squash with neem oil treatments. 
respectively. This suggests that the presence of a trap crop in a plot either 
attracted beetles regionally from outside the plot boundaries or held beetles in 
the plots with trap crops longer so that the emigration rates in plots with trap 
crops was significantly less than the 100% cucumber plots. 

The effect of spray treatments among the six plots containing the trap crop 
was measured by looking for enhancement in the ratio of beetles per squash 
plant to beetles per cucumber plant. A significantly higher ratio in the sprayed 
treatment would indicate an influence on host selection. Significant differences 
in beetles per plant for the spray treatments were not found over the entire 
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Fig. 2.	 Mean beetles per subplot in soil surface texture experiment with 
cucumber and squash. Error bars are standard errors. 

duration of the experiment (F =0.03; df = 1,64; P > 0.05) or on any single day, 
even immediately following a spray treatment date (P > 0.05). The mean 
number of beetles per plant species in each treatment for each sample date is 
shown in Figs. 3a-c. Since spray treatments had no effect, each mixed plot was 
treated as a block containing both squash and cucumber for testing species 
preference of StCB. Significant differences (P < 0.05) were found on 8 of 11 
sample dates, while a significant block effect aecuned on only one date, 
indicating an even distribution of beetles on the farm. Beetles initially colonized 
squash	 plants and the majority remained on them throughout the 18-d 
sampling period when beetles were present (Fig. 4). The horizontal dotted line 
in Fig. 4 indicates the level at which equal numbers of beetles per plant 
occurred on squash and cucumber. Thus, the trap crop planting at a 50:50 ratio 
was effective in attracting and retaining the majority of colonizing beetles over 
the duration of the experiment. 

Second trial: 85% cucumber - 15% squash. Treatment differences were found 
in the number of beetles per plot (F = 7.13, df = 2, 6; P < 0.05; Figs. Sa-c). 
Differences were not found between the single row pattern and the group of 
three row pattern, or between the all cucumber and group of three row pattern. 
However, a significant difference was found between the single row pattern and 
the all cucumber treatment (P < 0.05). Mean number (± SO) of beetles per plot, 
summed over the entire sampling period were 111.6 (± 39.8), 171.9 (± 47.4), and 
249.4 (± 46.8) in 100% cucumber, group of three-row pattern, and single-row 
pattern treatments, respectively. Since a significant difference was not found 
between the cucumber and one of the squash treatments, it appears that a 
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Fig. 4.	 Percent of beetle population in 50% squash/50% cucumber plots on 
squash plants. Horizontal dotted line indicates equivalent densities of 
beetles on cucumber and squash which would be expected if there was 
no preference for squash. Error bars are standard errors. 

potential exists for selecting a ratio of trap crop which does not result in higher 
densities of beetles per plot, but still aggregates the beetles on the attractive 
trap crop. 

The effect of the planting pattern treatments among the six 15% squash 
plots was measured by looking for enhancement of the ratio of beetles per 
squash plant to beetles per cucumber plant. Significant differences were not 
found cumulatively, or on any single day (F = 0.5; df = 1, 34; P > 0.05). The 
mean number of beetles per plant species is shown in Figs. 5a-c. Since planting 
pattern treatments had no effect, each mixed plot was treated as a block 
containing both squash and cucumber for testing species preference of StCB's. 
Significant differences were found on the first three sampling dates (P < 0.05), 
but following this, beetles became more evenly distributed over both plant 
species (P > 0.05). Colonization occurred suddenly and it was apparent at the 
first sampling that beetles had already colonized the plots, since severe feeding 
damage was observed on squash plants on the day prior to the first sampling. 
This suggests that greater than 70% of beetles were on squash prior to Julian 
day 197 (Fig. 6). The horizontal dotted line in Fig. 6 indicates the level at which 
equal numbers of beetles per plant occurred on squash and cucumber. 

The results of these experiments suggest potential for the use of a squash trap 
crop for control of StCB on cucumber in that: 1) StCB's exist in a highly 
aggregated distribution, which makes it biologically feasible to concentrate beetles 
on a small number of highly attractive plants, 2) preference for C. maxima cv. 
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Fig. 6. Percent of total beetles in 85% cucumber/15% squash plots on squash 
plants. The horizontal dotted line indicates equivalent densities of 
beetles on cucumber and squash. Error bars are standard errors. 

'NK530' was demonstrated in cages in the greenhouse and in the field, and 3) 
squash plants demonstrated the ability to concentrate StCB in trap plots. 

In all three experiments in which squashes and cucumbers were planted 
together, including the soil texture experiment (Fig. 7), the majority of beetles 
initially colonized squash plants (86% of beetles in 50% squash plots, 70% of 
beetles in 15% squash plots, 90% of beetles in 50% squash soil-texture plot), 
which demonstrates the strong attractiveness of squash to colonizing beetles. 
Regional attractiveness of squash was clearly demonstrated in the 50% squash 
experiment: while no substantial feeding damage was seen in any of the 100% 
cucumber plots until Julian day 164, populations in the 50% squash plots were 
peaking on this date (Fig. 3). Vandermeer (1989) proposed that the 
concentration of trap crop should not be so high as to become a regional 
attractant, lest the infestation spill over onto the commercial crop. Such a 
situation was reduced greatly in 15% squash plots compared with 100% 
cucumber control plots. The difference in beetle numbers between the single 
row trap and the three row trap could be due to the concentration of the trap 
crop within a plot. If a dinerence in the size of individual areas devoted to the 
trap crop was responsible for this, then the group of three row pattern would be 
expected to have greater beetle density over time than the single row pattern. 
One-way analysis of covariance (planting arrangement as factor, time as 
covariate) demonstrated that the proportion of the total number of beetles in 
15% squash plots found on squash plants over time was similar (F = 0.21; df = 
1, 32; P > 0.05), which suggests that the size of the squash resource did not 
influence its ability to concentrate SteB's for a sustained period. 
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Fig. 7. Percent or total beetles in soil surface texture experiment with cucumber 
and squash found on squash plants. 

Another factor which may affect the ability to concentrate beetles is the 
overall length of interface between squash and cucumber plants. It has been 
suggested that borders of other plant species may allect SteB abundance in 
polyculture studies (Bach 1980) and patch size studies <Bach 1988 a,b). In the 
15% squash experiment, the single row treatment had four times the length of' 
squash/cucumber interface as the group of three row treatment, yet there was 
no difference in attractiveness of squash plants over time. The late-season soil 
texture experiment was a 50% squash/50% cucumber plot and when compared 
with the early-season 50% squash/50% cucumber plots, squash plants in the 
late season experiment were colonized by the majority of beetles for only 8 d 
(Fig. 7) while colonization lasted for at least 18 d in the early season 
experiment (Fig. 4). Since the lengths of the squash/cucumber interfaces were 
virtually the same (46.75 m in late season experiment, 45 m in early season 
experiment), this difference in beetle density over time is consistent with the 
lack of any such relationship between the two 15% squash planting 
arrangements. 

Differences in the ability to concentrate beetles may be explained by the 
influence of temperature on activity. Movement is often affected by ambient 
temperatures. Lewis et al. (I990) reported highest StCB abundance on flats of 
squash plants and greatest amount of StCB flight activity when the 
temperature was over IBoC. Bach (1988a) found a difference in pattern of StCB 
abundance early and late in the season, with a change in movement behavior 
hypothesized as the reason. Since mean temperature ranges of the sampling 
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periods of the trap crop experiments differed (50% squash: 9.80 
- 26.1°C; 15% 

squash: 15.4° - 31.8°C), the higher temperature during the 15% squash 
experiment may have influenced movement in these plots. A strong positive 
correlation (I' = +0.89) was found between the change in number of beetles per 
squash plant and mean temperature on the prior date (Radin 1992). Since the 
critical time for control of StCB's is during the colonization of the first 
cucumber crop of the season when temperatures are lower, the pest may be less 
likely to spread itself onto the commercial crop. Even so, application of an 
insecticide to the trap crop to prevent infestation of the commercial crop may be 
necessary before the SteB population reaches a maximum. 

Strong regional attractiveness of the trap crop was responsible for barely 
detectable populations in 100% cucumber plots in the spring of 1991, although 
a minority of beetles were found on cucumber plants in plots containing squash 
trap crop. While it could be argued that control of StCB's on cucumber was not 
achieved in these mixed plots, the spatial scale at which such a strategy is used 
commercially makes it feasible; a highly attractive trap crop in a large field of 
cucumbers would be expected to draw the majority of a SteB population to the 
vicinity of the trap crop, and density would be expected to decrease with 
distance from the trap crop. Isolated populations would not be expected on 
cucumber unless the trap crop was located beyond the range of detection of 
colonizing beetles. Furthermore, if a cucumber crop was growing on the 
experimental farm in the absence of a trap crop, there is no reason to believe 
that beetles would leave the farm while a suitable cucumber host was available. 
Thus, it can be assumed that the presence of the squash trap crop reduced the 
overall number of beetles per cucumber plant by concentrating beetles in the 
vicinity of squash plants. 

The greater relative attractiveness of the single row treatment over the group 
of three row treatment of the 15% trap crop experiment may be due to the 
spatial manner in which SteB's colonize a resource patch. The arrangement in 
which beetles are most likely to encounter the trap crop may result in the most 
attraction. In order to characterize this, data from 100% cucumber plots of the 
50% trap crop experiment were used in an analysis of covariance. Sub-subplot 
data were classified as either of two levels of a field location factor: "edge" refers 
to the 12 sub-subplots which border the edge of the plot; "center" refers to four 
sub-subplots which are at the center of the plot. No difference was found in the 
numbers of edge-colonizing and center-colonizing beetles over time in 100% 
cucumber plots (F ; 0.29; df; 1, 189; P > 0.05). Therelore, colonization may be 
associated with the probability of encountering an attractive host, rather than 
the probability of encountering the edge of a plot. For this reason, the use of 
dispersed strips of the trap crop may result in a higher abundance of colonizing 
beetles on squash. An added benefit of this planting arrangement is the ease of 
its incorporation into a commercial cropping system. 

The key components of a functional trap crop are 1) inherent biological 
potential for the use of a trap crop; 2) strong host preference for the trap crop 
over the commercial crop; and 3) ability of the trap crop to hold the pest 
population for at least a period of time in which it can be concentrated in a 
small area for the purpose of control. Striped cucumber beetles aggregate to a 
high degree, which makes their concentration on a trap crop feasible. Their 
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highly specialized host finding and feeding makes them vulnerable to a strongly 
attractive trap crop. Host preference for C. maxima cv. 'NK530' was clearly 
demonstrated in the greenhouse and the field. The effectiveness of the trap crop 
to concentrate StCB's was demonstrated, and found to be related to temperature, 
Thus, the successful use of a trap crop strategy has high potential early in the 
season, when StCB's have the greatest impact on cucumber production. 
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ABSTRACT Studies of the striped cucumber becUe (SteB), Acalymma 
vittata (F.), were conducted to: 1) develop predictive models for time of first 
colonization of cucurbit hosts in the spring, and for time of mating and 
oviposition activity; and 2) develop guidelines for sampling over a range of 
densities and precision levels_ There was no apparent trend of thermal unit 
accumulation associated with time of first colonization, and so a degree-day 
model approach was abandoned. However, evidence suggests that time of 
first colonization is associated with daily mean temperatures grealer than 
12°C. A strong correlation was found between change in number of beetles 
per plant and the previous days' mean temperatures. Both mating and 
oviposition activity were positively influenced by temperature in the range of 
18 to 26°C. Access to foliage influenced maturation rale but not mating. 
Thresholds of mating and oviposition activity were found to be 13°C and 
lOec, respectively. A high degree of aggregation of StCB adults (b = 1.986) 
was described, and sample size estimates for three desired levels of precision 
under a random sampling design are presented. 

KEY WORDS Ac:alymma uiUata, striped cucumber beetle, cucumber', Cuc:.umi.s 
saliva, degree-day model, colonization, mating, oviposition, sampling precision, 
index of aggregation, Chrysomelidae, Coleoptera. 

The striped cucumber beetle (SteEl, Acalymma villata (F.), is a key pest of 
cultivated cucurbits throughout North America east of the Rockies (Smith 1966). 
Much of the basic biology of this insect was described earlier in the twentieth 
century by Houser and Balduf (1925), Jewett (1927), and Gould (1944). These 
researchers noted that a significant characteristic is the sudden mass attack on 
newly-emerged cucurbit seedlings. Lewis et at. (990) confirmed that such 
effective host finding involves olfactory cues received floom seedlings. All of the 
early studies reported observations of adults feeding on pollen of early blooming 
spring trees and shrubs. Although researchers have identified several 
overwintering habitats, such as wooded borders of fields, wooded ravines, tall 
thatch, and hedgerows (Houser and Balduf 1925, Gould 1944), there is no 
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known preferred habitat. This lack of knowledge regarding overwintering sites 
may contribute to the difficulty in predicting time of initial colonization. 

Elsey (1988) observed mating StCBs on both cucumber and zucchini shortly 
after an early April planting in coastal South Carolina. The first peaks in 
population occurred on both cucurbit species at similar times, approximately 2· 
3 wks after initial appearance of adult beetles. Ovaries were reported to be 
undeveloped in the majority of adults checked during the winter months, and so 
it appears that there is a reproductive diapause regulated by photoperiod (Elsey 
1988). 

There is evidence for elevated activity on warm days during winter months. 
Several investigators (Houser and Balduf 1925, Elsey 1988) observed adults 
active in the field on warm days in December in Ohio and South Carolina, and 
the present investigators observed active BteBs on warm days in November 
and December of 1989, 1990, and 1991 (unpublished data). In the latter 
observations, no mating pairs were ever seen. This observation suggests that 
adult StCBs enter a hibernation period (Tauber et al. 1986) and supports the 
occurrence of a reproductive diapause. 

Since StCBs do not colonize experimental plots in any clear pattern, such as 
along an edge, and they tend to occur in an aggregated distribution (Radin 
1992), an adequate number of samples should be taken to make control 
decisions. Currently, no state provides economic threshold recommendations for 
growers. Rotenone is commonly used by small-scale farmers and gardeners. 

For management of many pests, prediction of initial colonization and 
oviposition, and development of a sampling plan, are necessities. A series of 
studies were conducted to develop predictive models for time of initial 
colonization and oviposition by SteBs, based on physiological time measured in 
degree-days. Spatial distribution data were collected from experimental squash 
and cucumber plots as a basis for determining the minimum number of samples 
required for accurate population estimates of adults. 

Materials and Methods 

Time of initial colonization. It was hypothesized that adult beetles could 
be intercepted at the time of their first exodus from suspected overwintering 
habitats by placing flats of host plants in the vicinities of these habitats. 
Monitoring of initial beetle emergence took place in the spring of 1990 at four 
agricultural locations in southern Penobscot County, Maine, where there were 
known to be StCB populations. Four to six flats (27 by 54 em) of highly 
attractive squash seedlings, Cu.curbita maxima cv. 'Sweet Mama' (Radin 1992), 
were placed along wooded borders of each cucumber or squash field and 
checked every other day starting on 10 May, with total numbers of beetles 
recorded for each date. Voucher specimens of the beetles in this experiment are 
housed in the Department of Entomology, University of Maine Insect 
Collection, Orono, Maine. Air temperatures were monitored at three locations 
using recording hygrothermographs. Because of the close proximity of two sites 
in East Corinth, Maine (approximately 6 km apart>, temperature data from one 
station was used for both locations. 
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A base temperature for a degree-day <DD) model was estimated by finding 
the mean number of accumulated DD's at emergence over a range of arbitrarily 
selected base temperatures. A base was selected where the ratio of the standard 
error to the mean (seIX) was at a minimum (Groden 1982). This base was then 
used for calculation of thermal unit accumulation required for initial 
colonization. 

Since data from two of the three sites (East Corinth and Costigan) at which 
air temperatures were monitored were not collected until 10 May 1990, mean 
daily temperatures (MDTs) at these sites were estimated from 1 April until 10 
May using MOTs from the Stillwater site. This early season Stillwater data was 
substituted for the independent variables in the linear regression models of 
MOTs at each of these two locations from 10 May until 4 June. The linear 
relationships between Stillwater MDTs and the other two locations are 
described, respectively, by: 

East Corinth MDT = ·1.098 + 0.811 (Stillwater MDT); r2 = 0.87 (l) 

Costigan MDT = 1.223 + 0.924 (Stillwater MDT); r2 = 0.74 (2) 

Mating and oviposition study. One hundred seventy diapausing StCBs 
were overwintered (November 1990 to March 1991) in 0.25 liter plastic 
containers with tight-fitting clear plastic lids in a dark cool (ca. 10C e) 
basement. On 15 March 1991, these adults wcre divided into three groups and 
placed in growth chambers maintained at either 18°C, 22°C, or 26°C and a 16:8 
(Iight:darkl photoperiod, while still being held in the containers. Half of the 
adults in each chamber were supplied with cucumber foliage and half were 
given no foliage, Adults were observed once daily, and females were removed 
and placed in individual petri dishes at the first observance of mating. Those 
beetles which had been given no foliage at the start continued in this way. and 
beetles originally given foliage were provided with foliage in petri dishes. 
Individual dishes were observed once daily, and the day of first oviposition was 
recorded for each. Since beetles deprived of foliage did not lay eggs, foliage was 
provided after 13 d. 

Data were analyzed using one-way analyses of covariance (foliage as a 
factor), with temperature as a covariate. and days until first observed mating 
and days until first oviposition as dependent variables (\Vilkinson 1989). 

Sampling program determination. Plants were grown from seed in Jiffy 
StripsTM peat pots in the greenhouse and transplanted into plots at the 
University of Maine's Rogers Farm, Stillwater, Maine on 28 May 1991. Cultivars 
planted were 'Score', a hybrid pickling cucumber and 'NK 530', a squash hybrid 
variety of Cucurbita maxima. Six 225 m2 plots (at a minimum distance of 100 m 
from each other) each contained 400 plants in a 20 row by 20 column array. 
Plants were spaced at 0.75 m in both directions, Plots consisted of equal 
numbers of squash and cucumber plants in four alternating groups of five rows 
(each considel'ed a subplot) running north to south. The easter'n·most group 
was cucumber, followed by squash, cucumber, and squash. The four subplots 
of each plot were divided into four sub-subplots: these consisted of 25 plants 
arranged in a five row by five column array. This resulted in a total of 16 
sub-subplots per plot. Samples were taken during the cool, early morning 
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hours just after sunrise to avoid disturbing the adult beetles. Plots were sampled 
on ten dates through a period of 23 d starting on 2 June 1991. On each sampling 
date, five plants were selected at random from each sub-subplot, and the number of 
beetles per plant were recorded. The plot vm;ances were transformed by log(s2 + 1) 
and regressed on log (x + 1) transformed means for each plant type. Points for 
each plant type were pooled because 95% confidence inten'als around slopes for 
each plant type were found to overlap. The resulting coefficients of the pooled 
regression were used to calculate expected variances over a range of 0.1 - 5 
beetles per plant, which is a typical range of densities in plots of this size (Radin 
1992), although more than 40 beetles have been observed on a single plant. 
These variances were used to calculate the number of samples required to 
estimate a population mean to within standard errors equal to 10%, 20%, and 
40% of the mean adult beetle density using the following equation (Elliott 1977): 

(3) 

where D equals the desired level of precision (as a proportion of the mean) and 
n equals the number of samples. 

Results and Discussion 

Time of initial colonization. Accumulated DDs, counted from 1 April 
1990 (Julian day 91) until dates of first emergence at four locations (Costigan: 
day 136; East Corinth: days 147 and 149; Stillwater: day 149), were averaged 
over a range of base temperatures from zero to 15°C. Through this range, 
variability (seIX) decreased with decreasing DD base, but never reached a 
minimum, continuing to decrease down to -10°C. Thus, these data do not meet 
the assumptions of a DD model (Groden 1982). 

Figure 1 shows MDTs over time, with arrows indicating the times at which 
beetles were initially observed. Lower MDTs occurred during the period 
between days 137 and 145, while there were peaks right around the times of 
initial colonizations, which suggests that adults first became active on days 
when the mean temperature reached at least 12°C. Since no flats of seedlings 
had yet been placed at monitoring sites on days 117 and 121, it is unknown 
whether beetles were active on these unusually warm days. Lewis et at. (1990) 
reported the attraction of hundreds ofbectles to flats of squash seedlings placed 
on the edge of wooded windbreak areas between commercial cucurbit fields, and 
noted that fluctuation of numbers of beetles on seedlings appeared to be related 
to ambient temperatures, with greater activity on days when the high 
temperature surpassed 18°C. If habitats such as leaf litter, thatch along fence 
rows, 01' wooded ravines are used for overwintering, as reported by Gould 
(1944), it follows that the time of emergence could be highly variable due to 
microclimate differences in these habitats. Thermal unit accumulation may not 
be a useful tool to predict colonization, hut occurrence of the first few warm 
days (>12°C) usually in May may be a better predictor in Maine. Other insects 
which overwinter in litter are predicted to become active according to similar 
guidelines, such as the plum curculio, Conatrachelus nenuphar (Herbst), which 
should be monitored when spring temperatures reach 15°C (Los 1992). 
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Fig. 1.	 Mean daily temperatures at three locations in Maine. Arrows indicate 
first colonization dates at each of the locations. Data before May 10 
(Julian day 130) was estimated by linear regression (see text). 

Mating and oviposition study. Results for this experiment are listed in 
Table 1. The mean number of days until first observed mating was not affected by 
access to foliage (F = 0.81; df = 1,43; p > 0.05) but was affected by temperature 
(F =78.1; df = 1,43; p < 0.05). Oviposition was affected by both access to foliage 
(F = 24.1; df = 1,43; p < 0.05) and by temperature (F = 90.0; df = 1,43; p < 0.05). 

To determine temperature thresholds of activity for mating and oviposition, 
the means of the reciprocals of days to mating and oviposition (= rate) were 
regressed over the three temperatures, resulting in the following relationships, 
respectively: 

ralc of mating =-0.23 + 0.018 (average air temp.), 1'2 =0.99 (4) 
rate of preoviposition development = -0.0575 + 0.0057 (average air temp.), 1'2 = 0.978 (5) 

These equations were solved for y = 0, resulting in thresholds for mating and 
oviposition activity of 13°C and 10°C, respectively. Since StCBs will seek 
cucurbit hosts at temperatures above 12°C, it is likely that this threshold for 

, .. - E. Corinth 



120 J. Agric. Enlcmol. Vol. 11, No.2 (994) 

Table 1. Mean number of days to initial StCB mating and oviposition at 
18, 22, and 26'C. 

Mating 

Mean Number of Days (S.E., n) Temperature 
('C) With Foliage Without Foliage 

18 
22 
26 

18 
22 
26 

10.7 (0.5, 8) 
7.7 (0.8, 11) 
4.5 (0.5, 9) 

Oviposition 

20.6 (1.3, 8) 
15.4 (1.0, 10) 
10.6 (0.9, 9) 

11.2 (1.1,12) 
7.9 (1.8, 7) 
5.0 (0.9, 10) 

23.8 (0.6, 8) 
18.4 (0.9, 5) 
16.0 (0.4, 6) 

mating activity in an environmental chamber is a good approximation to 
mating activity in the field. These temperature relationships suggest that while 
beetles will be mating shortly (1-2 wk) after spring emergence in Maine, 
oviposition is not likely to take place until 1 mon or more after emergence and 
colonization of the crop. This could have significant implications in a trap 
cropping strategy. since a lag-time exists between beetle presence in the field 
on a trap crop and potential for reproduction on that trap crop. 

Sampling program determination. The linear regression of the pooled 
(plant types) transformed data (r2 = 0.862, 119 df, P < 0.05; Fig. 2) resulted in 
the equation: 

log(s2 + 1) = -0.02 + 1.986 [log (x + 1)1 (6) 

This was rearranged as: 

S2 = 0.955 (i + 1)1.986·1 (7) 

and solved over a range of expected means from 0.1 - 5 beetles per plant. 
Expected variances derived from equation (7) were used in equation (3) at three 
levels of precision (0.1, 0.2, 0.4), to generate the three sample size curves in 
Figure 3. Due to the high degree of aggregation of this insect (b = 1.986), large 
numbers of samples are required to estimate low density populations to within 
a 10% standard error of the mean. Since it was shown that beetles do not 
colonize along edges of fields (Radin 1992), a random sampling plan can be 
used. 

Prediction of the time of initial colonization of cucurbits by StCBs is useful 
for anticipating the buildup of economically significant populations and for 
initiation of population sampling. We have shown that a simple DD model for 
initial colonization may not be applicable to StCB. In Maine, however, 
cucumber wilt disease is of infrequent occurrence. Therefore, it might be 
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possible to develop an economic threshold for StCB in Maine based upon adult 
densities and the associated crop loss. The occurrence of peak population 
densities from the time of initial colonization in conjunction with the absolute 
densities will determine the frequency of insecticide applications for controL 
Studies conducted in mixed squash/cucumber plots in Maine in 1991 (Radin 
1992) resulted in adult beetle density peaks at 10 or 11 d after initial 
colonization. In these mixed squash/cucumber plots. changes in population were 
found to be correlated with mean temperatures of the previous day (r = +0.89, 
Fig. 4). Peaks did not occur in a South Carolina study (Elsey 1988) until 3 wk 
after initial colonization. The difference between these two studies in "time 
until peak density" might be due to differences in temperature, with greater 
searching and colonization activity associated with higher temperatures. It was 
also I'eported by Elsey (1988) in South Carolina that during one of the 1986 
season beetles assumed to be overwintered arrived in two waves, one in early 
April and another in early May. It is possible that this later wave might have 
occurred during a period of unusually warm weather. Indeed, 1986 NOAA 
weather data from the airport in Charleston, SC, shows higher daily mean 
temperatures during the first and last weeks of April and at the beginning of 
May (l - 8 April: x=21.5 ± 1.4'C, C.V. = 6.6%, 25 April - 6 May: j( =22.5 ± 
2.6'C, C.V. = 11.7%) than the middle two weeks of April (9 - 24 April: x = 
16.5 ± 2.5'C, C.V. = 15.1%). Thus, our data and the data from South Carolina 
suggest that once a cucurbit crop has been colonized, particular attention 
should be paid to population levels on unusually warm days. Sampling and 
application of an insecticide, if necessary, should occur during the earliest 
hours of the morning, since StCBs are particuJarly active and prone to disperse 
by night when the temperature is high. 
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Fig, 4, Relationship between change in StCBs per squash plant and the 
previous day's mean air temperature in 1991 (r = +0.89). 
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In conclusion, this study has shown that the behavior of StCB is highly 
aggregative and that this beetle's colonization and activity in the field is 
associated with warm temperatures above 12°C, These relationships determine 
in part the dynamics of colonization and interplant movement and have 
implications for sampling of adult populations. Strong temperature dependent 
relationships between mating activity and sexual maturation have also been 
demonstrated. The latter may have significant implications in management of 
this pest. 
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ABSTRACT An aclograph using ultrasound was constructed to evaluate 
adult behavior of' lour tOI"tricid moths: Cydia pomonella (L.l, Agryrotaenia 
citrano (Leonard), Pandemis pyl'llsana (Kearrott), and Chorislolle"ra 
rosaceano (Harris). Studies were conducted to compare the timing of male 
and female moth activity in the adograph using simulated dusk and sunrise 
periods with the liming of male captures in pheromone-baited traps at 60
min intervals. For all four species, the timing of acti\'iLy measUl'cd for males 
and females in the adograph was similar to the liming of catch of male 
moths in the field. Peak periods of adult activity and male moth catch were 
0-1 h after dusk for Cydia pomonella, 3-5 h after dusk for Argyrotaenia 
citrano, 0-2 h afler dusk for Charislancura rosaceana, and 0-1 after dusk for 
Pandemis pyrusana. For both sexes of all species, except female 
Chorl:sloneura rosacea,1/.n, activity levels of both sexes in the actograph 
increased allhe onset of sunrise. This was particularly pronounced for Cydio. 
pomonella. In the actogl'aph, females of Argyrotaelli.(l citrano. and 
Choristoneura rosaceallCl had an elevated level of activity prior to the 
simulated dusk period. Future studies with the actog'raph are planned to 
evaluate the effect of pheromone blend and concentration on the activity 
patterns of both sexes of these species. 

KEY WORDS Insecta, Lepidoptera, TorLricidne, Cydia pomoT/ella, Argyrotawia 
citrano, Pandemis pyrusana, CJwristoneura rosaceano., behavior, codling moth, 
leafrollers. 

Basic knowledge of the behavioT' of lepidopteran pests is paramount In 

developing effective management schemes. The need for this information is 
especially acute in sex pheromone~based mating disruption programs, which 
attempt to manage pest populations by behavior modification. The success of 
mating disruption of codling moth, Cydia pomonella (L.), and other tortricid 
pests (e.g., leafrollers) in tree fruits and nuts depends on permeating orchards 
with sufficient sex pheromone to disrupt sexual communication (Bartell 1982). In 
addition to preventing mate location, the permeation of the orchard's atmosphere 
with high levels of sex pheromone may generate other more subtle changes in 
moth behavior (i.e., dispersal, calling, and oviposition), which could contribute to 
the success or failure of pheromone use. 

1 RcccivC!d for publication 13 April 1993; accepted 25 March 1994. 
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A prerequisite to understanding the mechanisms of mating disruption 
includes a knowledge of how temperature, light intensity, and wind speed 
interact to influence the intensity and circadian rhythms of moth behavior. 
These types of data have been reported for many tortricid pest species, 
however, the effect of their interaction on moth behavior within sex pheromone
treated environments is less well studied. In particular, these types of data are 
limited for females of species in which mating disruption has been tried. One 
exception is for the tortricid, Chorisloneu.ra fumiferana (Clemens). Studies of 
this species have shown that females can detect their own sex pheromone 
(Palaniswamy and Seabrook 1978). Palaniswamy and Seabrook (1985) found 
that females exposed to theil' own pheromone arc more likely to call and 
commenced calling 2 h earlier. Sanders (1987) detected increased flight activity 
in mated and older virgin females when they were exposed to high 
concentrations of pheromone. The impOItance of these behavioral effects to the 
use of mating disruption for this species has not been demonstrated, but these 
findings suggest the need for similar studies of other tortricid pest species prior 
to the adoption of mating disruption. 

Various studies have exam.ined adult behavioral activities of tortricid pests 
in tree fruits in an effort to improve their management. For example, sex 
pheromone traps have been developed to monitor seasonal flight and population 
densities, and traps have been used to correlate male moth activity with 
climatic factors (Vickers and Rothsch.ild 1991). Infonnation on the activity of 
female moths in the field has been much more difficult to gather (e.g.• \Veissling 
and Knight 1994). In the laboratory. researchers have used either direct 
observations of moth behavior and/or the use of actographs to measure moth 
activity under controlled conditions of light, temperature, air speed, etc. 
Actographs have included either passive detection of sound through impact or 
wing vibration (Leppla et al. 1979, Hsiao 1978) or active detection systems 
which measure changes in an electrostatic field, or have used infrared or radar 
(Sanders and Lucuik 1975, Boving et al. 1978, De Kramer 1992). Ultrasonic
based actographs have been developed for insects (Luff et al. 1979), but have 
not been used for Lepidoptera. 

Our laboratory is evaluating mating disruption as a control tactic for several 
tortricid pests of orchards (Knight 1992). This work has ranged from developing 
basic knowledge of the influence of sex pheromones on these species' behavior 
to conducting pilot tests of mating disruption in commercial orchards (Howell et 
al. 1992). The objectives of the present study was to gather baseline information 
on the diurnal patterns of male and female moth activity for these species, and 
to develop an actograph which could be used to evaluate the influence of sex 
pheromones on the activity of males and both virgin and mated females. Herein 
data are reported on the time of capture and air temperature when Cydia 
pomonella. Argyrotaenia citrana (Leonard), Chorislofleura rosaceana (Harris), 
and Pandemis pyrU8ana (Kearfott) males were trapped in sex pheromone
baited traps in the field, and the level of male and female adult activity 
measured in ultrasonic actograph in the laboratory. 
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Materials and Methods 

Timing Trap. Modified Multipher traps C'Bug Counter;' Automata, Grass 
Valley, California) baited with sex pheromone (Trece Inc., Salinas, California) 
were placed in three apple orchards infested with one of the following three 
species: Cydia pomonella. Choristonellra rosaceana,. or P. pyrusana. Traps were 
tied to a major branch in the upper canopy of each tree to avoid contact with 
foliage or wood. Approximately 3 cm of a "Bio-Strip" (Bio-Strip Inc., Reno, 
Nevada) dispenser impregnated with 2, 2-dichlorovinyl-dimethyl phosphate 
08.6% AI) was placed in the base of each trap. Moths entering the trap lost 
their motor coordination because of insecticide poisoning, slid down a funnel, 
and contacted the sensor. Impacts were recorded by a 21XL remote data 
recording device (Campbell Scientific, Logan, Utah) connected to each trap. The 
time of capture and air temperature at the time of moth capture were recorded. 
In addition, wind speed was monitored in the orchard infested with Cydia 
pomonella using a cup-anemometer (\OVM·IlI, Climatronics Corp., Bohemia, 
New York). Cydia pomonella ,"vas monitored in an abandoned orchard in 
Yakima, \Vashington from 19 April to 21 August 1992. P. pyru.sa.na was 
monitored in an apple orchard situated near Moxee, \\Tash. from 19 May to 16 
July 1992 and again from 11 to 25 August 1992. Choristoneura rosaceana. 
populations were monitored in an apple orchard located near Mattawa, \Vash. 
from 1 June to 19 August 1992. A. citralla males were trapped with a different 
type of pheromone-baited timing trap in a commercial berry field, Rubus spp., 
from 25 June to 23 July 1984. This trap consisted of a 12-sided barrel which 
rotated and exposed a new side treated with adhesive once each hour (Knight 
1986). Moth counts for each species in timing traps were grouped in 60~min 

intervals timed from dusk (Anonymous 1975). 
Aetograph. A pair of ultrasonic motion detectors (Model GD-49, HeathKit, 

Benton Harbor, Michigan) were modified to develop the actograph (schematic 
diagrams are available from the authors). The detectors (2.5 cm c.D.) utilize 
two 40kHz transducers mounted 0.5 em from each end of a 22-cm long, 2.2 cm 
J.D. acrylic plastic tube (Fig. 1a). An oscillator circuit generates a 40 kHz signal 
which is transmitted from one transducer to the other. \¥hen an insect moves 
within the tube, a portion of the received signal is shifted in amplitude and/or 
frequency, and another lm.\'·pass filter and amplifier detect this change. A 
computer program controls light timing and records activity data from the 
motion sensing units. Light levels were controlled by a series of time clocks 
which switched on a variety of incandescent light sources during 60-min dusk 
(2100-2200 h) and sunrise (0600-0700 h) periods. Light levels at full light were 
360 lux and decreased at dusk in 20 min steps to 114 lux, 18 lux and 7 lux. 
Light intensity levels increased in the opposite progression during sunrise. 
There was no illumination during scotophase. Tests were run at 22 ± 2°C. 
Activity data stored on disk contained the detector number, date and lime that 
each activity started, and the duration of each activity event. 

Detectors and activity tubes were placed inside larger plastic tubes (70 cm 
long, 14.5 em I.D.) (Fig. Ib). Flex.ible hosing was attached to the outside end of 
each large tube. Air was filtered with activated charcoal. Air now was 
maintained at 0.1 cmls inside the small tubes. 
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Fig. 1.	 Ultra onic actograph (A) and closeup of removable in rt used for 
aligning moths and ultrasonic sensors in an air stl'eam (B). Air now is 
achieved with a blower motor 'bl' which pulls air through a charcoal 
filter 'cf', an intake manifold 'man in', and clear sleeve 'cs' which house 
the inserts. Air is expelled through the exhaust manifold 'man ex'. 
Moth are placed in a holding ube 'ht' between ultrasound sen ors 
and electric signals caused by movement al'e carried from sen ors' en' 
to signal boxe 'sb' via ignal cord 'sc'. Moth movement is recorded on 
a computer 'com'. 
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Cydia pomollella was reared on a soybean meal diet (unpublished data) and 
the other three speeies were reared on a modified pinto bean diet (Shorey and 
Hale 1965). Moths 1-3 d old were used in actograph tests. Moths were 
acclimated to an identical 16:8 L:D regime prior to testing but without the 
simulated dusk or sunrise periods. In each test, 3-5 male or female moths were 
placed in the tubes. Moths were not provided water or food. Tests were run for 
3-4 d. and each species/sex combination was replicated 3-4 times. Data were 
summarized as the total number of seconds of activity recorded per GO-min 
period. 

Results and Discussion 

Timing Trap. Timing traps were highly selective when baited with the sex 
pheromone of a particular species. In a few cases, other insects were found in 
the trap, mostly Diptera caught during daylight hours. Eighty-three percent of 
moths captured were recorded by the trap's sensor. The discrepancy was caused 
either by moths not being detected or by more than one moth being captured io 
the trap within 1.5 s of each other (the time delay used by the data recorder). In 
three cases, fewer moths were found in the trap than the number of events 
recorded. A single moth may have triggered the trap's sensor more than once in 
these cases. Overhead irrigation was used for cooling in the orchard with 
Choristoneura rosaceana (sprinklers were left on during daylight hours) and a 
few false counts were recorded from water contact with the sensor. 

Actograph. Tests were started between 1000 and 1500 h. In most tests, 
moths were active for the first 1-2 h and then settled into a more typical 
pattern; therefore, data for the first 2 h of each test were not included in the 
summary. Visual observations of moths revealed that the actograph did not 
detect moths walking slowly on the surface of the tube. Sudden moth 
movements such as falling ofT the upper surface of the tube, fast walking, or 
wing fluttering were detected. 

Cydia pomonella. Six hundred eighty-seven male codling moths were 
caught in the timing trap. Moths were captured primarily during an interval 
from 30 min before to 90 min after dusk (Fig. 2). No moths were caught at 
temperatures below 13·C or above 30·C. Peak catch of moths during this 2-h 
period around dusk occurred between 17 and 21·C. More than halfofthe moths 
were caught at wind speeds < 1.0 mJs and more than 95% were caught at 
speeds < 3m/s. These data for the timing of flight and the influence of 
temperature and wind speed are similar to data from numerous published 
studies of codling moth summarized in Riedl et at. (1986). 

Codling moth males and females exhibited similar bimodal periods of activity 
in the aclograph (Fig. 2). The largest peak occurred during the 60-min. dusk 
period with a smaller peak at sunrise. A secondary peak of male captures with 
pheromone traps was reported from field data by Cutright (1964) and by Borden 
(1931) who used bait traps. Other field trapping studies did not find a sizeable 
secondary peak (Wong eL a1. 1971, Batiste et a1. 1973). Lower temperatures at 
sunrise than at dusk likely reduce the activity of moths during this earlier time 
period. In contrast, laboratory studies by Boving et a1. (1978) using an 
actograph and Castrovillo and Carde (1979) using visual observations of male 
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and female adult did no report a sizeabl increa e in activity during periods of 
light. However, in both of the tudie ligh came on instantaneously where 
we us d a GO-min sunri pel;od. 

Argyrotaenia citrana. ne hundr d nin males were caugh in the Liming 
trap. oth capture p aked 3-5 h after dusk (Fig. 3). Moths were trapped at 
temperature b lw n 9 and 25° . In the aclograph A. citrano male and 
female adult ac ivity p aked 3-4 h aft r dusk Fig. 3. ale activity in the 
actograph declined gradually during the remainder of colophase and ceased 

er h Ligh wer turned on. Fernal ctivity d eLined more rapidly than hat 
of mal after the pe k and incl'ea d during unrise (Fig. 3). In addition, 
female howed a larg peak in activity 2-3 h prior to the initation of dusk. 

Choriston ura 1'0 Beeana. One hundr d ixty-five male w re caught in 
the timing trap. Peak catches of males occurr d over a 3-h period beginning at 
dusk (1. ig. 4). These results were similar to those reported by Schuh and Mote 
(1948) in Oregon, but were an averag of 2 h adier than tho e reported by 

arde et al. (1977) in ew York. Moths were trapped aL tempemtures b tween 
12 and 27°C. 
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Fig. 3.	 Houdy activity of Argyrotaenia ·i.t"OIlO males caught in a sex 
pheromon -baited trap and movement of males and females in an 
ultrasonic actograph. Dusk (e) equals time period '0' and sunrise (0) 
equals tim pel;od 'g'. 

Male activity peaked during dusk in the ctograph, declined for 3 h, and 
then tabilized at a lower level for the remainder of scotopha e (Fig. 4). Activity 
level of males increased only slightly during sunrise. F male moths became 
active 5 h priOl' to dusk and their activity p aked at dusk. After dusk, female 
activity declined rapidly and r mained at a low level during cotophase. Female 
activity did not increase during sunrise. 

Pandemis pyl'usana. One hundred sixty·one male moths were caught in 
the timing tr·ap. Catches of males in sex phel'Omone traps peaked 1 h after the 
end of dusk (Fig. 5). Trap catches continued to d cline after the peak time 
period, but remained high for another 5 h after dusk. Moths were captured at 
temperatures between 10 and 26°C. 

Moth activity of both sexes in the actograph began about 1 h prior to dusk; 
male activity peaked at dusk while female activity peaked 1 h later (Fig. 5). 
Male activity declined sharply arter dusk but remained I'elatjvely constant 
during the remainder of scotophase, including sunrise. In contrast, female 
activity dropped continuously during scotophase, but increased 1 h prior to and 
again during sunrise. 
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Fig. 4.	 Hourly activity of Choristoneura rosaceana mal caught in a sex 
pheromone-baited trap and movem nt of males and females in an 
ultrasonic actograph. Dusk (.) equal time period '0' and sunrise (0) 

equal time period '9'. 

mtrasonic actograph have been used pI' viously to study the activity of 
beetles, earwigs, nd a braconid wa p (Luff L al. 1979). Ultr"asound has b en 
shown to inBuence moth behavior, - pecially tympanum moths such as 
noctuids, geometrid , and phingids Roeder 1962). Ithough microlepidoptera 
such as tortricid do not have tympana (Horak 1991), the effect of ultrasound 
on thes moth's b havior remains unknown. The similarity of these data to 
those of previous studies m asuring the activity of both sexe of Cydia 
pomonella in an infrar d actograph (Boving et al. 1978), and the clo e fit 
between the timing of trap catch in the field and ctivity of males in the 
actograph for all four species suggests that the use of ultrasound did not 
influence these sp cies' behavior. 

Although ultrasound did not app ar to influence moth activity in OUl' 

apparatus, there are certain aspects of hese data that need to be researched 
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Fig. 5. Houd)' ac ivity of'Pandemis pyl'usana males caugh~ in a ex pheromon 
baited trap and movement of males and females in an ultrasonic 
actograph. Dusk (.) equals time period '0' and ·umise (0) equal time 
period '9'. 

fUl·ther. For ex mple the activity displayed by female A. cilrana and 
Choristonenra rosaceana prior to dusk is not likely associated with calling, but 
may be related to ovipositional behavior (Figs. 3, 4). Th time period of Cydia 
pomonella activity observed i somewhat shorter than pr viously reported. For 
example, Ca trovillo and Carde (1979) repoI'ted lhat female call for everal 
hours in scotophase. However, female ydia pOffl,onella aloe faidy stationary 
when they call, and thi behavior was not detect d in our actograph. Future 
studies of the infiuence of sex pheromon blend or concentl·ation on th> 
timing 01' frequency of calling for this sp cies will therefor requir' visual 
recording of.· this behavior. Calling by females of the other three species (wing 
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lifting or fluttering) was usually detected by the actograph. Results of 
Castrovillo and Carde (1979) with Cydia pomonella also showed a broader time 
period of male activity using a synthetic source of sex pheromone, whereas our 
experiments were run with filtered air. Finally, the elevated moth activity 
detected during a simulated sunrise period may have been an artifact of OUf 

laboratory conditions and may not reflect moth behavior in the field. 
Of the fOUf species tested in our study, Cydia pomonella adults possessed the 

most restricted and well-defined periods of activity (dusk and sunrise). This 
narrow time period of moth activity should allow the detection with the 
actograph of' any shifts in the time or magnitude of activity, which may occur 
after exposure of this species to sex pheromone. The finding that Cydia 
pom01~ella females can detect their own sex pheromone (Barnes et al. 1992) 
reemphasizes the importance of characterizing the full behavioral impact of 
pheromone-permeated orchards on both male and female Cydia pomonella. 
Such an approach will require both laboratory and field studies using a range of 
tools such as an actograph, flight tunnel, electroantennagram, visual 
observations, and unbiased trapping systems for both sexes. \Veissling and 
Knight (1994) have developed an unattractive clear pane trap for sampling both 
male and female Cydia pomonella in orchard canopies. Its use for other 
tortricids needs to be investigated. Employing this variety of tools, the use of 
mating disruption can be more fully optimized, This effort should increase the 
opportunity for deciduous tree fruit and nut IPM programs to move from the 
use of broad-spectrum insecticides toward a greater reliance on biological 
control. 
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ABSTRACT Genetic, ecological, and economic parameters of the Colorado 
potato beetle, Leptinotarsa decemlineata (Say) in the northeastern United 
Slates were used to construct a computer simulation model of the 
development of resistance using various insecticide application strategies. 
There was little or no advantage gained by using either mixture or rotation 
strategies at the 90% level of control in this simulation. The mixture 
strategy, however, was more effective at reducing resistance development at 
97% level of control, particularly if coupled with immigration of susceptible 
beetles into treated areas or if relative fitness disadvantage associated with 
the resistance alleles was increased. Sex-linkage of the permethrin 
resistance allele negated the recessiveness of this allele, thus reducing the 
time for resistance to develop in a population compared to resistant 
autosomal alleles. This rare genetic aspect in the resistance mechanism of 
Colorado potato beetle to permethrin may be one of the reasons for the rapid 
loss of control by pyrethroid insecticides noted throughout many of the 
potato growing regions of the United States. These findings further support 
the need to integrate cullural practices and biological control with 
insecticides to control Colorado potato beetle and at the same time prevent 
insecticide resistance development. 

KEY WORDS Coleoptera, Chrysomelidae, Colorado potillo beetle, Leptino/arsa 
decemlimmta, computer simulation model, insecticide resistance. 

Insecticide resistance is one of the major problems in insect control for both 
agricultural and medically important insect pests, as well as being the main 
cause of overuse of pesticides in the environment (United Nations Environment 
Program 1979). The most common method of resistance management is the 
moderation of insecticide applications through integrated pest management 
strategies (Georghiou 1983). In many instances, however, extensive use of 
insecticides is unavoidable. Alternative practices have been proposed using 
insecticide mixtures or sequential rotations of insecticides for insect control 
(Georghiou 1983). For these resistance management strategies to be effective, it 
is necessary that all insecticides have different modes of action and show no 
cross-resistance. 

I Received for publication 17 August 1992; accepted 22 March 1994. 
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The basic principle behind these management strategies is that insects must 
evolve multiple resistance mechanisms to survive in these environments. The 
use of insecticide mixtures assumes that resistant alleles exist in populations at 
very low frequencies so that it would be highly unlikely for any individual to 
possess two or more of these rare resistance alleles prior to exposure to the 
insecticides. Any individual resistant to one insecticide would then be 
susceptible to others, and so would have little or no selective advantage over an 
individual susceptible to all insecticides. Comins (1986) has called this aspect 
"redundant killing", Mixtures also allow the application rates of each 
insecticide to be reduced if this tactic is deployed prior to selective pressures by 
the insecticides used in the mixture. If an application rate of a single insecticide 
kills 70% of a population, then the combined effects of three insecticides at a 
70% population control application Tate will kill approximately 97.3% of a 
population. This yields not only effective control, but it also leaves a population 
at least 30% susceptible to each of the individual insecticides. These susceptible 
alleles are then preserved in the population gene pool, making it less likely for 
resistant individuals to interbreed and produce multi-resistant insects. 
Synergistic interactions between chemicals and negative cross-resistance could 
further increase the usefulness of the insecticide mixture strategy (Miyata 
1989). 

The other multiple attack strategy is sequential rotation. A keypoint of this 
strategy is the assumption that in the absence of insecticide selection, the 
resistance allele (R-allelel is less fit than the susceptible allele (S-allelel. This 
allows the R-allele frequency to regress over the period of non-selection. With 
this strategy, one insecticide is applied until the resistance allele frequency 
reaches a certain threshold level, such as R-allele = 0.05. The next insecticide in 
the sequence is applied, followed by the next, until all insecticides are applied 
and the rotation begun again. During the period when an insecticide is not 
being applied, the R-allele is at a fitness disadvantage compared to the S-allele. 
Competition with susceptible individuals causes the genotypic frequency of the 
resistant allele to decrease in the population, ideally to pre-selection levels. At 
this time, the insecticide can be effectively J'e-applied and the sequence 
repeated with no loss of control. Immigration of susceptible insects from 
untreated refugia also hastens this process. 

A potential problem with the sequentiaJ rotation management technique is 
its dependence on the decreased fitness of the R-allele. Roush and McKenzie 
(1987) have argued that there is little or no fitness difference associated with 
heterozygous individuals, and in many instances the fitness disadvantage 
associated with homozygous resistant individuals is not significant enough to 
provide susceptible individuals with much of a selective advantage. 
Occasionally, resistant populations have been observed to revert back to 
susceptiblity, particularly in aphids (Bauernfeind and Chapman 1985). 
However, in the vast majority of cases, highly resistant populations reverted 
back to susceptibility at a much lower frequency than the pre-selection levels. 

A number of computer simulations based on mosquito control and using two 
insecticides have tended to show the mixture strategy as being more efficacious 
than insecticide applications in rotations under certain conditions (Knipling 
and Klassen 1984, Curtis 1985, Mani 1985, Comins 1986). Using the model of 
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Mani (1985) and simulating an insecticide mixture strategy, it was shown that 
decreasing the initial R-allele frequency, the initial linkage disequilibrium value, 
the level of dominance, and increasing the recombination rate can suppress 
resistance development. Nevertheless, even a dominance level of 0.2 of 
heterozygotes has been shown to substantially shorten the effective lifespan of a 
mixture strategy. Similarly, Curtis (985) found the mixture strategy 
advantageous only when the R-allele was recessive. When the gene was 
dominant, linkage disequilibrium built up between the two R-alleles and nullified 
the advantage of mixture strategies. Roush (1989) has discussed a number of 
potential drawbacks of mixture applications, including unequal persistence of 
insecticides (Taylor and Georghiou 1982), the need for refugia or immigration of 
susceptible ind.ividuals, and the necessity for nearly 100% control of treated 
susceptible homozygotes. Under certain circumstances, resistance even developed 
fast.er in a mixture application than under a standard application (i.e., the use of 
one compound until it fails, then replacing it with a new one). 

In this paper, a computer simulation model which uses three resistant gene 
loci was employed to test the appropriateness of multiple attack strategies in 
controlling the Colorado potato beetle (CPB) Lep/ino/arsa decemlineata (Say) 
using the genetic (i.e., level of dominance and fitness), ecological (i.e., level of 
immigration), and economic (i.e., level of control) factors associated with CPB 
management in the northeastern United States. CPB is one of the most 
notorious examples of insect control failures due to insecticide resistance. CPB 
has become resistant to every insecticide used against it in the northeastern 
United States including arsenicals (1940), DDT (1952), organophosphates and 
carbamates (1959), and pyrethroids (1981) (Forgash 1984). If CPB control is to 
remain effective, the usable lifespan of insecticides must be increased by 
resistance management to allow time for new insecticides and new strategies to 
be developed and marketed as replacements. 

Materials and Methods 

Computer Simulation Model. The three insecticides selected (i.e .• 
abamectin, azinphosmethyl, and permethrin) for use in the model have 
different modes of action and are structurally dissimilar; thus cross·resistance 
could be prevented. The computer simulation model was written in BASIC and 
designed along similar lines as the single loci resistance model of Dowd et aI. 
(1984). The three resistant gene loci of our model (i.e., AB-R, AZ-R, and PE-R, 
which is sex-linked) had an initial R-allele frequency of 1 in 105 in a population 
of l2,355/ha/per generation. The model allowed random mating and 
independent assortment of the alleles. Dominance and fitness calculations of 
azinphosmethyl and pcrmeth.rin resistance in CPB were those determined by 
Argentine et al. (1989a,b). Depending on level of fitness used, three simulations 
were examined; "apparent", "intermediate" and "severe" fitness disadvantage 
simulations. For azinphosmethyl resistance (AZ-R), these values were a 0.2 
level of dominance (i.e., LDso value of the F 1 divided by the LDso of the 
resistant strain) and a 0.83 level of relative fitness in the homozygote and 0.98 
in the heterozygote [i.e., relative r = r{resistant strain}/r{susceptible strain), 
where r = intrinsic rate of increase = log mean replacement rate/development 
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time]. For permethrin resistance (PE-R), values were a 0.05 level of dominance 
that was sex-linked (i.e., average LD50 value from male and female beetles of 
both reciprocal F1 crosses divided by the LDso of the resistant strains) and a 
0.95 level of relative fitness in the homozygote and 0.97 in the heterozygote. It 
should be noted that dominance depends in part on the dose of insecticide 
applied and can vary with residue decay, so dominance and relative fitness in 
the laboratory may be different from the field (Roush and McKenzie 1987). 
Nevertheless, laboratory assays give a measureable estimate of the level of 
dominance and fitness in the field and will be used in these simulations. 

At the time of these modeling experiments, there were no abamectin
resistant strains of ePB, although abamectin resistance had recently been 
selected in ePE (Argentine and Clark 1990). Because of this, abarnectin 
resistance (AB-R) was modeled with variables intermediate between the AZ-R 
and PE-R alleles. AB-R allele was modeled at 0.13 level of dominance and a 
0.89 relative fitness in the homozygote and 0.97 in the heterozygote. This 
simulation was labeled apparent t'i.t.ness disadvantage simulation. It has 
recently been determined that abamectin resistance is autosomal and 
incompletely recessive (0.3 level of dominance) (Argentine et aJ. 1992). At the 
present time, relative fitness has not been assessed in these strains. 

To test the effects of hybrid vigor, a simulation was constructed where all the 
variables remained the same as for the apparent fitness disadvantage 
simulation except that the relative fitness of the heterozygotes was modeled to 
be either intermediate between the susceptible and resistant strains or severely 
disadvantaged. These intermediate values were 0.91 for the AZ-R heterozygote, 
0.97 for the PE-R heterozygote, and 0.94 for the AB-R heterozygote. This 
simulation was labeled intermediate fi.tness disadvantage simu.lation. 

In a reduced fitness simulation, dominance levels remained the same, but 
the relative fitness of all three alleles was decreased to 0.6 for the homozygotes 
and 0.8 for the heterozygotes. This simulation was labeled severe Fitness 
disadvantage simulation. 

The model attempted to simulate the ecological and economic parameters for 
CPR in the northeastern United States. The CPR population in the model 
produced 1235 total adult male and female beetleslha for each overwintering 
mating pair in the first generation and 62 adult females in the second 
generation per first generation mating pair (Voss et al. 1988). Overwintering 
mortality was set at 75% as determined by Voss et a1. (1988) and Voss and 
Ferro (1990). Immigration levels were modeled at 0, 25, 247, 2471 CPR per ha 
per generation. Although CPB is capable of migration, there appears to be little 
gene now between discrete populations, such as from one farm to another 
(Roush et al. 1990). Immigration levels were then included because of the 
importance of this factor in resistance evolution (Tabashnik and Croft 1982) 
and to model possible effects ofreFugia in potato fields. Population control levels 
were set at 90% or 97% mortality. In the mixture strategy, this was done by 
setting all three selection levels at 54% or 70%, respectively (e.g., a 90% 
mortality level is achieved with three insecticides set at 54% mortality each). 
The economic thresholds for CPR were 494,193 adult beetles per ha for the 
overwintering generation and 988,386 adult beelles per ha for the first 
generation (Ferro 1985). 
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Four insecticide application strategies were examined. A standard application 
strategy applied an insecticide until there was> 20% R-allele frequency in the 
population before replacing it with the next insecticide. The mixture strategy 
simultaneously applied alI three insecticides. 1\vo sequential rotation strategies 
were simulated. The first, threshold sequential rotation strategy, was based on a 
R-allele frequency threshold. An insecticide was applied until a threshold of 0.05 
R-allele frequency was reached before replacing it with the next insecticide in the 
sequence. If all three R-allele frequencies were over 0.05, the insecticide against 
the R-allele with the lowest frequency was selected. In reality, this would 
probably not. be practical unless a quick screening device, such as used by Heim 
et aJ. (1990), was available. In the second sequential rotation strategy, alternating 
sequential rotation strategy, an insecticide was applied for two generations and 
then automatically replaced by the next insecticide in the sequence. This 
approach could easily be used by growers. 

The population parameters measured were the percentage of t.he population 
actually controlled, population size, the frequency of the three R-alleJes, and the 
linkage disequilibrium between any two loci. Linkage disequilibrium was 
measured to determine if any two of the three resistance alleles were sorting 
out together (i.e., in a state of linkage) with frequencies greater than that 
attributed to chance alone. A successful management strat.egy would be 
expected to show little or no linkage disequilibrium between any two resistance 
alleles. Reversion rates of the R-alleles in the TR strategy were calculated by 
the following equation: 1 - RI(y'R J [where R, is the R-allele frequency when 
selection has ceased (i.e., R-alJele frequency greater than 0.05) and RIO is the R
allele frequency 10 generations after selection has ceased]. Control failure of an 
application strategy occurred when the actual control of the population went 
below 70%. 

Results 

Effects of Insecticide Application Strategies. There was virtually no 
difference between the four application strategies in the apparent fitness 
disadvantage simulation at 90% control level with no immigration, and the 
standard and rotation strategies had slightly reduced insecticide lifespans at 
the 97% control level (Fig. 1A,B). However, the mixture strategy in the 
apparent fitness disadvantage simulation at 97% control level with no 
immigration resulted in a slight increase in the lifespan of the insecticides of 
(i.e., l.4~-fold) compared with the standard application strategy (i.e., 21 
generations us. 15 generations) (Table 1). 

The most effective insecticide application simulation for the suppression of 
resistance development. in CPB in the absence of immigration <i.e., no 
immigration) was obtained in the severe fitness disadvantage simulation using 
a mixture strategy at a 97% control level (Fig. 2B). However, the effective 
lifespan of the insecticides in tbis situation was increased only 1.9-fold in 
comparison to the standard application strategy (Le., 33 generations us. 17 
generations). The rotation application strategy result.ed in only a 1.2-fold 
increase when a similar comparison was made (i.e., 21 generations us. 17 
generations) (Table 1). At a 90% control level with no immigration and under 
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Fig. 1.	 Computer simulation of control strategies for the delay of CPB 

resistance development in an apparent fitness disadvantage 
simulation with 90% control (A) and 97% control (B). Control failure 
was defined as the actual control level dropping to below 70%. 
Alternating rotation strategy is not given due to the similarity between 
alternating rotation and threshold rotation strategies (see Table 1). 



Table 1. Comparison of simulated insecticide application strategies at various levels of immigration and fitness 
disadvantage on the development of resistance in CPR. 

Susceptible Number of generations of actual control to go below 70%Control Immigation ;> 
Simulationa Level Level {hal Standard Threshold Alternation Mixture 5 

l"l 

~ Apparent Fitness 90% 0 18 18 19 20 Z25 18 18 20 19 l"l 
~247 18 18 20 21 ~ 

!02471 18 20 21 21 
s:: 
~,97% 0 15 16 16 21 
~ 

25 15 16 16 23 ~ 
247 15 16 16 24 

~ 
3 , 
~2471 16 20 20 32 
0 
~ 

C":lSevere Fitness 90% 0 22 28 28 30 ." 

Disadvantage 25 22 30 30 30 tIl 

~ 247 22 30 30 31 ;> 
2471 22 30 32 33 ." 

"2
n' 
~ 

97% 0 17 21 21 33 <". ,25 17 21 21 39 " 
UJ 
~247 17 26 24 47 
~ " 2471 21 30 30 70 g 

'!3. 
~ 
~ 

., See texl. fur details of fitness disadvantage simulations. 

~... 
'" 



97" CONTROLI2ZaMixture 

Fig. 2.	 Computer simulation of control strategies for the delay of CPB 
resistance development in a severe fitness disadvantage simulation 
with 90% control (A) and 97% control (B). Control failure was defined 
as the actual control level dropping to below 70%. Alternating rotation 
strategy is not given due to the similarity between alternating rotation 
and threshold rotation strategies (see Table 1). 
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severe fitness disadvantage simulation conditions, the rotation and mixture 
strategies were equal in the slight extension of the number of generations of 
control (i.e., 1.3-fold, 30-28 generations us. 22 generations) over that produced 
by standard application strategies (Table 1). These results indicate that ifthere 
is a severe fitness disadvantage associated with R-alleles, the mixture strategy 
is a slightly more effective means to suppress resistance than the rotation 
strategies. This is interesting since the threshold rotation strategy under 
reduced fitness conditions has been suggested to be more effective in delaying 
resistance (Georghiou 1983). However, Roush et aJ. (1990) has found mixtures 
to be more effective in delaying resistance under conditions of R-allele fitness 
disadvantage. 

The mixture strategy was slightly more effective in delaying resistance in 
both apparent and severe fitness disadvantage simulations at the 97% control 
level in comparison to the 90% control level. This is probably due to "redundant 
killing", or the elimination from the population of many resistance alleles 
because of associat.ion with genotypes susceptible to at least one insecticide in 
the m.ixture. This is in contrast. to the standard and rotation strategies using 
either simulation (i.e., apparent or severe) where control failure occurred in 
approximately the same number of generations at. 97% control level (i.e., 15 
generations VS. 16 generations and 17 generations VS. 21 generations, 
respectively) (Table 1). 

Effect of Immigration of Susceptible Insects (e.g., Refugia). 
Immigration produced the most dramatic effect. under the severe fitness 
disadvantage simulation using the mixture stl'ategy at 97% control (Fig. 2B). 
The effective lifespan of the insecticides in this situation was increased 3.3-fold 
in comparison to the standard application strategy (i.e., 70 generations us. 21 
generations) (Table 1). A low rate of immigl'ation (e.g., 25 CPB adultsl hal 
extended this application strategy from 33 to 39 gcnerations, while an 
immigration ratc of' 1000 extcnded the mixture strategy to 70 generations of 
effective cont.rol (Table 1). In comparison, an immigration level of 1000 
extended the effective lifespan of the rotation strategies at 97% control in the 
severe fitness disadvantage simulation only 9 gencrations and the mixture 
strategy at 97% control in the apparent fitness disadvantage simulation by only 
11 generations (Table 1). Presumably, immigration of susceptible CPB had less 
effect. at the 90% control level since a relatively large portion of the population 
was already not. being selected, creating a refugia of susceptible individuals de 
{acto. 

The effect. of immigration on the mixture strategy at 97% control is more 
dramatic than other strategies because, although the susceptible immigrants 
mate with the selected population and have the same effect. on the proportion of 
resistant individuals in each strategy, it presumably hinders the number of 
multi-resistant individuals from arising through recombination at each 
generation. A large proportion of the population would then be susceptible to at 
least one of the insecticides, and so would not be at a selective advantage over 
completely susceptible individuals. 

Effects of Control Level on Population Density. Population control 
using a mixture strategy at 90% with no immigration resulted in larger and 
more variable population levels and increased the number of insecticide 
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applications (i.e., selections) necessary to maintain the population below the 
economic threshold, compared to 97% level of control (Fig. 3). At 90% control, 
the population generally stayed above 50,000 CPBlha, while at 97% control it 
remained under 10,000 CPB/ha until generation 15. However, insecticide 
failure occurred more rapidly at a 97% level of control with no immigration 
under standard and sequential rotation strategies compared to 90% level of 
control in both apparent and severe fitness disadvantage simulations (Table 1). 
As stated previously. the effectiveness of the mixture strategy was greatest at 
the 97% level of control in all of the simulations tested due to "redundant 
killing." Nevertheless, its benefit was really only evident when immigration 
levels were increased. 

It should be noted that the reproductive capacities and overwintering 
mortalities used in the simulations were averages taken over three field 
seasons and were subject to variation (Voss et al. 1988). Because of this, every 
generation had to be selected even if it fell below economic threshold levels. If 
this was not done, at least two sprays would be needed in the next generation to 
compensate for the previous generation. This shows the importance of 
monitoring field population densities. If the CPB reproductive capacity was 
depressed during one generation due to an abiotic factor (e.g., cold weather), it 
could produce a situation where extra sprays during the first generation and 
any second generation sprays might be avoided. This is the basis for rotating 
crops so that the number of colonizing adults is reduced and colonization is 
delayed, which in turn means that fewer insecticide applications are needed. 

Reversion of Resistance Allele Frequency Due to Reduced Fitness. 
The resistance to azinphosmethyl in the AZ-R strain of CPB has been 
determined to be associated with a fitness disadvantage (Argentine et at 
1989b). These fitness values were modeled to determine the population 
reversion rate of the azinphosmethyl resistance allele. As expected, the severe 
fitness disadvantage simulation produced the highest reversion rates. This is 
followed by intermediate fitness disadvantage simulation and the apparent 
fitness disadvantage simulation, which produced the lowest rates (Table 2). 
Also the difference between the apparent fitness and intermediate fitness 
reversion rates is not surprising, since heterozygote fitness is most influential 
at lower R-allele frequencies when most resistant individuals will be 
heterozygous for resistance (Roush and McKenzie 1987). 

The fitness disadvantage of the AZ-R allele appears to have slowed 
azinphosmethyl resistance development under all of the application strategies. 
However, the rate of reversion of the AZ-R allele was too slow to have had any 
impact on resistance development in the threshold sequential rotation strategy 
compared to the standard application strategy under the apparent fitness or 
severe fitness simulations. To have any impact on resistance development, the 
reversion rate would have to approach a value of 1.0 before it was selected 
again, as it did in the severe fitness disadvantage simulation. This was the 
probable reason why the sequential rotation strategies lasted only as many 
generations as the standard application strategy in the apparent fitness 
disadvantage simulation, regardless of the selection pressure. For practical 
purposes, even a reversion rate of 0.89 is not high enough to allow for 
azinphosmethyl to be used but once per season. However, in areas where the 
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Fig. 3. cpa population levels at 90% and 97% control levels. A mixture 
application strategy in an apparent fitness disadvantage simulation 
with no immigration is used. Generations where morc than one 
insecticide application was needed to reduce the population to a level 
below the economic threshold are indicated by "*". 

beetle has become resistant to all registered chemicals such as the northeastern 
USA (Forgash 1985), the ability to be able to effectively use azinphosmethyl one 
time per year could be very beneficial. This in fact mimics current rec
ommendations for use of carbamate, organophosphate and pyrethroids for 
Massachusetts (D. Ferro, peTS. comm.). 

Effeet of the Sex-Linkage of the PE-R Allele. Dominant alleles have 
been determined to develop in a population faster than recessive alleles (Curtis 
et aJ. 1978, Taylor and Georghiou 1979, Wood and Mani 1981l. The sex-linked 
PE-R allele was essentially recessive (0.05 level of dominance. Argentine et at. 
1989a), yet consistently took less time to develop resistance than the AB-R and 
AZ-R autosomal alleles (0.13 and 0.2 levels of dominance, respectively) in both 
standard application and mixture strategies (Fig. 4A,B). Apparently, if the PE
R allele is associated with a male (XO), it will be fully expressed (i.e., dominant) 
and so selected for in the population as illustrated in Fig. 5. The rate of increase 
in frequency of the sex-linked PE-R allele at 0.05 level of dominance is 
approximately the same as an autosomal allele at 0.3 level of dominance. 

The effect of dominance in an autosomal allele on the time ror resistance to 
develop appears to be almost logarithmic (Fig. 5). This means that a small 
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Table 2.	 AZ-R allele reservsion ratesa in the threshold sequential 
rotation strategy after 10 generations of populations not 
being exposed to azinphosmethyI. 

Susceptible 
Control Immigration 
Level Level (ha) 

90% 0 
25 

247 
2471 

97% 0 
25 

247 
2471 

Apparentb 
Fitness 

0.23 
0.25 
0.25 
0.39 

0.23 
0.26 
0.51 
0.82 

Reversion Rate 

Intermediate Severe 
Fitness Fitness 

0.56 0.89 
0.60 0.89 
0.61 0.89 
0.69 0.92 

0.50 0.82 
0.53 0.84 
0.71 0.95 
0.87 0.98 

Q Rc\'crsion rate = 1 . R.ofRl where HI = R-allele frcquenc}' when selection has ceased nnd RIO = R
nllele frequency after to generations after selection has ccased. 

b See text for details of fitness disadvantage simulations. 

change from 0.05 to 0.1 level of dominance would have a significant effect on 
resistance development, much as it did in the model of Mani (1985). This 
indicates that even slight changes affecting dominance (e,g" residual 
persistance of insecticides) can have profound effects on resistance 
development. By knowing the level of dominance and type of inheritance prior 
to selective pressure, it may be possible to identify proper application strategies 
morc effectively. 

The importance of dominance in mixture strategies was shown in the 
development of azinphosmethyl and abamectin resistance. Abamectin was 
modeled to be intermediate between AZ-R and PE-R, so the AB-R aUele was 
more intrinsically fit but less dominant than AZ-R. Under these conditions, AZ
R developed resistance consistently faster than AB-R under all strategies (Fig. 
4A,B). These results on the relationship between dominance and fitness 
disadvantage are similar to those found by Tabashnik and Croft (1982), where 
the effects of reproductive disadvantage were dependent on immigration and 
dominance. 

The sex-linkage and relatively minor fitness disadvantage associated with 
permethrin resistance apparently limited the use of permethrin as a control 
agent for CPB in Massachusetts. Nan-synergized permethrin was effective for 
two years (e.g., 4 generations) in l\Ilassachusetts (D. Ferro, peTS. comm.). This 
correlated well with the results from the model, where permcthrin also lasted 4 
generations (Fig. 4A). Because cross-resistance to other pyrethroids has been 
demonstrated (Argentine et al. 1989a), it seems likely that these will also 
rapidly lose their effectiveness as control agents against CPB. This has been 
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Fig. 5. Effects of sex-linkage and dominance on the development of resistance. 
Each allele is selected at a 97% control level. The sex-linked permethrin 
resistance allele is at 0.05 level of dominance. PE ;;;: permethrin and AB 
=abamectin. 

well documented for CPB populations on the eastern shore of Virginia where all 
populations tested for permethrin and fenvalerate resistance were within one 
magnitude of each other when resistance ratios were compared (Tissler and 
Zehnder 1990). 

Linkage Disequilibium Effects. The linkage disequilibrium relationships 
between any two resistant alleles in the absence of immigration appears to 
have had little consequence in resistance development under any of the 
application strategies or simulations tested, since linkage disequilibrium rarely 
varied from trivial levels (e.g., -10-10 to -10-4) (Fig. 6). This may be due in part 
to the initial linkage disequilibrium values chosen. In the present model, the 
initial linkage disequilibrium values were -10-8, which would be expected if the 
R-alleles were on different chromosomes and the initial R-allele frequencies 
were approximately 10-5 . Curtis (1985) found that linkage disequilibrium rose 
rapidly if one of the resistance alleles was dominant, negating any possible 
advantages of the mixture strategy. However, his initial linkage disequilibrium 
value was 10-6. 

The three loci system used in the present model may be another factor 
affecting linkage disequilibrium. In a three loci model, any relationship 
between two loci is lessened by selective forces at the third loci. This would be 
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Fig. 6. Linkage disequilibrium of threshold sequential rotation strategy at 97% 
control level and no immigration in the apparent fitness disadvantage 
simulation. Arrows indicate when an insecticide was applied in the 
rotation. AB =abamectin, AZ =azinphosmethyl and PE =perrnethrin. 

evident in the mixture and alternating sequential rotation strategies where all 
three selective pressures are occurring simultaneously or nearly 
simultaneously. This was also true in the threshold sequential rotation strategy 
where linkage disequilibrium between AZ-R and PE-R was interrupted once 
AB-R selection began (Fig. 6). While this three loci selection regime did have 
some effect on linkage disequilibrium, mixture application strategy simulations 
with selection at two loci produced relatively similar levels of linkage 
disequilibrium (Argentine 1987). 

Linkage disequilibrium did vary slightly in the standard application and 
threshold sequential rotation strategies. The linkage disequilibrium level for 
AZ-R and PE-R began decreasing once permethrin selection began and peaked 
at approximately -10-4 once the maximum level of perrnethrin resistance was 
achieved (Fig. 6). During these generations, there seemed to be selection 
against linkage between AZ-R and PE-R alleles. This was expected in the 
threshold sequential rotation strategy since in the absence of azinphosmethyl 
selection, the fitness disadvantage associated with this allele would favor those 
individuals with only PE-R alleles. However, this did not hinder resistance 
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development because the AZ-R allele frequency did not regress rapidly enough 
between treatments and because abamectin selection interfered with AZ·R and 
PE-R disequilibria. Finally, the magnitude of change of linkage disequilibria 
was probably not sufficient to have any effects on the development of 
resistance. ' 

Discussion 

Using this model and a high selection level (i.e., 97°/c control), the mixture 
application strategy delayed resistance development but only if coupled with 
immigration of susceptible insects and/or a reduced fitness of R-alleles (i.e., 
severe fitness simulation). HO\',1ever, a number of caveats must be considered. 

It may be possible to simulate an immigration rate of 2471 susceptible 
CPB/ha/generation through refugia and the few CPR host plants growing 
nearby. Immigration in the model, however, was one-way, with a constant 
source of susceptible CPB migrating to the selected habitat. In the model of 
Comins (1977), resistance would be suppressed by immigration but outward 
flow from the selected population would eventually raise the R-allele frequency 
in the refugia. Once the frequency in the refugia was above a certain threshold, 
the effect of immigration would be nullified. Adult CPB will migrate a number 
of times per year (Voss and Ferro 1990) and post-diapause adults that colonize 
new habitats (wild hosts or potato) mate the previous year (Ferro et a1. 1991), 
and the eggs laid on wild hosts will be principally from selected parents. 
Unless there is some fitness disadvantage for these offspring and they go 
through at least one complete generation on the wild host, selected individuals 
will colonize the potato crop. The role of immigration in resistance development 
by CPB may be negligible. More recent research has shown populations of ePB 
within the same locality to be extremely heterogenous when using levels of 
insecticide resistance as indicators. Roush et al. (1990) found levels of 
insecticide resistance to be most highly correlated with grower practices and 
not proximity to other CPB populations. These studies would indicate there is 
little gene flow between discrete CPB populations, and that immigration is 
probably not an important factor in delaying insecticide resistance development 
in CPB. 

The mixture application strategy was morc effective in delaying resistance 
than rotation strategies in cases of severe fitness disadvantage associated with 
R-alleles, although rotation strategies also delayed resistance compared to the 
standard application strategy in this situation. Unfortunately, the actual 
fitness disadvantage was moderate in azinphosmethyl resistance and 
insignificant in permethrin resistance as measured by Argentine et aL (l989b). 
However, other overlooked factors, such as increased overwintering mortality, 
cannibalism, or a reduced ability of selected beetles to migrate, may cause 
significant fitness disadvantages in resistant insects (Argentine et al. 1989b). 

Even though the mixture application strategy may delay resistance 
development, it must sufficiently increase the effective lifespans of the 
insecticides to outweigh the environmental and economic costs of increased 
insecticide use caused by this strategy. Not only would three insecticides be 
used at once, but the overall application rate would have to select for at least 
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97% of the population. Also, for the strategy to be effective, all insecticides used 
in the mixture need to decay at the same rate (Denholm and Rowland 1992). 
This poses not only an application problem but also a selection problem of 
finding insecticides which elicit no cross-resistance (e.g., different modes of 
action, differential xenobiotic metabolism, etc.) yet still have similar physical 
chemistry. Additionally, the model would have to be validated by either cage 
studies or field work to insure that the results of the model are reproducible 
under actual application conditions. If the model does not accurately represent 
the field situation, there exists a possibility of losing all three insecticides in the 
same time period it takes to lose one insecticide, since all three insecticides are 
applied simultaneously. 

In one field study comparing mixture and rotation strategies, Immaraya et 
al. (1990) found the rotation strategy to be more effective in delaying resistance 
in orange citrus thrips. The difference in the results between this study and 
ours may have been due to differences in the genetic, ecological, and economic 
factors of the two pest-crop systems or the decay rates of the insecticides used 
in the mixture application in the citrus thrips study negated the benefit of the 
strategy. Indeed, the application rate was half that of the normal field rate in 
the citrus thrips study, and may not have selected the population at the level 
needed to maximize the effectiveness of the mixturer strategy as shown in our 
simulations_ In comparison a field study of the horn fly using the three classes 
of insecticides used in our model (e.g. pyrethroid, organophosphate and an 
avermectin) demonstrated that the onset and degree of resistance development 
was significantly reduced by alternating and mixing insecticides (McKenzie and 
Byford 1993). The increased efficacy of these strategies in delaying resistance 
development may be due to the increased susceptibility of permethrin-resistant 
horn nies to diazinon compared to susceptible horn flies. This negative cross
resistance would leave pet'methrin-resistant horn Ilies at a severe fitness 
disadvantage. Under this situation in our model, alternating and particularly 
mixture strategies were particularly effective in delaying resistance 
development. 

Although all computer simulations to date show that mixtures can be at 
least as effective as standard application strategies, empirical data {l'om field 
studies on CPB must be gathered to verify this. The simulation output for 
resistance development by CPB using three insecticides in the different 
management strategies showed resistance to develop no sooner than about 18 
generations. [n the field, resistance can develop over a much shorter interval 
(Forgash 1985). This would indicate that other factors are corning into play, and 
that the simulated insecticide management strategies cannot stand alone. 
These strategies would need to be integrated with cultural control practices 
such as crop rotation or altered planting dates, biological control agents and 
other non-insecticidal management practices. 
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ABSTRACT Selected sweet corn hybrids, Zea m.ays L., were evaluated in 
the field and laboratory for resistance against the corn carworm (CEW). 
Helicoverpa zea (Boddiel. No field resistance to CEW was detected among the 
27 commercial sweet corn hybrids, yet 'Ashworth' possessed antibiotic silks. 
Larvae fed on silk diets of 'Ashworth' were smaller at 9 d, developmental 
time was longer, and the weight of resulting pupae was less than larvae fed 
on diets of silks of the other commercial hybrid. However, 'Ashworth' has a 
loose husk which renders it susceptible in the field. If the husk character 
could be changed from loose to tightly husked in one or both of the inbrcds, 
a commercial sweet corn would be available to growers that has antibiotic 
resistance to the CEW in the field. Damage ratings were significantly 
correlated with husk tightness (r = ·0.83) and developmental time of larvae 
(r = ·0.47). Also, husk tightness was significantly correlated with 
developmental time of larvae (r = 0.62) and weight of pupa (r = ·0.50). 

KEY WORDS Insecta, HelicolJerpa ZI..'Cl, Zea mays, antibiosis, husk characters, 
Lepidoptera, Noctuidae. 

Corn, Zea mays, L., is an important crop in the southern and southeastern 
United States. Among the many pests of corn, corn earworm (CEW), Helicouerpa 
zea (Boddie), is traditionally one of the most important. This is particularly true 
for sweet corn grown in the south and southeast. The CEW severely damages 
many sweet COTn varieties in Georgia (Tereshkovech and Brantley 1965) when 
insecticides are not applied. Often more than 75% of the ears are infested with 
CEW larvae (DelValle and Harmon 1966). 

McMillian et al. (1977) reported that 'Silver Queen' and 'Burpee Snow Cross' 
were damaged significantly less than the standard check, 'Ioana'. They found no 
significant correlation between ear damage and husk tightness, husk extension, 
or days to mid-silk among 61 varieties of sweet corn evaluated. They concluded 
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that few commercial sweet corn hybrids possessed a superior degree of CEW 
resistance. However, Wiseman and Isenhour (1992) reported than an 
experimental sweet corn hybrid, '471·U6 X 81-1', showed a level of resistance in 
the field similar to that expressed by 'Zapalote Chico 2451# (P) C3', a standard 
dent resistant check that possesses antibiosis. The mechanism of CEW 
resistance of '471-U6 X 81-1' has been described as tolerance (Wiseman et aL 
1992). The resistance of 'Z. Chico' is based on maysin, a flavonol-C·glycoside 
(Wiseman et al. 1992). 

Reported herein are evaluations of selected sweet corn hybrids for resistance 
in the field along with supporting laboratory assays for antibiotic responses to 
corn earworm larvae. 

Materials and Methods 

Corn earworm eggs or larvae used in this study were obtained from a culture 
maintained on CSM (corn-soy-milk) diet (Burton and Perkins 1989) at the 
Insect Biology and Population Management Research Laboratory, Tifton, 
Georgia. Voucher specimens are maintained at this location. The culture is 
maintained in a heterozygous state by maintaining a series of carefully 
controlled crosses (Young et a1. 1976). 

Twenty-seven sweet corn hybrids (listed in Table 1) and a resistant check 
were planted in TOWS 6.1 m in length and 0.76 m apart at Tifton. The 
experiment was arranged as a randomized complete block design with 15 
replications. At full silk (2 d past silk emergence), 35-40 CEW eggs suspended 
in a 0.2% agar solution were inserted into the tip of the silk channel of 10 top 
ears (using a hand-lotion dispenser) (Wiseman 1989) of each entry for the fiTst 
twelve replications. Twelve d after infestation <DAl), husk-tightness ratings of 
o to 5 were recorded for each infested ear (10 ears/row) where: 0 = loose husks 
with cob visible, 1 =loose husk with cob not visible, to 5 = very tight husks that 
are tough to shuck (Wiseman and Isenhour 1992). Ear-damage ratings were 
recorded 18~21 DAI for infested ears using the revised centimeter scale where: 0 
= no damage, 1 = silk damage, 2 = penetration to a depth of 1 em, and 3 ... n = 
damage increased by 1 unit for each additional ern penetration (Widstrom 
1967). 

Silks from the remaining three replicates of only 25 of the entries (3 had 
insufficient silk) were harvested at full silk (2 d past silk emergence), bulked 
and oven dried at 4PC for about 10 d. The dry silks were ground (l mm screen) 
using a Cyclotec sample mill. The powdered silk was thoroughly mixed into a 
pinto bean diet (diluted at 3 ml diet: 2 ml water) at 62,5 mg dry silk/g of dilute 
diet (Wiseman 1989). The diet mixtures were dispensed into fifty-six 30-ml 
plastic diet cups/entry and allowed to cool at room temperature for 2 h. A dilute 
diet check with 62.5 mg of celufil/g of diet was included. Then one neonate CEW 
larva was placed on top of the diet and the cup was capped. The experiment 
was arranged as a randomized complete block design with 28 replications and 2 
cups/treatment. The experiment was held in an environmental room at 27 ± 
2"C and 80 ± 5% RH with a photoperiod of 14:10 (L:D). Weights (mg) of larvae 
were recorded at 9 d. Developmental time (days to pupation) and weight (mg) of 
pupae were also recorded. Plot and treatment (genotype) means were analyzed 
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Table 1. Mean ratings for ear injury by corn earworm (CEW) and husk 
tightness on selected sweet corn hybrids and resistant check.a 

X Ratings for xRatings for 

Entry 
CEW injury 
to corn earsb 

husk tightness 
on corn earsb 

Burpee EGG 7.42 a 1.18 i-I 
Burpee BC 6.79 ab 1.00 I 
Ashworth 6.53 abc 1.00 I 
Extender RB 6.45 abc 1.53 g-i 
Hastings EES 6.42 a-d 1.25 i-I 
Vantage EA 6.15 b-e 1.26 i-I 
Hastings IOC 5.94 b-f 1.57 g-i 
Hastings CAL 5.72 bog 1.92 e-g 
Burpee ST 5.66 c-h 1.52 g-k 
Burpee IXS 5.60 c-i 1.42 h-k 
Burpee HC 5.47 c-i 1.12 j-I 
GH1698 RB 5.33 d-i 1.28 i-I 
Jubilee 5.27 e-i 1.87 e-g 
Burpee PL 5.21 e-k 1.38 h-I 
Hastings KK 5,18 e-k 1.98 d-f 
Golden Bantam 5.17e-k 1.06 kl 
Supersweet JRB 4.99 f-I 1.72 f-h 
MSI817 4.831'1 1.19 i-I 
Hastings MER 4.73 g-I 1.72 f-h 
Hastings CGS 4.58 h-I 2.36 cd 
Burpee HP 4.55 h-I 1.41 h-k 
Hastings GB 4.54 i-I 2.33 cd 
VikingRB 4.44 j-I 2.56 be 
Hastings SWE 4.15 kl 1.83 e-g 
Silver Queen 4.12 kl 2.39 c 
Stowells' Evergreen 3.93 I 2.18 c-e 
471-U6 X 81-1e 2.48m 2.93 b 
Zapalote Chico 1.78 m 4.11 a 

SEMd 0.42 0.16 

a Means within a column not followed by the same letl.cr are signiticantl.y different (P < 0,05) according 
to Wallel'-Duncan (SAS Institute 1989). 

b CEW injury ratings were made according to the scale reported by Widstrom (L967). Husk tightness 
fIltings were made using the scale reported by Wiseman lind Isenhour (1992), 

C The hybrid '471-U6 X 81·1' was made by crossing the inbreds '471·U6' and '81-1'. 
d SEM =Standard error of mean was based on pooled error mean square in the anlllysis. 
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for each measured character by Proc GLM (SAS Institute 1989). Means 
within each measured character were separated by Waller·Duncan P ::::: 0.05 
and k-ratio = 100 (SAS Institute 1989). Correlations between damage ratings, 
husk tightness, weight oflarvae, developmental time, and weight of pupae were 
calculated (SAS Institute 1989). 

Results and Discussion 

Significant (P < 0.05) differences for CEW damage and husk tightness were 
found among the sweet corn hybrids but none were classified as resistant 
except '471-U6 X 81-1' (Table 1). All of the commercial sweet corn hybrids had 
significantly more CEW injury in the field than either 'Z. Chico' or '471-U6 X 
81-1' (Table 1). Also, both 'Z. Chico' and '471-U6 X 81-1' had significantly 
tighter husks than any of the commercial sweet corns hybrids (Table 1). Tight 
husks over the silk·channel alter the behavior of the CEW larvae to initiate 
feeding in the upper part of the silks (Wiseman and Isenhour 1992). 
Conversely, loose husks allow CEW larvae to avoid feeding on antibiotic silks 
and quickly penetrate the ears where they severely damage the kernels. 
Wiseman and McMillian (1982) showed that the feeding behavior of CEW 
larvae could be altered on resistant and susceptible corn entries by loosening 
the husk of the resistant and tightening the silk channel of the susceptible 
entry. Thus, resistance to CEW detected in the field does not always reflect 
whether antibiotic (silk-based) resistance exists. Thus, it is necessary to assay 
silks to measure at least one biolobrical parameter of antibiotic resistance. 

Laboratory assays of silks produced significant (P :5" 0.05) differences in 
weight of larvae at 9 d, larval development time, and weight of resulting pupae 
among the sweet corn hybrids (Table 2). The silk-diets of '471-U6 X 81-1' 
(tolerant entry) produced larvae weighing an average of 732.8 mg compared to 
687.9 mg for 'Golden Bantam', a susceptible hybrid. By definition, tolerant 
cultivars do not adversely affect growth of the larvae. Therefore, '471-U6 X 81-1' 
would rank in the susceptible category (no antibiosis) for this test, which is 
consistent for a tolerant entry. Larvae on both 'Ashworth' (84.2 rng) and 'Z. 
Chico' (12,6 mg) silk-diets weighed significantly less at 9 d than those on any 
other hybrid silk diet tested. Although the weight of larvae fed on the 'Z. Chico' 
silk-diets was one-seventh of those fed on the 'Ashworth' silk-diets, the 
difference was nonsignificant (P :5" 0.05). 'Ashworth' was ranked highly 
susceptible to CEW injury in the field because its loose husk (Table 1) allowed 
the larvae to avoid feeding on the antibiotic silks. 

Other biological antibiotic resistance parameters evaluated were 
developmental time and weight of pupae (Table 2), Larvae that were fed on 
'Ashworth' or 'Z. Chico' silk-diets required the longest time to develop and had 
the smallest pupae (Table 2). Again, larvae that fed on '471-U6 X 81-1' 
developed normally and produced pupae that weighed as much as pupae from 
any susceptible entry. These findings are also consistent with weights of large 
larvae that were also produced on silk-diets of '471-U6 X 81-1' (Table 2), which 
are consistent with the characteristics of a tolerant hybrid: tight husk and less 
ear damage (Table 1). 
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Table 2. Mean weight (mg) of 9-d-old larvae, developmental time (d) and 
weight (mg) of pupae from corn earworm (CEW) larvae that fed 
on silk diets of selected sweet corn hybrids.a 

xWL (mg) of xdevelopment xWt. (mg) of 
Entry 9-d larvae time Cd) pupae 

Burpee HP 758.1 ± 44.8 a 12.6 ± 0.60 ab 523.1 ± 22.7 a 
Burpee Be 
Hastings CAL 
Hastings KK 

756.5 ± 33.2 a-c 
747.6 ± 32.5 ab 
747.3 ± 32.5 ab 

12.5 ± 0,42 a 
12.8 ± 0.44 a-c 
12.8 ± 0,43 a-c 

497.1± 16.2a 
518.7 ± 16.9 a 
493.5 ± 15.9 a-c 

Burpee EGG 742.9 ± 31.3 ab 12.6 ± 0.41 ab 517,4 ± 15.6 a 
MSI817 740.6 ± 31.3 ab 13.0 ± 0.40 a-d 523.7 ± 15.3 a 
Hastings SWE 734.9 ± 44.8 a-e 13.4 ± 0.56 a-e 536.1 ± 21.1 a 
471-U6 X 81-1 732.8 ± 31.9 a-c 13.6±0,4J a-f 536.2 ± 15.6 a 
Hastings CGS 
Jubilee 

729.0 ± 31.3 a-c 
711.0 ± 32.5 a-c 

13.1±004l a·e 
13.2 ± 0042 a--e 

508.7± 15.6 a 
536.5 ± 15.9 a 

Extender RB 688.9 ± 33.9 a-d 13.1 ± 0,45 a-e 515.3 ± 17.3 a 
Golden Bantam 687.9 ± 31.9 a-d 13.5 ± 0.65 a-e 532.9 ± 24.7 a 
Burpee PL 670.3 ± 33.2 bod 13.2 ± 0.4-3 a-c 511.0 ± 15.9 a 
Vantage EA 689.5 ± 34.7 b-d 13.7 ± 0.45 b-f 528.1 ± 17.3 a 

Supcrsweet JRB 655.5 ± 33.9 cd 13.5 ± 0.42 a--e 509.0 ± 16.2 a 
GHI698 RB 641.0 ± 33.2 d 13.9 ± 0,43 c-f 492.1 ± 16.2 a-c 
Stowells' E\'crgreen 528.9 ± 31.3 e 13.5 ± 0.42 a-e 505,4 ± 15.9 ab 
BurpeeST 
Hastings MER 
Silvcr Quccn 

350.6 ± 31.9 f 
348.6 ± 32,5 f 
309,5 ± 31.9 fg 

14,2 ± 0.43 e-g 
13.8 ± 0.43 c-f 
14,1 ± 0,40 dog 

509.2 ± 16.2 a 
494,9 ± 15.9 a-e 
502.4 ± 15.3 a-e 

Burpee IXS 296,9 ± 31.9 f-h 14,7 ± 0.42 fg 458.6 ± 15.9 e 
Hastings IOC 
Hastings GS 
Ashworth 

242,6 ± 31.3 gh 
216,0 ± 31.3 h 
84,2 ± 48.4 i 

15,1 ± 0.41 g 
1.5.1 ± 0041 g 
18,2 ± 0,62 h 

492,5 ± 15,6 a-c 
459.7 ± 15.6 be 
386,8 ± 25,6 d 

Zapalot.c Chico 12,6 ± 31.9 i 27,2 ± 0,54 i 276,3 ± 21.9 e 

o Means within n column not. followed by the same letter lire significanlly differenl (I' < 0.05) according 
to Wnller-Duncnn (SAS lnsLiLuLe 1989). 

Damage ratings were significantly correlated with husk tightness (r = -0.83) 
and developmental time (r = -0.47), Husk tightness was significantly correlated 
with only developmental time (r = 0,62) and weight of pupae (r = -0,50), 
Biological parameters of the insect were significantly correlated wit.h each 
other. Earlier, Wiseman and Isenhour (1992) found no consistent relationships 
among some of the resistance characteristics ex.cept for ear damage in the field 
and husk tightness, Widstrom et aJ. (1970) earlier had shown a significant 
relationship between CEW ear damage and husk tightness, even though the 
correlation was small (r = -0.33), and wit.h husk protection at r = -0.47. 
Wiseman and Isenhour (1992) reported, however, that the lack of relationships 
between field and laboratory data was due to opposing responses by the CEW 
larvae to the susceptible entries, tolerant entry, and the corn entry with 
antibiosis. 
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Table 3.	 Pearson correlation coefficients (r) among damage ratings, 
husk tightness. weight of larvae, developmental time and 
weight of pupae, 

Pal'arnetersa 

Husk Weight of Developmental Weight of 

tightness larvae time pupae 

Damage ratings -0.83 0.22 -0.47 0.32 
(O.Oll (0.30) (0.02) (0.12) 

Husk tightness -0.34 0.62 -0.50 
(0.09) (0.01) (0.01) 

Weight of larvae -0.73 0.77 

(O.Oll (0.01) 

Developmental time -0.94 
(0.01) 

a	 Significance of t.cst of Ho:H = 0 given in pnrcnthcsis; n = 28 for damage rutings and husk tightness 
and 25 for weight of larvae, devclnpmenUll time and weight of pupae. 

In summary. no field resistance to CEW injury was detected among 
commercial sweet corn hybrids, except in the experimental sweet corn hybrid, 
'471-U6 X 81-1' and the resistant check ·Z. Chico'. Laboratory bioassays 
detected that the sweet corn hybrid 'Ashworth' possessed antibiotic silks. 
Larvae feeding on silk diets of 'Ashworth' were small at 9 d, had a longer 
development time, and produced pupae that weighed less than those on other 
commercial hybrids evaluated. 'Ashworth' has a loose husk which likely results 
in its being susceptible in the field. If the husk length and tightness of the husk 
can be increased in one or both of its parental inbreds and transferred to the 
hybrid, then 'Ashworth' would be available to growers with antibiotic resistance 
to CEW larvae in the field. 
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ABSTRACT A neckhand and tailtag containing either amitraz or 
cyhalothrin K were placed on individual cattle to test the efTectiveness of the 
devices for the control of adult Amblyomma americoTium (L.). The neckhands 
and tail tags were fabricated from either strips of ethylvinyl acetate 
containing 10% amitraz or from eartags containing 10% cyhalothrin K. Both 
types of neckbands contained 6 g of acaricide, and 1 g of active ingredient 
was in each tailtag. Because it was not possible to implement an 
experimental design that kept treated and untreated animals in separate 
pastures, in the first of three tests of the amitraz neckband and tailtag, close 
contact among the treated and untreated heifers resulted in parallel 
decreases in the numbers of ticks on animals in both groups. Mature cows 
were used in all subsequent trials to minimize contact between animals. The 
results of the second test with amitraz and the single test of neckbands and 
tailtags containing cyhalothrin K were similar with a mean control of 87.3% 
for 90 d with amitraz and 89.4% for 94 d with the devices containing 
cyhalothrin. The fmal trial with amitraz was begun too late in the spring to 
completely test the persistence of the effect from the neckband and tailtag, 
but a mean percent control of 93.3% was maintained for 59 d before the 
seasonal decline in adult tick activity occurred. 

KEY WORDS Amblyomma americarzum, lone star tick, amitraz, cyhalotrhin K. 
neckband, tailtag, cattle, tick control, Acari, Ixodidae. 

In areas where Amblyomma americanum (L.) the lone star tick, is abundant, 
beef cattle producers rely upon spray and, to a much lesser extent, dip 
applications of acaricides to control this economically important parasite 
(Barnard and Jones 1981). Spray or dip treatments with acaricides must usually 
be repealed at 3- to 5-wk intervals between March and September to maintain 
tick populations below the economic threshold. Therefore, a syslem that would 
provide sustained control for 90-120 d after the treatment would greatly reduce 

1	 This paper reports the results of rescarch only. Mention of n pesticide does not constitute a 
recommendation for use by the USDA nor does it imply registration under FIFRA aSllmcnded. Also, 
mention of a commercial or a proprietary product in this paper does not constitute an endorsemcnt 
by the USDA. 

2 Received for publication 25 September 1993; accepted 21 January 1994. 
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the number of times cattle need to be gatbered and treated and would, thereby, 
reduce the expense and labor of controlling ticks for a season. 

Several sustained-release systems have been designed for controlling ticks 
on livestock. They include ear tags impregnated with an acaricide (Gladney 
1976, Young et al. 1985), subcutaneous ivermectin implants (Drummond and 
Miller 1984), and ivermectin delivered by an intraruminal bolus (Soli et al. 
1990, Taylor and Kenny 1990). Because of factors such as unsatisfactory 
efficacy, constraints on the marketing of livestock, and cost, existing sustained· 
release devices either have not been marketed or widely used. One approach 
that may overcome the limitations of current technology would be to attach a 
pesticide-impregnated neckband and tail tag that would provide continuous, 
long term treatment of animals. Although acaricide released from a neckband 
and tailtag would be more concentrated in the areas near to the devices, it is 
possible that self-grooming would facilitate the spread of the active ingredient 
to other body surfaces. 

While both immature and adult stages of the lone star tick may attach to 
virtually any part of a bovine's body, approximately 95% of the tick burden was 
attributable to larvae attached to the head, ears, neck, brisket, udder, and 
escutcheon; nymphs attached to the same areas as larvae, plus the rear flank 
and dewlap; and adults attached to the dewlap, brisket, foreleg, foreOank, 
udder, escutcheon, rear leg, and rear flank (Barnard and Morrison 1985). This 
distribution of lone star ticks on cattle suggests that devices such as a neckband 
and tail tag impregnated with a suitable acaricide could provide tick control. 
These devices should distribute the active ingredient to most of the areas where 
ticks are likely to be found (Beadles et al. 1977) and could provide a high degree 
of control. 

There are a variety of pesticides that have appreciable activity against ti'cks. 
However, chemicals applied topically in a sustained-release application not only 
must provide effective control, but also must be relatively persistent, present no 
hazard to treated animals, produce neg.ligible residues in milk or meat, and not 
be a hazard to the environment. Amitraz, an amidine pesticide (Harrison et aL 
1973, Stanford et al. 1981, Davey et al. 1984, Garris and George 1985), and 
cyhalothrin K, a pyrethroid (Stubbs et al. 1982), possess the necessary 
characteristics of efficacy, persistence, and safety. 

A series of field tests were done to determine: 1) the degree of control of lone 
star tick adults that can be obtained with a combination of a neckband and 
tailtag containing either amitraz or cyhalothrin K; and 2) the duration of 
control provided by these devices. 

Materials and Methods 

Neckbands and tail tags containing amitraz were fabricated from strips of 
ethylvinyl acetate (EVA) containing 10% active ingredient (Nor-Am Chemical 
Co., Wilmington, Delaware). Each neckband was a IOO-cm long strip, 2.5-cm 
wide X 0.25-cm thick for a total weight of approximately 60 g. Brass grommets 
(0.65 em diameter) were installed on each end of the strip to allow attachment 
and size adjustment. The neckhands were attached using the AllfleX® stud and 
button insert tbrough the grass grommets. A 17-cm length (approximately 10 g) 
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of the strip was used to fabricate a tailtag. A tailtag was formed by wrapping 
the strip onto itself and connecting with a brass grommet at the intersection. 
This configuration formed a loop about 3.5 em in diameter with about 3 em of 
strip extending past the intersection. For attachment, the switch of the tail was 
drawn through the loop. With the tag placed near the top of the switch, a 
bundle (approximately 0.3 cm diam) of hair was drawn through the eye of the 
grommet with a small hook. This hundle of hair was joined to another slightly 
below the tag by drawing both through a copper cylinder (0.65 cm ID electrical 
splice cap). The copper cylinder was crimped firmly about this hair. The 
finished attachment took on the appearance of a "bowtie" near the top of the 
switch. The installation of a tailtag and neckhand required approximately 1-2 
min per animal and could all be accomplished external to the working chute 
and without need of a headgate. 

Neckbands and tail tags containing cyhalothrin K (Coopers Animal Health 
Inc., Kansas City, Kansas) were fab'"icated using 10-g/1O% cyhalothrin K 
eartags. The neckhand was made by riveting 6 tags, at equal spacing, to a strip 
of cotton belting (l m X 2.54 cm). Four tags were attached to the inside of the 
belt and 2 tags to the outside of the belting. Brass grommets were installed at 
each end of the neckbands to enable attachment around the neck of the cattle 
with an A1lneX® stud and button. Tbe band was placed with the 4 tags on the 
inside for greater contact with the neck of the animal. A single 10-g tag was 
attached to the switch of the cattle. The top of the tag was loosely attached to 
the top of the switch by threading a plastic cable tie threaded through the hole 
in the tag normally used for the stud. A second hole was punched near the 
bottom center of the tag and hair from the switch was drawn through this hole. 
The attachment using the hair was then completed as previously described for 
the amitraz tailtag. 

Cattle belonging to cooperating ranchers were used to evaluate the effed of 
the treatments on the adult lone star ticks on the livestock. Animals within a 
herd were allotted randomly into an untreated control group and a treated 
group in which the individuals were outfitted with neckbands and tailtags. 
Immediately before a neckband and tail tag were attached, each animal was 
held in a squeeze chute and the total number of adult ticks (both male and 
female) on each side of the neck and on the rear of the animal were counted. 
Both sides of the neck from just below the ear downward to and including the 
btisket were examined. The area examined on the poster"jor of the animal was 
from the tail head to the escutcheon and down to the knee. After the neckbands 
and tailtags were attached, ticks were counted approximately every 2 wk. If a 
neckband or tailtag was lost during the interim, it was replaced when tick 
counts were made (about every 2 wk). 

Four tests were conduded, three with amitraz-impregnated devices and one 
with cyhalothrin-K impregnated devices. In all tests, the treated and the 
control animals were held in the same pasture because of the unavailability of 
separate pastures with equal infestation pressures. The details of these tests 
are outlined below: 

Test 1. Ten uninfcsted, Hereford heifers (200-250 kg) were placed in a 40 ha 
pasture known to contain high tick populations. The heifers were allowed to 
graze on the pasture for 4 wk prior to treatment to become thoroughly infested. 
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Amitraz neckhands and tailtags were then installed on B of the 10 heifers. Two 
of the heifers remained as untreated controls. The study was begun 29 March 
and ended 22 August 1985. 

Test 2. Nineteen mature Hereford cows were held> 3 rna on a 320-ha 
pasture where they acquired large infestations of lone star ticks. Fourteen of 
the cows were fitted with the amitraz neckbands and tailtags. The other 5 cows 
were left as untreated controls. The test was initiated on 4 April and 
terminated on 8 August 1986. 

Test 3. Fifteen mature Hereford cows grazing on a lOO-ha pasture were used 
in this trial. All cattle were heavily infested with lone star ticks at the time of 
treatment. Ten of the cows were treated with the amitraz neckband and tailtag 
and 5 remained as untreated controls. The cattle were treated on 22 April and 
the treatments were removed on 25 July 1986. 

Test 4. Sixteen mature Hereford cows, with large naturally acqujred 
infestations of lone star ticks, were held in the 320-ha pasture used in 1986 for 
Test 2. Twelve of the cows were equipped with a neckhand and tailtag 
containing cyhalothrin K. Four cows were used as untreated controls. The 
devices were placed onto the cows on 2 April and remained until 13 August 
1987. 

The percent control obtained with the devices was calculated for each date 
on which the number of ticks on cattle were counted after treatments were 
begun. The following formula was used: 

Percent Control = ( U-T ) X 100 
U 

where: U = mean number of ticks on the untreated cattle and T = mean number 
of ticks on the treated cattle. 

In Tests 2 and 4, carbon dioxide traps using a 1-m2 cloth and a 250-g block of 
dry ice were left in place for 1 h to obtain an estimate of seasonal changes in the 
relative abundance of free-living adults. Carbon dioxide traps were distributed 
about every 14 d from the later part of April until the end of the first week of 
August, when no ticks were collected. Each time the traps were used, 5 were 
placed in each of three locations considered good tick habitat in the pasture 
containing the test cattle. 

Results 

Test 1. The day prior to the attachment of the neckbands and tail tags for 
Test 1 (Table ll, all of the heifers were heavily infested with adult ticks. The 
mean (±SDl number of ticks on the two animals in the control group was 116.5 
(±41.5) and the mean for individuals in the treatment group was 74.4 (± 23.4). 
Six d later the mean number of ticks on both the treated heifers and the 
untreated controls had dropped dramatically to 2.1 (± 2.9) and 7.0 (± 4.0), 
respectively. Because the pattern of a reduced number of ticks on both treated 
and untreated heifers persisted for the next 140 d, until the test was 
terminated on 22 August, a reliable measure of efficacy of the treatment could 
not be determined. 



Table 1. Test 1 - Control of adult lone star ticks on Hereford heifers treated with neckbands and tailtags 
containing amitraz. (1985). 

Number of Ticks (x ±SD) on Cattle 

Date Days Front 

Untreated 

Rear Total Front 

Treated 

Rear Total 
es 
t" 
t" 
t'l 

'"~ 

29 Mar 85 

04 Apr 85 

11 Apr 85 

30 Apr 85 

0 

6 

13 

32 

30.0 (±3.0) 

6.0 (±3.0) 

0.0 (±O.O) 

0.0 (±O.O) 

86.5 (±38.5) 

1.0 (± 1.0) 

0.0 (± 0.0) 

0.0 (± 0.0) 

116.5 (±41.5) 

7.0 (± 4.0) 

0.0 (± 0.0) 

0.0 (± 0.0) 

42.1 (±16.4) 

0.9 (± 1.6) 

0.0 (± 0.0) 

0.0 (± 0.0) 

32.3 (±9.7) 

1.3 (± 2.0) 

0.0 (± 0.0) 

0.1 (± 0.3) 

74.4 (±23.4) 

2.1 (± 2.9) 

0.0 (± 0.0) 

0.1 (± 0.3) 

" t'l 
0 

'" " t'l 

:2 
n 
". 

16 May 85 48 0.5 (±0.5) 4.5 (± 0.5) 5.0 (± 0.0) 0.1 (± 0.3) 0.8 (± 2.0) 0.9 (± 2.0) 0 
0 
~ 

30 May 85 62 3.0 (±2.0) 4.5 (± 3.5) 7.5 (± 5.5) 0.9 (± 1.6) 0.5 (± 0.7) 1.4 (± 1.9) 
~ 
4 
!2. 

14 Jun 85 

28 June 85 

18 Jul85 

08 Aug 85 

22 Aug 85 

77 

91 

III 

132 

146 

0.5 (±0.5) 

0.5 (±0.5) 

1.0 (±1.0) 

2.5 (±0.5) 

2.0 (±O.O) 

0.0 (± 0.0) 

1.5 (± 1.5) 

0.5 (± 0.5) 

7.5 (± 2.5) 

3.0 (± 2.0) 

0.5 (± 0.5) 

2.0 (± 2.0) 

1.5 (± 1.5) 

10.0 (± 3.0) 

5.0 (± 2.0) 

0.3 (± 0.1) 

0.5 (± 1.0) 

0.0 (± 0.0) 

3.0(± 1.8) 

1.3 (± 1.4) 

0.0 (± 0.0) 

1.1 (± 1.3) 

0.3 (± 0.4) 

7.5 (± 5.6) 

3.8 (± 2.4) 

0.3 (± 0.4) 

1.6 (± 1.2) 

0.3 (± 0.4) 

10.5 (± 6.5) 

5.0 (± 3.2) 

~ 
". 
0 

Z 
~ 
n 
". 

"" 0 
~ 

"
0 
~ 

"
--3 

~ 
0 

" 
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Test 2. Pretreatment counts showed approximately equal numbers of adult 
ticks on the treated and the control groups with mean numbers per cow of 59.5 
(± 20.4) and 56.2 (± 11.5), respectively (Table 2). When the first posttreatment 
count was made 18 d later, the mean number of adult ticks on the treated cows 
had dropped to 3.7 (± 4.5) whiJe on the untreated cows the mean count was 42.6 
(± 30.1). The difference represented a 91% reduction of ticks due to the 
treatment. Percent control values remained above 90% for the next rno and at 
about 80% for an additional 41 d. The average percent control through day 90 
was 87.3%. During the 90 d when a high degree of control was effected, the 
mean percent control based upon the count of ticks on the front of the cows as 
90.0% and for the counts of ticks on the rear of the cattle was 85.7%. 

Test 3. Pre-treatment counts showed (Table 3) a mean of 38.8 (± 16.4) ticks 
per animal for the untreated cows and 31.8 (± 12.7) ticks per animal to be 
treated. Seventeen days after the treatment devices were attached, the mean 
number of ticks per treated animal had dropped to < 1 in contrast to the 
infestation rate of 35.6 (± 7.3) per untreated cow. During the 59 dafter 
neckhands and tailtags were attached, the percent control averaged 93.3% On 
days 72 and 94 of the trial, the mean numbers of ticks/untreated cow were so 
low, 2.6 (± 1.5) and 0.6 (± 0.5), respectively, that the calculated percent control 
for these dates are not as meaningful. For the first four observations post
treatment, the average control on the front of the cows was 94.8% while on the 
rear of the cows control averaged 90.9%. 

Test 4. Fourteen days after neckbands and tailtags containing cyhalothrin K 
were attached, the degree of control of the adult lone star ticks on the treated 
animals was 82.1 % (Table 4). The effectiveness of the devices persisted through 
94 days of the trial that was terminated on 13 August. The total percent control 
for the trail was 89.4%. The percent control on the front of the cows was 90.1 on 
day 14 post-treatment and on the rear of the animals was only 62.2%. 
Thereafter, the percent control values calculated for the front and rear were 
similar and averaged 92.4% and 89.4%, respectively, over the 94 d of the test. 

The total number of male and female lone star ticks collected on 15 CO2 
traps on each of eight diITerent dates in 1986 are plotted on Figure 1. The bar 
graph indicates a trend with an increasing number of ticks through the end of 
June and a sharp decline by the end of July. A similar trend is apparent on the 
plot of data collected with CO2 traps when cyhalothrin K trial was done in 1987 
(Fig. 1). 

Detailed records of the losses of neckbands and tail tags were kept only in 
Tests 2 and 4. During the approximately 16 wk of Test 2, 5 neckbands and 2 
tail tags were lost from the 14 treated animals. Two neckbands and no tail tags 
were lost. from the 12 treated cattle over the approximately 17 wk of Test 4. The 
greater retention of neckbands in Test 4 is attributed to the strong cotton 
belting to which the cyhalothrin tags were attached. 

Discussion 

Although some details of the designs of the devices containing amitraz and 
cyhalothrin K were different, both types of neckhands contained 6 g of active 
ingredient, and 1 g of acaricide was in each tailtag. Similar high levels of 



Table 2. Test 2 - Control of adult lone star ticks on Hereford cows treated with neckbands and tailtags containing 
amitraz. 

Number of Ticks (x + SD) on Cattle 

Date Days Front 
Untreated 

Rear Total Front 

Treated 

Rear Total 

Percent Control 

Front Rear Total 

;:: 
r:: 
r" 

'" '"Ii:" 
04 Apr 86 0 26.0 (± 4.4) 30.2 (± 7.3) 56.2 (± 11.5) 27.9 (±8.2) 3l.6 (±17.3) 59.5 (±20.4) " '" 22 Apr 86 18 17.0 (±12.9) 25.6 (±19.7) 42.6 (±30.1) 1.9 (±3.8) 1.9 (± 3.1) 3.7 (± 4.5) 89.1 92.7 91.3 0 

'" "09 May 86 35 24.6 (±11.3l 44.8 (±32.0) 69.4 (±40.7) 3.6 (±7.8) 2.8 (± 4.0) 6.4 (± 8.6) 85.2 93.8 90.7 ~ 

23 May 86 49 23.0 (± 5.7) 9.8 (± l.7) 32.8 (± 7.4) 0.8 (±0.7) 1.7 (± 1.1) 2.5 (± 1.3) 96.6 82.5 92.4 
-3
n',.. 

06 Jun 86 63 13.4 (± 6.6) 16.2 (± 5.4) 29.6 (±1l.5) 3.0 (±6.7) 3.4 (± 2.2) 6.4 (± 6.9) 77.6 79.3 78.5 CO 
0 

~ 
20Juo 86 77 11.2 (± 7.1) 13.4 (± 5.2) 24.6 (±lO.3) 0.4 (±0.5) 4.2 (± 7.4) 4.6 (± 7.4) 96.2 68.6 81.1 "g, 

03 Jul86 90 9.8 (± 6.6) 9.8 (± 7.8) 19.6 (±IO.O) 0.9 (±1.6) 3.1 (± 5.0) 4.0 (± 6.2) 90.5 68.7 79.6 ~ 
25 JuJ 86 112 7.2 (± 3.0) 2.6 (± 2.7) 9.8 (±. 3.5) 4.4 (±5.2) 1.4 (± 2.2) 5.9 (± 5.5) 38.5 45.1 40.2 0 

08 Aug 86 126 4.8 (± 1.9) 5.0 (± 0.6) 9.8 (± 1.7) 1.7 (±2. I) 1.1 (± 1.7) 2.9 (± 2.8) 64.3 77.1 70.8 
Z 
0 
0,.. 
or 
0 
0 
e
o 
0 
c. 
-3 

~ 
0 

" 



Table 3. Test 3 . Control of adult lone star ticks on Hereford cows treated with neckbands and tailtags containing 
amitraz. 

Number of Ticks (i ± SD) on Cattle 

Untreated Treated Percent Control 

Date Days Front Rear Total Front Rear Total Front Rear Total 

22 Apr 86 0 20.8 (±8.7) 18.0 (±10.4) 38.8 (±16.4) 16.0 (±9.0) 15.8 (±5.0) 31.8 (±12.7) !'-o 
09 May 86 17 20.6 (±4.3) 15.0 (± 3.2) 35.6 (± 7.3) 0.2 (±0.4) 0.1 (±0.3) 0.3 (± 0.4) 99.0 99.3 99.2 >

".1 
23 May 86 

06 Jun 86 

31 

45 

4.8 (±1.7) 

7.8 (±1.2) 

1.0 (t 0.9) 

5.6 (± 2.6) 

5.8 (± 1.5) 

13.4 (± 3.7) 

0.1 (±0.3) 

0.3 (±0.5) 

0.3 (±0.51 

0.7 (±1.5) 

0.4 (± 0.9) 

1.0 (± 1.4) 

97.9 

96.2 

70.0 

87.5 

93.1 

92.5 

~. 

l"l, 
~ 
0 

20 Jun 86 59 5.6 (±2.2) 4.8 (± 1.9) 10.4 (± 2.1) 1.4 (±2.9) 1.3 (±3.0) 2.7 (± 2.9) 75.0 72.9 74.0 
3 
"

03 Jul86 72 1.8 (±1.3) 0.8 (± 0.4) 2.6 (± 1.5) 0.7 (±1.8) 0.0 (to.O) 0.7 (± 1.8) 61.1 100.0 73.1 <: 
!'

25 Jul86 94 0.4 (±0.5) 0.2 (± 0.4) 0.6 (± 0.5) 0.0 (±O.O) 0.0 (±O.O) 0.0 (± 0.0) 100.0 100.0 100.0 ~ 

!""' 
Z 
~ 

'" ;:; 

'" '"e 



Table 4. Test 4 • Control of adult lone star ticks on Hereford cows treated with neckbands and taiItags containing 
cyhalothrin K. 

Number of Ticks (x ± SDl on Cattle 

Untreated Treated Percent Control 

Date Days Front Rear Total Front Rear Total Front Rear Total 

02 Apr 87 0 24.3 (±6.8) 15.3 (± 3.1) 39.5 (± 6.2) 29.0 (±16.5) 14.7 (±14.7) 43.7 (±18.2) 

16 Apr 87 14 18.5 (±5.4) 7.5 (± 1.1) 26.0 (± 4.7) 1.8 (± 2.1) 2.8 (± 2.8) 4.7 (± 3.0) 90.1 62.2 82.1 

07 May 87 35 21.3 (±4.4) 17.5 (± 4.8) 38.8 (± 7.1) 1.7 (± 2.1) 2.7(± 2.7} 4.3 (± 3.8) 92.2 84.8 88.8 

28 May 87 56 31.0 (±6.7) 26.0 (±12.6) 57.0 (±19.2) 1.5 (± 1.7) 1.8 (± 1.8) 3.3 (± 2.9) 95.2 92.9 94.2 

25 Jun 87 84 17.5 (±2.1) 17.0 (± 2.7) 34.5 (± 2.7) 1.6 (± 2.3) 2.7(± 2.7) 4.3 (± 4.0) 91.0 84.3 87.7 

24 Jul87 113 9.8 (±2.9) 12.8 (± 2.2) 22.5 (± 3.0) 0.8 (± 1.3) 1.5 (± 1.5) 2.3 (± 2.5) 91.5 88.2 89.6 

13 Aug 87 133 4.3 (±1.9) 7.0 (± 2.5) 11.3 (± 4.3) 0.4 (± 0.5) 0.8 (± 0.8) 1.3 (± 0.9) 90.2 88.1 88.9 



__

174 J. Agric. Entomol. Vol. 11, No.2 (1994) 

350
 
.IoIAlES
 
o FEI.IAlES 19871986l/J 300.¥ 

0 
~ 250 

-
~ 
;:] 

2001::1 «
1500 .... 

a> 100.c 
E 
:::J 50 
Z 

0~L..l.......u""~L..L__~L..l--l_...J..._.L.....'-'''''''''L..J'--L...l-J ..L..IIL..1__--'-'-=.J-J
 

Apr 22 May 23 Jun 20 Jul25 Apr 18 May 28 Jul 24 
May 9 Jun 6 Jul 3 Aug 8 Apr 2 May 7 Jun 25 Aug 13 

Date 

Fig. 1. Total number of male and female Amblyomma amencanum collected in 
1 h on 15 1-m2 pieces of cloth with a 250-g piece of dry ice placed on 
each cloth for a source of CO2, Collections were made in 1986 and 1987 
on the indicated dates. 

control of adult lone star ticks on cattle were obtained with both acaricides. 
Neckbands and tail tags containing cyhalothrin K provided a mean percent 
control of 89.4% over a 94 d interval. Similar results, 87.3% control for 90 d, 
were observed in Test 2 with amitraz. The limited duration of the interval (59 
days) over which a high degree of control (93.3%) was obtained during Test 3 is 
a result of the fact that Test 3 was begun 18 d later (22 April as opposed to 4 
April) than Test 2. Between 20 June and 3 July the number of ticks on the 
untreated animals in Test 3 decreased 87% and data from CO2 traps (Fig. 1) 
showed that the host-seeking activity of adult ticks was minimal by the fourth 
week of July 1986. In Kerr County, Texas, adult lone star ticks may be found on 
cattle during all months of the year, but the numbers increase rapidly in 
February and March, and decline sharply by mid-July to August (Drummond 
1967). A strategy of attaching a neckband and tailtag to cattle or about 1 April 
would protect the animals against adult lone star ticks during the 3-3.5 mon 
period when infestations would normally be the greatest. 

The parallel decrease in the abundance of ticks on treated, as well as 
untreated, heifers in Test 1 suggests that a considerable amount of the 
acaricide was transferred from the treated to the untreated heifers. These 
young animals had been placed in the relatively small pasture only one month 
prior to treatment. They tended to aggregate and moved as a group as opposed 
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to dispersing over the entire pasture during grazing or bedding down. The 
observed close contact between animals probably resulted in the control of ticks 
on the two untreated heifers. A much less pronounced effect of the spread of 
amitraz from treated to untreated mature cows is suggested by the results of 
Tests 2 and 3. Although the peak numbers of ticks should have occurred on 
untreated cattle during June and early July, the average number of ticks on 
untreated animals on 6 June was 57% lower for the Test 2 group and 62% lower 
for the Test 3 group than 1 rno earlier. A similar effect was not apparent in the 
test with cyhalothrin K. While these results are evidence of the benefits of an 
experimental design that keeps treated and untreated animals separated, they 
also suggest that amitraz spreads considerably from its source in a neckhand or 
tail tag, and is readily transferred from animal to animal. The calculated values 
of percent control would have been larger if the numbers of ticks on untreated 
cattle had not been reduced by the effect of their contamination with acaricide 
through contact with the treated animals. 

Because of the spreading of the active ingredient by grooming and contact 
with other treated animals, it is not possible to attribute control on the anterior 
or posterior of a cow to the absolute effect of a neckhand or tailtag. Since 
tailtags contained one-sixth the amount of active ingredient as neckbands, it 
was not surprising that the percent control on the posterior decreased before a 
decline was observed on the anterior of a cow. 

Future trials with larger numbers of cattle grazed on pastures with different 
quantities of trees and shrubs would provide needed information on the 
durability of the devices and the proportion of them that would be lost from 
animals. These tests showed that only 5-10% of the neckbands and tailtags 
were lost over the 3-4 man periods after they were attached to animals. 
Improved designs might reduce losses of devices, but it is possible that the low 
losses experienced in our studies would not greatly reduce the level of tick 
control because of the spread of the acaricide among animals in a herd. 
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Oviposition preference of sweetpotato whiteny (SPWF). Bemisia tabaci 
(Gennadius), has been noticed on different species of host plants (De Ponti et al. 
1990, van Lenteren and Noldus 1990), and different varieties or cultivars of the 
same plant species (Mound 1965). 

Oviposition preference of SPWF for eight plant species was determined in a 
greenhouse. Three species of vegetables: green bean (Phaseolus vulgaris L.), 
tomato (Lycopersicoll esculenlum Mill.). pepper (Capsicum annuum L.); and five 
species of ornamentals: salvia (Saluia splendens L.). ageratum (Ageratum 
houstonianum), celosia (Celosia argentea L.), chrysanthemum (Dendranthema 
grand/folium Tevze!.) and marigold (Tageles patula L.) were planted in 9 by 9 em 
plastic pots using standard media. Plants in pots were kept in two 32~mesh 

screen cages (1.5 by 1.75 by 1.0 m high). Each plot contained two flats of approx. 
18 pots of each species and it was replicated four times. Temperatures ranged 
from 23-31'C and relative humidities were 65-99%. 

Whiteflies used in the experiment originated from a culture on poinsettia 
maintained at the Georgia Experiment Station, Griffin. The whiteflies were 
originally collected from commercial greenhouse production in the state and 
identified as sweetpotato whitefly strain B. Whitefly adults (approx. 1,000 each) 
were introduced into the two cages when the plants had 5 or more fully 
expanded leaves on 15 Sept., 1991. Five leaves from each plant species were 
randomly collected from either cage on 17, 18, 21, 22, 23, 24 and 25 Sept. The 
number of eggs on each leaf was recorded. Data were analyzed using ANOVA 
(SAS 1985) and the mean numbers of eggs of SPWF on each plant species were 
compared using the least significant difference test (LSD) at P = 0.05 (Table 1). 
Voucher specimens are deposited in the Entomology Museum, University of 
Georgia, Athens, GA. 

I Recciyl!d for publicntion 27 May 1993; accepted 3 February 1994. 
2 Presenl Addresa: Southwest Research and Education Center., University of fo~loridalIFAS, 

Immokalee, Florida 33934. 

177 



....Table 1. Comparison of numbers of eggs per leaf laid by sweetpotato whitefly adults on eight host plant species -> 
in cages in greenhouse when the plants were infested with whiteflies on 15 September 1991. '" 

Mean No. Eggs / leaf' 

Host Sept. 17 Sept. 18 Sept. 21 Sept. 22 Sept. 23 Sept. 24 Sept. 24 

Salvia 

Green bean 

Pepper 

Ageratum 

Chrysanthemum 

Celosia 

114.0 a 

38.0b 

0.0 c 

0.0 c 

0.0 c 

0.0 c 

64.6 a 

51.4 a 

1.2 b 

0.0 b 

0.0 b 

0.0 b 

79.0b 

157.9 a 

0.0 c 

0.0 c 

0.8 c 

0.0 c 

101.8 a 

97.2 a 

3.0 b 

0.8 b 

1.2b 

0.0 b 

219.8 a 

161.6 a 

6.2 b 

7.2 b 

8.4 b 

0.0 b 

128.8 b 

203.0 a 

9.2 c 

7.4 c 

6.2 c 

0.0 c 

133.4 a 

154.8 a 

14.6 c 

2.8 c 

3.4 c 

0.0 c 

!'-' 
>
'1 
0 
t'l, 
:; 
3 
g. 
<: 

Marigold 0.0 c 0.0 b 1.4 c 3.0 b 3.8b 

Tomato 0.0 c 0.0 b 8.8 c 6.6 b 14.6 b 

* Means in the same column with the same letters are not significantly different (LSD, P.::: 0.05, SAS Institute 1985). 

5.6 c 

38.8 c 

6.6 c 

48.2 b 

~ .... 
!"" 
z 
? 

'" ;: 
'" "' e 
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Of the eight plant species, saliva and green bean were the most preferred 
host for oviposition by SPWF. The salvia leaves were smaller than green beans 
which would indicate that salvia is more susceptible because the total number 
of eggs was similar in the two species (Table 1). Pepper and tomato were not 
preferred hosts when other more preferred plants were present. however the 
SPWF will readily use them for oviposition if either is available alone. Celosia 
was the only one free of any SPWF eggs and nymphs even though some adults 
were observed landing and settling on the leaves. Salvia was determined to be a 
good host plant to keep SPWF populations on, and as a trap plant to monitor 
the SPWF in the greenhouse. 
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ABSTRACT The mean relative growth rate (MRGR) of Russian wheat 
aphid, Diurophis noxia (Mordvilko), exposed for 72 h to mean daily (12 h) ozone 
levels of 0.034, 0.049 and 0.102 ~l per liter increased approximately 33, 37 and 
42% respectively over that of aphids maintained in an "ozone free" CO,DUIlI peT 
liter) environment. There was a significant (P < 0.001) positive dosage response of 
MRGR to increasing ozone concentration. Plants exposed to 0.102 III per liter of 
ozone (12 h mean) for 72 h displayed marginal necrosis indicating ozone injury. 
During or immediately following periods of elevated ozone levels, aphid 
populations may increase more rapidly than nonnal; therefore, more frequent 
monitoring may be required. 

KEY WORDS Diuraphis noxia, Russian wheat aphid, mean relative growth 
rate, ozone, air pollution, Homoptera, Aphididae. 

There is growing evidence that air pollution affects not only plants, but their 
insect inhabitants as well. Such effects may be positive, i.e. enhance population 
growth (Hughes et al. 1983, Warrington 1989, Braun and Fluckiger 1985, 1989), 
negative (Braun and Fluckiger 1989, Brown et al. 1992) or neutral (Coleman and 
Jones 1988). Insect response depends on the length of exposure (Brown et al. 
1992) and the concentration of specific pollutants (Warrington 1989). Many 
studies have focused on contaminants such as sulfur dioxide (802) and oxides of 
nitrogen (NOx) which are commonly associated with urban areas or highway 
corridors. In rural agricultural environments however, ozone is one of the most 
important atmospheric pollutants and causes more damage in the United States 
than any other pollutant (Hughes 1988). At the University of California Kearney 
Agricultural Center in rural Fresno county, ambient ozone levels (l2-h diurnal 
mean) averaged 0.059 and 0.050 fll per liter during April to November in 1989 

I Received for publication 11 March 1993; accepted 28 March 1994. 
2 Stationed at U. C. Kearney Agricultural Center, 9240 S. Ri,,'crbend Ave., Parlier CA 93648, and 

address to which reprint requests should be addressed. 
3 Postdoctoral Rl!search Associate, Department. of Botany and Plant Sciences, Univenity of California, 

Riverside CA. Stationed at U. C. Kearney Agricultural Center. 
.. Agricultural Futures Summer Intern, U. C. Kearney Agricultural Center. 
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and 1990 respectively (Retzlaff et a1. 1992). This area consistently exceeds 
U. S. Environmental Protection Agency standards of 0.12 III of ozone per 
liter for at least 1 h during the early afternoon when ozone levels are at 
their maximum (Cabrera et a1. 1988). 

Landsberg and Smith (1992) observed that global changes which increase 
environmental stress on host plants are most likely to favor sap-feeding insects 
such as aphids. They proposed that where aphids are relatively recent arrivals 
and control by natural enemies is not well established, such ecosystems may be 
more prone to outbreaks if climatic conditions become ~.ore favorable for the 
aphids. Climatic conditions such as increased ozone levels have been shown to 
enhance the mean relative growth rate of the bird chcrry~oat aphid, 
Rhopalosiphum padi L. (Warringlon 1989). The Russian wheat aphid (RWA), 
Diuraphis noxia (Mordvilko), is a recent introduction to cereal crops grown in 
California's San Joaquin Valley, and presently has few natural enemies 
(Gonzalez et al 1992.). This paper presents the results of a study conducted to 
determine if increased ozone levels can inOuence the mean relative growth rate 
(MRGR) of D. IlOxia. 

Materials and Methods 

Ozone fumigation chambers. Open-top field fumigation chambers were 
constructed from O.3-mm clear PVC plastic (Goss Products Inc., Corona, 
California) attached to a frame made from 1.9-cm extruded aluminum tubes. 
Chamber dimensions were 3-by 7-by 3-m (W by L by H) on a 3-by-7-m 
rectangular base of 5-by 30-cm redwood boards. The chamber air delivery 
system consisted of a blower located at the narrow end of the chamber and 
connected to four 23-cm diam air ducts constructed of O.l-mm PVC plastic 
(Arizona Bag and Plastic Co., Phoenix, Arizona) running full length down each 
chamber side, two at ground level and two located 1.5 m above the ground. Air 
escaped into the chamber through 5-by 5-cm square holes cut every 30 cm in 
the delivery tubes. Outside air was blown into each chamber at approximately 
133 013 per min., resulting in a complete change in chamber air volume twice 
per min. The chamber blower systems operated 24 h per day during the study 
period. 

In the treatment designated "ambient," outside air was pulled directly 
into the chamber by the blowers. In a second treatment designated "charcoal
filtered," outside air was drawn simultaneously through four 61-by 61-by -15 
em activated charcoal filters before delivery into the chamber. In a third 
treatment designated "2x ambient," outside ambient air was blown directly into 
the chamber and ozone generated from dry ambient air by a Griffin Model 
GTC-2A Ozone Generator (Griffin Technics Inc., Lodi, New Jersey) was added 
to the air stream to maintain an ozone concentration of approximately twice 
that in the ambient chamber. The generator was computer-automated to 
increase or decrease the ozone output between 0700 and 1800 hours daily 
Pacific Standard Time (PST) by comparing ozone concentration in the 2x 
chamber to that in the ambient chamber (Retzlaff et al. 1991). The ozone 
concentration in each chamber was monitored hourly between 0700 and 1800 
hours PST by d.rawing air from the center of each chamber into a Dasibi Model 
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1003 AH Ozone Analyzer (Dasibi Environmental Co., Glendale, California). Air 
from each chamber was passed through the monitoring system for 2 min. before 
measurements were made to permit residue purging from the sampling lines 
and the ozone monitor after which a 2 min. measurement of ozone 
concentration was taken. Ozone concentration data were stored on an Apple IIe 
computer (Apple Computer Inc., Cupertino, California). 

To evaluate aphid growth rate in the absence of ozone, a special air tight 
glass top chamber (0.5 by 0.5 by 0.5 m) was constructed. Outside ambient air 
was drawn into the chamber through 4 liters of activated charcoal contained in 
a side-arm Erlenmeyer flask and was exhausted through a 2.5-cm outlet in the 
chamber front. Air now was adjusted to provide a complete change in air 
volume twice per minute. This "zero ozone" chamber was placed under the roof 
of an open sided building so that ambient temperatures would be as close to 
those in the field chambers as possible. The roof kept direct sunlight off of the 
chamber thus preventing overheating. Ozone levels within this chamber were 
monitored with a Dasibi Model 1003-PC Ozone Analyzer and recorded hourly 
from 0700 to 1800 hours PST during the test period. 

Temperatures were measured continuously at bench level in each ozone 
chamber with type T copper-constant thermocouples (Omega Engineering Inc., 
Stamford Connecticut) connected to a 21x Micrologger (Cambell Scientific Inc., 
Logan Utah). Temperature was averaged and recorded hourly throughout the 
duration of the experiment. 
\Vheat plants and aphid infestation. Apterous virginopara were removed 
from a growth chamber maintained stock colony reared on wheat, Triticum 
aestivum L. 'Yolo', and placed on wheat leaves in the laboratory. Voucher 
specimens are in the personal collection of CGS. After approximately 8 h, newly 
deposited first-instal' nymphs were recovered and transferred to a second wheat 
plant. Following the first molt, individual aphid nymphs were weighed to the 
nearest 1 I-lg on a Mettler UM3 Ultra micro-electronic balance (Mettler 
Instrument Corp., Hightstown, New Jersey). After weighing, aphids were 
transferred to individual greenhouse-grown 'Yolo' wheat plants in the two leaf 
stage, Zodoks 1.2 ( Zodoks et a!. 1974). The potted plants were placed on 
cafeteria trays, held in the laboratory overnight, and at 0600 hours the 
following morning were placed in the chambers. Six aphid-plant combinations 
were placed in each of the charcoal-filtered, ambient, 2x ambient, and zero 
ozone chambers during two test periods, approximately 5 d apart, for a total of 
12 aphid-plant combinations. Plants were watered daily by filling the trays. 
After 72 h, plants were returned to the laboratory and the individual aphids 
were recovered and reweighed. Mean relative growth rate (MRGR) was 
calculated according to [11, (Van Emden 1969). 

loge final weight - loge initial weight
[lJ MRGR 

number of days of exposure 

Statistical analysis. Data from the two trials were pooled and the 
relationship between MRGR and ozone concentration was evaluated using 
standard linear regression techniques (Abacus Concepts 1989). 
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Results and Discussion 

Chamber Ozone Levels and Temperatures. Early morning (0700 hours) 
ozone levels in all chambers were approximately 0.01 ~1 per liter. Ozone 
concentration in the "zero ozone" chamber remained more or less constant at 
this level throughout the entire day. Ozone levels in the charcoal-filtered and 
ambient chambers rose slowly, peaked shortly after noon, and then declined 
gradually throughout the remainder of the day. Ozone levels in the 2x ambient 
chamber rose rapidly during the early morning, peaked at the same time as did 
those in the other chambers and declined gradually during the afternoon (Fig. l). 
The mean daily 02-h) ozone concentrations in the zero, charcoal-filtered, 
ambient, and 2x ambient chambers (± SE) were 0.011 ± 0.001, 0.034 ± 0.003, 
0.049 ± 0.002 and 0.102 ± 0.007 respectively. Ozone concentration in the 
charcoal-filtered chamber was approximately 30% that of the ambient chamber 
while the ozone level in the latter chamber was approx.imately 60% of that in 
the 2x ambient chamber. 

Chamber temperatures followed a predictable sine wave pattern. Min
imum's occurred at approximately 0600 hours and maximum's at 
approximately 1600 hours. The 24 h means (± SE) in the 2x ambient ozone, 
ambient, charcoal-filtered and zero ozone chambers were 23.19 ± 1.14,23.14 ± 
1.13,22.91 ± 1.11 and 22.77 ± 1.070 C respectively. 

Mean relative growth rate. Ozone concentration had no apparent effect on 
aphid survival. Ten of the 12 aphids, each on individual plants, were recovered 
from each fumigation treatment following 72 h exposure. There was a 
significant (P < 0.001) positive dosage response of increasing MRGR to 
increasing ozone concentration (Fig. 2). The MRGR of aphids exposed to 
charcoal-filtered air increased nearly 33% over that of aphids maintained in 
ozone free air. Exposure to ambient ozone concentrations and twice ambient 
concentrations increased the MRGR by 37 and 42% respectively. MRGR can be 
used without any assumptions regarding the form of the growth curves, and 
therefore is particularly valuable for comparing treatment differences; data are 
comparable even in the advent of environmental fluctuations (Van Emden 
1969). Warrington (1989) reported increases in the MRGR of R. padi exposed to 
ozone concentrations of 0.070, 0.120, and 0.170 ~I per liter (10 h means) for 72 h 
when compared with ozone free controls. Brown et al. (1992) found that 
continuous ozone fumigation resulted in a decreased MRGR of Aphis [aboe 
Scopoli but with episodic fumigations of 8 h, 1\IlRGR increased. In the present 
studies, aphids were fumigated for approximately 12 b. While a significant 
relationship between increasing ozone concentration and increasing MRGR of 
D. noxia was found, Whittaker et al. (1989) found no clear evidence that the 
MRGR of either Acyrthosiphon pisum (Harris) or Aphis rumicis L. showed a 
dosage response to increasing ozone levels. They did however, note that ozone 
fumigation produced changes in the MRGR. 

Warrington (1989) noted ozone injury to barley (Hordeum vulgare L.), at 
ozone levels of 0.120 and 0.170 ~l per liter. We observed slight marginal 
necrosis, after 72 h, in wheat subjected to 0.102 ~I per liter ozone (2x ambient). 
In another experiment (Summers and Retzlaff unpublished), exposure for 21 d 
at this concentration killed wheat plants. 
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Mechanisms effecting aphid growth when exposed to ozone are not fully 
understood. Brown et al. (1992), using artificial diet techniques, showed that 
fumigation with ozone at 0.10 ~l per liter had no direct effect on the MRGR of 
A. [abae, and concluded that observed responses were due to effects of ozone on 
the host plant. Braun & Fluckiger (1985) found a fourfold increase in 
populations ofAphis pomi DeGeer on erataegu.s spp. in chambers with ambient 
air compared to those in filtered air. Increased concentrations of amino acids 
and other nitrogen compounds have been reported in plants following ozone 
exposure (Tomlinson and Rich 1967, Pell et al. 1980) and increased nitrogen 
availability often improves aphid growth (Dixon 1985). 

This study indicates that the MRGR of D. !Loxia is enhanced by increased 
uz.one levels. As a result, more rapid population growth may occur during or 
immediately following periods of elevated atmospheric ozone concentrations. At 
such times, it may be important to monitor cereal fields more frequently. 

Acknowledgment 

We thank L. E. Williams and T. IVL DeJong for the use of their ozone fumigation 
chambers_ A. S. Newton and E. T. Jones provided \'aluable technical assistance. Portions 
of this research were supported by a USDA-CSRS grant (Agreement No_ 90·34205-5174), 
the V.C. Kearney Agricult.ural Center's Agricultural Fut.ures Program, and the 
California State Air Resources Board. 

References Cited 

Abacus Concepts. 1989. Super ANOVA. Accessible General Linear Modeling. Abacus 
Concepts, Berkeley, California, 316 pp. 

Brnun, S. & W. Fluckiger. 1985. Increased populations of the aphid Aphis pomi at a 
motorway. Part. 3 - The effects of exhaust gases. Environ. Pollut. Ser. A Ecol.-Biol. 39: 
183-192. 

1989. Effect of ambient. ozone and acid mist on aphid development. Environ. Pollut. 59: 
[77-182. 

Brown, V. C., S. McNeil & M. R. Ashmore. 1992. The effects of ozone fumigation on 
the performance of the black bean aphid, Aphis {obae Scop., feeding on broad beans, 
Vicia faba L. Agric. Ecosyst. & Environ. 38: 71·78. 

Cabrera, H. S., V. Dawson & C. Stromberg. 1988. A California air sLandard to protect 
vegelation from ozone. Environ. Pollut_ 53: 397-408. 

Coleman, J. S. & C. G. Jones. 1988. Acute ozone st.,·css on eastern cottonwood (Populus 
deltoides Bartr.) and the pest potential of the aphid, Chaitophorous popu.1icola Thomas 
(Homoptera: Aphididael. Environ. Entomol. 17: 207·212. 

DL'\':on, A. F. G. 1985. Aphid ecology. Blackie. London. 157 pp. 
Gonzalez, D., C. G. Summers & C. O. Qualset. 1992. Russian wheat aphid: natural 

enemies, resistant wheal offer potential control. Calif. Agric. 46(1): 32·34. 
Hughes, P. R. 1988. Insect populations on host plants subjected to air pollution. pp. 249

320. Til E. A. Heinrichs [ed.j, Plant stress·insect interactions. Wiley and Sons, New 
York, NY. 492 pp. 

Hughes, P. n., A I. Dickie & M. A. Penton. 1983. Increased success of Mexican bean 
beetle on field-gown soybeans exposed to sulfur dioxide. J. Environ. Qual. 12: 565-568. 

Landsberg, J. & M. S. Smith. 1992. A fundional scheme for predicting the outbreak 
potential of herbivorous insects under global atmospheric change. Ausl. J. Bot. 40: 
565·577. 



187 SUMl\1ERS et al.: Ozone and RWA Growth Rate 

Pelt, E. J., W. C. Wcissberger & J. J. Spermi. 1980. Impact of ozone on quantity nnd 
quality of greenhouse grown potato plants. Environ. Sci. & Teehnol. 14: 568-57!. 

Retzlaff, W. A., L. E. Williams & T. M. DeJong. 1991. The effect of different 
atmospheric partial pressures on photosynthesis and growth ofoine fruit and nut tree 
species. Tree Physio!. 8: 93·105. 

1992. Photosynthesis, growth and yield response of ·Casselman· plum to various ozone 
partial pressures during orchard establishment. J. Am. Soc. Hortie. Sci. 11: 703-710. 

Tomlinson, H. & S. Rich. 1967. Metabolic changes in free amino acids of bean leaves 
exposed to ozone. Phytopathology 57: 972-974. 

Van Emden, H. F. 1969. Plant resistance to M)'zus persicoe induced by a plant regulator 
and measured by aphid relative growth rate. Entomol. Exp. Appl. 12: 125-131. 

Warrinl"rton, S. 1989. Ozone enhances the growth rate of cereal aphids. Agric., Ecosyst. 
& Environ. 26: 65·68. 

Whittaker, J. B., L. W. Kristiansen, T. N. Mikkelsen & R. Moore. 1989. Responses to 
ozone of insects feeding on a crop and a weed species. Environ. Pol1ut. 62: 65-68. 

Zodoks, J. C., T. T. Chang & C. F. Konzak. 1974. A decimal code for the growth stages 
.fecreals. Weed Res. 14: 415-421. 



Contents 

Volume 11, No.3 July 1994 

1993 ESA Section F Symposium
 
Robert H. Nelson Memorial Symposium:
 

Value and Use ofPlant Resistance to Insects in Integrated Crop Management
 

Co-Organizers and Moderators:
 

C. M. Smith S. S. Quisenberry 
Dept. of Entomology Dept. of Plant, Soil & 

Kansas State University Entomological Science 
Manhattan, KS 66506 USA University of Idaho 

Moscow, lD 83843 USA 

S:MITH. C. M. and S. S. QUISENBERRY - The value and use of plant resistance 
to insects in intcbrraled crop manngemcnt. 189 

TEETES, G. L. - Adjusting crop managemenl recommendations for insect-resis
tant crop varieties.. 191 

EIGENBHODE, S. D. and J. T. TRUMBLE - Host plant resistance to insects in inte
grated pest management in vegetable crops 20 I 

HEINHICHS. E. A. - Devclopment of multiple pest rcsistant crop cultivars 225 

REESE, J. C., J. R. SCHWENKE. P. S. LAMONT and D. D. ZEHR - Importance 
and quantification of plant tolcl'ance in crop pest management programs for 
aphids: greenbug resistance in sorghum 255 

HARVEY. T. L., T. J. MAHTIN and D. L. SEIFERS -Importance of plant resistant 
to insect and mitc vectors in controlling virus discascs ur plants: "csistance to 
the wheal curl mite (Acari: E,·iophyidac). .. . 271 

QUISENBERRY, S. S. nnd D. J. SCHOTZI(O - Integ-rution of plant resistance 
with pCRt management methods in crop production systems 279 

http://scentsoc.org/Volumes/JAE/v11/3/00113189.pdf
http://scentsoc.org/Volumes/JAE/v11/3/00113191.pdf
http://scentsoc.org/Volumes/JAE/v11/3/00113201.pdf
http://scentsoc.org/Volumes/JAE/v11/3/00113225.pdf
http://scentsoc.org/Volumes/JAE/v11/3/00113255.pdf
http://scentsoc.org/Volumes/JAE/v11/3/00113271.pdf
http://scentsoc.org/Volumes/JAE/v11/3/00113279.pdf


THE JOURNAL OF AGRICULTURAL ENTOMOLOGY 

Volume 11 • Number 3 • July 1994 

The Journal ofAgricultural Entomology is published quarterly under the auspices of 
the South Carolina Entomological Society, Inc., at Clemson, Be. The Journal 
publishes contributions of OI'iginal research concerning insects and other arthropods 
of agricultural importance (including those affecting man, 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 entomology. 

A subscription to the Journnl nutomatically accompanies membership in the South Carolina 
Entomological Society. For information on the Journal or Society, contact the Secretary
Treasurer, SeES, P.O. Box 582, Clemson, SC 29633-0582. 

For (,'Uidelines in preparing manuscripts for submission, contributing authors should consult 
"Instructions for Authors," J. Agric. Entomol. 11(1): 1-7. Authors should submit an original 
and three copies of their manuscript typed double spaced to the Editor. Journal of 
Agricultural Entomology, Oklahoma State University, WWAREC. P. O. Box 128, Lane, OK 
74555-0128. An abstract, 3·10 key words, and a running head must be included ",;th 
each manuscript. All measurements should be given in metric or in metric and English units. 
A charge of $45.00 per page will be made; photos. figures, tables, etc. are charged at an 
additional $20.00 each. Excessh'e or complicated tables, sideways tables, oversize figures, or 
photos may be subject to an additional charge ofS5.00· 20.00 per page depending on number, 
lenhrth, complexity, etc. Author's alterations on the galley will be charged at the rute of $2.00 
per line. (Page charges are subject to change without notice.) 

For more information on prevailing page charges and charges for immediate publication, 
advertising rates, cost of reprints. elc., contacllhe Business Manager. 

EDITORIAL COMMITTEE 

Editor: Bob Cartwright, Oklahoma State University, WWAREC, P. O. Box 128, Lane, OK 
74555-0128 

Technical Editor: J. K. Reed, P.O. Box 425, Fairview, NC 28730 
Business Manager: H. W. Fescemyer, Dept. of Entomol., Clemson Univ., Clemson, SC 

29634-0365 
Subject Editors: 

J. D. Culin, Dept. of En tomoI., Clemson Univ., Clemson, SC 29634-0365 
C. J. Eckenrode, Dept. of En tomol., NYS Agricultural Expt. Sta., Geneva l\Ty 14456 
E.	 E. Grafton-Cardwell, Kearney Agricultural Center, Univ. of California, Parlier, CA 

93648 
J. F. Grant, Entomol. & Plant Path. Dept., Univ. ofTennessee, Knoxville, TN 37901-1071 
N. C. Hinkle, Dept. of Entomol., Univ. of California, Riverside, CA 92521 
J. A Lockwood, Dept. ofPlant., Soil & lnsect Sciences, Univ. ofWyoming, Laramie, WY 82071 
J. V. Maddox, Dlinois Natural History Survey, 607 E. Peabody Dr., Champaign, IL 61820 
J. P. McCaffrey, Dept. Plant. Soil & Entomological Science, University of Idaho, Moscow, ill 

83843 

NCYI'E: St.al.emcntB in the Journal of Agricultuml Entomology. whether fncl or opinion. nrc the 90lc n.>t;J)Onsibility of the 

autJlOno. Mention of a rommercial product does not constitute cndOl"llelllcnt uy the South Carolina EnwflIoloi,rical Society. 

TIlis issuemailed29Aub.U..ltl99<l
 

01994 b)"111eSouth Carolina EnlomolOl,rical Society. Inc.
 



OFFICERS
 
SOUTH CAROLINA ENTOMOLOGICAL SOCIETY, INC.
 

1993
 

President: John D. Hopkins, 114 Old Hickory Point, Greenville, SC 29607,
 
(803) 297-9682 

President Elect & Program Chairman: B. Merle Shepard, 1929 King Charles 
Court, Charleston, SC 29414, (803) 766-6747 

Past President: Steve H. Roach, 2410 Mosswood Dr., ~'lorence, SC 29501, (803) 
665-8725 

Secretaryrrreasurer: Robert R. Nash. 630 College Street, Central, SC 29630, 
(803) 639-2453 

Chair, Editorial Committee: Bob Cartwright, Oklahoma State University, 
WWAREC, P. O. Box 128, Lane, OK 74555-0128 

Business Manager, J. Agl'ic. Entomol.: Howard W. Fescemyer, Clemson 
University, Department of Entomology, Long Hall, Box 340365, Clemson, 
SC 29634-0365, (803) 656-5050 

Historian: David L. Alverson, Clemson University. Department of Entomology, 
Long Hall, Box 340365, Clemson, SC 29634-0365, (803) 656-3136 

Chair, Honors and Awards Committee: Peter Adler, Clemson University. 
Department of Entomology, Long Hall, Box 340365, Clemson, SC 29634-0365, 
(803) 656-5070 

Chair, Nominations Committee: t\'1ike J. Sullivan, Clemson Univ., Edisto R&EC, 
P. O. Box 247, Blackville, SC 29817, (803) 284-3343 

Chair, Membership Committee: Randy P. Griffin, Clemson University, 
Department of Entomology, Long Hall, Box 340365, Clemson, SC 29634-0365, 
(803) 656-5045 

Chair, Resolutions Committee: Gloria S. McCutcheon, Clemson Univ., Pee Dee 
R&EC, Rt. 1, Box 531, Florence, SC 29501-9603, (803) 662-3526 ext. 224
 

Chair, Local Arrangements Committee: Kent D_ Elsey, USDA-ARB, US Vegetable
 
Laboratory, 2875 Savannah Hwy., Charleston, SC 29414, (803) 558-0840
 

Chair, Public Relations Committee: Alvin M. Simmons, USDA-ARS, US Vegetable
 
Laboratory, 2875 Savannah Hwy., Charleston, SC 29414, (803) 556-0840
 



COCHRAN MEMORIAL FUND PATRONS'
 

American Cyanamid Co.
 
Hoechst-Roussell Agricultural Company
 

ICI Americas Inc.
 
J. B. Kissam
 

Mr. and Mr. T. P. Knox, Jr.
 
Orkin Pest Control
 

Rhone-Poulenc Ag Company
 
South Carolina Pest Control Association
 

South Carolina Entomological Society
 

I The J. H. Coclln!n :\lcllIodul Scholarship is awarded unnulIlly by the Suuth CumBnll Entomologica.l 
Society to a descrving gmduate student. Donors who contribute $1,000 or morc to the Cochrnn 
Memorial Fund arc rccogniwd by the Society as Cochrun Mcmorinl Fund Potrons. Such donations 
conlinually support graduate work in cnwmolog)' since only the nnnual interest. is used to support the 
award. 



INTRODUCTION TO ROBERT H. NELSON
 
MEMORIAL SYMPOSIUM:
 

The Value and Use of Plant Resistance to Insects 
in Integrated Crop Management! 

C. M. Smith and S. S. Quisenberry2, Co-Organizers 

Department of Entomology
 
Kansas Slate University
 

Manhattan, KS 66506 USA
 

J. Agric. Entomol. 11(3): 189·190 (July 1994) 
Crops with insect resistant properties have enhanced the profitability of 

American agriculture for over 200 years. As early as 1788, wheat cultivars with 
resistance to the Hessian fly, Mayeliola destru.ctor (Say). were grown in New 
York. During the mid·nineteenth century. the French wine industry was 
destroyed by the grape phylloxera, Phylloxera vittifolae (Fitch), resulting in an 
economic loss of nearly $2 billion. The industry recovered quickly, because 
phylloxera resistant grapevines were imported from the United States with 
subsequent grafting of French scions onto the resistant rootstocks. Ironically, 
today this same insect pest has overcome resistance in California grapes and is 
drastically affecting that wine industry. 

One of the most spectacular modern successes of insect resistance in crops 
occurred during the "Green Revolution" in tropical Asia during the 1960s. High
yielding "miracle" rice cultivars with disease and insect resistance were 
developed. The continued growth of these cultivars, most now in their third 
generation of improvement has changed several Asian nations from rice 
importing to rice exporting countries. Today, several hundred cultivars of insect 
resistant alfalfa, corn, sorghum, and wheat are grown in Africa, Asia, Europe 
and the United States. 

There are tremendous economic advantages for using pest resistant cuJtivars 
in production agriculture. During the late 1960s, several wheat cultivars resistant 
to the Hessian fly were developed in the United States, returning approximately 
8600 from each research dollar invested, compared with a corresponding $5 
return on each dollar spent on the development of insecticides. This same type of 
economic advantage, a 120-fold greater return on investment, continues today. 

1 Reech'cd for publication 25 February 199·1; accepted 29 March 1994.
 
2 Department. of Plant. Soil & Entomological Science, Universit.y of Idaho, Mosow, ID 838·13.
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In the United States alone, crop production using arthropod resistant alfalfa, 
barley, corn, sorghum, and wheat cultivars currently returns an economic 
benefit of over $1.4 billion each year. Crops such as cotton, soybean and 
vegetables) where insect resistance genes are being incorporated, will 
contribute additional significant economic benefits to American agriculture. In 
all cases, the positive effects of insect resistant food and fiber crops accumulate 
over time, both within and between growing seasons. The longer insect 
resistant cultivars are grown, the greater the savings to both producers and 
consumers. 

Arthropod resistant crops have also been shown to be highly compatible with 
biological, chemical, and cultural pest management techniques, while providing 
ecologically sound and economically proven benefits to the agricultural 
industry. Since the 1970's, the production of insect-resistant cultivars of alfalfa, 
barley, corn, and grain sorghum have preuented the application of over 6 
million tons of insecticides into the environment in the United States alone. 
Improved cotton cultivars with modified bract and leaf traits expose a great 
deal more of the plant canopy and thus increase the efficiency of insecticides 
applied to control severa] cotton insect pests. New corn and sorghum cultivars 
with only moderate levels of insect resistance require much less insecticide 
than susceptible cultivars to achieve equivalent levels of insect control. Some 
new cultivars of cotton, rice and vegetables developed during the past 10 years 
contain insect resistance sufficient to eliminate the use of insecticides entirely. 

Arthropod resistant cultivars of corn, cotton, potato, rice, tomato and wheat 
synergize the effects of predators. parasitoids and viruses that attack 
arthropods. Moderate levels of resistance have been bred into these crop plants, 
resulting in significant reductions in the populations of many pest species 
because of the combined actions of natural enemies and plant resistance. 
Moderate resistance also prevents the development of resistance-breaking 
insect biotypes and insures a longer useful life of resistant cultivars. 

Insect resistant cultivars generally integrate well with many cultural 
practices that are used in current agricultural production systems. The 
planting of trap crops and early matill·jng cuttivars have each been shown to 
integrate effectively with insect resistant cultivars of cotton and rice. 

In this collection of manuscripts, we have assembled the current thinking of 
several leading researchers involved in the interdisciplinary development and 
release of arthropod resistant crops. They offer views on the value and use of 
plant resistance to arthropods from academic, agricultural and international 
perspectives. Several comments are offered on the critical need for the 
development of new, accurate resistance assessment techn.iques, and initiatives 
that are needed to incorporate new, novel sources of resistance into crop gene 
pools. Illustrations are provided on how interdisciplinary cooperation has led to 
lhe release of insect. resistant cultivars of small grain crops in many parts of the 
world, and the need for this same type of accomplishments in cruci-ferous and 
vegetable crops. Finally, ot.her authors state how the future integration of 
insect resistant cultivars with other pest management tactics in general is 
dependent on educating agricultural produccrs and educational professionals. 
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ABSTRACT Insect~resistant crop varieties can be an important 
component of an integrated pest management program. To achieve use in 
production agriculture, however, is more difficult than might be expected. 
The process of deployment after development of the insect·resistant eullivar 
by research entomologists and plant breeders involves Extension Service 
cooperation and industry commitment. Education of professionals and 
growers relative to the role inscct·l'esistant cultivars play in integrated pest 
management is key to successful deployment and continued use. Similarly, 
the need to adjust crop management recommendations for insect-resistant 
crop varieties requires changes in tradjtional information made available to 
growers_ For example, information on economic threshold levels, based on 
economic injury level research data, is required when making insecticide-use 
decisions to control insect pests on resistant and susceptible cultivars_ 
Insecticide use requirements for control of insect pests on resistant cultivars 
likewise often change. The information required and adjustments to crop 
management recommendations must be such that there is confidence in the 
use of insect-resistant cultivars. Examples of adjustments to management 
recommendations are presented using insect-resistant sorghums as a case 
history. 

KEY WORDS Plant resistance, sorghum, integrated pest management, 
greenbug, Schizaphis gramin.unl, Homoptera, Aphididac, sorghum midge, 
ContariTlia sorghicola, Diptera, Cecidomyiidae. 

[nsect-resistant crop varieties are of value in production agriculture only 
when they are used. To achieve use of an insect-resistant cultivar in production 
agriculture is difficult, as growers are often reluctant to change and use 
innovations, especially if they lack familiarity with the innovation and perceive 
unacceptable risk. The process of deployment after development of an insect
resistant cultivar by research entomologists and plant breeders involves 
Extension Service cooperation and pl"ivate industry commitment. Education on 
the role insecl-resistant cultivars play in integrated pest management is key to 
deployment by professional crop protection specialists and to successful and 
continued use by growers. Similarly, adjusting crop management 
recommendations for the use of insect-resistant cultivars requires that 

I Heceived for pub1ic~tion 23 JUlle 1993; llccepted 12 November 1993. 
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additional information be made available to growers and to those who provide 
technical assistance to growers. The reluctance of growers to use insect
resistant varieties is most often due to lack of trust or confidence, as growers 
arc risk-avoiders. Those involved in the science of plant resistance to insects 
believe that using insect-resistant cultivars helps avoid the risk, but growers 
arc reluctant to accept this. Instead, growers use insecticides to avoid risk. 
Despite economic, social, and political pressure to reduce insecticide use and 
implement more non-chemical, bio-intensive management strategies, many 
growers rely on insecticides to lessen the risk. 

No claim is made to knowledge of why brr'owers make the decisions they do in 
protecting their crops from insect pests. The purpose of this article is not to try 
to explain why growers make the decisions they make, but to try to relate 
experiences on how crop management recommendations need to change when 
an insect-resistant cultivar becomes available. Examples are from research on 
insect-resistant sorghums and from working with Extension Service and 
industry personnel to encourage growers to use resistant cultivars. 

Painter (951) knew that insect-resistant cultivars would seldom function 
alone to provide adequate insect pest control. He described insect-resistant 
cultivars as an adjunct or component of a strategy that encompassed the use of 
multiple management tactics. It is the role insect-resistant cultivars play in 
integrated pest management that makes this topic of adjusting crop 
management recommendations so critical. 

Insect~resistant cultivars as a component, or control tactic, of integrated pest 
management function in several ways to suppress insect pest damage to crops. 
Insect-resistant cultivars can act to reduce insect pest numbers because of non
preference or antibiosis or to elevate plants' damage tolerance level because of a 
tolerance mechanism. In addition, using insect-resistant crops allows natural 
and biological control to function more effectively and dependably and improves 
the efficacy of cultural management tactics and insecticide applications. An 
important advantage to the use of insect-resistant cultivars as a component in 
integrated pest management is that resistant cultivars arc compatible with 
other direct control tactics. Insect-resistant cultivars have a distinct advantage 
over biological control, meaning the use of natural enemies to suppress the 
abundance of an insect pest, because plant resistance to insects is compatible 
with insecticide use whereas biological control usually is not. However, insect· 
resistant cultivars must be used like other non-chemical control tactics, 
especially cultural controls. Insect-resistant cultivars can prevent development 
of damaging insect infestations, but resistant cultivars cannot cure or prevent 
insect damage when insect abundance is close to the damaging level. The major 
advantage in using insecticides is that they have curative capability. 

Because resistant cultivars are used to prevent insect pest damage to plants, 
insect-resistant cultivars must be part of the agriculture production planning 
process. To illustrate this point, growers in Texas need to decide in December 
what crop varieties to use the next season. It is interesting to wonder how many 
growers consider in advance of the growing season all the non-chemical control 
tactics, including the use of insect-resistant varieties, that they need to use to 
prevent insect pest damage. 
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A matter related to this topic of grower acceptance of the use of insect
resistant cultivars is the attitude of the seed industry that develops and 
markets resistant varieties. Insect-resistant varieties or inbred lines developed 
by public institutions are released to private industries for seed increase and 
sale. Seed companies usually use the novel characteristics of a variety to 
promote sales. This approach elevates the expectations of growers who might be 
led to believe that if they grow a resistant variety, they will encounter no threat 
from insect pests. However, insect resistance in crop varieties is usually not 
high enough to prevent crop damage when insect infestation levels are high. It 
is hoped that in the future, marketability of a crop variety will be based not on 
a single appealing attribute such as resistance, but on a trait such as the 
variety's capability of sustaining productivity undel' insect pest stress 
situations. 

Because the term resistance conveys different expectations to different 
people and because growers desire no additional risk, the use of economic injury 
levels to define the level of resistance of a newly released crop cultivar is 
critical. Growers understand the concept of economic injury and threshold 
levels because these terms also are used to justify the application of 
insecticides. One of the first and most important adjustments to crop 
management recommendations that must be made is to define the economic 
threshold or action threshold. This approach is in concert with the integrated 
pest management approach and adds to the security growers demand. 

The topic of methodology used in determining economic injury levels is 
important to this subject of adjusting crop management recommendations. The 
economic injury level is defined as the insect pest abundance or amount of 
damage that results in economic yield loss. The economic injury level is an 
objective, determinable value. In contrast, the economic threshold level, an 
insect abundance level at which remedial control is required to prevent an 
insect pest that is increasing in abundance from reaching the economic injury 
level (Stern et a1. 1959), is subjective. In most cases, the economic threshold, 
action threshold, or treatment threshold is lower than the economic injury level 
to allow time for curative action to be taken. If insect pest abundance is not 
increasing, the economic injury and threshold levels are the same. Currently, 
insecticides are almost always the curative action. 

Determining the economic injury level requires determination of the 
relationship between yield loss and insect pest abundance or level of damage. 
Traditional ways to do this include: 1) observations of natural insect pest 
infestations which are then related to yield loss, 2) modifications in insect pest 
abundance which is then related to yield loss, 3) using artificial infestation 
levels and relating insect pest abundance to yield loss, and 4) simulating 
damage by mechanical means. 

Factors that need to be considered in determining density/damage 
relationships include: 1) time of injury with respect to plant growth, 2) part of 
the plant injured, 3) type of injury (direct or indirect), 4) intensity of the injury, 
and 5) environmental eflects on the plant's ability to withstand injury. Adding 
an insect-resistant cultivar to this agenda doubles the amount of work. 

In some cases there are several different resistant cultivars of a crop that 
have different resistance levels. However, general or common resistance levels 
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usually occur for which relative differences between resistant and susceptible 
cultivars can be determined. Experience and empirical data are very valuable 
in determining the level of resistance of a cultivar. 

Most people would expect that insect·resistant cultivars have an economic 
threshold level higher than that of a susceptible cultivar. Often this is true if 
the resistance is due to tolerance. However, if resistance is due to 000

preference or antibiosis that reduce the ability of the insect to reach the 
economic threshold level but do not necessarily result in a plant that can 
withstand higher insect pest infestation. the economic threshold level of the 
resistant cultivar may not be higher than that of the susceptible cultivar. Also, 
changes in the economic injury level depend on whether the economic threshold 
level is based on insect numbers or on plant damage. The economic threshold 
often changes when it is based on insect numbers, but most often does not 
change when based on plant damage. It is usually best to base economic 
threshold levels on plant damage rather than on insect numbers. Plant damage 
is often more directly related to yield loss than are insect numbers. These 
relationships are not always linear. Also, some insect pests occur in numbers or 
locations that make them very difficul t to count. In other cases, insect damage 
does not repair itself when the insect pest is removed. 

Once the relationship between yield loss and insect pest abundance or plant 
damage is determined, crop value and control costs need to be considered. 
Calculation of the value of the crop multiplied by injury units multiplied by 
damage per unit injury divided into the value of the crop provides a dynamic 
economic threshold level. A similar approach is to calculate gain threshold and 
relate it to the value of yield lost per insect or per unit damage. 

The greenbug, Schizaphis graminum (Rondani), is a pest that is so abundant 
that accurately counting these insects is almost impossible. The insect has the 
capability of causing serious damage and yield loss at almost any plant growth 
stage from seedling to grain maturity. Consequently, it is more advantageous to 
base infestation severity on plant damage than on insect numbers. 

A primary issue once greenbug-resistant sorghums were developed was to 
determine if the plant damage to yield·loss relationship was the same for 
greenbug·resistant and susceptible sorghum hybrids. Comparisons between 
susceptible and resistant cultivars in numbers of greenbugs and leaves killed 
per plant showed that more green bugs were required to kill leaves of a 
resistant hybrid (Fig. 1) (Teetes 1982). Similarly, a comparison was made of 
green bug number and effects on yield. Results showed that at the same 
infestation level per plant, more green bugs were requjrcd to cause yield loss on 
a resistant than on a susceptible hybrid (Fig. 2) (Teetes 1982). However, the 
most important comparison between the resistant and susceptible hybrids was 
of the relationship between the amount of plant damage and yield loss. In this 
comparison. the leaf damage to yield·loss relationship was the same for a 
greenbug-resistant or susceptible hybrid (Fig. 3) (Teetes 1982). Consequently, 
because the economic threshold for greenbug is based on plant damage, the 
economic threshold level for either a susceptible or resistant cultivar is the 
same. In most instances. an economic threshold table describing symptoms at 
different plant growth stages (Table 1) (Fuchs et al. 1988) is used to determine 
when insecticide treatment is needed. 
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Fig. 1. Sorghum leaves killed per plant in relation to greenbug abundance on 
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Fig. 3. Sorghum grain yield per hectare in relation to number of leaves killed 
by greenbugs (Teetes 1982). 

Other important considerations that affect, but not necessarily change crop 
management recommendations, are effectiveness and frequency of insecticide 
application differences, and yield differences that occur either in the presence 
or absence oran insect pest infestation. Determining yield capabilities of insect
resistant cultivars is critical. t\.'Iany growers falsely believe that in the absence 
of an insect pest, yields of a resistant cu1tivar are always lower than those of a 
susceptible cultivar. Testing in recognized yield performance trials is important 
to the education associated with deployment, and to grower confidence in the 
use of insect pest-resistant cultivars. 

Adjusting management recommendations for sorghum hybrids resistant to 
sorghum midge, Contarinia sorghicola. (Coquillett). requires different 
considerations than those for greenbug. Greenbug feeding on leaves causes 
indirect damage. Sorghum midge causes direct damage by larvae feeding on 
developing kernels that prevents normal grain formation. The economic injury 
level is based on the abundance of ovipositing sorghum midges when sorghum 
panicles are in anthesis. The economic threshold level for sorghum midge is 
based on a non-injurious insect life stage, the adult. Basing economic thresholds 
on non-injurious insect life stages is disadvantageous for many reasons. Also, 
whereas a plant damaged some by greenbugs can recover to produce normal 
yields after the greenbugs are killed by insecticides, sorghum midge damage is 
permanent. 

Because the economic threshold level for sorghum midge is based on the 
abundance of adult sorghum midges, and the resistance mechanism is 000
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Table 1.	 Insecticide treatment thresholds for greenbug on grain 
sorghum (Fuchs et al. 1988). 

Plant size	 When to treat 

Emergence to about 15 cm 

Larger plant to boot 

Boot to heading 

Heading to hard·dough 

Visible damage (plants beginning to yellow) 
with greenbugs on plants. 

Greenbug colonies causing red spotting or 
yellowing of leaves and before any entire 
leaves are killed. 

At the death of one functional leaf. 

When greenbug numbers are sufficient to 
cause death of two normal-sized leaves. 

preference for adult oviposition, the density/ damage relationships for sorghum 
midge-susceptible and resistant hybrids are not the same. Sorghum rnidge
resistant hybrids sufTer fivefold less damage than do susceptible hybrids at the 
same abundance of adult sorghum midges (Fig. 4) (Hallman et al. 1984). To 
put it differently, the economic threshold level for sorghum midge-resistant 
hybrids is five times higher than it is for susceptible sorghums (Tables 2. 3) 
(Fuchs et al. 1988). 

Although insecticides often need to be applied when sorghum midge 
abundance exceeds the economic threshold level, using resistant sorghum 
hybrids allows fewer insecticide applications than are required for a susceptible 
hybrid (Table 4) (Teetes et al. 1986). This saves time, money, and effort. 
Normally, insecticidal control on sorghum midge-susceptible sorghum is only 
moderately effective because of the continuous re-infestation by adult sorghum 
midges, the fact that all life stages of the insect except the adult are protected 
within the spikelet, the changing morphology of the sorghum panicle, and the 
short residual properties of cun-ently registered insecticides. Using resistant 
hybrids and applying insecticides when the economic threshold level is 
exceeded provides a synergistic effect. These changes in insecticide scheduling 
require adjusting crop management recommendations when a sorghum midge
resistant cuJtivar is used. 

The economic and environmental benefits of using insect-resistant cultivars 
in production agriculture must be made known to growers and crop protection 
specialists. One economic benefit is reduced insecticide use. For example, using 
a sorghum midge-resistant instead of susceptible hybrid saves $310.00 per 
hectare in sorghum grain protected and insecticide costs ellminated when 
insecticides are applied to resistant and susceptible sorghums in amounts 
required to provide the most practical control of sorghum midge. When 
insecticides are applied to neither the resistant nOr susceptible sorghum, the 
economic advantage of the resistant hybrid is much greater than for the 
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Table 2. Economic injury levels for sorghum midge-susceptible hybrids 
(Fuchs et al. 1988). 

Mean number of adult sorghum midges per panicle 
Control Market value ($) per hectare 

cost 
($lha) 250 300 350 400 450 500 550 600 650 700 750 

7.50 1.2 1.0 0.9 0.8 0.7 0.6 0.6 0.5 0.5 0.4 0.4 

10.00 1.6 1.3 1.1 1.0 0.9 0.8 0.7 0.7 0.6 0.6 0.5 

12.50 2.0 1.7 1.4 1.3 1.1 1.0 0.9 0.8 0.8 0.7 0.7 

15.00 2.4 2.0 1.8 1.5 1.3 1.2 1.1 1.0 0.9 0.9 0.8 

17.50 2.7 2.3 2.0 1.8 1.6 1.4 1.3 1.2 1.1 1.0 0.9 

20.00 3.0 2.7 2.3 2.0 1.8 1.6 1.5 1.3 1.2 1.1 1.1 



199 TEETES: Adjustments for Insect·Resistant Cultivars 

Table 3. Economic injury levels for sorghum midge.resistant hybrids 
(Fuchs et al. 1988). 

Mean number of adult sorghum midges per panicle 
Control Market value ($) per hectare 

cost 
($/ha) 250 300 350 400 450 500 550 600 650 700 750 

7.50 6 5 5 4 4 3 3 3 3 2 2 

10.00 8 7 6 5 5 4 4 4 3 3 3 

12.50 10 9 7 7 6 5 5 4 4 4 4 

15.00 12 10 9 8 7 6 6 5 5 5 4 

17.50 14 12 10 9 8 7 7 6 6 5 5 

20.00 15 14 12 10 9 8 8 6 6 6 6 

Table 4~ Percent greater yield of a sorghum midge·resistant hybrid 
over that of a susceptible hybrid following identical 
insecticide treatments (Teetes et a1. 1986). 

% Increase Net 
over return 

Treatment susceptible ($/ha) 

Every day 3 345 

Three times starting at 25% anthesis 5 416 

Twice starting at 50% anthesis 12 422 

Twice starting at 25% anthesis 62 421 

Once starting at 75% anthesis 142 431 

Once starting at 25% anthesis 299 396 

Once starting at 50% anthesis 307 377 

Untreated 2005 353 
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susceptible sorghum hybrid, but slightly less than when the resistant hybrid is 
appropriately treated with insecticide. Similar results occur and economic 
benefits are derived when a greenbug-resistant sorghum hybrid is used instead 
of a susceptible hybrid. The economic consequences of insect pest resurgence 
and the occurrence of secondary insect pest outbreaks are not considered in 
these calculations. 

Crop protection specialists and growers should be educated as to the 
benefits, both economic and environmental, that can be gained from the use of 
insect-resistant cultivars and the need to make adjustments to crop 
management recommendations. Also, it is likely that government regulations 
will pressure the development and use of insect-resistant crop cultivars. 
Accordingly, the information needed to adjust crop management 
recommendations must be readily available and disseminated. 
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ABSTRACT Host plant resistance to insecls (PRI) is an underutilized pest 
management strategy in vegetable production. Increased pressures t.o reduce 
pesticides, and changes in technology now increase the economic viability 
and probable role of PRl in vegetable pest management. This is rellected in 
the relatively recent release of several insect·resistant varieties and breeding 
lines. The attention PRI now receives in extension publications is also 
increasing. There is room to improve research and extension documentation 
to assist producers in making better use of the available resistance to insects 
in vegetable crops. In the short term, existing varieties can be screened more 
extensively and quantitative information provided to producers. In the long 
term, variety specific recommendations for the use of chemical controls, and 
other management tactics in conjunction with PRJ will be beneficial. 
Awareness of varietal susceptibility to insect pests will increase the 
incentives to private breeders to eliminate extremely susceptible material 
from their breeding programs. Trends in these directions can already be seen 
in the industry. Support for the research necessary to exploit PRJ in 
vegetables will be required from public sources, as part of the alternatives to 
pesticides, and from private breeders and producers who stand to benefit 
from the development of variety-specific recommendations and impartial 
comparison of varieties. 

KEY WORDS Vegetables, host plant resistance, integrated pest management. 

In several cereal and forage crops. host plant resistance to insects (PR!) has 
been an extremely successful technique for suppressing pest populations or 
damage. In contrast, there has been much less use of this method for the 
management of insect pests in commercial vegetable production (Smith 1989). 

This lack of utilization of PRI in vegetable production is in spite of the fact 
that insect resistance has been a goal of vegetable breeders and entomologists at 
least since the first publication concerning resistance in sweet corn to the corn 
earworrn Helicoverpa zea (Boddie) (Collins and Kempton 1917). Review of this 
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extensive literature is beyond the scope of the present report. Readers are 
referred to the reviews of Painter (1951), Kennedy (1978), Smith (1989), and 
Stoner (1992) which cover 1100 articles on PRJ in vegetables between 1917 and 
1991. A great deal of progress has been made identifying sources and 
understanding the genetics and mechanisms of resistance to important pests in 
the major vegetable crops. Excellent recent reviews summarize this work in 
tomato (Farrar and Kennedy 1992), potato (Flanders et al. 1992, Tingey and 
Yencho in press), cucurbits (Robinson 1992), and common beans (Kornegay and 
Cardona 1991). 

Mostly within the last ten years, several insect-resistant vegetable varieties 
or advanced breeding lines have been released (Table 1). In addition, variation 
in insect susceptibility has long been noted and continues to be found in 
existing vegetable varieties including tomatoes (Wolfenbarger 1966, Fery and 
Cuthbert 1974, Schuster 1977, Fornazier et al. 1986, Eigenbrode et al. 1993), 
peppers (Fery and Schalk 1990), carrots (Ellis et al. 1984), sweet corn, 
(Wiseman et al. 1972, 1978, Story et al. 1983), lettuce (Dunn 1968, Reinink and 
Dieleman 1989), Brassica oleracea crops (Benepal and Hall 1967, Shelton et al. 
1983, Stoner 1990, Eigenbrode et al. 1991), watermelons (East and Edelson 
1990), other cucurbits, reviewed by Robinson (1992), onions (Ellis et al. 1979, 
Edelson et al. 1991), and green beans (Eckenrode and Webb 1989). These 
differences in susceptibility of existing varieties to insects can be great enough 
to be of potential economic importance. 

The poor utilization of the available PRI in vegetables has been attributed 
largely to economic factors (Stoner 1970, Schalk and Ratcliffe 1976, Smith 
1989). The high dollar value per acre of most vegetable crops renders pesticides 
more cost·efTective and acceptable to risk-averse producers. Stringent cosmetic 
requirements for many vegetable crops increase the incentive for pesticide use 
to ensure high value, blemish-free products. Cosmetic requirements can also 
limit usable resistance traits to those that do not affect the appearance of the 
product. In addition, small seed markets for many vegetable crops limit tbe 
potential for private breeders to obtain adequate returns on the investment 
required to develop insect-resistant vegetable varieties. 

Recent changes in this incentive structure, however, have increased the 
value of PRI in agriculture. These changes include, increased market and 
regulatory pressure to reduce pesticide use, continuing problems with insect 
resistance to pesticides, and technological developments in the genetic 
manipulation of crop plants. The impact of these changes is likely to be 
especially large in vegetable crops in which PRI is currently underutilized. 

A first objective of the present review is to document the increased role of 
PRJ in vegetable pest management that has occurred in recent years in 
response to these changes. In addition, this review will consider the measures 
necessary to integrate PRI more effectively in vegetable integrated pest 
management (lPM). Finally, suggestions will be made for how to support the 
necessary research for this integration. The crops included in this review 
include almost all vegetable crops, including the sweet-fruited cucurbits. Most 
lef,rumes usually harvested dry but occasionally harvested and consumed green 
(c. g. soybeans) and cassava are excluded. Cowpeas (southern peas) are included 
because of their importance as a vegetable in the southeastern United States. 
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PRJ in Vegetable Pest Management Recommendations 

Older extension literature sometimes included information on vegetable 
variety susceptibility to insects (e. g. North Carolina Agricultural Extension 
Service 1972). Mention of PRJ has been rare in recent years, but is increasing. 
Recommendations from New York (Cornell University Cooperative Extension 
1992), Wisconsin (University of Wisconsin 1990), Minnesota (Hutchison 1993), 
the midwestern states (Purdue University Cooperative Extension Service 1993), 
and New England (Anonymous 1990) all include some information on insect 
susceptibility of vegetable varieties. The information provided in these 
publications typically is qualitative and mentions a few varieties: e. g. "A 
comparison of two major kidney been varieties shows that 'Redkloud' is more 
tolerant to leaf hopper feeding than 'California Light Red'" (Cornell University 
Cooperative Extension 1992, p. 40) and "Butternut squash is more resistant to 
SVB (Squash vine borer) than many varieties" (Hutchison 1993, p. 83). 

Occasionally, qualitative susceptibility ratings for the majority of favored 
varieties of a particular crop are provided. For example, onion thrips 
susceptibility of cabbage varieties in New York, monitored since the early 1980's 
has been used to construct susceptibility ratings for more than 20 fresh market, 
processing, and storage varieties of cabbage. These ratings are published in pest 
management recommendations for New York (Cornell University Cooperative 
Extension 1992) and included in those of Minnesota (Hutchison 1993). Similarly, 
recommendations for chemical control of green peach aphid. Myzus persicae 
(Sulzer), and the potato leafhopper, Empoasca fahae (Harris) in Wisconsin 
include the suggestion to adjust the treatment thresholds developed on 'Russet 
Burbank' upward or downward on the basis of relative susceptibility ratings for 
19 other varieties (University of Wisconsin 1990). 

Sometimes pest damage sustained by several varieties in field experiments is 
reported. Yield (% jumbo bulbs) and Thrips tabaci Lindeman populations on 10 
commonly grown onion varieties with uncontrolled thrips populations and after 
treatment with cypermethrin, pennit producers to assess tolerance of some of 
these varieties (Edelson et al. 1991). Damage to 41 varieties of sweet corn by 
European corn borer, Ostrinia nubilalis (Hubner), is reported in the Minnesota 
Vegetable Production Guide; the reported percentage of ear damaged ranged 
from 2% - 10% (Hutchison 1993). Corn earworm damage to 21 varieties treated 
and untreated with insecticides provide Oklahoma producers with information 
on levels of antibiosis and tolerance to this pest. Populations of Tetranychus 
urticae Koch on seven watermelon varieties under controlled (six to forty
fourfold variation) have been published for producers in Oklahoma (East and 
Edelson 1990). 

Rarely, information provided to producers includes quantitative 
recommendations for pesticide use on different varieties. The best. example of 
which these authors are aware has been developed by P. R. Ellis and colleagues 
at Horticulture Research International at Wellesbourne, England. Among the 
15 varieties of carrots identified with partial levels of resistance to carrot rust 
Oy, Psila rosae (F.), Nantes type 'Sytan' consistently is 50% less damaged than 
susceptibles (Ellis et al. 1984, Ellis 1992). This dilTerence has been translated 
into recommendations for pretreatment of the soil with reduced amounts of 
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chlorfenvinphos on 'Sytan', Thirty mg Allm row of crop will provide 95% 
damage-free roots in 'Sytan' as compared with 80 mg in 'Danvers Half-Long 126'. 
Publication of these recommendations in a producer journal (Ellis et. a1. 1990) 
has helped promote the use of'Sytan'. 

Impact of PRJ in Pest Management in Vegetables 

The impact of PRJ on vegetable pest management is apparently limited. As 
far as is known, released resistant varieties (Table 1) aTe grown only to a 
limited extent. Based on the amount of registered seed sold, 'Excel' sweet potato 
is grown on about 2,000 ha in the U. S. annually. 'Regal' and 'Sumor' seeds are 
also sold in small amounts in the U.S., but this is apparently primarily for 
home garden use. 'Hi-Dry' has become a very popular variety in the Philippines. 
but estimates of the amount of the variety used there are not available (P. D. 
Dukes, U.S.D.A.lA.R.S. Vegetable Research Lab, Charleston, South Carolina, 
personal communication), Aphid-resistant netted muskmelon 'Mainpack' is 
being grown on a small scale (total of approximately 500 ha based on seed 
sales) by commercial producers in northern California and Texas. Acceptance of 
the sweet potato varieties has been slow because they have a lighter color 
periderm as compared with popular susceptible varieties. The 'Mainpack' melon 
is less desirable because it is relatively small (18-23 per carton VB. 12 per carton 
fOT preferred varieties). 

There are indications that producers consider available information on insect 
susceptibility when choosing varieties. For example, in south Texas the 'Grano 
502' onion has largely replaced thrips-susceptible '1015Y' (J. V. Edelson, 
Oklahoma State University, personal communication). The use of watermelon 
and sweet corn varieties in Oklahoma has been influenced by published data on 
insect pest susceptibilities (B. Cartwright, Oklahoma State University, 
personal communication; Crummett 1992). In New York and other northern 
states, producers have increased their use of cabbage varieties for storage and 
fresh market that are less susceptible to Thrips tabaci (A. M. Shelton, Cornell 
University, personal communication). In Europe and parts of Britain, lettuce 
varieties with resistance to Pemphigus bursarius (L.) are reportedly favored 
(P. R. Ellis, Wellesbourne, 'Warwick, U. K., personal communication). 
Unfortunately data are not available to document these reported shifts in 
varietal use. 

Although producers evidently realize some benefits from growing more 
resistant varieties, as indicated by their apparent increased use, these benefits 
may be in the form of reduced risk of crop loss, or additional profitability, 
rather than in pesticide savings. The use of resistant or less susceptible 
varieties does not necessarily constitute effective integration into IPM. 
Pesticide savings are probably negligible except where variety-specific 
guidelines are available and their use encouraged. For most resistant vegetable 
varieties such guidelines have not been developed, and without them risk
averse producers arc more likely to use full doses of insecticides or standard 
treatment thresholds. 



Table 1. Vegetable varieties or released breeding lines deliberately selected for resistance to arthropod pests. 

Variety or 
Crop Breeding Line Pests Source(l 

Cabbage, Brassica oleracea L. 
var. capitata 

Cowpea or Souihern pea, Vigna, 
unguiculata (LJ 

Cucumber, Cucumis sativus L. 

Lettuce, Lactuca sativa (L.) 

NY IR 9602, NY IR 8329,
 
NY IR 9605
 

CR 17-1-13, CR 18-13-1,
 
CR 22-2-21
 
'Carolina Cream'
 
'Santee Early Pinkeye'
 
'Carolina Crowder'
 
'Bettergo Blackeyc'
 
TVx3236
 
lCVl, rCV3, rCV8
 
rCVll
 

Wisconsin 275i 

Iceberg type 'Beatrice' 

Butterhead types 
'Ardente', 'Conny', 
'Continuity', 'Debby', 
'Mussette', 'Sabine', 
'Sigmnball', 'Sigmadeep', 
'Sigmahead', 'Tina' 

Crisp types 'Grand 
Rapids', 'Lakeland' 

Trichoplusia ni 
(Hubner),
 
Pieris rapae (L.),
 
Plutella xylostella (L.)
 

Chalcodermus aneneus 
Boheman 

thrips 
foliar pests 
Aphis craccivora Koch 

Acalymma spp. and 
Diabrotica spp. 

Pemphigus bursarius (L.) 

Dickson et al. 1984 

i5'" 
Z '" co 

Cuthbert and Fery 1975 ;:l 
0 

Fery and Dukes 1984 '" '"i<"Fery and Dukes 1990 ..,
Fery and Dukes 1992 ;:l 
Fery and Dukes 1993 
Singh and Ntare 1985 ~ 
Pathak and Olela 1986 t""' 

Pathak and Olela 1986 r:' 
"0 
~Peterson et al. 1982 :;' 
<: 
~ 

Nickersons, Thompson '<! 
~ 

and Morgan Seed Co. ~ 

;;-
Various :;; 
Seed Companies is: 

'" 

o '" 
'" 
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Variety or 
Crop Breeding Line 

Lettuce, Lacluca sativa (L.) 

Muskmelon, Cucumis melo L. var 
reliculous 

Potato, Solanum tubcrosu1ll L. 

Swedes, Bra.ssica nQpus var. 
napobrassica 

Sweet Corn, Zea mays L. 

Sweet Potato, Ipomoea balalas L. 

Cos or Semi Cos types 
'Wallop', 'Little Gem' 
'Rapids', 'Lakeland' 

'Mainpack', 'Sunex-7030'. 
'Sunex-7043' 

'AR Hale's Best Jumbo', 
'AR5', 'AR Topmark' 

NYL 235-4 

'Tina' 

GTS-l, GTS-2 

471-U6-81·1 

IV-13, 1-178 

'Sumar' 
IV-71, W-1l5, IV-1l9, W
125, W-149, W-l54
 
'Southern Delite'
 
'Excel'
 
'Resisto'
 

Pests 

Pemphigus bursarius (LJ 

aphids 

Aphis gossypii Glover 

Leptinotarsa dec:emlineata 
(Say) 

Brevicoryne brassicac 

Helicouerpa zea (Boddie) 

WDSb Chaectocnema 
confinis Crotch, 
Phyllophaga ephilida 
Say. Plectris aliena 
Chapin 

and Cylas (ormicarius 
elegantulus (Summers) 

Sourceu 

Various 
Seed Companies 

Sunseeds Genetics 
,.. 

McCreight et a1. 1984	 >
':l 

Plaisted et al. 1992	 " ,'" S 
3 

Lammcrinke & Hart 1985 ~ 

~ 
McMillan et 81. 1980 

~ 

~ 

Wiseman & Widstrorn Z 
1984	 ? 

Jones et 01. 1975	 '" 
"' e"' 

Dukes et aJ. 1978 

Jones et al. 1980 
Jones el oJ. 19878 
Jones cl 01. 1989 
Jones et a1. 1983 



Table 1. Continued. 

Variety or 
Crop Breeding Line Pests SourceO 

Sweet PotaLo, Ipomoea halalas L.	 'Regal' WDS and C. confinis Jones et al. 1985 
'Sweet Red' WDS only Collins & Moyer 1987 
'Pope' Collins & Moyer 1982 
'Hi-Dry' Hamilton et a1. 1985 Q'"
'Beauregard' Rolston et al. 1987 
'Coastal Red' white grubs only Hall & Harmon 1989 '" z 
'Cordner' Paterson et al. 1984 '" o '" o

Tomato, Lycopersicon esculentum Mill.	 'Kewalo' Tetranychus tdarius (L.) Gilbert et al. 1974 '"Ro..,Turnip, Brassica campestris L. 'Charlestowne', 'Roots'	 Hyadaphis erysimi Robbins & Cuthbert 
(Kaltenbach) 1980 c '" is: 

l'" '" 
~ 

11 Reference for release or name of seed company marketing the variety '"tl 
b WDS '" Wireworm, Diabrotica, Sysle.na complex: Conoderus {alii Lane, C. vespertinus F., Diabroiica balteata Le Conte, D. undec:impunctata howardi Barber, a 

Systena blanda Melsheimcr, Systena elollgata F. ;' 

;;. 
~ 
£' 
0' 

" 
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Improving Integration ofPRI into Vegetable ll'M: Short Term Challenges 

As pressures increase to reduce the use of pesticides in agriculture, 
especially vegetable production, the potential value of insect resistance in 
vegetable crops will increase. Even partial levels of resistance will have 
considerable value. The challenge to entomologists will be to facilitate this 
exploitation by identifying and quantifying resistance and providing guidelines 
to help producers realize pesticide savings by using resistant varieties. 
Wherever resources allow, differences in varietal susceptibility should be 
documented and disseminated as part of the regional extension literature on 
pest management for vegetables. The extension reports cited in the above 
sections can be improved and expanded to include more commodities and pests, 
and morc quantitative information. In some geographic areas, the first steps 
towards exploiting PRl in IPM have yet to be taken. There is no mention of PRl 
in the major vegetable pest management publications from California 
(University of California Statewide Integrated Pest Management Project 1990, 
University of California Cooperative Extension 1992, University of California 
1993), Arizona (Minkenberg et al. 1993) the Pacific Northwest (Fisher et al. 
1990), or Florida (Maynard 1987), which together include 60% of the 
commercial vegetable crop acreage in the United States (United States 
Department of Agriculture 1992). 

It will be beneficial in many cases to disseminate some of this information 
nationally. The newly expanded and renamed Insecticide and Acaricide Tests 
(Arthropod Management Tests) accepts reports of varietal susceptibility tests 
and reports of resistance breeding efforts, in addition to the traditional 
chemical trials. Arthropod Ma.nagement Tests is widely used by extension 
specialists and other applied entomologists. Since many varieties are used inter
regionally, (e. g. cabbage varieties in northern states, some tomato varieties in 
California and Florida), reports under one cover of varietal trials in different 
regions will facilitate and improve the identification of the most resistant 
varieties. 

Increased awareness of variation in varietal susceptibility to insects will add 
an incentive to seed companies to monitor their breeding material and new 
varieties. As has already occurred in some crops, producers and pest managers 
will avoid known insect-susceptible varieties. Presently, many seed companies 
conduct all breeding under prophylactic insecticidal protection, and only a few 
permit natural insect infestations in their breeding material to facilitate 
elimination of very susceptible types. 

Improving Integration ofPRI into Vegetable ll'M: Long Term Challenges 

A full integration of PRI into IPM will require interfacing with all the other 
available controls. These include chemical pesticides, microbials, and biological 
control. Ideally, as more varieties with resistance are identified or developed 
and deployed, the efficiency of this interfacing should be improved. In the next 
sections, the challenges of increasing the integration of PRI in vegetables into a 
multifaceted IPM approach are considered. 
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Integrating PRI and Chemical Insecticides 

At least in the foreseeable future, PHI and chemical insecticides will 
frequently be used in conjunction for vegetable production. This is because most 
vegetable crops, as mentioned earlier, have stringent quality requirements 
necessitating protection not normally provided by PRI alone. The most 
commonly used protections, and those best understood by producers, are 
chemical pesticides. Variety-specific rates or treatment thresholds can help 
producers extract the maximum value from insect resistant varieties. 

Treatment thresholds and recommendations. Since their conception, it 
has been recognized that economic injury levels (ElL) and economic thresholds 
(ET) would depend on crop variety (Stern 1973). Many types of plant resistance 
potentially will affect thresholds. This can be illustrated with the help of the 
formalism proposed by Pedigo et at. (1986). The ElL, 01' pest density at which 
the cost of control is equal to the value of crop injury can be expressed as 

ElL = CNDIK 

where C = cost of a control measure per unit of production of the crop (e. g. 
$/ha), V = value pel' unit of produce (e. g. $/kg), D =damage pel' pest pel' unit 
production (e,g., percent defoliationlpestlha), I = economic injury per unit of 
damage (e.g., kg produce lost/halpercent defoliation), K = efficiency of the 
control measure (proportion killed). The ElL is expressed in pest/unit of 
production. 

The ET is the pest population density at which action must be taken to 
prevent the ElL from being reached. The ET is more difficult to estimate 
because it is predictive and therefore probabilistic. As a result, true ETs have 
been estimated less frequently than ElLs (Pedigo et a1. 1986). 

ElLs and ETs will be differently affected by resistance in each of the three 
modalities described by Painter (1951): 
Antibiosis: Traits reducing the survival, development or reproduction of pest 

insects utilizing the plant. 
Nonpreference (Antixenosis [Kogan and Ortman 1978]): Traits reducing insect 

oviposition or colonization of the plant. 
Tolerance: Traits resulting in the plant sustaining reduced damage compared to 

susceptible plants infested at the same pest density. 
Parameters printed in boldface italics and underlined are potentially affected 

by each of these modalities: 

ANTIBIOSIS
 
ElL - CNllIK ET
 

ANTIXENOSIS
 
ElL - CI\T])IK ET
 

TOLERANCE
 
ElL - CNDIK. ET
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Antibiosis will usually have no effect on the ElL. Rather, pest populations 
are less likely to reach the ElL on the resistant crop. If an antibiotic trait 
reduces the feeding of the damaging stage, however, then damage per insect (D) 
may be lowered. If antibiotic resistance traits affect the efficacy of pesticides (K) 
(see section below), the ElL could be directly influenced by antibiosis. Antibiosis 
will affect the ET, if not the ElL, by reducing population growth rates, or 
reducing the proportion of sampled pests surviving to the damaging stage. 

Antixenosis should normally not affect the ElL or the ET. Pest densities are 
merely less likely to reach these densities. However, if the sampled stage is the 
Qvipositing, or colonizing reproductive stage, the ET will be raised on an 
antixenotic variety. 

Tolerance raises the ElL by affecting either the damage to the crop per unit 
of pest density (D), the relationship between damage and economic injury (I), or 
both. 

Many resistant varieties have elements of more than one of the three 
modalities (Cuthbert and Fery 1975, Singh 1987, Birch 1988, Edelson et al. 
1991, Sharma 1993). Thus, in most instances host plant resistance can be 
expected to affect ElLs, ETs, or both to some degree. Nevertheless, there are 
only a few examples of variety-specific ElLs or ETs in any crop. The best 
examples are the ETs for sorghum midge on midge-resistant sorghum (Hallman 
et al. 1984) and the variety-specific ElLs developed for the bollworm and 
tobacco budworm (Helicouerpa zea Boddie) and Heliothis virescens F.) on cotton 
(Zummo 1984, Ring et al. 1993). The only published example in vegetables, 
variety-specific ElLs for the variegated cutworm, (Peridroma saueia (Hiibner), 
on potatoes (Shields et al. 1985) are currently not in use. 

Preliminary data necessary for estimating ElLs have been developed for 
some insect-resistant varieties or breeding lines of vegetables. For example, 
yield-loss relationships have been estimated for arthropod pests on resistant 
varieties or breeding lines of potato (Sanford and Ladd 1986, Tingey and 
Yencho in press), sweet potato (Cuthbert and Fery 1979, Rolston et al. 1981, 
Mullen 1984, Jones et al. 1987b),sweet com (Story et al. 1983), beans (Eskafi 
and Van Schoonhoven 1981), and field peas (Soroka and Mackay 1990). These 

.data, sometimes developed during research to understand resistance 
mechanisms, can be used to construct treatment recommendations for 
producers. 

Sampling. In order to apply ElLs and ETs, sampling plans must be 
developed to estimate pest densities. These are usually developed on the most 
commonly grown susceptible varieties and often rely on assumptions about the 
distribution of pests within or among plants in the crop. However, these 
assumptions may not be valid on resistant varieties. 

To reduce labor requirements, plants are often subsampled to estimate 
whole-plant densities (Trumble 1994). However, there are examples of 
resistance substantially affecting the distribution of pests within the plant. 
Onion thrips are located predominantly on frame leaves of some resistant 
cabbage genotypes but distributed over the entire plant on susceptibles (Stoner 
and Shelton 1988). Distribution of the sweetpotato weevil, eylas formicarius 
elegantulus (Summers), differs significantly within vines of partially resistant 
and susceptible sweet potato cultivars (Jansson et a1. 1987). The effects of 
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resistant varieties on within-plant distribution of pests rarely have been 
investigated. Assumptions about the within-plant distribution of pests on 
resistant varieties must be examined before applying subsampling methods 
developed on susceptible varieties. 

The use of tissue-specific promoters has been proposed to regulate the 
within-plant expression of genes for insect resistance factors such as Bt toxins. 
Recent studies indicate that Heliothis uirescens larvae discriminate against 
diets containing low concentrations of Bt endotoxins, suggesting that this 
strategy for reducing selection for resistance to the toxins could be successful 
(Gould 1988, Gould et al. 1991). If this method is implemented, it will obviously 
influence plant subsampling procedures. 

Sequential sampling plans designed to determine if pests have exceeded 
treatment thresholds also depend on assumptions about the spatial distribution 
of insects among the sample units. These plans are particularly sensitive to the 
degree of aggregation, quantified using the regression methods of Iwao or 
Taylor, or with the h of the negative binomial distribution (Shelton and 
Trumble 1991). The degree of aggregation must be estimated to develop the 
decision-making model (Allen et a1. 1972). Pest spatial distributions have been 
shown to be sensitive to pest density, geographic location (Trumble et a1. 1987), 
insecticide treatments (Trumble 1985), and crop phenology (Matin and Yule 
1984). Although there is evidence that sampling plans for spider mites based on 
'generic' dispersion indices can be robust (Jones 1990), large enough differences 
from the assumed dispersion characteristics do occur and can affect the 
performance of a decision rule (Trumble et a1. 1989). Data comparing pest 
aggregation on different varieties of the same crop under controlled conditions 
have not been published, but it is probable that some plant resistance traits 
influence pest aggregation. For example, traits eliciting nonacceptance, which 
causes feeding stages to disperse (Eigenbrode and Shelton 1990), might reduce 
spatial aggregation. Antixenosis, which reduces the acceptability of the crop for 
oviposition, may cause more frequent movement between ovipositions, or may 
cause eggs to be retained longer, respectively increasing or decreasing the 
aggregation of eggs. The tendency for border areas of fields to have higher 
populations of some pests, which often justifies stratified sampling, may not~ 

occur on antixenotic crop plants. 
The planting of a mixture of genotypes with different modes of resistance, or 

the mixing of resistant and susceptible genotypes in a single field (multilining) 
to provide a refuge for nonadapted pests, has been proposed to slow pest 
adaptation to the resistance (Gould 1986). Differential mortality on susceptible 
and resistant plants, as well as behavioral discrimination by the insects, 
mentioned earlier, would obviously affect the insect distribution in such a 
mixed planting. 

The potential effects of multilining on a sequential decision-making rule can 
be simulated. Assume on a particular susceptible crop a pest distribution 
approximates a negative binomial with average k = 9. In a mixture containing 
80% resistant plants and 20% susceptibles, if the susceptible plants in the 
multiline have about four times the infestation levels as resistant plants, the 
negative binomial k will average 1.3 (calculated from simulated data). The 
'SPRT' program (Nyrop 1992) can be used to calculate the impact of this change 
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Fig. 1. Operational characteristics of a binomial sequential sampling plan on a 
monoculture (negative binomial It = 9.0), and on a 8:2 resis
tant:susceptible multiline (negative bionomial k = 1.3), when 
aggregation characteristics of the pest were assumed to be the same as 
the monoculture in both planting arrangements. 

in pest aggregation on the operating characteristics of a sampling program 
based on Wald's sequential probability ratio test (Wald 1947). Figure 1 shows 
the operation characteristic curves for the sampling plan on a simulated 
population with k = 9 (broken line) or k = 1.27 (solid line), using a plan built on 
an assumed It = 9. The curve shows the probability of selecting the null 
hypothesis (below threshold·do not treat) with a and b levels set to 0.1. and the 
economic threshold set at 10. Each point on the curve was determined with 500 
iterations of the decision rule at each of these actual population means. 
Deviations from a perfect step form with a vertical inflection at the threshold 
are misclassifications. The increase in incorrect treatment decisions, resulting 
from a failure to account for the change in pest aggregation, is presented by the 
shaded area between the OC curves in Fig. 1. Where such sampling plans are 
used in conjunction with PRI, it will be necessary to ascertain that resistant 
varieties, in monocultures or multilining strategies, do not affect spatial 
distributions enough to affect sampling plans. 

PRJ X pesticide interactions. Variable efficacy of arsenical on resistant 
crop varieties was reported in several articles considered by Painter (1951), and 
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has since been observed in numerous studies for synthetic organic insecticides. 
This area was reviewed recently by Van Emden (1991) and by Smith (1989). 
Host plant resistance is usually neutral (Chalfant 1965, Selander et a1. 1972, 
Creighton et a1. 1975, Leonard et a1. 1989) or enhances pesticide efficacy 
(Chalfant and Brett 1967, Heinrichs et a1. 1984, Rose et a1. 1988). However, 
there are examples of antagonism in vegetables. Abro and Wright (1989) found 
that topical toxicity of abamectin and cypermethrin to Pllltella xylostella (L.) 
was higher on partially resistant cabbages than on susceptibles, but toxicity of 
ingested residues was higher on the susceptible cabbages. The antagonism was 
attributed to reduced ingestion of the toxins on the resistant plants. Kennedy 
(984) showed that the tomato antibiotic factor 2-tridecanone induced increased 
tolerance to the insecticide carbaryl in Helicouerpa zea. 

Insect resistance traits may affect the efficacy of pesticides by mechanically 
affecting coverage, or through physiological effects on the target pest. These 
include induction of detox.ifying enzymes in insect guts (Ahmad et al. 1986), 
changes in feeding rates affecting pesticide ingestion (Abro and Wright 1989), 
reduced body size or general vigor increasing insecticide susceptibility. The 
potential for interactions between chemical insecticides and PRJ should be 
considered when variety-specific ElLs are being developed. These interactions 
impact K (proportion killed) in the ElL expression above and can therefore 
increase or decrease ETs on resistant crops vs susceptible crops. 

Integrating PRJ and Microbials 

Bt endotoxins applied as insecticides are apparently generally compatible 
with PRJ. Efficacy of the endotoxins is equal or greater on resistant varieties as 
compared with susceptible varieties (Hare 1992). There is evidence that 
allelochemicals associated with resistance can potentiate I3t endotoxins (Felton 
and Dahlman 1984, Ludlum et al. 1991, Trumble et al. 1991, Meade and Hare 
1993). Almost all the examples in this literature are on vegetables or concern 
allelochemicals prominent in vegetable crops. There is a potential for reduced 
efficacy of the Bt toxin if less is ingested during feeding on a less preferred crop, 
but this has not yet been demonstrated (Meade and Hare 1993). An unexplored 
area is the interaction between Bt toxins expressed in transgenic plants and 
allelochemicals in these plants. 

On the other hand, plant allelochemicals or plant resistance can have a 
negative effect on the toxicity of insect pathogens including pathogenic fungi 
and nuclear polyhedrosis viruses (Hare and Andreadis 1983, Felton et al. 1987, 
Felton and DulTey 1990). The possibility that PRJ and insect pathogens may be 
antagonistic should be examined when these elements are combined in IPM. 

Integrating PRJ and Biological Control 

Interactions between PRJ and biological control have been the subject of a 
large amount of research. Hare (992) provides an excellent review. Of the 16 
cases of classical biological control used in combination with PRI in crop plants 
reviewed by Hare, six reported antagonistic interactions, two reported 
synergistic interactions, five reported additive effects, and in three systems the 
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type of interaction depended on the level of plant resistance. No general 
principles exist to predict these effects. The type of interaction depends on the 
mechanisms of resistance and how these affect the biology of the pest, the 
predator or parasitoid, and their interactions. There have been considerable 
theoretical discussion and research about the potential interactions at the 
tritrophic level (see Boethel and Eikenbary 1986, and Van Emden 1991 for 
additional references). At any rate, the effects can potentially be large, 
indicating that the possibility of antagonism should be considered during the 
development and deployment of PRJ. 

Plant breeders could even develop varieties deliberately designed to enhance 
the efficacy of biological control agents. An interesting example of the use of 
plant breeding to enhance biological control in vegetables is summarized by 
Van Lenteren (991) and illustrates the feasibility of such an approach. 
Biological control of the greenhouse whitefly, Trialeurodes uaporariorum 
(Westwood), by Encarsia formosa Gahan is effective on tomatoes but is 
ineffective on cucumber. This is apparently because cucumber is a very good 
host plant for the whitefly, and because the extreme hairiness of the leaves of 
most cucumber varieties (about 380 hairs per cm2) reduces the walking speed 
and searching efficiency of the wasps, Hairless mutants were identified but it 
was discovered that wasp foraging efficiency on these types was also inefficient 
because the wasps moved too quickly and missed many whitefly larvae. A series 
of experiments demonstrated that on "half-haired" genotypes (about 160 hairs 
per cm2), selected by breeders, E. formosa efficiency was maximized in terms of 
searching efficiency and parasitization rates (Van Lenteren 1991). As a result of 
this work, commercial breeders in the Netherlands are working to develop 
greenhouse cultivars with leaf hairiness compatible with E. formosa. It would 
be interesting to combine partial levels of resistance to the whitefly with "half
hairiness" to obtain even better control of Trialeurodes uaporariorum on 
cucumber in greenhouses. 

Integrating PRI into a Complete IPM System 

A complete [PM system combines several pest management methods to 
achieve stable low pest populations with a minimum use of insecticides. PRI 
can be used in concert with chemical controls, cultural adjustments, biological 
controls, or any combination of these. Ellis et al. (1990) recommended growing 
the resistant canot 'Sytan' with reduced insecticides for spring plantings, 
which are at greater risk of attack by Psila. rosae in the U. K. Summer 
plantings of more susceptible cultival's can be planted without insecticidal 
protection against this pest, A similar potential may exist in fresh market 
tomato varieties varying in their susceptibility to Spodoptera exigua (Hubner) 
in California (Eigenbrode et a1. 1993), Varieties with the greatest susceptibility 
could be planted for harvest before the heaviest Spodoptera exiguQ infestations 
in the late summer and fall. More resistant varieties could be grown for the fall 
harvest and treated with insecticides at lower rates than required for more 
susceptible varieties. There are certainly many creative solutions to pest 
problems that can and should be developed using PRl. 
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Problems with PRJ in Vegetable IPM 

Most crops are subject to attack by multiple pests. Multiple pest resistance 
is achievable in some cases (e. g. sweet potato, Schalk et al. 1990), but difficult. 
In other cases, available resistance mechanisms carry trade·off linkages that 
cannot be broken. For example, glossy-leaf resistance to Lepidoptera in glossy 
Brassica has the liability of increased susceptibility to flea beetles Phyllotreta 
spp. and possibly M. persicae (Stoner 1990, Bodnaryk 1992]. Presently, the flea 
beetles can be easily controlled with available insecticides. If control problems 
develop for these insects, it may be difficult to find a solution with PRI. The 
need to apply pesticides to control pests that remain destructive on the 
resistant crop could eliminate much of the potential benefit of PRI, including 
conservation of beneficial insects. Breeding for arthropod resistance must be 
conducted with cognizance of the crop's pest complex and existing strategies 
available for management. 

As Kennedy et aI. (1987) correctly pointed out, PRI which increases the 
complexity of pest management, and thus potentially the cost, will not be readily 
adopted and may not be economically viable. If pests are routinely managed with 
prophylactic sprays on a susceptible crop, but exceed thresholds intermittently 
on a resistant crop, the value of PRI will be offset by the requirement for 
increased monitoring. Many of the potential approaches to integration outlined 
herein involve potential additional increases in pest management complexity. 
Although it is important to consider the complex interactions between the 
elements of IPM, the final system must be designed for greatest simplicity for 
the producer. Producers can be expected to choose the simplest approach to pest 
management that provides good economic returns, and this may not mean using 
PRI to reduce pesticide use. Economic analyses sometimes indicate that the best 
net returns for producers are obtained by using the resistant crop with the 
traditional insecticide treatments (Nangju et ai. 1979, Teetes et al. 1986). 

Choice of variety by producers is affected by many considerations, including 
earliness, appearance, familiarity, and adaptation to local growing conditions. In 
some cases, the variety is mandated by processors for whom the producer has 
contracted to produce the crop. Insect resistance will usually be a minor 
consideration. Producers' and processors' willingness to adopt integrated PRJ 
and other alternatives will likely increase when pesticide efficacy falls due to 
resistance and when legislation removes some of'the more effective compounds 
from registration. 

Insect resistance that relies on elevated concentrations of allelochemicals in 
crop plants may pose health risks to consumers, especially in vegetables that 
may be eaten after minimal processing. Plant breeders will have to work closely 
with food scientists to make sure that a great deal of effort is not wasted 
developing resistant varieties unsafe for human consumption. This potential 
problem is discussed elsewhere (Ames and Gold 1990). 

Finally, development and deployment of arthropod resistance must address 
the potential of' arthropod pests to adapt to resistant varieties. Some resistance 
may be inherently durable, but there will be instances in which precautions 
must be taken to slow pest adaptation. The importance of' this consideration is 
discussed by Gould (983) and Kennedy et al. (1987). The emerging theory 
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concerning the methods of slowing pest adaptation is also reviewed by Wilhoit 
(1992). Often pest adaptation will be slowed by relying on a variety of pest 
management methods rather than PRI alone. This will increase the importance 
of effective integration ofPRI into complete [PM systems. 

Conclusions 

Increased incentives for the development and use of PRl seem likely to have 
a greater impact in vegetable crops than in other crops. As noted at the outset, 
pressures foJ' reductions in pesticide use are substantial. Environmental 
Protection Agency enforcement of the recently amended Federal Insecticide 
Fungicide and Rodenticide Act requires reregistration of pesticides for use on 
all crops. Prohibitive costs may prevent pesticide reregistrations for minor 
crops, many of which are vegetables. Of the 283 agricultural arthropod pests 
reported to have resistance to pesticides, at least 60 are key pests of vegetable 
crops (Georghiou and Lagunes-Tejeda 1991). Among the eight most critical 
insecticide resistance problems listed by Georghiou (1990), five (Plutella 
xylostella, Bemesia tabaci [Gennadius], M. persicaeJ Liriomyza trifolii [Burgess], 
and Leptinotarsa decemlineata [Say]) attack vegetable crops. 

Biotechnology is on the verge of providing new sources of insed resistance in 
Bi-transformed crops. Potatoes will likely be the first transgenic vegetable crop 
to be deployed expressing the endotoxins of Bacillus thuringiensis val' hurstaki 
(BO to confer insect resistance (Meeusen and Warren 1989). Varieties of Bt
transgenic potatoes have not been yet released, but field trials with Bt~potatoes 

have produced impressive results, conferring near immunity to the Colorado 
potato beetle (Boylan-Pett et al. 1992). Other vegetable crops have been 
transformed with genes for the Bt toxins, including tomato (Delannay et al. 
1989), brassicas, and sweet corn. In addition, new techniques are certain to 
increase the efficiency, and therefore reduce the costs, of developing insect 
resistant crops. Genetic transformation, embryo culture, protoplast fusion, and 
the use of biochemical and molecular markers will profoundly increase the 
potential and efficiency of resistance breeding (Meeusen and Warren 1989, 
Robinson 1992, Stuber 1992, Walters et al. 1992). These changes will certainly 
affect the progress of public and private research in plant resistance in all 
crops. 

In response to these changes, private seed companies in Europe and North 
America are investing effort in developing insect resistant varieties of Brassica 
crops, sweet corn, lettuce, melon, tomato, cucumber, carrots and sweet pepper 
(personal communications with C. Mollema, P. R. Ellis, and representatives of 
RogerslNorthrup King Co., Asgrow Seed Div. of Upjohn Co., Sunseeds Genetics, 
Petoseed Co., Sakata Seed America). Some of these companies are considering 
adding entomologists to their research stan's. Private seed companies have also 
begun to promote some existing vegetable varieties for their insect resistance. 
Since control of Pempighus bursarius, became problematic in Britain and parts 
of Europe in the late 1980's, seed companies advertise resistance to the pest in 
lettuce varieties (Table 1). Resistance to Psila rosae in carrot is also advertized 
by at least one seed company in Britain (S. E. Marshall & Co. Ltd., Wisbech 
Cambs., United Kingdom). Reduced susceptibility to thrips is an advertised 
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feature of 'Earlycole' cabbage, produced by Petoseed (Woodland, California), 
The melon 'Mainpack' (Sunseeds Genetics, Hollister, California) is promoted 
and packaged as aphid-resistant. 

As resistant varieties become available, and incentives for their use become 
greater, the challenge wm be to integrate them successfully and profitably into 
production, Currently there is limited funding available for deployment of PRJ 
in vegetables, To extract the full value of PRJ in vegetables and other crops, 
however, substansive funding of the necessary research will be needed. Since 
producers and private breeders would benefit from objective evaluation of 
resistant varieties and development of guidelines for their use, some of the 
funding for this research should come from the private sector (e. g. producer 
groups and private seed companies). Private seed companies are reluctant to 
develop variety-specific thresholds themselves, not only because of the expense, 
but because of potential liability considerations. Therefore a cooperative 
arrangement analogous to that between agrochemical industry and public 
scientists seems appropriate. Admittedly, the profits to be realized from 
arthropod resistant crops are less than those for successful agrochemicals. Seed 
companies cun-ently cannot demand large premiums for insect resistance, and 
in the future some degree of resistance to arthropods may be necessary just to 
retain market share, but command no price premium. On the other hand, 
without objective evaluation and without suitable guidelines to extract the 
value of plant resistance to arthropods in vegetables and other crops, producers 
will have little incentive to utilize these new varieties. 

In addition, legislated reduction in pesticide use in agriculture, 
commendable as it may be for reducing the health and environmental risks 
associated with agriculture, must be coupled with increased expenditures of 
public funds to develop and implement alternatives to these chemicals. Basic 
and applied research in PRI, biological control, cultural control methods and 
other alternatives must be adequately funded to ensure the health of 
agriculture in the U. S. and elsewhere. 
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ABSTRACT Insects are one, among a number, of biotic and abiotic 
constraints that limit the production of food crops. Entomologists can playa 
key role in increasing food production through the development of insect
resistant crop cultivars. Resistant cultivars are sought as a major tactic in 
the development of IPM strategies and have been shown to be compatible 
with biological, chemical and cultural control tactics. There has been 
significant progress in the breeding and commercial utilization of multiple 
pest resistant crop cultivars having resistance to insects, diseases and 
nematodes. The most notable examples are rice cultivars which are grown on 
millions of hectares in Asia. Multiple pest resistant crop cultivars have high 
yield stability when grown in pest-infested environments. The most 
successful cultivars have resistance to the major stresses in an area. These 
cultivars must have characteristics that farmers desire and grain quality 
that is consumer acceptable. Development of pest resistant crop cultivars 
calls for close collaboration among plant breeders, entomologists, plant 
pathologists, nematologists, weed scientists, soil scientists, plant 
physiologists and socio-economists. In spite of the achievements in 
developing multiple pest resistant cultivars, biotypcs have limited their use. 
In addition, there still are numerous pests, for which resistant cultivars are 
not yet commercially available. Biotechnology techniques will likely solve 
some of the constraints that have mitigated the use of host plant resistance as 
a major tactic in the integrated management of crop pests. 

KEY WORDS Crop cultivars, insects, multiple pest resistance, nematodes, 
plant breeding, plant diseases, nee. 

In spite of the significant progress in the raising of food crop yields and 
production, gains in many developing countries have barely kept ahead of 
population increases and in some countries the status of food crop stocks has 
seriously deteriorated. Subsaharan Africa is such an example, where some countries 
have been so severely ravaged that newspapers consider it a "disaster area." 
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Putting the situation in the context of current events, Somalia is the epitome of 
problems facing Subsaharan countries where ineffective governments, poverty, 
civil wars, natural disasters, marginal soils, and population intensity combine 
to take their toll through famine. 

The diversity and complexity of the constraints limiting food crop production 
call for a well-focused and strategic approach to agricultural development. 
Entomologists should playa key role in the mitigation of food crop production 
problems through the development of sound integrated pest management (lPM) 
systems. A major component in the development of food crop production 
systems is the breeding of crop cultivars that have resistance to the various 
abiotic and biotic stresses such as drought, salinity, soil toxicities, weeds, 
insects and diseases. Maxwell (1991) stated that the foundation of 1PM 
programs should be laid with a crop cultivar that is not only well adapted to the 
various abiotic constraints but also has some level of resistance to one or more 
insect and disease pests. The cultivar should be the best from an economic (not 
necessari.ly yield) perspective, as conditioned by susceptibility or resistance to 
key pests and positive or negative interactions with other components of the 
production system. 

Changing Pest Populations in the Tropics
 
and the Need for a Dynamic Breeding Program
 

Pestlhost interactions are dynamic and are influenced by a myriad of factors, 
many of which involve human activity (Bosque~Perez and Buddenhagen 1992). 
Development of an improved balance between crop production and pest 
competition involves the development of strategies and tactics based on an 
understanding of the interactions between the environment and the pest 
population. Activities such as cropping intensification and the use of chemical 
inputs have led to significant changes in pest populations in tropical crops. 
These changes have increased the demand for multiple pest resistant crops. 

Immigration of new pests. The rice water weevil, Lissorhoptrus 
oryzophilus Kuschel, is a parad.igm of a pest which was introduced into a country 
and has wreaked havoc on crop production. The rice water weevil is indigenous 
to America and is one of the major pests of rice in the United States. It was first 
discovered in Aichi prefecture in central Japan in 1976 (Tsuzuki and Isogawa 
1976) and spread rapidly throughout the rice growing regions of Japan. It is 
believed to be the first exotic species to be established in the history of rice 
cultivation in Japan, where in 1985, the area invaded amounted to 770,000 ba. 
Control of this pest in Japan has been difficult. The rice water weevil has 
recently invaded Korea (Lee 1992) where it has caused major damage. 

No effective natural enemies of the rice water weevil have been recorded in 
Japan. Cultural controls such as water management have been recommended but 
have not been commonly practiced because of problems associated with water 
availabiLity. No resistant cultivars are available and thus Japanese rice farmers 
have resorted to chemical control by the treating of seedlings prior to transplanting 
or by broadcasting of granular insecticides onto the surface of the irrigation water. 
Insecticide treatment has resulted in a distinct increase in production costs 
(Kiritani in press), and its widespread use is of environmental concern. 
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Introduction of new crops. Pests have often coevolved with the crop 
species that they attack but many pest problems are new~encounter situations 
where the crop has been introduced into a new area and pests that have evolved 
with other, related plant species, attack the introduced crop (Buddenhagen and 
de Ponti 1983). An example of such a situation is the rice delphacid Tagosodes 
orizicolus (Muir), a native of South America, which has become a severe pest 
after the introduction of rice into South and Central America (Bosque-Perez 
and Buddenhagen 1992). In addition to causing direct damage through the 
removal of plant sap, it is also a vector of hoja blanca, the most serious rice 
virus disease in the Western Hemisphere. The most effective approach to 
control the rice delphacid and the virus has been through the planting of 
resistant cultivars. Evaluation of 5,000 cultivars at the Centro Internacional de 
Agricultura Tropical (CIAT) led to the identification of 100 resistant cultivars 
from Asia, where the insect does not occur (Jennings and Pineda 1970). High 
yielding cultivars bred for resistance are playing a major role in the 
management of the rice delphacid and hoja blanca. 

Crop hostJpest re-encounter. Re~encounter situations occur where a pest 
follows a crop host to a new location. Such situations may occur after historical 
separations such as that of the mealybug, Phenacoccus manihoti Matile-Ferero 
which was accidentally introduced from South America to Africa in the 1970's 
(Herren and Neuenschwander 1991) after being separated from the cassava 
host, of American origin, for about 400 years. A later example is the larger 
grain borer, Prostephanus truncalus (Horn), a pest of stored maize in Central 
America and Mexico, which was recently introduced into Mrica (Markham and 
Herren 1990). In the cases of both these pests, the absence of natural enemies 
and the lack of resistance, has resulted in their spreading across Mrica where 
major outbreaks and devastating losses have caused the food shortages 
(Bosque-Perez and Buddenhagen 1992). 

There has been a major continental movement of crops over the last 400 
years and many of the coevolved pests of food crops have not been moved with 
their host. Thus re~encounter situations are likely to continue to be a problem 
in the future and resistant cuJtivars will be needed to cope with these new 
problems. Breeding programs \'t'ill have to be flexible in order to shift emphasis 
of breeding objectives to these pests as they occur. In cases where the arrival of 
a new pest is expected, Bosque-Perez and Buddenhagen (1992) suggest that 
preventive breeding might be required to avoid the devastating losses that 
often occw' in re-encounter situations. 

Crop intensification. There is ample evidence that cropping intensification 
has been responsible for changes in insect pest populations. Pest responses to 
environmental changes are dynamic and a change that is detrimental to ooe 
species may offer new opportunities to another, leading to changes in species 
composition. Loevinsohn (1984) defined crop intensification in rice as "an 
increase in resources devoted to rice cultivation." Intensification involves 1) an 
increase in the number of crops grown per year, 2) the planting of large, 
contiguous fields instead of small, isolated fields, 3) a change from poly~ 

cropping to monocropping, 4) an increase in the use of agricultural chemicals, 
and 5) the planting of modern, high yielding varieties responsive to fertilizers. 
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A planthopper, Nilaparvata lugens (Stal) is an exceptional example of how a 
change in cropping practices caused a phenomenal increase in the abundance and 
severity of an insect pest. This insect became a severe pest of rice in South and 
Southeast Asia in the 1960's when 1) the high yielding, green revolution cultivars 
were released, 2) cropping intensity increased from one to two, and in some cases, 
three crops per year, 3) fertilizer use escalated, and 4) insecticide applications 
increased. These changes in agricultural practices seemed to provide a favorable 
environment for this planthopper and massive outbreaks of significant economic 
importance occurred (Heinrichs and Mochida 1984). Cultivars resistant to N. 
lugens were bred in response to this severe threat to rice production, but their 
resistance was not durable and they became susceptible to N. lugens biotypes 
which developed through selection (Heinrichs 1988b). The escalation in 
prominence of this pest has pointed out the need to not only breed resistant 
cultivars but to breed cultivars with durable resistance and to integrate them as 
one component of an IPM system consisting of several tactics. 

Traditional cropping systems provide some degree of stability that is lost 
when peasant agriculture adopts modern techniques to increase yields. In the 
forest regions of West Africa rice farmers follow a system of rotation in slash 
and burn agriculture. They grow landraces consisting of a mixture of genotypes 
and polycrop on small fields surrounded by weeds and other vegetation. With 
an increase in population and pressure for land, the length of the fallow period 
between crops is decreased. With the adoption of modern methods, a uniform 
stand of a high yielding cultivar replaces a mixture of landraces, polycropping 
becomes monocropping and small scattered fields surrounded by forest and 
bush become large fields. The richness in biodiversity of pests and their natural 
enemies and the vegetation is lost, and the changed environmental conditions 
generally favor a buildup of specialist pests. Specialist pests appear to have 
been the most successful in following rice as its cultivation spread to new areas 
and are today the most widely distributed (Loevinsohn in press). Monophagous 
and oligopbagous specialist rice pests such as Nilaparvata lugens, a gall midge 
Orseolia oryzae (Wood-Mason), and a caseworrn Nymphula depunctalis 
(Guenee), are common across tropical and semi-tropical Asia. Generally, 
specialist pests are the most damaging to food crops and are considered key 
pests against which multiple pest resistance breeding programs are targeted. 

Multiple pest/stress interactions. Yield loss from insect pest damage is 
often significantly influenced by other stresses in addition to the pest affecting 
the crop (Heinrichs 1988a). Abiotic factors such as water stress, temperature 
stress, solar radiation, pollution, soil toxicities and nutrient deficiences can 
interact with insect damage to accentuate yield loss. The effect of two stresses 
occurring simultaneously may act additively or may accentuate (synergism) 
yield loss or be less than additive (antagonism) (Litsinger 1991). The effect can 
be either direct or indirect. An example of an indirect effect is where insect 
feeding or oviposition wounds enable pathogens to enter the plant or where 
insect vectors inject pathogens into the plant during feeding. The entrance of 
the sheath blight pathogen into feeding wounds from Nilaparvata lugens in rice 
is such an indirect effect (Soriano et al. 1986). An indirect synergistic effect is a 
case where damage from one pest lowers the tolerance of the crop to damage by 
a second pest. In a greenhouse study conducted at the International Rice 
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Research Institute ORR!) (1983) rice plants infested with a whorl maggot, 
Hydrellia philippina (Ferino) and a caseworm, Nymphula depunctalis had a 
significant yield loss while no yield loss occurred with either pest alone (Fig. 1). 
In the same study plants infested with stem borers, Scirpophaga incertulas 
(Walker) and whorl maggots or stem borers and caseworms had lower yield 
than that of plants infested with stem borers alone. Thus, the damage by the 
second pest is greater than if the first species were absent. 

The interactions between insect pests and plants stressed by abiotic or 
abiotic factors points out the need to breed cultivars resistant to multiple pest 
species and with tolerance to abiotic stresses. The need for multi-adversity 
resistant crop cultivars is increasing because of the rapid movement of pests 
and crops into new areas and because the quality of land in many parts of the 
world is decreasing. In West Africa soil erosion, soil toxicities and declining soil 
fertility affect food crop and weed growth causing interactions which influence 
the importance of various insect species as economic pests. Agricultural change 
and the dynamic response of insect populations to such change calls for a 
dynamic program of breeding for pest resistance. 
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Fig. 1.	 Grain yield (g/m2) from rice plants infested with combinations of three 
rice insect pests in IRRI greenhouse tests, Philippines ORRI 1983). 
CK = check; W = whorl maggot, Hydrellia philippina; CW = caseworm, 
Nymphula depunctalis; and SB = stem borer, Scirpophaga incertulas. 
Bars with a common letter are not significantly different (P = 0.05), 
using Duncan's multiple range test. 
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Release of pest susceptible cultivars. The release of super susceptible 
cultivars has often been suggested as one of the causes of pest outbreaks, where 
minoT pests develop into major pests. This is one of the arguments used by 
some to discredit the Green Revolution. Bosque-Perez and Buddenhagen (1992) 
suggest that the release of susceptible rice cultivars, has been responsible for 
the serious outbreaks of a gall midge, Orseolia oryzivora (Harris and Gagne) in 
Nigeria. They also report that farmers in Benin Republic consider the new, 
modern maize cultivars to be more susceptible to storage weevils, Sitophilus 
spp. than is the case for the local cultivars. Although, in most cases, there is a 
paucity of scientific evidence to support the role of susceptible cultivar release 
in pest outbreaks, it is important that new cultivars be evaluated against local 
pest strains on farmers' fields before they are released for commercial 
cultivation. This will not only provide evidence of their susceptibility to pests 
but will also indicate their adaptation to other biotic and abiotic constraints 
and their acceptability to farmers. 

Status of Breeding for Multiple Pest Resistant Crop Cultivars 

There is increasing pressure for production agriculture to become less 
dependent on agricultural chemicals. "Low input sustainable agriculture" 
(LISA) where production systems do not use costly chemicals but use practices 
that will allow productivity in the long term has developed in response to this 
pressure (MacKenzie 1991). According to Bird (1991), host plant resistance as a 
means of maintaining plant health is preeminent when considering the needs 
for renewable resources of food, fiber, and bioenergy and reducing the use of 
pesticides and energy in crop production. Biological efficiency and crop 
management can most effectively be achieved by using host plant resistance to 
reduce the yield losses caused by the adversities to which a crop is exposed. The 
utopia in crop improvement would be the development of cultivars with 
resistance to all pathogens, insects, nematodes, weeds and abiotic stresses and 
capable of producing high yields of a farmer and consumer preferred product. In 
addition, resistance against the strains, races and biotypes of the various pest 
species, would be of a stable and persistent nature. Such success has not been 
achieved in the breeding of any crop. However significant progress in breeding 
for multiple pest resistance has been accomplished in some crops and selected 
examples are discussed herein. 

The progress in breeding for resistance to multiple pest species varies among 
the different crop species and depends on a numbet· of factors including the 
importance of the crop, importance of pests as constraints to production and the 
availability of resistant donors to use as parents in the breeding program. For 
some crops, only multiple pest resistant donors for use as parents in breeding 
have so far been identified. while for other crops, multiple pest resistant 
cultivars have already been released for commercial production. Multiple pest 
resistant. coltivars of some crop species are being grown on millions of hectares. 
Some cultivars have resistance to insects, nematodes and pathogens and 
tolerance to certain abiotic stresses such as drought or soil mineral toxicity. 

\Vheat. In a search for multiple resistance to wheat insects and 
pathogens, screening of Aegilops species in California (Gill et a!. 1985) and 
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in Kansas (Gill et a1. 1986) has identified accessions with resistance to 
powdery mildew Erysiphe graminis (Marchal), leaf rust, Puccinia recondita Rob 
ex Desm., greenbug Schizaphis graminum (Rondani) and the Hessian fly, 
Mayetiola destructor (Say) (Table 1), Because Aegilops squarrosa L. is the donor 
of the D genome in common wheat, it can be readily exploited in the breeding of 
wheat for pest resistance (Gill et al. 1986). 

Alfalfa. Combinations of diseases, insects, and nematodes often prevent 
alfalfa from reaching its maximum yield potential (Elgin et al. 1983). Thus, 
breeding for multiple resistance to alfalfa pests has received a great deal of 
emphasis in alfalfa improvement programs. Results of a few of these breeding 
programs are indicated in Table 1. Sorensen et al. (1986) reported on the 
resistance of KS94GH6 to a disease Peronospora trifoliorum (NaoumofO, and 
the alfalfa weevil, Hypera postica (Gyllenhal), and three aphids, Acyrthosiphon 
hondoi Shinji, Acyrthosiphon pisum (Harris) and Therioaphis maculata 
(Buckton). Strain crosses were used to breed MSACW3An3(6) with resistance to 
four diseases and one insect, the potato leafllopper, Empoasca (abae (Harris) 
and Nevada Synthetic XX(S) with resistance to aphids, Acyrthosiphon pisum 
and Therioaphis maculata and two nematodes, Meloidogyne hapla (Chitwood) 
and Ditylenchus dipsaci (Kuhn) (Elgin et al. 1983). 

Cowpeas. Cowpea, Vigna unguiculata (L.) Walp is one of the most 
important grain legumes in tropical Africa where it is grown as a mixed crop 
with sorghum and millet. Insect pests attack the crop from seedling to harvest 
and are major production constraints in Africa where losses due to pests vary 
from 20 to 100% (Singh 1987). Through screening of the cowpea germplasm 
collection at the International Institute of Tropical Agriculture (UTA) 
accessions with resistance to insects have been selected. These accessions have 
been bused to breed for multiple resistance to insects. Lines with resistance to 
combinations of the aphid, Aphis craccivora Koch, thrips, Megalurothrips 
sjostedti (Tryborn) and the cowpea weevil, Callosobruchus maculatus (Fab.), 
have been bred (Table 1). The advantage of multiple resistance to insects in 
cowpeas has been described by Jackai et al. (1985). 

Maize. Maize germplasm consisting of composites and experimental cultivars 
bred and developed for moisture stress in India were evaluated against a stalk 
borer, Chilo partellus (Swinhoel and the shoot ny complex Atherigona varia 
soccata (Rondani) and Atherigona naqvii (Steyskal) (Sarup et al. 1987). Cultivars 
EVA64-mst-80 (Table 1) and Composite AR-76 were selected for resistance. 

Pearl millet. Pearl millet, Pennisetum. americanum L. (Leeke) an important 
food crop in southern India is attacked by a number of insects and diseases. In field 
and greenhouse screening sources of resistance to pests have been selected. These 
sources have been utilized in the breeding of CO?, a multiple pest resistant cultivar 
for the state of Tamil Nadu (Manivasakam et al. 1989). C07 has combined 
resistance to downy mildew, Sclerospora grarninicola (Sacc.) Shroet. and four 
insects, the weevil Myllocerus undecimpustulatus maculosus Faust, an armyworm 
Mythimna separata (\-\Talker), shoot fly Atherigona soccata and a stern borer 
Coniesta. ignefusalis (Kmps.) (Table 1). Pearl millet breeding lines with resistance to 
ergot Clauiceps {usiformis (Loveless), smut Tolyposporiwn penicillariae Bref and M. 
separata were developed at the International Crops Research [nstitute for the 
Semi-Arid Tropics (ICRISAT) in Andhra Pradesh, India. 



Table 1. Examples of multiple pest resistance in crop cultivars. '" '" '" 
Crop Resistant CultivarlLine Pests References 

Aegilops coudata L. 
A. longissima Schweinf. 
A. sptltoides Tausch 
A. variabilis Eig 

Alfalfa 

Cowpea 

KS94GH6 

MSACW3An3(6) 

Ne\'ada syMhctic XX(8) 

1T83S- 728-5 

IT84S-2246·4 

IT82D-716 

Wheat leaf rust, Puccinia recondita Rob. ex Desm.
 
Wheat powdery mildew, Erysiphe grominis (Marchal)
 
Greenbug, Schizophis gram inurn (Rondanil
 
Hessian ny, Mayetiola destructor (Say)
 

Downy mildew, Peronosporo tri(o/iorum (NnoumofO
 
Alfalfa weevil, Hypero postica Gyllenhal
 
Pea aphid, Acyrthosiphon pisum (Harris)
 
Blue alfalfa aphid, A. hondoi (ShinjO
 
Potato leafhopper, Empoasca (oboe (Harria)
 
Spotted alfalfa aphid, Therioaphi.'1 macu/ata (Buckton)
 

Anthracnose, Collctotrichum. trifo/ii Bain
 
Bacterial wilt Corynebacterium insidiosum (McCull.)
 
Common leafspot, P.<;eudopezizo meciicaginis (Lib.) Sacco
 
Potato leafhopper, Empoasca (oboe
 
Rust, Ur(Jmyces striatus Schroet.
 

Pea aphid, A. pi/Jum
 
Root-knot nematode, Meloidogyne hapla (Chitwood)
 
Spotted alfalfa aphid, T. macu/ata
 
Stem nematode, Dity/enchus dipsaci (Kuhn)
 

Aphid, Aphis craccivora Koch
 
Thrips, Megalurothrips sjostedti (Try born)
 

Aphid. i\. croccivora
 
Cowpea bruchid. Callosobruchus maculotus (Fabricius)
 

Cowpea bruchid, C. maculatus
 
Thrips, M. sjo.'ltedti
 

Gill et a1. 1985 
Gill et al. 1986 

Sorensen et al. 1986 
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,'".. 
Elgin et a1. 1983 3 
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Elgin et al. 1983 ~ 
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Singh 1987
 

Singh 1987.
 
Jackai & Singh 1988
 

Singh 1987
 



Table 1. Continued. 

Crop Resistant Cultivar/Line Pests References 

Maize EVA64-mst-80 Maize stalk borer, Chilo partellus Swinhoe Sarup et ai. 1987 
Shoot fly, Atherigona soccata Rondani 

Pearl millet C07 Downy mildew, Sclerospora graminicola (Sacc.) Shroet. Manivasakam et al. 1989 
Grey weevil, Myllocerus ulldecimpustulatus maeulo.ws Faust 
Oriental armyworm, Mythimna separata (Walker) 
Shoot fly, A. soceata 
Stem borer, COlliesta ignefusalis (Kmps.) 

ICMPES 28 Ergot, Clauiceps fusiform is (Loveless) Thakur and Sharma 1909 
Oriental armyworm, M. separata 
Smut, Tolypo .•porium penieillariae Bref 

Rice BG367-3 Blast, P.yricularia oryzae Cavara Saroja et al. 1987 
Brown spot, Cochliobulus miyabean/ls Ito and Kuribayashi 
Gall midge, Oreseolia oryzea (Wood-Mason) 
Green leafhopper, Nephotettix oirsecens (Distant) 
Hispa, Dicladispa armigera (Oliver) 
Leaffolder, Cnaphalocrocis medinalis (Guenee) 
Pink stem borer, Sesamia inferens (Walker) 
Tungro virus 

IR 36 Blast, P. oryzeae Khush 1989 
Bacterial JeafblightXallthomonas oryzae (Uyeda and lshiyama) 
Brown pJanthopper, Nilaparuata l/lgens (StAl) 
Gall midge, O. oryza.e 
Grassy stunt virus 
Green leafhopper, N. uireseens 
Striped stem borer, Chilo suppressalis (Walker) 
Tungro virus 



Table 1. Continued. 

Crop Resistant Cultivar/Line Pests References 

Rice Namyeongbyeo Bacterial leaf blight, X. oryzae 
Black-streaked dwarf virus 

Sohn et a1. 1987 

Blast, P. oryzae 
Brown planthopper, N. lugens 
Dwarf virus 
Green leafhopper, Nephotetti.x cincticeps 
Small brown planthopper, Laodelphax striatella (Fallen) 
Stripe virus 
White tip nematode, Aphelencoides bcsseyi Christie 

Sorghum IS18551 Shoot fly, Atherigona soccata (Rondani) 
Stem borer, Chilo partellus (Swinhoe) 

Nwanze et al. 1991 

IS22464 Earhead midge, Contarina sorghicola Coquillet 
Stem borer, C. partellus 

Nwanze et al. 1991 

Soybean lAC78-2318 

PIl71451 

Whitefly, Bemisia tabaci (Gennadius) 
Cerutoma arcuata (Olivier) 
Diphaulaca uiridipenllis (Clark) 
Velvetbean caterpillar, Anticarsia gemmatalis (HObner) 

Beet armyworm, Spodoptera exigua (Hiibner) 
Porthesia taiwana (Shir.) 
Allomaia cupripes (Hope) 
Orygia sp. 

Lourencao et al. 1987 

Talekar et al. 1988 

..... ..... 
z 
p 
c.:> 

P1229358 Beet armyworm, Spodoptera exigua 
Corn earworm, Helicoverpa zea (Boddie) 
Fall armyworm, Spodoptera frugiperda (J. E. Smith) 
Green c!overworm, Plathypena scabra (F.) 
Soybean looper, Pseudoplusia includens (Walker) 
Tobacco bud worm, Heliothis virescens (F.) 
Velvetbean caterpillar, Anticarsia gemmatalis 
Beet armyworm S. exigua 
A. cu.pripes 
Mexican bean beetle, Epilachna variuestis Mulsant 
Soybean looper, P. includens 
Velvetbean caterpillar, A. gemmatalis 

All et al. 1989 

Talekar et al. 1988 

Kilen 1990 
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Rice. Apparently in response to an increased level of management and 
reduced genetic variability, numerous outbreaks of rice insects and diseases 
have occurred in the last two decades (Khush 1989). To more effectively 
manage insect and disease problems, many rice breeding programs (especially 
in Asia) have emphasized the development of high yielding, commercial 
cultivars with multiple resistance to pests. Accessions with sources of 
resistance have been identified, breeding methodologies have been refined and 
cu]tivars "'....ith multiple resistance are widely grown. The greater yield stability 
of multiple resistant cultivars has helped stabilize rice production at higher 
levels than previously achieved. Multiple pest resistant rice cultivars have been 
successfully used in integrated pest management programs in China (Du et al. 
1990) and in other countries throughout Asia. Of the many multiple pest 
resistant rice cultivars developed, only a few examples are discussed herein. 

BG367-3, a short-duration cultivar from Sri Lanka. first found to be 
resistant to the Cnaphalocrocis medinalis <Guenee) in Tamil Nadu. India and 
in the Philippines, was evaluated against other pests in Sri Lanka and found to 
be resistant to rice blast Pyricularia oryzae Cavara, brown spot, Cochliobolus 
miyabeanus Ito and Kuribayashi, a gall midge, Orseolia oryzae, a leafhopper, 
Nephotettix uirescens (Distant), a leaf miner Dicladispa armigera (Oliver), a 
stem borer Sesamia inferens (Walker), and tungro virus. In addition, this 
cultivar has high yield potential. 

About 30 commercial cultivars with multiple resistance to insects and 
diseases have been developed at the lRRl in the Philippines (Khush 1989). The 
most popular among the IRRI cultivars has been IR36 which was grown on 
about 17 million ha throughout many countries in Asia. It has combined 
resistance to four diseases and four insects (Table 1) and also is tolerant to 
various soil stresses. IRS, the first of the "mjrac1e rices" only had resistance to 
one insect, a leafllOpper, Nephotettix uirescens, Because of the multiple pest 
resistance lR36 has a high level of yield stability as indicated in tests conducted 
at lRRl over a 12-yr period (Fig. 2). 

Advances in rice breeding in Korea have been exceptional and Korean rice 
yields are among the highest in the world. High yielding, multiple pest 
resistant cultivars have been utilized as a major component in rice [PM 
programs in Korea (Lee 1992). An example of such a cultivar is Namyeongbyeo 
which has the desirable characteristics of erect leaves, early maturity, short 
grains with a low amylose content, and desirable eating quality (Sohn et a1. 
1987). Namyeongbyeo is resistant to five diseases, bacterial leaf blight, 
Xanthomollas oryzae (Uyeda and Ishiyama), black-streaked dwarf virus, blast, 
Pyricularia oryzae Cavara, dwarf virus and stripe virus; three insects. 
Nilaparuata lugens, Nephotellix cincticeps (Uhler), and Laodelphax strialella 
(Fallen) and a nematode, Aphelencoides bcsseyi Christie (Table lJ. 
Namyeongbyeo yields in multi-location trials were 5.69 T/ha (1O% higher than 
the highest yielding check) and it is adapted to the single~croppingarea in the 
southwestern coastal and southern plain in Korea (Sohn et a1. 1987). 

Sorghum. Extensive screening of the world collection of sorghum 
germplasm through the All India Coordinated Sorghum Improvement Project 
has identified accessions with resistance to both the sorghum shoot ny, 
Atherigona soccata and a stem borer, Chilo parlellus (Kishore and Kishore 1983. 
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Fig, 2. Yields (tlha) of IRS and IR36 in dry season replicated yield trials at the 
International Rice Research Institute, Los Banos, Philippines from 1974 
to 1986. Yields of multiple-pest resistant IR36 show little year-to-year 
variation while that of pest susceptible IRS fluctuates widely (modified 
from Khush 1989). 

Mote et a1. 1983). Later, a technique rol' screening sorghum against pest 
combinations was developed at rCRISAT (Nwanze et a!. 1991). in the evaluation 
of 220 resistance sources and breeding lines for multiple resistance, less than 
10% were resistant to Atherigona SOGcata while more than 50% were resistant to 
Chilo pa.rtellus. 1818551 was the best entry with resistance to both of these 
pests. Most (90%) of the Atherigona soccata and Chilo parlellus resistant sources 
were highly susceptible to a midge, Contarina sorghicola (Coquillet). Only 
[822464 had resistance to both the midge, ContarillCl sorghicola and Chilo 
partellus (Table 1). Some of the multiple pest resistant sources have desirable 
argronomic attributes such as early maturity and high yields. 

Soybean. Soybean is an attractive host for a wide range of insect species 
wherever the crop is grown. With the objective of reducing pesticide use and 
increasing grower profits, there has been a great deal of research activity 
directed toward the development of alternative control tactics which are 
compatible in an integrated system of soybean pest management. Several 
soybean breeding programs have reported on the identification of multiple 
insect resistant cultivars which can be used as donor parents in the breeding of 
pest resistant soybeans. 
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]n greenhouse and field trials in Brazil, the soybean line lAC78~2318 was 
evaluated for resistance against four insect species (Lourencao and de Miranda 
1987). The line was resistant to the sweet potato whitefly, Bemisia tabaci 
(Gennadius), and three defoliators, the chrysomelids Ceroloma arcuala 
(Olivier), Diphaulaca uiridipennis Clark and the velvetbean caterpillar, 
Anticarsia gemmatalis Hubner (Table 1). 

In Taiwan, three soybean plant introductions (PI17141, Pl227687, and 
PI229358) were evaluated for resistance to four defoliator insect species 
(Spodoptera exigua (Hlibner), Porthesia taiuJa.na (Shir.), Anomala cupripes 
Hope and Orygia sp. (Table 1). All of the cultivars had resistance to Spodoptera 
exigua but the levels of resistance varied. In a series of foliage feeding tests, 
Pl227687 had higher levels of antibiosis against Spodoptera exigua, Pl171451 
against Porthesia taiwana and Orygia sp., and PI229358 against Anomala 
cl/pripes. Tbe authors (Talekar et al. 1988) believe that the use of all three 
accessions as donor parents may be necessary to breed a soybean cultivar with 
resistance to all of these four insect species. 

PI229358 has also been extensively tested fo,' resistance against soybean 
insects in the United States (All et a!. 1989, Kilen 1990). All et al. (1989) 
reported that both Pl229358 (Table 1) and GaUR81-296 were resistant to seven 
defoliating insect species; the beet armyworm, Spodoptera exigua. corn 
eal'wonn, Helicouerpa zea (Boddie), fall armyworm Spodoptera {rugiperda (J. E. 
Smith), green clovenvorm Plalhypena scabra, (F.), soybean looper, Pseudoplusia 
includens (Walker), tobacco budworm, Heliothis virescens (F.) and the 
velvetbean caterpillar, Antica,risa geml1talalis. PI229358 was also reported to be 
resistant to the Mexican bean beetle, Epilachna varivestis Mulsant, by Kilen 
(1990) along with PI171451 and Pl417061 (Table 1), all of which have 
resistance to Pseu.doplusia includens and Antica,rs£a gemma.ta.lis. In spite of the 
notable achievement of identifying germplasm with resistance to as many as 
eight different insect species, progress in the development and release of 
commercial soybean cultivars with multiple insect resistance has been slow. 
There is also a need to identify donor parents with multiple resistance to pod 
feeding insects, diseases and nematodes. 

Methods of Breeding for Multiple Pest Resistant Cultivars 

In the breeding of multiple stress resistant crop cultivars with an increase in 
the number of genes to be incorporated, the breeding process becomes 
progressively more difficult. In rice, the pedigree method is usually used to 
develop germplasm with multiple resistance (Khush 1989). Selection is based 
on comprehensive records of each line's reaction to various pest species. For F4 
and later generation lines, selection is also based on the reaction of ancestral 
lines. Although the backcl·ossing method does not permit the development of 
germplasm with diverse genetic backgrounds it is used to transfer genes from 
wild species. The lines developed by backcrossing are used as donors for 
resistance in a pedigree breeding program to develop multiple resistance lines. 
Development of multiple disease resistant rice cultivars was reported to occur 
only in conjunction with moderate resistance (Dev et a1. 1983). 
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Alfalfa breeders use strain crosses because they recognized that recurrent 
selection with one germplasm source tended to cause inbreeding and reduced 
yields (Elgin et al. 1983). The concept of strain crosses (crosses between two 
breeding lines or cultivars) developed in the 1960's. A prerequisite for the strain 
cross multiple pest resistance technique to be successful is the availability of 
strains with a high level of resistance to d.iffel'ent pests. Strain crossing is based 
on the assumption that the performance of the progeny will be intermediate 
between the parents' performance and is used to develop multiple pest resistant 
alfalfa cultivars with improved field performance. Busbice et al. (1972) 
discussed the theoretical advantage of strain crossing to develop multiple pest 
resistant cultivars. They pointed out the substantial gains in multiple 
resistance that could be obtained through strain crossing when pest resistance 
was controlled by dominant genes. One of the factors that favored the use of the 
strain cross concept was that most of the pest resistance traits had been shown 
to be controlled by genes expressing some level of dominance. Thus, 
theoretically, strain crosses could not only restore vigor, possibly resulting in 
increased yielding capability, but also provide the mechanism for combining 
different pest resistances into better adapted, multiple pest resistant cultivars 
(Elgin et al. 1983). Strain crosses provide a modified hybrid approach to alfalfa 
breeding. They provide the breeder with control over both heterosis for yield 
and the number of traits incorporated into a given germplasm source. 

Miller (1985) tested the basic assumption of strain crossing that the 
performance of progeny will be intermediate between the performance of the 
parents. The theory was tested with respect to resistance to three insects, four 
diseases and a nematode, and also autumn dormancy and forage yield. 
Evaluation of the resulting progeny indicated that 85% produced the expected 
mean parental values. Significant deviations that occurred were generally in a 
favorable direction except for pea aphid Acyrthosiphon pisum and spotted 
alfalfa aphid Therioaphis maculata resistance. Probability of obtaining mean 
parental values, or better, by strain crossing was calculated to be 90%. 

Computer simulation has been used as an aid in the selection of parental 
pairs in breeding for multiple pest resistance. Lesovoi et al. (1990) used the 
computer to select parental pairs when breeding wheat for 20 traits including 
resistance to the diseases Puccinia recondita, Erysiphe graminis and an insect 
Oulema melanopa (L.). The system facilitated the selection of parental pairs to 
give the required multiple resistance in the hybrids. 

Some scientists believe that breeding for stress resistance and high yields 
are incompatible objectives. Ir that belief is correct, breed.ing for resistance to a 
multiple pest complex would have a severe effect on yields. However, evidence 
indicates that yields of multiple pest resistant cultivars can be high, even in the 
absence of pest pressure, and with pest pressure, yields are significantly higher 
than that of susceptible cultivars. The multiple pest resistant rice cultivar, 
IR36, is such an example where its yields is equal to that of IRS when pest 
pressure is low but much higher than pest susceptible IRS when pest pressure 
is high (Fig. 2). 

Recurrent selection was used to breed for multiple resistance to diseases and 
a nematode in red clover and ltalian ryegrass (Nuesch 1989). Multiple 
resistance had no adverse effect on yields but actually increased yields. 
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1. D. Shapiro, a scientist in the Institute for Plant Protection in Leningrad 
argues that many examples have demonstrated the possibility of combining in 
one variety multiple resistance to pests and abiotic stresses (drought, cold and 
salinity) and other useful traits including good grain quality and high yield 
(Shapiro 1988). This type of resistance is based on blocks of genes for resistance 
to pests and for adaptation to extreme environmental conditions. 

Multiple Pest Resistant Cultivars as a Component in IPM Systems 

Multiple pest resistant cultivars are being successfully utilized, in varying 
degrees, as a major component in the management of crop pest complexes 
throughout the world. IPM programs utilize biological controls, traditional 
cultural controls, pesticides and pest resistant cultivars to varying degrees, 
depending on the nature of the pest complex and the socioeconomic conditions 
existing in the country (Smith in press). Rice IPM in Indonesia is a good 
example where the government, in response to the threat of the planthopper, 
Nilaparvata lugens issued a presidential decree, in the establishment of a 
national IPM policy. The cornerstone of the Indonesian rice IPM strategy is the 
use of multiple pest resistant cultivars in a mix with other control tactics 
(Heinrichs 1992). Host plant resistance is generally compatible with other 
control tactics and some examples of how multiple pest resistant cultivars can 
be integrated with biological, cultural and chemical control are presented. 

Multiple Pest Resistance and Biological Control. Multiple pest 
resistant cultivars may have an adverse effect on natural enemies by reducing 
prey density, but they are generally considered to be compatible with biocontrol 
agents. The combination of the two control tactics may be additive, or even 
synergistic, in their effect on decreasing pest populations. The combination of 
multiple pest resistance and natural biological control which does not require 
any training to utilize, is especially attractive in developing countries in the 
tropics where extension services are often not able to train farmers in IPM 
principles and practices. Examples of how these two control tactics can be 
integrated are presented with an emphasis on rice IPM. 

Because of the adverse effect of multiple pest resistant cultivars on a pest 
population they can shift the pest:predator ratio in favor of biological control. in 
field studies at IRRr, in the Philippines, the planthopper Nilaparuata lugens: 
spider ratios increased with the level of susceptibility from ASD7 and rR3G, 
both highly resistant rice cultivars, to ffi42 and Triveni, moderately resistant 
cultivars, to ffi8 and TN1, susceptible cultivars (Fig. 3). 

In addition, host plant resistance enhances the I>redatory activity which may 
be synergistic. Predation rate of the mirid bug, Cyrtorhinus liuidipenm:,<; (Reuter) 
when feeding on first instal' Nilaparuata lugens nymphs increased when the host 
insect fed on a multiple pest resistant cultivar, IR36 (Fig. 4). Similar results were 
obtained in another test where the spider, Lycosa pseUdOanl1lllata (Boesenberg 
and Strand) was allowed to prey on Nilaparuata /.ugens adults feeding on IR36 
and NUaparuaLa lligen.'> susceptible IR8 (Fig. 4). The mechanisms involved in the 
later case is believed to be the restless nature, and subsequent frequent 
movement of Nilaparva.ta lugens on ffi36, the resistant cultivar, which exposes it 
to detection by the spider (Kartohardjono and Heinrichs 1984). 
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Fig. 3.	 Brown planthopper (Nilaparvata lugens): spider (Lycosa pseudo
annulata) ratios at 40 days after transplanting of rice cultivars with 
varying levels of N. lugens resistance. ASD7. IR36, and IR42 are 
resistant, Triveni is moderately resistant, and IRS and TN! are 
susceptible (modified from Kartohardjono and Heinrichs 1984). 

Combinations of host plant resistance and predation by the mirid bug, 
Cyrtorhinus liuidipennis have a cumulative effect on the population increase of 
the leafhopper, Nephotettix virescens, a severe threat to rice production in Asia, 
because of its role as a vector of the dreaded tungro virus. In cage studies 
conducted by Myint et al. (986), the number of Nephotettix vireseens only 
reached 6 on multiple pest resistant ffi29, with the predator, and 31 without 
the predator, while there were 91 and 220 Nephotettix uirescens respectively on 
susceptible IR22 (Fig. 5). The value of moderate resistance in combination with 
biological control is evident, as indicated by IRS, which had 170 N. uirescens 
without the predator but only 64 with the predator. 

A follow-up study demonstrated the cumulative errect of resistance and 
Cyrtorhinus lividipennis predation on Nephotettix uirescens mortality (Fig. 6). 
The predatory activity of Cyrlorhinus liuidipennis increased mortality on all 
cultivars by about 30%; from 66% to 92% on highly resistant IR29, 34% to 56% 
on moderately resistant IR8, and 7% to 40% on susceptible IR22. Thus the 
cumulative effect of antibiosis and predation resulted in 52% greater 
NephoteUix uirscens mortality in the highly resistant IR29 as compared with 
susceptible IR22. 
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Fig. 4.	 Predatory activity of the mirid bug, Cyrtorhinus liuidipennis and the 
spider, Lycosa pseudoannulata when feeding on the brown planthopper, 
Nilaparuata lugens reared on a N. lugens susceptible (lR8) and 
resistant (IR36) rice cultivar. The mirid test was conducted with first 
instar N. lugens nymphs and the spider test with N. lugens adults 
(modified from Kartohardjono and Heinrichs 1984). 

The interactions between host plant resistance and biological control are not 
in all cases favorable. Orr and Boethel (1986) reported that the predator, 
Podisus maculiuentris (Say) was adversely affected by soybean antibiosis in a 
manner similar to that of its prey, the soybean looper. The growth rate of 
Geocoris punctipes (Say), an important predator of soybean insects, was reduced 
and mortality increased when its prey, the velvetbean caterpillar, was reared 
on resistant soybean genotypes (Fig. 7). Nympal mortality of Geocoris 
punctipes, when preying on Anticarsia gemmatalis, which was reared on the 
resistant cultivar PI171451, was more than twice that when the host Anticarsia 
gemmatalis, was reared on the susceptible cultivar, Govan. The extent of this 
interaction in crop cultivars is not well known but this phenomenon signals a 
caution to researchers developing crop cultivars with high levels of antibiosis. 

Multiple Pest Resistance and Cultural Control. The modification of
 
cultural practices in crop production systems is a pest management tactic that
 
has a long history of use among traditional farmers. Litsinger (in press) has
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Fig. 5. Population development of the green leafhopper, Nephotettix virescens as 
affected by the level of varietal resistance, in six rice cultivars, and 
predation by the mirid bug, Cyrtorhinus liuidipennis. IR22 and IR46 are 
susceptible, IR42 and IR8 moderately resistant, and IR56 and IR29 
resistant, to N. virescens. Each cage was infested with four pairs of N. 
virescens adults and two days later infested with five C. lividipennis 
adults (modified from Myint et a1. 1986). 

reviewed, in detail, the available literature on the cultural control of rice 
insects, and describes numerous agronomic practices that have been developed 
by farmers through observations and trial and error. However, the utilization of 
pest resistant cultivars, as a management tactic, is of relatively more recent 
origin and there is a paucity of examples in the literature that document the 
integration of multiple pest resistant cultivars with cultural controls. In spite of 
the lack of literature on the integration of these two tactics, most cultural 
practices are considered to integrate well with other control tactics in [PM 
systems, and the use of resistant cultivars, combined with good cultural 
management, is considered to be a powerful tool in managing pests (Maxwell 
1991). Examples of the integration of fertilizer management, pest evasion 
techniques, and mixed cropping with multiple pest resistant cultivars will be 
discussed. 

Increased use of nitrogen fertilizer has been one of the major components 
contributing to the high yields of modern crop cultivars. However, high plant 
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Fig. 6. Mortality of green leafhopper, Nephotettix uirescens nymphs as affected 
by the level of varietal resistance in six rice cultivars and predation by 
the mirid bug, Cyrtorhinus liuidipennis. IR29 and IR56 are resistant, 
IR42 and IR8 moderately resistant, and IR46 and IR22 susceptible to 
N. uirescens. Each cage was infested with 25 first-instal' N. uirescens 
nymphs and five C. liuidipennis adults for a 7 day period (modified 
from Myint et al. 1986). 

nitrogen levels, are generally favorable to pest insect populations (Dale 1988). 
The effects of wen-fertilized plants on insects are greater survival, increased 
feeding rate, increased fecundity and faster growth. A study on the effect of 
nitrogen fertilizer on the development of Nilaparuata lugens on rice, indicated 
that nitrogen favored population growth, regardless of the level of resistance in 
the host plant (Heinrichs and Medrano 1985); but the increase was limited to 
the higher levels of resistance as indicated for highly resistant IR60 (Fig. 8). 
This indicates the need for planting insect-resistant cultivars when high 
nitrogen levels are needed to maximize production. Splitting of nitrogen 
applications has been shown to be more beneficial to crop production than a 
single application. A reduction in the amount applied, at each application, 
mitigates insect pest buildup during vegetative growth, a factor that will 
enhance the performance of moderately resistant cultivars. 

Cultural practices employed to evade pest attack include early maturing 
cultivars, planting date, and synchronous planting. In field studies conducted in 
the Philippines, Nilaparuata lugens populations, Nilaparuata lugens: predator 
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Fig. 7.	 Nymphal mortality of the predator, Geocoris punctipes when its host,
 
the velvetbean caterpillar, Anticarsia gemmatalis was fed foliage from
 
susceptible (S) and resistant (R) soybean cultivars. (Modified after
 
Rogers and Sullivan 1986).
 

ratios on early maturing rice cultivars were significantly lower than those on
 
later (mid-season) maturing cultivars (Heinrichs et al. 1986a). Incorporation of
 
moderate levels of Nilaparvata lugens resistance into early maturing cultivars
 
would enhance the level of protection against this pest and would be expected to
 
provide a durable form of control.
 

Planting date interactions are greatest if can;ed out over large areas and
 
against monophagous pests that attack one growth stage and are highly
 
seasona.l in occurrence (lsely 1951). Shifting of planting dates has little pest
 
control effect in asynchronously planted areas. Synchronous planting is
 
advocated as a pest control measure for several rice insects including
 
planthoppers, learltoppers, stem borers, leaf beetles, root weevils, the
 
caseworm, Nym.phula depunctalis, and Orseolia oryzae (Litsinger in press).
 
Synchronous planting of multiple pest resistant rice cultivars was
 
recommended as a means of controlling Nila.parvata lugens and other pests in
 
Indonesia (Oka 1983).
 

The mixing of different crop cultivars or species, also known as polycropping
 
or intercropping, is generally considered to be a means of increasing pest and
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Fig. 8.	 Brown planthopper, Nilaparuata lugens biotype 2 population growth 
(number/cage) on rice cultivars grown under three N fertilizer 
[NH4)2S04) rates. IR26 is susceptible to biotype 2 N. lu.gens, Triveni is 
moderately resistant and IR60 is resistant (modified from Heinrichs 
and Medrano 1985). 

natural enemy diversity, and a means of decreasing numbers of a given pest 
species, in comparison to those pest numbers in monocultures or in uniform 
stands. In studies conducted in Texas, mixed populations of glabrous and 
hirsute cotton reduced damage by the cotton fleahopper compared to that 
observed in uniform plantings (Maxwell 1991). Also, mixed plantings of 
sorghum cultivars, resistant and susceptible to Contarinia sorghicola, increased 
yields over uniform plantings (Tectes et a1. 1990). The use of multi-lines, a form 
of mixed cropping, has been successfully used in barley, oats and wheat to 
reduce populations of pest species and minimize the rate of selection for races 
or biotypes in pest resistant cultivars (Maxwell 1991). Thus, mixed cropping 
appears to provide some level of insect control, that is not well exploited or 
understood, but integrates well with the use of multiple pest resistant cultivars 
and can be exploited as a means to diminish the rate of biotype selection. 

Multiple Pest Resistance and Chemical Control. The reduction in pest 
numbers and the physiological condition of the surviving pests suggest, that 
control with insecticides, will be more effective, when pests are on resistant 
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than when they are on susceptible cultivars. Indeed, the literature supports 
this supposition as there are many examples where host plant resistance has 
been shown to enhance insecticidal activity. McMillan et a1. (1972) reported 
that greater control of the corn earworm was achieved with the application of 
insecticides to resistant sweet corn lines than did applications to susceptible 
hybrids. Similar observations have been reported for cotton in Texas (Maxwell 
1991). Evaluations of rice insecticides indicate that they cause higher pest 
mortality when applied to planthoppers and leafhoppers feeding on resistant 
than on susceptible rice plants. Both, Sogatella furcifer (Horvarth) and 
Nilaparvata lugens are killed at low insecticide rates when feeding on resistant 
rice cultivars (Heinrichs et al. 1984). Mortality of Nilaparvata lugens, when 
reared on either a moderately resistant 'ASD7', or a highly resistant rice 
cultivar, 'Sinna Sivappu' was higher than when feeding on a susceptible 'TN1' 
cultivar (Fig. 9). 

The integration of host plant resistance and insecticides has a cumulative 
effect on Nephotettix virescens, the vector of rice tungro virus (Heinrichs et aI. 
1986b). The extent of the effect depends on the level of Nephotettix virescens 
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Fig. 9. Contact toxicity (at 24h after treatment) of insecticides applied with a 
Potters spray tower against the brown planthopper, Nilaparuata lugens 
biotype 2 when reared on a susceptible (TN1), a moderately resistant 
(ASD7), and a resistant (Sinna Sivappu) rice cultivar (modified from 
Heinrichs et a1. 1984). 
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resistance in the cultivar. There was no tungro virus infection on the 
Nephotettix uirescens resistant cultivar, IR28 even at the 0 kg A. I. ha rate (Fig. 
10). On the moderately resistant cultivar, IR36, tungro virus infected plants 
decreased from 42% in the 0 kg A. I./ha treatment to 10% at the 0.5 kg A.I./ha 
rate. Tungro virus infection on the susceptible cultivar, IR22, was high at all 
insecticide rates decreasing from 92% in the control to 74% in the 1 kg A.I./ha 
rate. Consequently grain yields of IR28 were not affected by insecticide rate, 
being about 4tJha in all treatments (Fig. 11). Both IR22 and IR36 yields 
reflected the level of tungro infection and increased from 1.4 to 2.1 t/ha in IR22 
and from 1.6 to 2.6 t/ha in IR36. This study points out the need for high levels 
of resistance to the vector insect in controlling tungro virus and indicates the 
cumulative effect of moderate resistance and insecticides on virus vector 
control. Both IR28 and IR36 have multiple resistance to at least seven insects 
and diseases. 

Another interaction of host plant resistance and insecticides is the 
relationship between level of resistance and insecticide-induced, Nilaparuata 
lugens resurgence. Nilaparuata lugens populations on a resistant rice cultivar 
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Fig. 10.	 Percent rice tungro virus infection of rice cultivars IR22, IR36, and 
IR28, having different levels of green leafhopper Nephotettix uirescens 
resistance, as affected by rates of soil-incorporated carbofuran. IR22 is 
susceptible, IR36 moderately resistant, and IR28 resistant to N. 
uirescens, the vector of tungro virus. Victoria, Laguna, Philippines, 
1984 dry season (modified from Heinrichs et al. 1986b). 
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Fig. 11.	 Grain yield of rice cultivars IR22, IR36, and IR28 having different 
levels of green leafhopper Nephotettix uirescens resistance as affected 
by rates of soil-incorporated carbofuran. IR22 is susceptible, IR36 
moderately resistant, and IR28 resistant to N. uirescens, the vector of 
tungro virus. Victoria, Laguna, Philippines, 1984 dry season (modified 
from Heinrichs et al. 1986b). 

treated with a resurgence-inducing insecticide only reached 10 insects per hill, 
whereas the population on a treated susceptible cultivar was 1,100 per hill 
(Aquino and Heinrichs 1979). Thus, in cases where insects other than 
Nilaparuata lugens reach populations above the economic threshold, and 
require insecticide treatment, the level of Nilaparuata lugens resurgence can be 
reduced, or even eliminated by the planting of Nilaparuata lugens moderately 
resistant, or highly resistant cultivar. 

Conclusions 

In recent years, crop surpluses have given the impression that the world's food 
production problems have been solved and this has led to a degree of 
complacency. Food production has certainly soared in some countries, and in 
those countries there is a temporary truce in the war on poverty and famine. But 
even today, this is not the circumstance that exists in many regions of the world. 

1.0 
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Since the 1960s, a global quest for food self-sufficiency has been underway. 
With the widespread cultivation of the "miracle" rices and the disease-resistant 
wheats, there has undoubtedly been a temporary respite, in some countries, in 
the race to prevent hunger, as cereal production has more than doubled, 
outracing the 80% leap in the world's population. But the world population 
surges on relentlessly. 

Taking rice as an example of future food crop production requirements, it 
has been stated that population growth, in rice growing countries, is so intense, 
that 80 to 100 million additional people must be red each year (IRRI 1990). 
Resource-poor farmers are being forced to till highly erodible and marginal land 
and the length of the fallow periods in traditional slash and burn rice culture 
are becoming increasingly shorter. These less favorable areas now produce only 
25% of the world's rice, but within the next two decades, they must sustain 
hundreds of millions of farmers who have yet to realize the benefits of new 
technology. By the year 2020, the world population will approach 8 billion. and 
4.3 billion people, which is equal to the present population, will be rice 
consumers. Production must increase from 460 million to 760 million tons, to 
reed them. 

Agricultural scientists face a tremendous challenge to develop technology, 
that will increase the productivity of existing land resources, and 
simultaneously maintain soil fertility. and to develop crop pest management 
strategies that are environmentally and economically acceptable. Plant 
resistance is a principal component and plays a vital role in integrated pest 
management systems in many crops. It serves as a foundation stone on which 
pest management programs are established, and as such, it is important to 
understand the interactions between resistance and the biological, chemical 
and cultural components or the management system (Maxwell 1991). 

There has been significant progress in the integration of multiple pest 
resistance into pest management systems of certain crops. Many multiple pest 
resistant rice cultivars have been developed at IRRI and are widely grown in 
Asia. About 85% of the rice area in the Philippines, and large areas in 
Indonesia and Vietnam, are planted to such cultivars. Many other multiple pest 
resistant cultivars have been developed and released by national programs and 
multiple pest resistant lines serve as restorer parents in the hybrid rice 
breeding programs in China and elsewhere (Khush 1989). 

In spite of the progress achieved, multiple pest resistance has the potential 
to playa much more important role in crop pest management systems. There 
have been formidable constraints that have impeded progress in breeding for 
multiple pest resistance in some crops. Biotechnology provides tools to 
overcome some of these constraints and will contribute to improved crop 
protection technology (MacKenzie 1991). Strategies to build gene pyramids and 
multiline cultivars will be enhanced by the use of genetic probes and 
recombinant DNA transformations. Genetic probes will facilitate the selection 
of progeny that possess multiple gene combinations and will be useful in 
diagnosing shifts in pest populations so that cultivars or multiline components 
can be adjusted in anticipation of' changes in the population. Both conventional 
plant breeding and biotechnological research will contribute to improved crop 
protection technology of future crop cultivars. 
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ABSTRACT Selected papers dealing with the tolerance mechanism of host 
plant resistance to aphid species in crop plants have been critically reviewed 
herein. Some of the researchers employed techniques that were incorrect.1y 
assumed to be measuring tolerance. In other research, no attempt was made 
to separate tolerance and antibiosis components, while in other research the 
effect of variation in plant biomass on tolerance expressed among cultivars 
was not considered. 

After testing a series of analysis of covariance models, as well as several 
other techniques, a new model for assessing tolerance to the greenbug, 
Schizaphis graminum (Hendani), in sorghum was developed. This new model 
is independent of antibiosis effects and is a combination of three different 
techniques, with the greatest importance placed on the slope described by 
the relationship between infested and control seedling weights at the end of 
the experiment. 

KEY WORDS Schiuzphis grominum, greenbug, aphids, Homoptera, Aphididae, 
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Tolerance is the production of plant biomass i.n spite of insect attack. Antibiosis 
and antixenosis are resistance mechanisms that measure the effect of the plant on 
the insect, whereas tolerance is the eITect of the insect on the plant <the less 
damage, the higher the level of tolerance). Because recovery from insect injury is 
also a plant response, it too, is a part of tolerance. However) recovery from injury 
has been investigated very little. A rare exception is the work of Morgan et al. 
(1980). Tolerance should be more useful in a pest management program than 
antibiosis or antixenosis because of compatibility with other control strategies and 
biotype considerations. 
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Selected papers dealing with tolerance of crop plants to aphid species have 
been critically reviewed herein. Some studies employed techniques that were 
incorrectly assumed to be measuring tolerance (e. g., visual damage scores). 
Others made no attempt to separate antibiosis effects (cult-ivaI' A may have 
"tolerated" 100 aphids, whereas cultivar B "tolerated" 1000 aphids by the end of 
the experiment). Still other research did not take into account the inevitable size 
variation among varieties (lOO-mg loss due to aphid feeding is proportionately 
quite different on a 200-mg seedling versus a 1000-mg seedling). 

Although the Dixon Tolerance Index (Dixon et al. 1990) took into account 
antibiosis and cultivar to cultivar difTerences, excessive variation is evident 
even in the most meticulously conducted experiments. Further, this formula 
presents mathematical difficulties. Therefore, analysis of covariance was 
examined, as well as several other techniques, and a new model for assessing 
tolerance was developed utilizing weight relationships of infested and control 
seedlings. Although factoring out antibiosis effects is critical, this experimental 
design involved no relationship between aphid number and the degree of 
damage, and so this factor could be dropped from the equation. 

In this review, the problems associated with quantifying tolerance to aphids 
are examined. This is far more difficult than would appear. Quantifying 
antibiosis or anti.xenosis may be more straightforward, but tolerance is perhaps 
the most critical component to the success of host plant resistance. 

The reader is directed toward two reviews dealing with this and related 
topics. Velusamy and Heinrichs (1986) described the study of tolerance in crop 
plants, and Smith et al. (1994) focused on techniques used to quantify 
tolerance. 

Definitions 

Tolerance has been defined in several different ways. Researchers have 
debated whether it is truly a part of host plant resistance, because it does not 
have deleterious effects on the insect. In Snelling's (1941) definition of 
resistance, he alludes to the tolerance aspect of resistance; resistance comprises 
" ... those characteristics that enable a plant to avoid. tolerate, or recover from 
attacks of insects under conditions that would more severely injure other plants 
of the same species." 

Then, Painter (1951) categorized the mechanisms of tolerance, antibiosis, 
and nonpreference (now antixenosis, Kogan and Ortman [1978]). He defined 
lolerance as "a basis of resistance in which the plant shows an ability to grow 
and reproduce itself or repair injury to a marked degree in spite of supporting a 
population approximately equal to that damaging a susceptible host." 

Advantages and Disadvantages of Tolerance 

Numerous reasons exist for investigating tolerance independently from 
antibiosis and antixenosis. Since by definition, tolerance is a plant response and 
does not by itself aITect insect behavior, reproduction, growth, or development, 
this mechanism should not exert selection pressure on the insect population for 
new biotypes in the way that both antibiosis and antixenosis can. Because about 
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half of all documented biotypes are aphids, the genetic variability for virulence 
within a species is an important consideration in the development of crop 
varieties resistant to aphids. In our own work, we have focused on the greenbug, 
Schizaphis graminum (RondanD (Homoptera: Aphididae), which has been 
capable of expanding its economically im.portant host range at the species level 
(sorghum in 1968) through the development of ever more virulent biotypes 
(Table 1). 

A second advantage is that tolerance should have none of the deleterious 
effects on natural enemies that can occur with antibiosis and antixenosis. In 
fact, tolerance may have value in maintaining larger populations of predators 
and parasitoids (Horber 1972), because it does not decrease their prey 
populations. 

Finally, tolerance should make it possible to raise economic injury levels 
(ElL) and, therefore, delay expensive chemical treatments or reduce the 
number of treatments required. The main disadvantages of tolerance relate to 
the difficulty of separating it. from antibiosis and antixenosis and the difficulty 
of accurately quantifying it. 

Tolerance in Relation to IPM 

As previously noted, the tolerance mechanism of plant resistance to aphids 
should be the most important of the three major mechanisms of resistance. 
Antibiosis and antixenosis can both have deleterious effects on natural 
enemies. Antibiosis can induce higher levels of detoxifying enzymes, thus 
reducing the effectiveness of synthetic insecticides or necessitating higher rates 
of application. Further, both antibiosis and antixenosis can place selection 
pressure on populations, which increase the likelihood of the evolution of more 
virulent biotypes, OTO can negatively interact with other control strategies 
(Smith 1989; Pedigo 1989; van Emden 1991). 

In IPM systems, recommendations for control measures are usually based on 
an ElL. If a resistant plant cultivar shows some level of tolerance, relative to 
the control, it should "tolerate" more insects before sustaining economically 
significant damage. Therefore, the ElL should be higher for the resistant 
cultivar (Pedigo 1989). 

Problems of Quantifying Tolerance and Possible Solutions 

Quantifying tolerance is considerably mor'e difficult than evaluating either 
antibiosis or antixenosis, especially ,.... ith a continuously reproducing aphid 
species, Because tolerance is defined in terms of plant production, it is the plant 
that has to be measured rather than the insect. However, in research with an 
aphid species, one cultivar may have many more aphids on it by the end of the 
experiment than a more antibiotic cultivar. Therefore, the susceptible cultivar 
actually had to "tolerate" more aphids. A simple measurement of damage is not 
really a true assessment of tolerance, until either aphid numbers are taken into 
account. or it can be shown that aphid number docs not appreciably affect the 
degree of damage over the range of aphid numbers observed. Otherwise, 
tolerance and antibiosis are not being measured separately, but tolerance 
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Table 1. History of greenbug biotypes and insecticide resistant strains. 

Biotype 

Designation Characteristics and References 

(Year) 

A (?)
 

B (1961)
 

C (1968)
 

D (1974)
 

E (Texas 1979)
 

F (1985)
 

G (1988)
 

H (1988)
 

High esterase 

I (Kansas 1990) 

Virulent to most wheat; 

Avirulent to DS28A (Wood 1961b) 

Virulent to DS28A wheat (Wood 1961b); 

Tolerated higher temperatures 

(Singh and Wood 1963); 

Mesophyll feeder (Wood et al. 1968b) 

Virulent to sorghum (Harvey and 

Hackerott 1969) 

Resistant to disulfoton (OP) insecticide 

(Peters et al. 1975; Teetes et al. 1975) 

Virulent to Amigo gene in wheat 

and IS 809 sorghum (Porter et al. 1982); 

Twice as much pectinesterase (Dreyer and 

Campbell 1984; Campbell and Dreyer 1985) 

Virulent to Canada bluegrass 

(Kindler and Spomer 1986) 

Virulent to all known SOUTces 

of resistant wheat; avirulent to Wintermalt 

barley (Puterka et al. 1988); 

Not a threat to sorghum (Kerns et al. 1989) 

Virulent to Post barley (Puterka et al. 1988) 

Not a threat to sorghum (Kerns et al. 1989) 

Strain resistant to insecticides (Sloderbeck et al. 1991) 
Virulent to most biotype E-Resistant sorghum;
 

avirulent to PI 266965 sorghum
 

(Harvey et al. 1991)
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measurements can be influenced by relative levels of antibiosis (i.e., a plant 
lacking antibiosis has to "tolerate" more aphids by the end of an experiment). 
Of course, any measurement of infested plants should be compared to that of 
control plants of the same cultivar grown under identical conditions. 

A second major problem involves measuring damage on a proportional basis 
rather than an absolute basis. If at the end of the testing period, the biomass of 
an infested plant is 10 mg less than that of a comparable uninfested control 
plant that weighs 100 mg, then the loss in biomass is 10%. However, if the 
control plant weighs 1000 mg, then that same 10 mg difference represents only 
a 1% loss from insect feeding. 

Theoretically, the antibiosis problem should be corrected by dividing the 
damage or proportional weight loss by the number of aphids at the end of the 
experiment, or by the total weight of the aphids. The earliest use of this 
technique was by Schweissing and Wilde (1978, 1979); they divided the dry mass 
(mg) of foliage lost by the dry mass (mg) of aphids present at the end of the 
experiment to obtain the amount of tissue lost per mg of aphid. Of course, aphid 
numbers were changing continuously during the experiment, but at least this 
method attempts to put the damage on a per unit of aphid basis, thus taking 
antibiosis (i.e., reduced fecundity, longer nymphal stage, etc.) into account and 
factoring it out. Alternatively, the aphid population can be added to or taken 
away daily to keep the density at a constant level. This has been the technique 
of choice in the USDA laboratory in Stillwater, Oklahoma for a number of years 
(Starks et al. 1983, Webster et al. 1987, Webster et al. 1991). However, this 
technique usually limits the number of plants that can be observed at a given 
time because it is a laborious and tedious procedure. But if the investigator has 
the patience or resources to conduct such experiments, this technique is an 
excellent way to quantify and separate tolerance from antibiosis. 

Rectifying problems with absolute versus relative amounts of damage, so 
that size differences of plants among varieties are not so critical, appears to be 
simpler to solve than the antibiosis problem. By dividing the absolute damage 
by the size of the control plant, the damage figure becomes relative. Both of 
these techniques have been employed and will be described in more detail 
below. 

Brief History of Attempts to Quantify Tolerance 

Tables 2-5 show a selected list of methods that have been used to quantify 
tolerance to several important aphid pests. Space does not permit a detailed 
critique of each method, but some of their strong and weak points are 
discussed. Each method has added to the knowledge of plant resistance in 
general, whether or not it truly measured tolerance independently of other 
resistance mechanisms. 



260 J. Agric. Entomol. Vol. 11, No.3 (1994)
 

Table 2. Selected methods of quantifying tolerance to aphids in alfalfa.
 

Pest Method(s) Reference 

Therioaphis maculata Plant damage Berberet et aI. (1991) 
(Buckton) 

T. maculata Plant survival, yield Howe and Pesho (1960) 

T. maculata Damage index Jimenez et a1. (1988) 

T. maculata Yield Kindler et aI. (1971) 

Acyrthosiphon kondoi Plant damage Bishop et aI. (1982) 
Shinji 

A. pisum <Harris) Yield Kindler et aI. (1971) 

Functional Plant Loss Index and Functional Plant Loss 

The functional plant loss index (FPLI) and functional plant loss (FPL) were 
calculated for greenbug damage to sorghum hybrids by the following formulas 
<Morgan et al. 1980): 

FPLI = (1 -
Areac - Area l' 

Areac 
] * [l - DamageD * 100 

Areac - Area l' 
FPL 

Areac 
) * 100 

where Areac is the leaf area of the uninfested control seedling, Area,. is the leaf 
area of the infested plant, and Damage is the average damage rating based on a 
predetermined numerical scale. Morgan et al. (1980) used a damage rating 
scale of 0 to 10, where 0 =no injury and 10 =dead leaf. This scale would result 
in a negative value if used in the formula as shown; G. Wilde (Kansas State 
University, personal communication) stated that the damage rating scale 
should have been corrected to read 0.0 to 1.0. Although useful, neither of these 
formulae factors out antibiosis. However, they offer a unique way of 
investigating the potential regrowth of tissue after aphids are gone, by 
measuring the functional (living) tissue. Therefore, further development of 
these formulae should lead to a better understanding of an extremely important 
aspect of tolerance, that is, recovery. 

A weight index (WI) developed by Bramel-Cox et a1. (1986) is shown below: 

WI * 100 
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Table 3. Selected methods of quantifying tolerance to aphids in barley, 
oats and rye. 

Pest Method(s) Reference 

Barley 

Schizaphis graminum Seedling survival Dahms (1948) 
(Rondanil 

S. graminum Seedling survival Webster and Starks (1984) 

S.graminum Damage, visual Starks et al. (1983) 

Sipha {lava (Forbes) Damage, height Starks and Mirkes (1979) 

Diuraphis noxia Tolerance index Robinson et al. (1991) 
(Mordvilko) 

D. noxia Seedling survival Webster et al. (1991) 

D. noxia Damage Webster et al. (1987) 

Oats 

D. noxia Damage Webster et al. (1987) 

S. {lava Height Starks and Mirkes (1979) 

s. graminwn Damage Starks et al. (1983) 
D. noxia Damage Webster et al. (1987) 

Rye 

S. {lava Height Starks and Mirkes (1979) 

S. graminurn Damage Starks et al. (1983) 
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Table	 4, Selected methods of quantifying tolerance to aphids in 
sorghum and pearl millet. 

Pest Method(s) Reference 

Sorghum 

S. /lava Damage, height Starks and Mirkes (1979) 

S. /lava Seedling height Webster (1990a) 

S. gram,inurn Tolerance index Dixon et al. (1990) 

S.graminum Tolerance index InayatuJlah et al. (1990) 

S.graminum Functional plant loss Morgan et al. (1980) 
index, functional 
plant loss 

S.graminum Damage Wood et al. (l969a) 

S.graminum Height Schuster and Starks (1973) 

S.graminum Damage Starks et al. (1983) 

S. graminum Foliage loss Schweissing and Wilde (1979) 

S. graminw11. Plant height Starks and Schuster (1976) 

S. graminum Foliage loss Schweissing and Wilde (1978) 

S. grcuninum Damage Wood et al. (1969b) 

D. noxia Seedling height Webster et al. (1991) 

Pearl Millet 

S. /lava Height Starks and Mirkes (1979) 
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Table 5.	 Selected methods of quantifying tolerance to aphids in 
sugarcane, triticale, maize, wheat, and wheat relatives. 

Pest Method(s)	 References 

Sugarcane 

S. flo va Discoloration, White (1990) 
photosynthetic activity 

Triticale 

D. noxia Plant height Scott et al. (1991) 

D. noxia Plant height Webster (1990b) 

S. flava Damage, height Starks and Mirkes (1979) 

S.graminum Damage Webster and Inayatullah 
(1984) 

Maize 

S. flava Height, damage Starks and Mirkes (1979) 

Wheat and Wheat Relatives 

S·flava Damage, height Starks and Mirkes (1979) 

D. noxia Damage Webster et al. (1987) 

S.graminum Plant hormones in Maxwell and Painter 
honeydew (1962) 

S.graminum Damage, survival Wood (1961a) 

S. graminll1n Height Starks and Merkle (1977) 

S.graminwn Damage Wood et aI. (1969b) 

D. noxia Height, dry weight Du Toit (1989) 

D. noxia Damage Quick et al. (1991) 

D. noxia Chlorosis, leaf rolling Formusoh et al. (1992) 
weight 

D. noxi.a Chlorosis. leaf rolling Formusoh et a!. (1994) 
weight 
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where We is the weight of the control seedling, WT is the weight of the infested 
(treated) seedling, and GB is the number of greenbugs on the infested plants at 
the end of the experiment. By putting damage on a per aphid basis, this 
formula takes antibiosis into account, but damage is still expressed in absolute 
terms. 

The tolerance index (Tl) proposed by Dixon et aJ. (1990) is shown below: 

WC-W T
 
TI
 

We
 
* 100 

GB 

where We is the weight of the control seedling, WT is the weight of the infested 
(treated) seedling, and GB refers to the number of greenbugs on the infested 
seedling at the end of the experiment. This formula appears to take into 
account cultivar to cultivar differences by dividing the insect-caused loss in 
weight (We - WTl by the weight of the control seedlings to get a proportional 
weight. loss. As shown in Table 6, this can be critical. A ranking of 1, 2, 3, and 4 
was found using the TI, but when weight loss was not put on a proportional 
basis, as in the WI, the ranking was 4, I, 2, 3 for the same data. Further, it 
appears to take into account antibiosis by dividing the proportional weight loss 
by the number of aphids present at the end of the experiment, thus putting the 
proportional weight loss on a per aphid basis so that an antibiotic plant can be 
compared to a susceptible plant. However, this formula has mathematical 
limitations. Interestingly, Robinson et al. (1991) utilized a fonnula (Index B) 
that was identical to Dixon's TI, except that it used aphid weight instead of 
aphid numbers. However, the former authors did not cite Dixon et al. (1990). 

Table 6. Comparison of tolerance index (TI) and weight index (WI) as 
measures of tolerance to greenbugs in sorghum (from Dixon 
et al. 1990). 

Sorghum 
W u, a uEntries c W.,.a #" Tl" WI" TI I· Wlr 

PI 220248 0.124 0.096 177 0.126 0.016 1 4 

TX 2536 0.088 0.049 333 0.134 0.012 2 I 

Wheatland 0.037 0.019 134 0.359 0.013 3 2 

se 303 0.033 0.018 106 0.435 0.014 4 3 

" we "" mean weight of control seedlings, WT "" mean weight of infested (treated) seedlings, # == 

number of gJ'eenbugs at end of experiment, TI := tolerance index, and WI "" weight lnils di\·ided by 
number of bTJ"eenbugs at end of experiment. 'fIr und \VIr"" rnnl{ings ofTI and WI, respectively. 
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Development of Present Set of Techniques 

Although the confusion of antibiosis in tolerance experiments has been a 
concern, several methods for dealing with it have been tested, and it was 
surprising to discover that, in our particular experimental design, aphid 
numbers at the end of the experiment had no relationship to the weight of the 
infested seedlings, even when the aphid populations varied widely. As shown in 
Fig. 1, even over a range from ca. 50 aphids to over 1250 aphids per seedling, no 
apparent "dosage response" relationship of plant weight loss with aphid 
numbers occurred. Apparently, all aphid densities must be damaging the plants 
about equally within a narrow time frame; that is, plant damage has reached a 
point of diminishing returns in relation to the number of aphids. Somewhere 
below these population densities, however, must be a range over which damage 
is proportional to aphid numbers. 

As a measure of the effect of greenbug infestation on sorghum plants, several 
response measures were considered. The tolerance index (TI) (Dixon et a1. 1990) 
measured the relative effect of greenbug feeding on the relative difference 
between the weight of the control plant (We) and the weight of the infested 
(treated) plant (WT). Although this is a good measure to characterize treatment 
response, this fonnula has mathematical problems. For example, values close to 
zero can be achieved either because of relatively small differences in weight 
between the treated and control plants or because of very high greenbug 
numbers (1000 to 1,500 greenbugs per seedling are not uncommon in our 
experiments). As values approach zero, conclusions of significance or 
nonsignificance among the various treatment groups in terms of T1 may not be 
interpretable statistically. 

Relative or proportional weight change (DWT) also was considered as a 
measure of treatment response and was defined as follows: 

DWT * 100 

where each of the terms has been defined above. Again, DWT is a good measure 
to characterize treatment response, especially after it was detennined that, in 
the present experiments, greenbug numbers did not have an effect on damage, 
but, it is not a good candidate as a response measure for statistical analysis. 
Response measures that are defined as differences or relative changes, or DWT, 
assume that the rate of change is constant among treatment groups, not 
allowing treatment to affect the rate of change. If this assumption does not 
hold, as is often the case, the estimate of variation would be biased upward and, 
thus, would diminish the ability to detect significant treatment effects. 

Analysis of covariance was used to compare treatment response, where W'I' 

(weight of the treated seedling) was considered the response variable and We 
(weight of the control seedling), GB (number of green bugs), and HT (height of 
the treated or control plant) were considered as possible covariates. After 
further consideration, HT was dropped as a possible covariate because HT could 
be highly correlated wit.h the response of other covariates. In addition, it also 
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Fig. 1. Relationship between number of greenbugs and weight loss of infested 
sorghum seedlings. 

could be highly correlated with treatment in that a tall plant in one cultivar 
could be a small plant in another cultivar and that plants of specific heights 
could be only of certain varieties. A standardized height was not considered as a 
covariate, because the standardization would be data-dependent, that is, based 
on the observed mean and variance for each treatment group. 

The analysis of covariance began with WT defining the response variable 
with We and GB as covariate variables. The initial analysis of covariance model 
included terms for experimental block (BLOCK), treatment effect (TRT), and 
treatment covariate effects (Wc*TRT and GB*TRT). With this analysis, the 
relationship between the weights of the control and treated plants is 
unrestricted, with WT being adjusted for We. Treatment response as defined by 
the effect ofGB infestation on adjusted WT is characterized by the magnitude of 
the slope of the covariate associated with each treatment (GB*TRT). This 
analysis allows for a more realistic estimate of the error variance and provides 
maximum potential for detecting significant treatment differences. To 
determine treatment effect, the most parsimonious covariate model was 
determined by considering models describing homogeneous as well as 
heterogeneous covariate slope effects. To test for the necessity of defining 
heterogeneous covariate slopes, Wc*TRT or GB*TRT described individual 
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treatment effects. If the Wc*TRT effect was deemed nonsignificant, a common 
coval;ate slope model was considered. Because the magnitude of the GB*TRT 
covariate slopes are indicators of treatment effect, pairwise comparisons of 
treatment in terms of the estimated covariate slopes were conducted. In other 
words, the slope described by graphing the relationship of WT (Yaxis) and We 
(X axis) was used as a measure of tolerance. A slope of 1.0 would describe a 
perfectly tolerant cultivar; a slope approaching 0.0 would describe an extremely 
susceptible cultivar. 

A comparison of the slope, TI, and DWT is shown in Table 7. Note that 
Cargill 607E had a higher slope (more tolerant) than the susceptible check, 
NC+ 160. Cargill 607E also had a lower TI (more tolerant) than Wheatland 
(also relatively susceptible) and a lower DWT than either Wheatland or NC+ 
160. Thus, a good deal of agreement occurs among three different methods of 
assessing tolerance. In addition, Cargill 607E exhibited some antibiosis. 

Future Techniques 

In our laboratory, many experiments searching directly for tolerance to 
greenbug·injected materials using toxin mimics have shown promise but have 
been difficult to standardize. Also, previously available mimics are no longer 
commercially available. Investigations are continuing in these areas. 

Table 7.	 Relationships between infested and uninfested sorghum 
plants when infested with biotype I greenbugs. 

Sorghum 
Entries Siopeo TIO DWTo GBo 

Cargill 607E 

Cargill 797 

Wheatland 

NC+ 160 

0.4254 • 

0.3815 

0.1950 

0.1118 

0.001939 b 

0.001637 b 

0.004477 a 

0.002463 ab 

0.4784 b 

0.5132 b 

0.6092 a 

0.6209 a 

285.3 h 

375.4 a 

354.3 ab 

375.0 a 

Asl.crisk indicaLes significnnlly different from NC+ J60 (P < 0.05) (LS Means Procedure, SAS 
Institute, 1985). 

Numbers within a column followed by the same letter nre not siJ:nificantly dilTcrent from ench other 
(P < 0.05) (LS Means Procedure, SAS Institute, 1985). 

a Slope rC!f<!rs to the relativ<! weights of the infested and uninf<!sted and uninfested plants. TI is the 
toleranc<! index described in the text. DWT is the proportional weight of infested and uninfested 
plants, but without dividing b.y greenbug numbers, ns described in the I.cxt. GB is the number of 
gr<!enbugs at the end of the experiment and, therefore, a mensure of antibiosis instead of tolerance. 
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ABSTRACT The importance of host plant resistance to insect and mite 
vectors in controlling virus diseases of plants is not well established, but 13 
examples of resistance to aphids, leafhoppers, planthoppers, and onc mite 
species that have reduced the incidence of virus diseases in the field are 
cited. In Kansas, an estimated 97% of the acreage of the five major crops 
(wheat, sorghum, corn, soybeans, alfalfa) is resistant to one or more diseases 
compared with 31% resistant to insects and 14% resistant to a mite vector. 
Resistance to the wheat curl mite, Eriophyes tulipae Keifer, has been 
reported from wheat relatives in the genera Thinopyrum (Agropyron), 
Aegilops, and Secale and most recently in common wheat, Triticum aesliuum 
L. So far, only the resistance from Secale (rye) is being utilized commercially. 
The rye source of resistance is derived from the IRJIA translocation line 
Amigo. This resistance is a major component of an integrated program to 
control wheat streak mosaic, which was the most important plant disease in 
Kansas from 1987 to 1991. Resistance to the wheat curl mite reduced the 
incidence of wheat streak mosaic in wheat fields by an average of 76% from 
1979 to 1988. Although resistance to the wheat curl mite illustrates the 
potential for using resistance to vectors to control virus diseases, it may not 
be typical of most viruses that are spread by aphids and leafhoppers. More 
research is needed to clarify the importance of the resistance already 
available for many insect species that are vectors of plant viruses. 

KEY WORDS Acari, Eriophyidae, Eriophyes lulipae, wheat curl mite, 
resistance, virus, vector. 

The value of plant resistance to insect and mite vectors to control plant viruses is 
not well established and more research is needed to confirm its importance. 
Kennedy (1976) and Maramorosch (1980) reviewed the subject from both the 
theoretical and applied standpoints. Kennedy (1976) found relatively few 
documented instances where resistance to an insect vector has contributed to 
disease control. Gibson and Plumb (1977) stated that little information exists about 

I Contribution No. 93-400-J from the Kansas Agricultural Station. 
2 Received for publication 23 June 1993; accepted 15 February 1994. 
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the effects of aphid resistance on the spread of virus diseases. Heinrichs (1979) 
reviewed the effects of resistance to leafhoppers and planthoppers on virus 
transmission and concluded that very few data are available on the value of 
host plant resistance to a vector in the absence of virus resistance in rice. 

Plant breeders understandably prefer the morc direct approach of developing 
cultivars resistant to viruses rather than to vectors. Virus control has seldom, if 
ever, been the aim of a breeding program for aphid resistance (Maramorosch 
1980), but breeding for mile resistance to control a virus disease of wheat 
(Martin et a1. 1983) and breeding for resistance to planthoppers to control virus 
diseases of rice (Heinrichs 1986) have been attempted with some success. 
However, when resistance was obtained, it was a byproduct of a program aimed 
at the direct damage caused by an insect which was also a disease vector. The 
percentages of the acreage or cultivars of the five major crops grown in Kansas 
during 1991-1992 that are resistant to diseases, insects, and a mite vector of a 
plant virus are shown in Table L Nearly all of the acreage is resistant to one 01' 

more diseases, and about one third of the acreage is resistant to insects. The 
insects controlled by resistance in sorghum (greenbug, Schizaphis graminum 
[Rondani)) and alfalfa (pea aphid, Acyrthosipho/l. pisllm [Harris)) are vectors of 
plant viruses, but the resistance was developed to control the direct damage 
caused by the insects. The effect of resistance on transmission of maize dwarf 
mosaic virus to sorghum and alfalfa mosaic virus to alfalfa is unknown. 
Resistance in wheat (23% of the hectarage in 1991) to wheat curl mite, 
Eriophyes tulipae Keifer, is effective in limiting the spread of wheat streak 
mosaic virus (WSMV). However, resistance to the wheat curl mite was not a 
breeding objective during the development of resistant cultivars. For example, 
the cultivar 'TAM 107' was developed for resistance to biotype C of the 
gl'cenbug (Porter et aL 1987) utilizing resistance from 'Amigo' which has the 
TRiIA tl'anslocation from rye (Sebesta and Wood 1978), which incidentally 

Table 1. Resistance of Kansas crops to diseases, insects, and a virus vector. 

Hectares Percent of hectares or cultivars resistant 
Crops 

Millions Diseases Insects Vector 

Wheal 4.9 98 20 23 
Sorghum 1.2 90 65 a 

Corn 0.8 99 50 0 
Soybean 0.8 95 0 0 
Alfalfa 0.4 99 93 a 

All Crops" 8.1 97 31 14 

" Most of the sorghum and alfalfa hectaragc is rcsistnnt to aphids that arc virus vClCLors, but the effect 
of this resistnncc on control of the viruses transmitted j~ unknown. 

II Percent ofhectarcs resistant based on resistant hectares divided by total hectares. 
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provided resistance to the wheat curl mite. Resistance to the wheat curl mite 
and its effectiveness in controlling the spread of WSMV will be discussed in 
more detail later. 

Resistance to insect and mite vectors has reduced the incidence of plant 
virus diseases in the field in at least 13 cases (Table 2). All references ploior to 
1976 were cited by Kennedy (1976). This list of 13 examples is not impressive, 
considering that hundreds of species of insects, mostly aphids and leaOlOppers, 
transmit hundreds of different viruses and that plant resistance to aphids and 
leaOloppers is more common than to other groups of insects. Nevertheless, 
these examples provide encouragement for more research in this area. The 
incentive to use resistance to insect and mite vectors to control virus diseases of 
plants is strongest when an important disease affects a major crop and 
resistance is more readily available for the vector than for the virus. 

Table 2. Examples of vector resistance that reduced disease incidence 
in the field. 

Crops Vectors Viruses References 

Raspberry Aphid Raspberry Mosaic Harris 1935 

Peanut Aphid Rosette Evans 1954 

Red Clover Aphid Clover Wilcoxon & Peterson 1960 

Sugar Beet Aphid Beet Yellows Hills et al. 1969 

Cranberry Leafhopper False-blossom Wilcox & Beckwith 1933 

Lettuce Leafhopper Aster Yellows Linn 1940 

Tomato Leafhopper Curly Top Thomas & Martin 1971 

Rice Leafhopper Tungro Pathak 1970 

Rice Planthopper Hoja Blanca Jennings & Pineda 1970 

Rice Planthopper Grassy Stunt Pathak 1970 

Rice Planthopper Ragged Stunt Heinrichs 1986 

Rice Planthopper Wilted Stunt Heinrichs 1986 

Wheat Mite Wheat Streak Mosaic Martin et al. 1984 

Resistance to the wheat curl mite is an example of "esistance to a vector that 
contributes to the control of a plant virus. The wheat curl mite is the only 
vector of WSMV (Slykhuis 1955), which caused the most important disease of 
wheat in Kansas for the 5-yr period 1987-91 (Table 3). The average annual loss 
to WSMV during that time was 5.5 million hectoliters 05.5 million bushels). An 
epiphytotic in 1987-88 resulted in a 13% crop loss, estimated at $150 million, 
indicating a need for improvement in \VSMV control methods. Control is 
primarily cultural, elimination of volunteer wheat and delay in planting. 
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Table 3. Estimates of loss of Kansas wheat from diseases.a 

Percent of crop lost 5-yr. avg. 
Disease bu. loss 

1987 1988 1989 1990 1991 Avg. Millions 

Wheat Streak Mosaic 2.0 13.0 3.5 1.0 4.5 4.8 15.5 

Leaf Rust 4.0 2.5 0.8 4.0 7.5 3.8 14.0 

Barley Yellow Dwarf 3.5 1.7 0.4 1.5 0.2 1.5 5.4 

All Others 7.5 5.2 3.6 4.6 6.0 5.4 19.0 

Total 17.0 22.4 8.3 11.1 18.2 15.4 53.9 

<I Appel. J. A. and R. L. Bowden. 1987-1991. Plant disease survey reports. Kansas State Board of 
Agriculture, Topeka. 

Volunteer wheat is the main bridge between crops for the vector and virus, and 
the earlier plants are infected, relative to plant development. the greater is the 
loss in grain production (Staples and Allington 1956, Somsen and Sill 1970). 
Planting cultivars resistant to W8MV is recommended, but the resistance of 
available cultivars is low and, during WSM epiphytotics, they are severely 
damaged (Seifers and Martin 1988). 

Resistance to the wheat curl mite was first reported by Andrews and 
Slykhuis (1956) in 16 Triticum X Agropyron hybrids. This resistance was 
attributed to the gene designated Cmc2 (Whelan and Hart 1988) on 
Chromosome 6 (6Ag) (Larson and Atkinson 1973). Mite resistance attributed to 
a dominant trait controlled by a single gene (Cm.c!) from Aegilops squarrosa L. 
was also transferred to wheat (Thomas and Conner 1986). Resistance to wheat 
curl mites in rye is controlled by chromosome lR (Harvey and Livers 1975), 
which preferentially substitutes for wheat chromosome lB. A translocated 
segment of rye chromosome lR in the wheat germplasm release 'Salmon' (Zeller 
1973) provides resistance (Martin et aL 1976). A hard red winter wheat line 
KS80H4200 (PI 475772) with wheat curl mite resistance derived from Salmon 
was released in 1982 (Martin et aL 1983). The rye-derived mite resistance is 
also available commercially in the cultivars 'TAlvI 107', 'TAM 200', and 
Century. These cultivars derive their resistance [rom 'Amigo', which carries a 
lR/lA translocation (Sebesta and Wood 1978). Some cultivars now widely 
grown in Kansas are more likely to be infected with WSMV because pubescent 
wheats are more heavily infested by airborne wheat curl mites than glabrous 
wheats (Harvey and Martin 1988). The landing efficiency of the wheat curl mite 
increases on cultivars having high densities of leaf trichomes, because airborne 
mites that come in contact with pubescent surfaces become established more 
easily than mites attempting to land on smooth surfaces. Even wheat cultivars 
with moderate levels of leaf trichomes are more readily infested with mites 
than glabrous wheats (Harvey et al. 1990). 
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Resistance to wheat curl mites in common wheat, other than that associated 
with glabrous leaves, was first discovered in eight introductions (PIs 221699, 
222651, 222655, 222661, 222679, 222680, 222682, and Cl9355) that were 
previously selected for resistance to Russian wheat aphid, Diuraphis noxia 
(Mordvilko) (Harvey and Martin 1992). The effectiveness of those new sources 
of resistance from common wheat in reducing the incidence of WSM in the field 
has not been determined. However, resistance to the wheat curl mite from 
distant relatives of wheat (Secale and Aegilops) effectively reduced the 
incidence of WSM in the field (Martin et al. 1984, Harvey and Martin 1988, 
Harvey et al. 1990, Conner et al. 1991). 

The first evidence that resistance to wheat curl mite reduced WSM in the 
field was obtained in 1979 (Table 4). During 1979, 1981, and 1982, the rye 
SaUTee of mite resistance from 'Salmon' had WSM infection rates of 9, S, and 
21%, respectively, compared with 32, 14, and 52% for the susceptible cultivar 
'Sage'. From 1986 to 1988, the rye source of resistance in 'TAM 107' had 
infection rates of 4, 12, and 4% compared with 25, 33, and 70% for the 
susceptible cultivars 'TAM lOS' and 'Larned'. During that 6-yr period, mite 
resistant cultivars had a 76% lower rate ofWSM infection than mite susceptible 
cultivars (Table 4). The most recent evidence of WSM control by resistance to 
wheat curl mite was reported from Canada. Following a light natural 
infestation of wheat curl mite, lines utilizing a source of resistance (CmcI) from 
Aegilops squarrosa L. had 40% fewer WSMV-infected plants than lines without 
mite resistance (Conner et al. 1991). 

Wheat curl mite resistance provides an outstanding example of the 
importance of resistance to a vector in controlling a plant virus. However, only 
three viruses are known to be vectored by eriophyid mites (Slykhuis 1980). The 

Table 4.	 Control of wheat streak mosaic (WSM) by resistance to tbe 
wheat curl mite (WCM). 

Incidence of WSM (% of plants infected) 
Type of 
wheat 1979 1981 1982 1986 1987 1988 Avg. 

Resistanta 9 5 21 4 12 4 9.2
 

Susceptibleb 32 14 52 25 33 70 37.7
 

a 19790; 'Salmon', 1980, 1981 '" KSBOH4200, 1986-1988", 'TAM 107'. 

b 1979 _ 1982 = 'Sage', 1986 = 'TMI 105', 1987-1988 ='Lamed'. 
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effectiveness of resistance to the wheat curl mite in control of WSMV may not 
be comparable to the control from resistance to insects, which vector most of the 
plant viruses. Resistance to the mite vector is a major tactic in the integrated 
control of some diseases such as WSM, but more research is needed to evaluate 
the importance of resistance to vectors to control the vast majority of virus 
diseases of plants that are vectored by aphids and leafhoppers. 
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ABSTRACT Plant resistance should play an important role in the 
regulation of insect pest populations. In the past 50 years, insecticides have 
replaced plant resistance and cultural practices 85 the primary method of 
insect pest population regulation. However, in the future, a reduction in the 
use of insecticides and an increased use of integrated insect management 
strategies will be necessary. There is a need to integrate all appropriate 
control methods to maximize the effectiveness of pest regulation and to 
minimize crop production inputs. Thus, there is an increased need to 
understand basic biological processes and interactions that occur among 
plants and pest and beneficial species in various crop production systems. 
The interrelationship of pest management strategies within these systems 
also need to be recognized. The types of resistance needed for use in a given 
crop production system depends on the biology, distribution, population 
dynamics and major natural population regulation factors of the pest. 
Integration of host plant resistance into established crop production systems 
to maximize effectiveness of existing pest population regulation strategies is 
imperative for the development of effective pest management programs in the 
future. Resistance in crops to major insect pests must be incorporated into 
new cultivars just as agronomic characteristics are presently incorporated. 
Resistant cultivars can then be effectively integrated into pest management 
programs to optimize their use in crop production systems. 

KEY WORDS Plant resistance, biological control, chemical control, cultural 
control, integrated pest management. 

Integration of Plant Resistance Into !PM Programs 

Cultw'al control and selection of plants for insect resistance were early control 
strategies for reduction of economic losses caused by insect pests. Crop rotation and 
mechanically removing insects (by hand) were among the early methods of insect 
management. Plants have been inadvertently selected for resistance to insect 
damage since humanity first started producing cultivated crops. Plant resistance to 
insect damage was used in early agriculture in ArTica, the Americas and Asia 
(Smith 1989). Riley (1871) suggested that cultural control methods such as trap 

I Received ror publication 23 June 1993; nccepted 29 December 1993. 
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crops, early maturing cultivars and field isolation in combination with resistant 
plant cultivars would eliminate the need for the use of Paris green to control 
the Colorado potato beetle, Leptinotarsa decemlineata (Say). Once introduced, 
the effectiveness of insecticides changed the management of insect pests within 
agricultural production systems. Insecticides have become the management 
method of choice primarily because they are effective, are relatively 
inexpensive, and are easy to usc. Effective insecticide application results in 
insect mortality that is high and relatively rapid. However, most insecticides 
are not selective and have detrimental effects on non-target species, thus 
creating significant biological disturbances with potential environmental, social 
and political costs. 

The evolving approach to effective insect pest management is based 
primarily on the reduction of insect pest population densities below economic 
levels and not the elimination or eradication of the pest from the crop 
production system. It is imperative that the control strategy, 01' strategies, used 
to regulate pest populations be based on a cost-benefit analysis for that crop 
production system and the pest being manipulated. This analysis includes the 
variable value of the crop, pest and beneficial insect population dynamics and 
the social-political costs of control implementation. The development and 
implementation of effective pest management strategies relies on accurately 
defined economic injury levels (ElL) and economic thresholds (ET) for that pest, 
developing relevant monitoring and management procedures and providing a 
means for practical implementation of the control program within the crop 
production system. The ElL is the level of pest density at which crop loss equals 
the cost of control, while the ET is the level of pest density which, if not 
controlled, will exceed the ElL. The ET requires prediction of probable pest 
density changes and the damage caused by those insect densities. All major 
components of pest population regulation and "natural fluctuation" should be 
considered, including climatic factors (i.e., temperature, moisture, wind), 
natural enemy complex, crop phenology, crop loss assessment and economics of 
management implementation. The concepts of ElL and ET are dependent on 
the ability to accurately determine pest density at any given point in time, 
predict changes over time and assess the impact of that pest density on crop 
damage at defined crop developmental stages. The reliability of predictions of 
population dynamics are often dependent on the spatial resolution of the 
information used to generate the prediction. Limitations in pest predictions 
may be caused by a simplistic unidimensional research approach, where 
information is derived from a specific insectlhost interaction (i. e., a single plant 
and single insect or small groups of insects). This simplistic insect/plant 
interaction does not include the complexity of the interactions among plants, 
pest species, beneficial species, insect populations interacting both in space and 
time, and adjacent host plants competing for space and nutrients. 

Continued improvements in pest management, or manipulation of pest 
populations below ET, will require an understanding of basic theoreticaJ and 
biological concepts related to pest management method selection and their 
interactions within the crop production system. An understanding of these 
concepts includes the spatial, as well as temporal, variation in pest population 
dynamics that will greatly improve predictability, reliability and understanding 
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of the pest population dynamics (both spatial and temporal) within the complex 
interactive biological processes found in the crop production system. More 
detailed consideration of the basic biology of the pest species and interactive 
biological processes within the crop production system will improve 
predictability of pest population manipulation using different management 
methods and combinations of management methods. Consideration should also 
be given to the interactions between and among pest management strategies 
(e. g" plant resistance, insecticide control, biological control, and cultural 
control) within the crop production system. The compatibility of a specific type 
of plant resistance with other pest management methods will vary and these 
variations need to be assessed. 

Painter (1951) formalized the selection process of plant resistance by 
defining the general mechanisms of insect resistance as antibiosis, 
non preference or antixenosis (Kogan and Ortman 1978), and tolerance. 
Antibiosis is a property of the plant that directly or indirectly affects the pests' 
biology (survival, growth, development rate or fecundity). Antixenosis describes 
the pests' reaction to the plant as it is seeking food, shelter or an oviposition 
site where the plant is not a preferred host and is avoided or less colonized. 
Tolerance is the ability of the plant to show a reduced plant response 0. e., less 
yield loss) to pest feeding or damage within certain pest densities. However, 
mechanisms of resistance are not independent and should not be used as such 
in the evaluation of plants for resistance characteristics and their subsequent 
incorporation into a crop production system. Rather, mechanisms of resistance 
are a good first step to understanding how a host has modified a specific 
pesUplant interaction in time and space. The modified pest/plant interaction 
must then be evaluated as part of the complex interactive biological processes 
that create the pest population regulation in the crop production system. This 
evaluation needs to be done to determine the utility of the "resistant" host. The 
scale, the upper and/or lower limits of the biological process in space or time, 
must also be considered prior to the evaluation of resistance characteristics. For 
example, experimentation using host selection between a paired or small 
number of plants mayor may not be relevant to the host-selection process used 
by the insect pest within the crop production system. Also, the host-finding 
behavior within a 24-h period may prove to be trivial when placed within the 
crop production temporal scale of a growing season. 

Effective integration of pest management strategies requires an 
understanding of the interaction of all effective management methods used to 
manipulate pest population densities within the crop production system. The 
objective of this paper is to discuss the interaction (i.e., both theoretical and 
experimental) of plant resistance and the mechanisms of resistance with other 
pest population regulation methods in the development of effective integrated 
pest management strategies. Additionally, the need to approach the crop 
production system and integrated pest management from a multidimensional 
(holistic), rather than unidimensional (reductionist), research approach will be 
considered. 
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Integration of Plant Resistance and Other Control Methods 

Effective integration of pest management control procedures into a crop 
production system requires an understanding of the interactions between 
management methods used to manipulate pest populations within a given crop 
production system. These interactions, and the biological processes that create 
the interactions, arc modified when hosts express different mechanisms of 
resistance (altered insectJhost plant interactions). This is because the nature of 
the insect/plant interaction may change and may alter the effectiveness of other 
control methods. 

Plant resistance and insecticide control interactions. Plant resistance 
and the use of insecticides can either be independent, synergistic or 
antagonistic because of the possible enhancement or reduction of insect 
susceptibility to the other method. For example, plant antibiosis may reduce 
the body size of the insect pest. Because toxicity of an insecticide is often a 
function of body weight, a lower concentration of insecticide may be needed on a 
resistant cultivar compared with a susceptible cultivar. Several researchers 
have reported enhanced susceptibility to insecticides on resistant and partially 
resistant cultivars that reduced the amount of pesticide required for effective 
control (Selander et al. 1972, Maid 1977, Raman 1977, Attah 1984). However, 
the allelochemical gossypol, from resistant cotton, increases the N-demethylase 
enzyme in the cotton leafworm, Alabama argillacea (Hubner), which detoxifies 
insecticides (El-Sebae et al. 1981). Resistant plants can alter insect distribution 
either within fields, or on plants, causing insecticides to be less effective. 
Insecticides may select for insect pest populations that are less susceptible to 
resistant cultivars (cross selection or resistance). Insecticides can alter the 
distribution of pests, potentially reducing the ability of resistant cultivars to 
withstand pest pressure (i.e., insecticides may alter the host selection process of 
insects or insect movement behavior). The effective utilization of either 
management method within a crop production system requires that the nature 
of the interaction he understood (either independent, synergistic or 
antagonistic) prior to incorporation into the crop production system to prevent 
costly and counterproductive pest management strategies from being 
recommended. 

Plant resistance and biological control interactions. Plant resistance 
and the use of biological agents can either be independent, synergistic or 
antagonistic because either management method may enhance, reduce or not 
affect the effectiveness of the other method. Plant tolerance does not inhibit 
pest population growth, but tolerant plants can harbor higher pest population 
densities or aggregations. Wiseman et al. (1972) and Hudon et al. (1979) 
reported greater larval populations of the corn earworm, Helicouerpa zea 
(Boddie), and European corn borer, Ostrinia llubilalisJ Hubner, on tolerant corn 
with increased yield on tolerant corn than susceptible corn. Increased 
aggregation is usually beneficial to predators and parasitoids seeking hosts if 
they can locate these highly localized populations without increasing search 
time. For those "specialist" predators and parasitoids that do not experience 
greatly increased host search times, a greater suppression of pest populations 
by biological control agents would be expected resulting in a synergistic 
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interaction between the management methods. However, if predators or 
parasitoids experience increased host searching times on tolerant cultivars, 
then plant tolerance could reduce the effectiveness of biological control agents, 
particularly if biological contTol agents playa significant role in pest population 
regulation. Plant antixenosis usually alters pest population distribution 
because insect movement is increased and the degree of aggregation is reduced. 
The effectiveness of "specialist" predators and parasitoids can be increased if 
natural enemies use plant damage to locate high densities of the pest (Bloem 
and Yeargan 1982, Dicke and Dijkman 1992). The host-finding behavior of 
Patasson lameerei Debauche, a parasitoid of Silana eggs, showed positive 
responses to chewed or damaged alfalfa and red clover plants (Bloem and 
Yeargan 1982). Altered distribution of the pest population can reduce 
population densities on an individual plant below densities required to hold 
predators and attract parasitoids and reduce plant damage. Pest reductions to 
this level can reduce the effectiveness of "specialist" predators and parasitoids 
that use plant damage to locate high densities of the pest. The reduced degree 
of aggregation and increased insect movement may increase the effectiveness of 
"generalist" predators and parasitoids that do not cue in on plant damage or 
require high pest densities to induce oviposition or to stop searching behavior. 
As the degree of aggregation is reduced and insect movement is increased 
(assuming non-directed movement)) pest population distributions should tend 
toward a random, and eventually unifonn) spatial distribution. As the spatial 
distribution approaches a uniform distribution, the non-directed searching 
behavior of "generalist' predators and parasitoids approaches the minimum 
time required to locate the prey, thereby, maximizing searching efficiency and 
effectiveness of the biological control agent. Behavior patterns of the boll 
weevil, An-thonomus grandis gran-dis Boheman, are disrupted on frega bract 
cotton, resulting in abnormal wandering activity and thus increase the 
probability of contact with natural enemies that contribute to the reduction of 
pest populations (Pathak 1970, Mitchell et aJ. 1973). Low concentrations of 
mustard oil, allyl isothiocynate, that are feeding stimulants for the cabbage 
aphid, Breuicoryne brassicae (L.), in resistant cole crops are also primary host
finding cues for the parasitoid Diaeretiella rapae McIntosh (Read et aJ. 1970). 
Andow and Rosset (1990) and Read et aJ. (1970) reported lower D. rapae 
parasitism on resistant cole crop varieties with low concentrations of mustard 
oils. Plant allelochemicals can have a direct detrimental effect on predators and 
parasitoids. SaIto et aJ. (1983) and Campbell et aJ. (1990) reported antibiosis 
was detrimental to the third trophic level (parasitoids). The ability of Pediobius 
foueolatus Crawford against the Mexican bean beetle) Epilachna uariuestis 
Mulsant. was reduced on a resistant soybean genotype (Kauffman and Flanders 
1985). Because plant allelochemicals can reduce pest size or pests can sequester 
toxic plant alleochemicals, there can be direct impacts on natural enemy 
etTectiveness and survivorship. Starks et al. (1972) found that parasitism by the 
parasitoid Lysiphlebus testaceipes (Cresson) reduced greenbug, Schizaphis 
graminum (Rondanil, populations on resistant sorghum more than on 
susceptible plants or resistant sorghum without parasitism. Campbell and 
Dufl'y (1979) reported that high levels of tomatine in tomato varieties reduced 
tomato hornworm) Manduca quinquemaculata (Haworth), feeding but also 
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adversely affected its parasitoid, Hyposerler exgae (Viereck). Therefore, the 
resistant trait resulted in greater tomato hornworm damage. Reed et al. (1991) 
determined that resistant triticale lines with high levels of antibiosis affected 
the growth and development of the Russian wheat aphid, Diuraphis noxia 
(Mordvilko), and its parasitoid, Diaeretiella rapae, resulting in lower population 
densities of both species. Reed et al. (1992) also found that antibiosis in 
wheatgrass was detrimental to the Russian wheat aphid parasitoid population 
density. Nymphal growth rate of the predator Geocoris punctipes (Say) 
decreased and mortality of nymphs increased when fed velvetbean caterpillar, 
Anticarsia gemmatalis HUbner, reared on resistant soybean genotypes (Rogers 
and Sullivan 1986). Conversely, there was no detrimental impact on parasitoids 
and predators when feeding on pea aphid. Acyrthosiphon pisum (Harris), reared 
on resistant alfalfa cultivars, even though pea aphid populations were lower on 
resistant cultivars than on susceptible cultivar (Pimental and Wheeler 1973). 
Karner and Manglitz (1985) did not find any detrimental effect on the 
convergent lady beetle, Hippodam,ia convergens Gucrin-Meneville, larval 
development or of the rate of consumption of pea aphid on resistant alfalfa. 

Plant resistance and microbial control interactions. Plant tolerance 
may allow for increased pest density and is usually thought to be beneficial to 
the development and maintenance of pathogen epidemics (Knudsen et al. 1993). 
When antixenosis alters pest population distribution by increasing movement 
and reducing aggregation, microbial control can be reduced. Moderate increases 
in pest movement can improve the spread and effectiveness of pathogens as 
long as environmental conditions for epidemics are present (Knudsen and 
Schotzko 1991). However, reduced aggregation of the pest population may 
decrease the effectiveness of pathogens by lowering densities below the level 
necessary for epidemic development. Plant antibiosis is thought to have no 
effect on pathogen effectiveness. However, if pest population distribution is 
changed on antibiotic plants the development and maintenance of pathogen 
epidemics may also change. Enhanced susceptibility to Bacillus thuringiensis 
Berliner by the corn earworm and to Nomuraea rileyi by velvetbean caterpillar 
has been reported on resistant soybean genotypes because of the synergistic 
affect between plant antibiosis and pathogen effectiveness (Bell 1978). The 
smaller size of an insect on resistant cultivars suggests stress that may 
enhance susceptibility to infection by pathogens (Van Emden 1990). Greater 
restlessness of aphids observed on resistant cultivars (Starks and Burton 1977) 
might also increase their contact with pathogens (Van Emden 1990). 

Plant resistance and cultura.l control interactions. As long as cultural control 
methods are applied to a crop production system before an insect pest 
population intel'acts with the crop and do not modify the host quality or 
physical environment of the crop production system, it should be independent of 
the affects of plant resistance. Burton et a1. (1990) showed effective control of 
the greenbug S. graminum, when no tillage, a resistant sorghum hybrid and 
later planting dates were used in combination. Harvey and Thompson (1988) 
reported increased plant density in combination with resistant sorghum were 
also effective in reducing greenbug populations. Heinrichs et al. (1986) reported 
significantly lower Nilaparuata lugens (StAll (Delphacidae) populations on early 
maturing rice compared with mid-season maturing rice. If cultural control 
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methods affect plant quality, the ability of the plant to tolerate insect damage 
may be affected. The effects of cultural control and plant antixenosis may 
influence pest movement further reducing population densities. Newsom et a1. 
(1975) showed that a cowpea trap crop planted prior and adjacent to soybean was 
effective in concentrating populations of the southern green stink bug, Nezara 
uiridula (L.), and thus could be controlled with insecticides. Nentwig (1988) found 
an increase in the ratio of predacious and parasitic species to pest species by 
using strip-management (small unrnown strips alternating with broad mown 
strips) and thus an increase in pressure of natural enemies on pest populations. 

Integration Among Plant Resistance and Alternate Control Methods 

Three way interactions provide a more realistic view of the crop production 
system, but require a more complex integration of the functional parts. Each 
mechanism of resistance may vary the affect of a given control method. but 
within each there can be significant variation on the affect, both in direction 
(positive or negative) and degree. A unidimensional research approach tends to 
consider simplistically the interaction between each trophic level 
independently. Recent literature (Schotzko and O'KeefTe 1989, Knudsen and 
Schotzko 1991, Schotzko and Smith 1991, Schotzko and Knudsen 1992) shows 
the significance of varying spatial dynamics making the reductionist 
unidimensional research approach of less value when the goal is to define 
interactions within a crop production system. 

Plant resistance, biological control and insecticide control 
interactions. Plant tolerance to a pest with a biologically important predator 
and parasitoid complex will require information on location of pest outbreaks 
and selective use of insecticides for pest population suppression. If pest 
populations are being suppressed below ET by biological control agents on a 
tolerant cultivar, broad spectrum insecticides should not be used because of the 
detrimental impact on predator and paras.itoid populations. In crop systems 
where predator and parasitoid populations are low or absent, chemical 
suppression of pest populations may be required. Antixenosis and antibiosis 
plant resistance can impact the effectiveness of predators and parasitoids and 
thus, the use of insecticides should be carefully assessed. Application of an 
insecticide may eliminate predator and parasitoid populations that may already 
be reduced due to plant resistance. Twice as much mortality of a leaf-galling 
sawfly, Pontan.ia sp., population on willow was caused by natural enemies than 
plant resistance (Clancy and Price 1989). 'Within the willow system, the use of a 
broad-spectrum insecticide would have eliminated the major population 
regulation factor (Le., natural enemies), potentially increasing the probability of 
outbreak of the leaf-galling sawfly even on resistant hosts. 

Plant resistance, biological control and cultll,ral control 
interactions. Plant tolerance and antibiosis should be compatible with 
pest population regulation by predators and parasitoids and cultural 
control methods. The effects of plant antixenosis on pest population 
development are potentially improved because cultural control tactics could 
reduce insect. mobility. If movement between plants is more difficult 
because of cultural control methods, then an antixenotic plant that 
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increases insect movement should produce a greater reduction in pest 
population density. 

Plant resistance, microbial control and insecticide control 
interactions. Although plant tolerance would allow for high localized pest 
population densities, the effectiveness of pathogens for the establishment and 
maintenance of epidemics may also be improved. A single insecticide 
application could eliminate the benefit of the plant resistance and microbial 
control tactics. Thus, the use of insecticide may be counterproductive in terms 
of effective overall reduction of the pest population and cost in crop production 
where plant resistance is used in conjunction with effective microbial 
population regulation. Generally, antixenosis and antibiosis would not enhance 
the control of a pest population by pathogens (as described in Plant resistance 
and microbial control interactions above). The addition of an insecticide to the 
system would tend to reduce pathogen effectiveness even more than the impact 
of plant antixenosis and antibiosis_ 

Plant resistance, microbial control and cultural control interactions. 
In a crop production system where pathogens have a significant impact on pest 
population densities, a combination of plant tolerance and cultural control 
methods could greatly improve population regulation by the pathogen. 
Antixenosis is generally considered to reduce the effectiveness of the pathogen 
when the degree of pest population aggregation is reduced because aggregation 
is necessary for the development of epidemics. Cultural control methods could 
improve the conditions for the effectiveness of pathogens, but without 
aggregation or limited aggregation of pest populations, the affect of the cultural 
control method on the effectiveness of pathogens could be limited. Because 
plant antibiosis is generally considered to have limited impact on pathogen 
epidemic development, the addition of a cultural control method could improve 
the effectiveness of the pathogen in the control of pest population densities. 

Integration of Control Methods in an Integrated
 
Pest Management System
 

Limited empirical information has been collected on the interactions among 
pest population management methods. It should be possible to manipulate the 
different management methods to more effectively regulate pest populations. 
The relative importance of these management methods will vary depending on 
the plants and pest and beneficial species present in the crop production 
system. 

Conclusions 

The integration of appropl-iate insect pest population management methods 
in a crop production system will improve pest control strategies that are 
currently being used. A strong crop production systems perspective is necessary 
in the development of integrated pest management strategies. Research efforts 
need to focus on basic biological interactions within pest and beneficial 
insect/plant communities. Defining these interactions involves evaluating host 
selection at the appropriate spatial and temporal scale and using this 
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information to test and develop resistant cultivars. The mechanism of plant 
resistance should be selected on the basis of what fits the pest management 
program that exists within a specific crop production system. There should be a 
strong commitment to integrate all available effective control methods into the 
system to manage pest populations below ET, but interactions between and 
among control methods must be understood to maximize pest control strategies. 
Scientists must begin to consider the crop production system, not only from a 
unidimensional research approach, but also from a multidimensional research 
approach. A multidimensional research approach incorporates biological 
processes including the use of appropriate spatial and temporal scales, whereas 
the unidimensional approach only measures a specific insectlhost interaction (a 
single plant with a single or small group of insects) ignoring the dynamics of 
"between plant and insect" interactions. Because reliability of population 
predictions are dependent on spatial and temporal reliability, limitations of 
pest models may be caused by the simplicity of the unidimensional research on 
which the model is based. The unidimensional approach cannot accurately 
assess the dynamics of the complex interactions within a community because 
these interactions vary in time and space and the pest population grows and 
nears economic population densities and host plants vary in maturity. The use 
of a multidimensional research approach (metapopulation dynamics) involves 
groups of interactive populations within defined spatial/temporal scales using 
biological processes of pest and beneficial species and host plants. 
Understanding insect spatial/temporal scales is critical for accurate 
determination and prediction of localized movement and population 
development (Binns and Nyrop 1992). Insects and their food sources are rarely 
distributed uniformly over space or time, but instead are usually found in 
different degrees of aggregation. Knowledge of localized pest population 
dynamics is essential for the characterization of outbreak versus non-outbreak 
pest populations and regulation of population Ouctuations. Certainly, the 
spatial distribution of insect pests affects the spatial dynamics of their natural 
enemies (i.e., Nacman 1987, Nyrop 1988, Reeve 1988, Sabelis and Diekmann 
1988). The data derived from a multidimensional research approach will better 
elucidate pestlbeneficial species interactions with plant resistance and 
alternate control methods. This information will improve the development of 
more effective and environmentally sound crop pest management programs. 
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Beet Armyworm Resistance to Fenvalerate and Methomyl:
 
Resistance Variation and Insecticide Synergism I
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P. O. Box 3354, Laramie, WY 82071 USA 

J. j\gric. Entomol. 11(4): 291·300 (October 199'1) 

ABSTRACT Beet armyworm, Spodoptera exiguG (Hilbner), strains, 
originating from field-collected populations resistant to fenvalcrate and 
methomyl, were selected with these insecticides in the laboratory. Resistance 
increased to the insecticide used as the selecting agent. The fen valerate 
resistance ratio increased from 7.7 to 47.6, and the methomyl resistance 
ratio increased from 4.2 to 21.8. Selection with one of these insecticides did 
not increase resistance to the other insecticide. Resistance did not decrease 
to levels of the corresponding control populations with the same original 
resistance backgrounds that were not selected with either insecticide in tbe 
laboratory. The fenvalerate resistance ratio of a methomyl·resistant 
population (selected with methomyl in the laboratory and previously exposed 
to fenvalerate and methomyl in the field) was not as great as the fenvalerate· 
resistant population, but did not decrease to the levels of the control 
population. 'The trend was similar whcn a fen valerate-resistant population 
was tested for susceptibility to methomyl and compared with a control 
population. 'The fcnvalerate-resistant, mcthomyl-resistant, and control 
populations were exposed to the synergists piperonyl butoxide and 8,8,8
tributyl phosphorotrithioate. Esterases were implicated as onc causal 
mechanism of resistance to fenvaJerate. but a notable part of fen valerate 
resistance was unexplained. There was no indication that these synergists 
blocked methomyl resistance. An overlap in resistance activity among 
multiple insecticides, as displayed in beet armyworm resistance to 
fenvalerate and methomyl, should be considered when switching inseclicides 
for control of beet m·myworm. 

KEY WORDS Spodoplera exigua, Lepidoptera, Noctuidae, fcnvalerate, 
methomyl, insecticide synergism 

Beet annyworm, Spodoptera exigua (HUbner), feeds on many cultivated hosts 
including tomato, cotton, celery, lettuce, and alfalfa (Metcalf & Flint 1962). On 
these hosts, it is exposed to a broad an·ay of insecticides (Trumble 1990) that vary 
in rates of use and toxicological activity. In addition, beet armyworm is highly 
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mobile (Mitchell 1979) and may be found on weedy hosts in uncultivated 
areas where insecticides are not used. The dynamics of beet armyworm 
biology and the different insecticides used in its control result in a high 
degree of variation in the exposure and response of beet armyworm to 
insecticides. Beet armyworm resistance to the carbamate methomyl (Meinke 
& Ware 1978, Brewer & Trumble 1989) and the pyrethroid fenvalerate 
(Chaufaux & Ferron 1986, Brewer & Trumble 1989) is variable in time, 
space, and homogeneity of resistance among populations (Brewer et al. 
1990). It is therefore difficult to assign a cause to beet armyworm resistance 
to fen valerate and methomyl. When 33 beet armyworm populations from 
nine geographic regions were monitored, fenvalerate resistance was 
positively correlated with frequency of use of fenvalerate and methomyl, but 
methomyl resistance was not correlated with use of either insecticide 
(Brewer et al. 1990). These biological and operational factors are complex 
and likely interacting (Georghiou & Taylor 1977a, 1977b) and may explain 
the resistance variation among populations. 

Controlled resistance spectrum and insecticide synergism studies may 
assist in discerning the action of individual selecting agents. The resistance 
spectrum of two beet armyworm populations differing in susceptibility to 
fenvalel'ate and methomyl were compared with a susceptible population 
before and after further selection with the insecticides in the laboratory. 
The resistant and susceptible populations were then exposed to insecticide
synergist combinations to assist in explaining the pattern of resistance 
activity and to help devise better insecticide use strategies. 

Materials and Methods 

Insect Populations. A susceptible strain was maintained on artificial 
diet in the laboratory without exposure to insecticides since its 
establishment from collections made in Orange County, CA, in 1982. 
Rearing conditions were those described by Brewer & Trumble (1989). The 
Orange County strain was used as the susceptible population in all tests. 

Two laboratory strains originating from field populations were selected for 
enhanced levels of resistance. One strain was selected with fen valerate and 
the other with methomyl. The strain selected with fen valerate originated 
from 20 egg masses found on tomato collected in September, 1987, near 
Colonia Guerrero, Baja California Norte (Mexico). A fenvalerate resistance 
ratio of 12 measured at the LC 50 was documented in the wild population 
using an adult susceptibility test. A methomyl resistance ratio of 5.6 was 
detected for the same population (Brewer et al. 1990). Fenvaleratc resistance 
of this population was increased through selection of larvae with fen valerate. 
Beginning with the first laboratory generation (F]), the strain was exposed 
to selection pressure through 19 generations by topically applying 
fenvalerate (94%; E.!. du Pont de Nemours & Company, Wilmington, Del.) 
diluted in acetone to third instar larvae. An Arnold (Type LV 65) 
microapplicator (Burkard, Rickmansworth, Herts, England) was used to 
deliver 0.5-I-.d droplets to the thoracic dorsum of each of at least 660 larvae 
per generation. The application method was the same in all subsequent 
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tests. Selection pressure was increased in increments from 0.10 ~g per F 1 
larva to 3.20 ~g per F I9 larva. Mortality ranged from 45 to 85 percent; 
survivors were used to establish subsequent generations. Based on 
comparison with the susceptible population. the fen valerate resistance ratio 
at the LD50 at the F, and F20 generation was 7.7 and 64.2, respectively, 
using a larval susceptibility test (Brewer et al. 1990). Selections were not 
conducted for generations 20 and 21. At generation 22, resistance was not 
different than the 20th generation. Before the use of any subsequent 
generation in resistance spectrum or synergism experiments, this 
fen valerate-resistant population (Fen-R) was selected (3.20 pg per larva) in 
the generation preceding a test. A control population (Fen~C) derived from 
the same parent population was maintained without exposure to the 
selection regime. 

The methomyl-resistant population was derived similarly. The laboratory 
strain originated from eight egg masses and approximated 50 larvae 
collected on lettuce located near Bakersrield, Kern County, CA, August. 
1987. For the wild population, a methomyl resistance ratio of 19 and a 
fen valerate resistance ratio of 6.0 at the LCso was detected using an adult 
susceptibility test (Brewer et al. 1990). Methomyl resistance or this 
population was increased through selection of larvae using methomyl (98%; 
du Pont). The selection pressure was increased in increments from 4.0 J..Ig per 
F, larva to 37.8 l1g per Fig larva. MortaliLY ranged rrom 45 to 90 percent. 
Based on comparison with the susceptible population, the methomyl 
resistance ratio at the LDso at the F) and F 20 generation was 4.2 and 22.7, 
respectively, using a larval susceptibility test (Brewer et aJ. 1990). Before 
the use of any subsequent generation in resistance spectrum or synergism 
experiments, this methomyl·resistant population (Met-R) was selected 08.9 
Ilg per larva) in the preceding generation. A control population (Met-C) 
derived from the same parent population was maintained without exposure 
to the selection regime. 

Resistance Spectrum. The Fen-R, Met-R, Fen-C, Met-C and susceptible 
populations were tested for susceptibility to fenvalerate and methomyl. Six 
to 11 concentrations of each insecticide were applied separately to 20 ~ 30 
third instal'S of each population. Larval weights ranged from 3.00 to 5.00 mg, 
and larvae were randomly assigned to each insecticide concentration. 
Bioassays using each insecticide were repeated three times on different days 
for each population. After exposure, larvae were held in 210-ml ice cream 
cups filled with 65 ml of artificial diet. The temperature and light conditions 
were 27 ± rc and 16:8 L:D. Mortality was recorded 24 h after application. A 
larva was considered dead if it remained immobile for 15 sec after being 
turned on its dorsum. Combined mortality (24 h) data for the three replicates 
were analyzed with probit regression (LeOra Software 1987). The mean 
larval weight was used to calculate the LD tiO and its fiducial limits in ~g 

insecticide per g body weight. Resistance ratios \-vere calculated as (LD50 of 
the resistant population) + (LD50 of the susceptible population). 

Synergism. The synergists used were piperonyl butoxide (PB) (90~95%, 

ChemService, West Chester, PAl and S,S,S-tributyl phosphoroLrithioate 
(TBPT) (86%, ChemService). PB is an inhibitor of monooxygenases 



294 J. Agric. Entomol. Vol. 11, No.4 (1994) 

(Wilkinson 1976), and TBPT is a general esterase inhibitor (Jao and Casida 
1974). Monooxygenases and esterases have been implicated in pyrethroid 
and carbamate resistance (Soderlund et al. 1983, and Kuhr and Dorough 
1976). Concentrations of 0.5 and 2.0 ~g/~l of PB and TBPT, respectively, 
were prepared by diluting each synergist in acetone and were applied to 
third instars in O.5 J-ll droplets. These were maximal sublethalM 

concentrations that were selected from a preliminary test using a series of 
five concentrations of each synergist (0.5,1.0,2.0,5.0, and 10.0 ~g/~\). 

The effect of each synergist on fenvalerate resistance was tested by 
applying renvalerate to larvae of the Fen-R and susceptible populations 2 h 
after exposure to PB or TBPT. Similarly, methomy] was applied to larvae of 
the Met-R and susceptible populations 2 h after exposure to PB or TBPT. 
Six or seven insecticide concentrations and a solvent-only control were used 
in combination with each synergist. Bioassays without synergists also were 
conducted. Bioassays were repeated two or three times. The number of 
larvae tested, incubation, mortality scoring, and analysis procedures were 
the same as in the resistance spectrum tests. Resistance ratios were 
calculated after probit analysis. Synergism ratios were calculated as (LDso of 
the insecticide alone) .;.. (LDso of the insecticide-synergist combination). 
Relative percent synergism of x (R%Sfx]), where x is the Fen-R, Met-R, or 
susceptible population, was calculated (Brindley and Selim 1984) and 
expressed in the form 

R%S(x) ~ 100 loglsynergisrn ratio of x) 

logf(synergism ratio, susceptible population) (resistance ratio, unsynergized x)] 

If R%S(rcsistant population) > R%S(susceptible population), then synergism 
in the resistant population would be attributable to blocking resistance. 

Results and Discussion 

Resistance Spectrum. Resistance to fen valerate increased when 
I'envalerate was used as the selecting agent, and fenvalel'ate resistance 
declined when a population previously exposed to fen valerate and methomyl 
was removed from selection pressure. The fenvalerate resistance ratio of the 
F'en-R population (selected with fenvalerate) and Fen-C population (not 
selected) was 47.6 and 1.5, respectively. The parent of both these 
populations, at least 22 generations prior to these tests, had a fenvalel'ate 
resistance ratio of 7,7 (Brewer et al. 1990). Selection with ffmvalcrate did not 
increase resistance to methomyl but appeared to prevent the Fen-R 
population from decreasing in methomyl resistance at the same rate as the 
Fen-C population, although the 95% fiducial limits of the LD50 overlapped 
(Table 1), Similat'iy, the fenvalerate resistance ratio of the Met-R population 
(selected with methomyl) ,>.,'as not as great as the Fen-R population (7.1 and 
47.6, respectively), but did not decrease to levels of the Met-C population 
(95% fiducial limits of the LD50 did not overlap; Table 1). 



BHEWER & TRUMBLE: Beet Armyworm Resistance to Insecticides 295 

Table 1.	 Toxicity of fen valerate and methomyl to beet armyworm 
populations. 

Population nG % ell Slope ± SEc LD50" R' 

fenvaJerate exposure 

Susceptible 480 0.0 1.98 ± 0.17 4.8 (4.1- 5.8) 

Fen-R 363 0.0 1.62 ± 0.16 230 (98 - 412) 47.6 

Met-R 419 0.0 2.33 ± 0.19 34.4 (27.4 - 43.8) 7.1 

Fen-C 517 0.0 1.35 ± 0.12 7.3 (3.00 - 13.1) 1.5 

Met-C 483 0.0 1.95 ± 0.16 6.3 (2.2 . 13.3) 1.3 

methomyl exposure 

Susceptible 536 0.0 0.81 ± 0.082 81.5 (45.6-129) 

Fen·R 429 0.0 0.89 ± 0.087 141 (74.2-236) 1.7 

Met-R 611 0.0 1.10 ± 0.083 1,773 (1,245-2,501) 21.8 

Fen-C 470 0.0 0.91 ± 0.091 105 (68.8 - 215) 1.3 

Met-C 469 0.0 1.14 ± 0.10 1,049 (703 - 1,618) 12.9 

II n, number of larvae exposed to insecticide.
 
b % C, percent control mortality.
 
C Slope ± SE, slope of the probit regression line ± lhe standard erJ'OI'.
 
d LOw. point estimate of LD;;o in Ilg insecticide per g body weight £95% fiducial limits).
 
e R, resistance ratio", (LOr,o of resistant populaLionl + (LDr,u of susceptible populaLionl.
 

The trend was similar when populations selected and not selected with 
methomyl were tested for susceptibility to methomyl and fenvalerate. The 
methomyl resistance ratios of the Met-R and Met-C populations were 21.8 
and 12.6, respectively. The parent of both these populations had a methomyl 
resistance ratio of 4.2 (Brewer et a1. 1990). The meihomyl resistance ratio of 
the Fen·R population was not as great as the Met-R population (1. 7 and 21.8, 
respectively). Selection with methomyl maintained fenvalerate resistance at 
higher levels in the Met-R population than when no selection pressure was 
applied to the 'Met-C population (Table O. Multiple resistance, cross 
resistance, or both may be l'esponsible for the initial evolution of resistance 
to these insecticides. But once resistance was evolved to these insecticides, 
resistance spectrum tests indicated that there was an overlap in fenvalerate 
and methomyl resistance activity. 

Synergism. Fenvalerate was synergized with PB and TBPT in the 
susceptible and Fen-R populations (Table 2). Monooxygenases were not 
implicated as a cause of resistance because relative percent synergism of 
fenvalerate in the Fen-R population did not exceed that of the susceptible 
population (R%S[Fen-R] < R%S[susceptible]) when the two populations were 
exposed to PB and fen valerate Crable 2). In contrast, relative percent 



Table 2.	 Response of susceptible and fenvalerate·resistant populations of beet armyworm when exposed to the 
insecticide fenvalerate and the synergists piperonyl butoxide (PB) and S,S,S . tributyl phos· 
phorotrithioate (TBPT). 

susceptible	 fen valerate-resistant 

Treatment nO %Cb Slope± SEc LDsOd S' R'kS8 n %C Slope± SE LDSO S Rf R%S 

Fenvalerate 335 0.0 1.57± 0.17 3.33 (1.90-6.43) 389 0.0 2.21 ± 0.19 388 (329-460) 116.3 

PB+Fenvlllerate 240 .0 1.90 ± 0.36 0.23 CO.041-0.42) 14.3 35.9 484 0.0 1.28 ± 0.11 42.9 C:n.0-61.9) 9.1 184.1 29.8 

TBPT+F n"aIerate 240 3.0 1.4 :!: 0.21 2.86 (1.33-5.00) 1.2 3.7 317 7.0 I.B _ 0.22 214 (78.6-443) 1. 74.8 11.9 

a n. number oflarvae exposed to the treatment.
 
b ~ C. percent control mortality.
 
c Slope ± SE, slope of the probit regression line ± the standurd error.
 
dLDso• point estimate ofLD50 in Ilg insecticide per g body weight (95<;;; fiduci"lljrniL~). 

• S. synergist ratio =CLDSO ofunsyncrgized treatment) or CLDSO of ynergized treatment).
 

f R, resistance ratio = (LDso nf resistant population! + CLD50 of susceptible population). ......
 
...... 

8 R%S(x). relative percent synergism ratio of.xc = 1001log(S ofx)]I[log(S of susceptible) (R of uru;ynergized treatment»). where x is the susceptible or re istant 
population. 
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synergism on the Fen-R population did exceed that of the susceptible 
population when the two populations were exposed to TBPT and fen valerate 
(Table 2). Therefore, esterases were implicated as one mechanism of 
resistance to fen valerate. Delorme et a1. (1988) reported that esterases were 
involved in the metabolism of deltamethrin (also an a-cyano 3
phenoxybenzyl ester) in a resistant Guatemalan population of beet 
armyworm. Similarly, our data suggest the involvement of esterases in 
pyrethroid resistance. Alternative mechanisms may also be involved. A 
notable part of the fen valerate resistance was unexplained using these 
synergists; the resistance ratio remained high for the PB+fenvalerate and 
TBPT+fenvalerate treatments (Table 2). Campanhola & Plapp (1989) 
concluded that target site insensitivity was a mechanism of pyrethroid 
resistance in adults and larvae of another noctuid, Heliothis virescens (F.) 
and such non-metabolic mechanisms may be expressed in adults and larvae. 
Such studies are appropriate for beet armyworm because similar expression 
of fen valerate resistance has been found in adults and larvae (Brewer et a1. 
1990). 

Methomyl was synergized with PH and TBPT in the susceptible and Met
R populations (Table 3). Even though both PB and TBPT displayed 
synergistic activity, monooxygenases and esterases were not implicated as a 
cause of resistance because R%S(Met-R) < R%S(susceptible) when the two 
populations were exposed to PB+methomyl or TBPT+methomyl (Table 3). 
Resistance to methomyl appears to be related to other factors not considered 
here. 

Controlled resistance spectrum and insecticide synergism studies were 
helpful in analyzing the resistance spectrum of this pest. An overlap in 
fenvalerate and methomyl resistance activity was detected and should be 
considered when switching insecticides for control of beet armyworm 
populations that have been previously exposed to these insecticides. In part 
justified by these data and those documenting resistance in tomato pinworm, 
Kei(eria lycopersicella (Walsingham) (Lepidoptera: Gelechiidae) (Brewer et 
a1. 1993), growers in Sinaloa, Mexico, have adopted use of non-insecticidal 
control measures (e.g., biological control and pheromone confusion) and 
insecticides with modes of action differing from fen valerate and methomyl 
(e.g., Bacillus thuringiensis val'. hurstahi Berliner) (Trumble & Alvarado
Rodriguez 1993). 



Table 3.	 Response of susceptible and methomyl-resistant populations of beet armyworm when exposed to the 
insecticide methomyl and the synergists piperonyl butoxide (PB) and S,S,S - tributyl phos
phorotrithioate (TBPT). 

susceptible	 methomyl-resistant 

Treatment nU % Cb Slope ± SEc LD50d So R%Sg n %C Slope± SE LOGO S R( R%S 

MethomyJ 620 2.0 0.85 ± 0.081 49.4 (31.1-71.6) 330 0.0 1.07 ± 0.073 1,878 (4,938-8,195) 38.0 

PB+Methomyl 681 1.8 0.64 ± 0.073 1.63 (0.45-5.34) 30.3 48.4 423 1.7 0.93 ±0.12 255 (57.5-596) 7.4 156 28.4 

TBPT+Methomyl 633 0.0 0.53 ± 0.079 2.68 (0.13-7.56) 18.4 44.5 469 1.9 0.88 ± 0.12 126 (5.29-326) 14.9 47.0 41.2 

Un, number oflarvae exposed to the treatment. 
b % C, percent control mortality. 
c Slope ± SE, slope of the probit regression line ± the standard error. 
d LOso, point estimate of LOso in ~lg insecticide per g body weight (95% fiducial limits). 
C S, synergist ratio = (LDso of unsynergized treatment) + ( LDso of synergized treatment). 

fR, resistance ratio = (LOsO of resistant population) + (LOGO of susceptible population).	 ...... 
......

gR%S(x), relative percent synergism ,'atio ofx = lOO[log(S ofx)]/Ilog(S of susceptible) (R ofunsynergized treatment)], where x is the susceptible or resistant 
population. 
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ABSTRACT For the last hall'.decade or longer, apple producers in the 
Hudson Valley region of NY perceived the white apple leafhopper, 
Typhlocyba pomaria McAtee, to be an increasingly damaging pesl. We 
discovered that the rose leafltoppcr, Edwardsiana rosae (LJ. was also 
prevalent in Hudson Valley apple orchards and that it contributed much to 
the obsen'ed damage. During 1992 and 1993, leafhopper adults and nymphs 
were monitored on 'Golden Delicious' apple and on norabunda rose, Rosa 
multiflora, Thunb. We found that second generation nymphs of white apple 
leafhopper and "ose leaOlopper occur almost. simultaneously on apple trees. 
Although not all Hudson Valley orchards are subject to rose leafhopper 
infestations, the occurrence of this pest in concert ..... it.h whit.e apple 
leafhopper. increases t.he likelihood that action thresholds will be exceeded. 
We feel that Oorabundn rose, the predominant rose Icafhopper overwintering 
host that is Widely distributed throughout the region, is integral to 
infestations of apple by t.his species. A vacuum dcvice designed for the 
quantitative sampling of adult leafhoppers is described. 

KEY WORDS l-lamoptcra, Cicadellidae, apple, rose leaOlOppcr, white apple 
leaO,opper, norabunda rose, vacuum sampler, seasonal occurrcnce 

Damage to apple caused by mesophyU-feeding lealhoppe.-s may include stippling 
or chlorosis of leaves, and the spotting of fruit by the excrement of nymphs and 
adults. The white apple leaOlOpper (WALH), Typhlocyba pomaria McAtee, has been 
the primary indigenous leafhopper pest of apple, A1alus domeslica Borkh., grO\vn in 
New York. Over the past few years. many Hudson Valley orchardists noted that 
leafhoppers have become more damaging throughout a greater portion of the 
growing season. Because such observations tend to promote additional applications 
of insecticides that are both costly and often disruptive to natural enemies in IPM 

Homoptera: Cicrrdelliduc. 
2 Accepted for publication 11 Augu~t 1994. 
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programs, we initiated studies concerning possible changes in WALH habit 
or occurrence that 'would justify a revision of management strategies. Early 
in these investigations, we discovered that the rose leafhopper (RLH), 
Edwa.rdsiana rosae (L.), was present and indeed a pest in some Hudson 
Valley orchards. 

Although the early literature revealed some confusion by many workers 
regarding the identification and separation of RLH and other species 
affecting apple (Childs 1918, Lathrop 1918, Ball 1924), the situation was 
clarified when WALH was described by McAtee (1926). Shortly afterwards, 
DeLong (1931) provided keys and described several male morphological 
features of both species. Beirne (1956) later described the shape of the 
seventh abdominal segment providing a distinguishing female character for 
each species. 

Even though RLH \vas found to be a pest of Northeast apple as early as 
the turn of the century, (Parrott 1909) and Ball (1924) noted it as a serious 
pest of apple throughout the Northeast apple-growing region, reports of its 
occurrence ceased after Lathrop (1927) first discovered damage by the then 
recently described WALH in the Hudson Valley of NY. A report from 
Connecticut (Garman & Townsend 1936) concerning \VALH as a pest of 
apple did not mention RLH. Neither a report on leafhopper control in New 
York (Chapman et al. 1932), or the works on natural enemies of WALH in 
New York (Steiner 1936, 1938) hinted at the presence of any other species of 
leaf110pper as an apple pest. This suggests that either RLH ceased to be 
present in the study areas, or that the differences between WALH and RLH 
were no longer being detected. 

White apple leafhopper overwinters in the egg stage in the stems of apple, 
and it completes two generations exclusively on this host (Chapman et al. 
1932, Garman & Townsend 1936). Although RLH may have three 
generations per year in some areas (Muller 1956, Elsner & Beers 1988b), it is 
generally bivoltine (Lathrop 1927, Balas 1966). RLH overwinters as eggs 
predominantly within the canes of rose (Childs 1918). Spring generation 
(hereafter called first generation) nymphs complete five stadia on rose, and 
subsequently the adults of this generation emigrate to other hosts including 
apple (Ball 1924, Sm'inger 1989). The RLH has more recently been reported 
as a pest of apple in Europe (Sm'inger 1989, Lehmann 1973), Washington 
(Elsner & Beers 1988a), West Virginia <Hogmire & Winfield 1992) and New 
York (Straub 1993). The purpose of the research reported herein was to 
assess the relative occurrence and importance of RLH and \VALH in Hudson 
Valley orchards, with the primary objective being the assessment of Clinent 
leafl10pper management strategies. 

Materials and Methods 

The seasonal occurrences of \VALH and RLH were monitmoed in a 12 acre 
orchard at Cornell's Hudson Valley Laboratory in Highland, NY. Twelve 
year-old, untreated 'Golden Delicious/EMIl' were sampled twice-weekly 
starting in early April. Sampling ceased during early September. An 
extensive grove of florabunda rose, Rosa multiflora Thunb., located 
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approximately 100 m from the test orchard was monitored during the same 
time period. Florabunda rose is prevalent throughout the Hudson Valley and 
is presumed to be the primary overwintering and non-cultivated host of 
RLH. 

Because WALH and RLH adults appear identical, being distinguished 
only by characters of the genitalia, quantitative assessment is difficult. The 
task is further hampered because mobile adults are difficult to capture from 
foliage, specimens are difficult to identify by genital characters once 
entrapped in the glue of sticky-cards, and a sex attractant for neither species 
has been isolated. During 1992, adults were collected by aspirator from 
infested leaves but adequate numbers of specimens could not be captured 
using this method. During 1993, a vacuum device was constructed, which 
allowed for the efficient collection of high numbers from within the tree 
canopy (Fig. 1). The complete apparatus was transported on an available All
Terrain Vehicle, but could just as easily be utilized from the rear of the van 
or pick-up truck. The power source is a 1.6 horsepower Honda EM650 
generator (120 volts, 5.4 amps) (Honda Motor Company Inc., Moorestown, 
NJ) (Fig. 1, A). Vacuum is provided by a Dirt Devil Model 103 Hand Vac (2.0 
amps) <Royal Appliances Manufacturing Company, Cleveland, OH) equipped 
with aIm length Oexible suction hose (27 mm inside diameter) (Fig. 1, B). 
The dust bag serves no purpose and is removed. Attached to the distal end of 
the suction hose is a collector (Fig. 1, C), constructed as follows: (a) the 
bottom of a 473 ml Bel-Art polypropylene wide-mouth jar with scre\v-top lid 
(V\VR Scientific, Piscataway, NJ) is removed using a band-saw; (b) the large 
opening of a 82.5 mm wide (3.5 in. diameter at top) Nalgene polypropylene 
funnel (VWR Scientific, Piscataway, NJ) with neck removed, is fitted with 
fine-mesh No-See-Urn netting (Balson-Hercules Group Ltd., Providence, Rl) 
and affixed by hot-melt glue (Parker Manufacturing Company, Northboro, 
MAl; (c) a 473 ml (16 oz) clear-plastic soda bottle is cut in half (93 mm) using 
a band-saw, and the bottom half is discarded. The funnel with netting is 
inserted over the large opening of the soda bottle and hot-melt glued in 
place. The soda bottle/funnel, with the neck oriented to the outside, is 
inserted approximately 15 mm within the inside diameter of the Bel-Art jar 
and attached by a continuous bead of hot melt-glue. The entire collector is 
then joined to the vacuum apparatus by insertion of the 25 mm diameter 
soda bottle neck (d) into the suction hose. When sampling is completed, 
specimens are contained in the collector by affixing the jar lid (e). The 
collector can be removed for storage of specimens and another attached for 
continued sampling. The described generator provides sufficient power to 
facilitate the simultaneous operation of two vacuum collectors. 

Adults were collected by walking around the perimeter of the apple-tree or 
rose-bush and vacuuming as much exterior and interior foliage as possible 
during a 3 min. period. Collections were removed to the laboratory, dated 
and frozen for later examination. Subsequently, specimens were thawed at 
room temperature, cleared for 24 hr. in 10% (wtJvol) KOH solution, dissected 
under low-power magnification and separated by sex and species according 
to genital characters (Elsner & Beers 1988a) (Fig. 2). Males of the two 
species differ in aedeagal structure, part of which may be released within the 
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Fig. 1. Adult collecting apparatus. A, portable generator; B, hand-vac 
(extension cord may be added to increase range from generator); 
C, collector; a, Bel-Art jar; b, funnel with neck removed; c, one
hal f plastic soda-bottle, d, collector neck; e, screw-top lid. 

abdomen. Females differ in structure of the second valvula of the ovipositor, 
which may be partially concealed by the first and third valvulae. 

Nymphs were collected during 1992 and 1993 by excision of 50 or more 
infested leave per sample date, and removal to the laboratory. Specimens 
were separated to species by examination of dorsal thoracic setae using a 
binocular microscope (Elsner & Beers 1988a) (Fig. 3). The dorsal thoracic 
setae of RLH are not prominent during the first and second tadia, making 
determinations imprecise; data were therefore taken only on stadia three 
through five. Specimens were segregated to instar as pel' the morphological 
de criptions of Childs 1918). 

Results and Discussion 

During 1993, first generation adults of both WALH and RLH became 
active within apple trees approximately the first week of June (Fig. 4). 
Although the occurrence of first generation RLH appeared to be slightly 
earlier than that of WALH, the second generation was more or less in 
synchrony. Because this research was directed toward leafhopper 
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Fig. 2. Lateral views of terminal abdominal segments of the white apple 
leafhopper (WALH) and rose leafhopper (RLH) adult. Male (A): 

aedeagus of WALH (a) is pointed at the apex, aedeagus of RLH (b) has 
fouT leaf-like processes projecting anteriorly at apex. Female ovipositor 
(B) is composed of valvulae (,VI, 2V1, 3VI): tip of WALH (c) second 
valvula (2Vl) is smooth, dorsal margin of tip ofRLH (d) valvula (2Vl) is 
serrated. (20X) (Revised after Elsner & Beers 1988a. Reprinted with 
permission of authors). 

populations during our typical "spray season", i.e., the petal fall phenological 
period through the sixth-cover or seventh-cover periods, adult occurrence 
data after 20 August are incomplete. Insecticide applications in NY orchards 
are not recommended after 20 August (Cornell University 1993), at which 
time the threat of apple maggot, Rhagoletis pomoneUa (Walsh) has passed. 
Management of adult leafhoppers is not a general practice unless excrement 
on the fru.it is perceived to be an economic pl·ohlem. 

Relative to adults, nymphs do the most feeding, cause the most damage 
and are generally easier to control with insecticides. First generation \VALH 
nymphs were initially observed on trees on 19 May and 11 May during 1992 
and 1993, respectively (Fig. 5). These dates coincided closely with the petal
fall phenological period of cultivars within the maturity range of 'McIntosh'. 
Because the RLH first generation is passed on the overwintering hosts, 
nymphs of this species were not present in the trees until the first week of 
July. Thereafter, second generation nymphs of both species coexisted on 
apple into September. Second generation RLH occurred in high numbers 
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Fig. 3. Distinguishing characters of white apple leafhopper (WALH) and rose
 

Fig. 4.	 Seasonal occurrence of white apple leafhopper (WALH) and rose 
leafhopper (RLH) adults on 'Golden Delicious' at the Hudson Valley 
Laboratory during 1993. Arrows on X-axis represent approximate 
spray periods (14 d interval starting at petal fall phenological period) 
where PF, petal fall; Ie, first cover; etc. 
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leafhopper (RLH) nymphs. Black dots on RLH represent prominent 
setae evident on stadia three to five. (20X) (Revised after Elsner & 
Beers 1988a. Reprinted with permission of authors.) 



307 

m 
.!! 

Ii 

8.0 

6.0 

---e-........6-.... ........ 
WAlH'93 

WAlH '92 

RLH'93 

RLH '92 

~.'l\! . 
a. .. 

.c 
a. 
E,. 4.0 

~ First Generation --l 
:' 
• 

4 
... Second Generalion -... .. 

c: 

Ii 
.c \ 

~~.... 
••••.•./i. 

. . 

E 
"z 

2.0 ~.... .~ 
........ 

M7 Mt4 M21 M2B Ju4 JU11Ju18Ju25 J2 J9 J16 J23 J30 A6 At3 A20 A27 S3 

A A- A A A- A A A-
PF tC 2C 3C 4C 5C 6C 7C 

STRAUB & JENTSCH: White Apple and Rose Leafhoppers on Apple 

Fig. 5.	 Seasonal occurrence of white apple leafllopper (WALH) and J"Ose 
leafhopper (RLH) nymphs on 'Golden Delicious' at the Hudson Valley 
Laboratory during 1992 and 1993. Arrows on X-axis represent 
approximate spray periods (14 d interval starting at petal fall 
phenological period) where PF, petal fall; Ie, first cover; etc. 

during 1992, a season of average temperature and rainfall, in contrast to low 
numbers, during the 1993 season that was characterized by drought 
conditions [!"Om April until mid-August (Straub & Jentsch 1993). Schoene 
(1932) reported that leafhopper infestations are decreased during drought 
conditions. Although 1992 data suggest a third generation of nymphs during 
August, we unfortunately did not monitor adult occurrence by which to 
verify this. 

These data from the Hudson Valley Laboratory orchard indicate that, 
from at lea t mid-summer onward, RLH is perhap a greater pe t than is 
WALH. Results from survey in other Southestern NY location however, 
revealed that not all OJ'chard sites are equally subject to RLH infestations. Of 
17 sites sampled in mid-September during 1992 and 1993, six orchards had a 
predominant composition of WALH, while 11 had a predominance of RLH 
(Stl'aub 1993). The causes for variability among orchards have not been 
thoroughly investigated, but we have preliminal'y evidence to suggest that 
infestations of RLH at a particular site are dependent upon the abundance 
and proximity of florabunda rose. Data from florabunda rose adjacent to the 
Hudson Valley Laboratory orchard revealed increasing number of RLH 
adults during August Fig. 6), a they presumably emigrate from orchards. 
Such numbers suggest that the rose is integral to the life-cycle of RLH and is 
therefore relevant to the ultimate infestations of apple. 

Immigrations of RLH have contributed to the perceptions by growers that 
WALH has become more damaging. The simultaneous occurrence of both 
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Fig. 6.	 Seasonal occurrence of rose leafhopper (RLH) nymphs and adults on 
Oorabunda rose at the Hudson Valley Laboratory during 1993. 

WALH and RLH in an orchard increases the likelihood that established 
action thresholds will be exceeded. The major impact on current 
management strategies would be from mixed-species second generation 
nymphs. Because nymphs of both species are essentially synchronized during 
the period within which they are the most damaging, i.e. third-cover through 
sixth-cover, traditional summer leafhopper management programs should 
remain effective. At this time there is no evidence to suggest that WALH and 
RLH differ in their susceptibility to insecticides (unpublished data). 
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ABSTRACT The susceptibility of beet armyworm, Spodoptera exigua 
(HObner), collected from several hosts in various stateS in the southeastern 
and western United States to the experimental insecticide AC 303,630 
(Pirate®, American Cyanamid, Princeton, NJ) was examined using soybean 
(Glycine max (L.) Merrill) leaf dip bioassays. Responses of field strains were 
compared to those of a laboratory reference strain of beet armyworm 
maintained by the USDA·ARS~SIMLinsectary (Sloneville, MS). In the 
bio8ssays using larvae weighing 30·45 mg, 72 h LCso's for AC 303,630 
ranged from 13-31 ppm for the various strains examined. In most instances, 
concentrations of 50-60 ppm AC 303,630 caused 100% mortality. The largest 
LC50 value (31 ppm) occurred for a South Carolina beet armyworm strain, 
which was the only strain significantly more tolerant than the reference 
laboratory colony. Two field experiments also were conducted to evaluate 
efficacy of AC 303,630, compared to other experimental and recommended 
insecticides, against beet armyworm on soybean in Louisiana. In both field 
experiments, beet armyworm control with AC 303,630 (0.168 kg [AI]lhn) was 
similar to that of thiodicarb (0.504 kg IAIJlha), acephate <0.84 or 1.12 kg 
[AI]lha), and MK-244 <0.0084 kg [AI]lha) and significantly greater than 
permelhrin (0.112 kg [AI]/ha), methomy\ (0.504 kg [AI]/hal, and deltamelhrin 
(0.0149 kg [Al]/ha) al6 W 7 dafter trealment. 

KEY WORDS Lepidoptera, Noctuidae, SpoOOptera e:cigua, beet annywonn, 
insecticides 

The beet armywonn, Spodoptera exigua (HObner), is a polyphagous insect pest 
that feeds on numerous host plants including vegetables, ornamentals, and field 
crops. In the southern United States, beet armyworm is an occasional pest of 
soybean (Cobb & Bass 1975, Ignoffo et aI. 1977, McLeod et a1. 1978, Huffman & 
Mueller 1983, Sullivan et a1. 1991), and in 1993, it was commonly found on soybean 
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in north Louisiana. There is some controversy concerning the damage 
potential of this insect on soybean. McLeod et a!. (1978) reported that 
soybean yield loss occurred because of pod feeding by beet armyworm during 
the R4 plant growth stage. However, Huffman & Mueller (1983) observed 
that beet armyworm la"vae fed primarily on bloom petals and fully expanded 
leaves and fed little on pods. They found that soybean yields were not 
reduced by any of the larval densities examined (up to 78 larvae per 0.3 m of 
row) throughout that three-year field study. 

Beet armyworm is also a pest of cotton in the southern United States. 
Typically, this insect becomes a serious pest of cotton when released from 
biological control agents by insecticides used against other insect pests such 
as tarnished plant bug, Lygus lineolaris (Palisot de Beauvais), in California 
(Eveleens et al. 1973) and tobacco budworm, Heliothis uirescens (F.), cotton 
bollworm, Helicoverpa zea (Boddie), and boll weevil, Anthonomus grandis 
grandis Boheman, in the southeastern United States (Smith 1989, Gaylor & 
Graham 1991, Smith 1994). In particular, organophosphate and pyrethroid 
insecticides are detrimental to beneficial insect populations (Ruberson et a1. 
1993), and early- to rnid·season applications of these classes of insecticides 
have resulted in severe beet armyworm infestations in cotton (Smith 1989, 
Ruberson et aJ. 1993, Layton 1994, Smith 1994). Use of malathion in the boll 
weevil eradication program in Alabama and Georgia has been correlated 
with severe beet armyworm infestations in these states (Smith 1989; 
Ruberson et aJ. 1993, 1994; Smith 1994). 

Problems with management of beet army\vorm on cotton are compounded 
by reduced effectiveness of insecticides from several classes. Reduced field 
control of beet armyworm has occurred with the chlorinated hydrocarbon 
endosulfan (G,"aves et al. 1993a), with organophosphates including ethyl and 
methyl parathion, chlorpyrifos (Smith 1985), and acephate (Graves et aJ. 
1993a, 1993b), with carbamates including carbaryl (Smith 1985) and 
methomyl (Smith 1985, Brewer et aJ. 1990), and with most pyrethroids 
(Smith 1985; Sullivan et aJ. 1991; Graves et aJ. 1993a, 1993c) and Bocillus 
thuringiensis (Berliner) products (Sullivan et aJ. 1991, Graves et aJ. 1993a). 
Insecticide tolerance of beet armyworm to several classes of insecticides 
including organophosphates (ethyl parathion, methyl parathion, and 
acephate), carbamates (carbaryl and methomyl), and pyrethroids (fenvalerate 
and permethrin) also has been documented in laboratory bioassays (Cobb & 
Bass 1975, Brewer & Trumble 1989, Brewer et al. 1990, Wolfenbarger & 
Brewer, 1993). Presently, the only insecticide recommended to control beet 
armyworm on cotton in Louisiana is the carbamate thiodicarb (Baldwin et al. 
1993). 

AC 303,630 (Pirate® or 4-bromo-2-(4-chloropheny!)-1-(ethoxymethyl)-5
(trif! uoromethyl )pyrrole-3-carboni trile (IUPAC), American Cyanamid, 
Princeton, NJ) belongs to a new class of insecticide chemistry denoted as 
'pyrroles' (American Cyanamid Technical Bulletin 1992). AC 303,630 has 
been effective against beet armyworm in cotton field trials in Louisiana when 
lambda~cyhalothrin was ineffective (Graves et a!. 1993c). The purpose of this 
study was to establish baseline susceptibility of beet annyworm strains from 
several states to AC 303,630 using leaf dip bioassays and to compare field 
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efficacy of AC 303,630 to other experimental and recommended insecticides 
directed against beet armyworm on soybean. 

Materials and Methods 

Bioassays. Larvae or eggs were collected from field locations (Table 1) in 
July and Aug, 1993, EfTorts were made to collect enough larvae (up to 400) or 
egg masses (8-15) of each strain to reduce problems associated with assay of 
progeny from only one female. Larvae were reared on pinto bean-wheat germ 
laboratory diet modified from Burton (1969) where brewers yeast and a 
propionic + phosphoric acid mixture were substituted for torula yeast and 
formaldehyde, respectively. Larvae were maintained at =27 0 C with a 14:10 
Oight:dark) photoperiod. Pupae were placed on damp vermiculite in 3.5 liter 
plastic buckets lined with cheesecloth for oviposition. Adults emerged and 
mated in the buckets and were fed 10% v/v honey water solution. Eggs laid 
on the cheesecloth were placed on artificial diet and allowed to hatch_ 
Larvae were dispersed to :0::20 per diet cup (275 rol) and monitored until they 
reached a test weight of 30-45 mg. The F 1 generation was tested for all 
collections with exception of testing the F2 generation of the LA3 collection. 
The strain acquired from the USDA-ARS Southern lnsect Management 
Laboratory (SIML) at Stoneville, MS (USDA) was used as a reference strain 
for comparison. This beet armyworm colony has demonstJ'ated susceptibility 
to several classes of insecticides relative to other field strains and 
intermediate levels of susceptibility to fenvalerate, methyl parathion, and 
permethrin relative to three other laboratory colonies (Wolfenbarger and 
Brewer 1993), 

Technical-grade AC 303,630 (American Cyanamid, Princeton, NJ) was 
dissolved in acetone containing 1000 ppm detergent (Triton X·lOO, 
Mallinckrodt, Paris, KY) as a dispersion agent. Subsequent dilutions of AC 
303,630 were prepared using 10% acetone in deionized v·:ater containing 100 
ppm detergent to prepare the six insecticide concentrations evaluated (l0, 
20, 30, 40, 50, and 60 ppm), This acetone/water/detergent diluent also was 
used as a non-insecticide control. Fresh insecticide solutions were prepared 
for each assay. 

Field~grown soybean leaflets (cv. 'Centennial') not previously exposed to 
insecticide were dipped in insecticide or control solutions for 3 s and air 
dried on plastic sheets at ambient room temperature. One or two treated 
leaflets then were placed in a petri dish (9 em) on top of moistened filter 
paper. Two beet armyworm larvae (30-45 mg) were transferred to each dish. 
A minimum of 30 larvae of each beet armyworm strain was tested per
insecticide concentration and non-insecticide control. Petri dishes were held 
at =27 0 C and 14:10 (Iight:dark) photoperiod and monitored at 24, 48, and 72 
h. A larva was considered dead if movement did not occur following probing 
and careful observation. Moisture (""0.5 ml deionized water) was added to 
filter paper at 24 and 48 h if depleted, 

Dosage-mortality data (72 h) were analyzed by prohit and X2 analysis 
using POLO-PC (Russel et aJ. 1977), Non-overlap of 95% fiducial limits was 
the criterion for significant differences among strains. Significant "1.2 values 
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Table	 1. Description of beet armyworm strains including an 
identification code, crop, and locality (county and state) of 
collection. 

ID Crop	 County and State 

AL 

CAl 
CA2 

LA1 

LA2 

LA3 

MS1 

MS2 

SC 

USDA" 

Cotton 

Sugarbeet 

Broccoli 

Soybean 

Cotton 

Cotton 

Cotton 

Soybean 

Cotton 

Cotton 

Autauga County, Alabama 

Sutter County, California 

Fresno County, California 

Tensas Parish, Louisiana 

Franklin Parish, Louisiana 

Tensas Parish, Louisiana 

Holmes County, Mississippi 

Holmes County, Mississippi 

Barnwel1 County, South Carolina 

Washington County, Mississippi 

a Maintllined by the USDA-AHS·SIML insectary at Stoneville, MS; oribrinally established in 1988 rrum 
cotton in Stoneville, MS. This colony wns not subjected to insecticides but was supplemented once in 
1990 with wild individuals. 

indicated poor fit of observed mortality response to the estimated response 
and prevented estimation of 95% fiducial limits. 

Field Experiments. Two field experiments were conducted to compare 
field efficacy of AC 303,630 [0.168 kg (Al)/hal with several other 
experimental and recommended insecticides directed against beet armyworm 
on soybean. In addition to AC 303,630, permethrin at 0.112 kg (All/ha 
(Ambush 2EC, Zeneca Agricultural Products, Wilmington, DE), methomyl at 
0.504 kg (Al)/ha (Lannate LV 2.4L, Dupont Agricultural Products, 
Wilmington, DE), acephate at 0.84 and/or 1.12 kg (AI)/ha (Orthene 75S or 
90S, Valent USA Corp., Walnut Creek, CAl, thiodicarb at 0.504 kg (All/ha 
(Larvin 3.2F, Rhone Poulenc Agricultural Company, Research Triangle Park, 
NC), deltamethrin at 0.0149 kg (AI)/ha (Decis 0.2EC, Rhone Poulenc 
Agricultural Company, Research Triangle Park, NC1, MK-244 at 0.0084 kg 
(Al)/ha (0.16EC, Merck, Sharp, and Dohme, Rahway, NJ), and imidacloprid 
0.049 kg (Al)/ha (Admire 2FS, Miles Inc., Kansas City, MO) were examined 
in both field experiments. 

In the first experiment, plots measured 15.2 m long by 8 rows (0.5 m 
spacing) and were located at the Northeast Research Station near St. Joseph 
(Tensas Parish), LA. Plots were arranged in a randomized complete block 
design with four replications. Insecticides were applied with a tractor and 
compressed air sprayer calibrated to deliver 93.5 liters/ha at 3.78 kg/cm 2 
through TX12 hollow cone nozzles (2 per row), Insecticides were applied on 
24 August 1993 to 'Davis' soybeans in the R5 gmwth stage. 
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For the second field trial, experimental design, number of blocks, nozzle 
size and type, and spray volume per ha were identical to the first 
experiment. Plots measured 12.2 m long by 4 rows (I m spacing) and were 
located at the Macon Ridge Research Station near Winnsboro (Franklin 
Parish), LA. Sprayer pressure was 2.8 kg/cm2. Insecticides were applied on 
25 Aug 1993 to 'Buckshot 723' soybeans in the R3 growth stage. 

Rainfall did not occur during either experiment and test plots were not 
irrigated. Both test areas were treated with methyl parathion before the 
experiments to suppress beneficial insects (Shepard et 81. 1977) and 
stimulate lepidopteran pests. The first experiment was treated with 0.56 kg 
(AI)/ha 2 wk before experimental insecticides were applled and the second 
experiment was treated with 0.28 kg (AI)/ha 3 wk before experimental 
insecticides were applied. Posttreatment samples consisted of one set of 25 
sweeps per plot (0.38 m diameter muslin sweep net) and were taken at 2 and 
6 days after treatment (OAT) and 2 and 7 DAT in experiments 1 and 2, 
respectively. These data were subjected to analysis of variance followed by 
Duncan's multiple range test. Coefficients of variation also were calculated 
(Steel & Torrie 1980). 

Results and Discussion 

Bioassays, Beet armyworm poisoning by AC 303,630 was typified by 
paralysis, followed by expectoration and death. In the laboratory bioassays, 
the majority of beet armyworms died from toxic dosages of AC 303,630 by 48 
h posttreatment. The two highest doses (50 and 60 ppm) of AC 303,630 killed 
100% of larvae from all strains with exception of the MS2 strain. Only 63.3 
and 76.7% mortality of larvae from MS2 occulTed at 50 and 60 ppm, 
respectively. Dosage mortality responses (slopes) were steep and ranged from 
2.9 to 7.2 (Table 2). Steep responses were expected considering that this was 
the initial testing phase for AC 303,630, and beet armyworms had not been 
exposed to this insecticide or class of insecticide chemistry in the field except 
through small scale experimental screening. In comparison, slopes reported 
for soybean looper (Pseudoplusia inclu.dells Walker) in response to AC 
303,630 in soybean leaf dip bioassays by Thomas et al. (994) were similar to 
those of beet armyworm, ranging from 4.7 to 11.3. 

The LCso values at 72 h were variable and ranged from 13-31 ppm AC 
303,630 (Table 2). Cobb & Bass (975) documented differences in inseclicide 
toxicity to beet armyworm strains from dist.inct geographical regions. They 
reported that California strains were more suscept.ible to carbamates and 
organophosphates than Florida strains. Differences in LCso's fo,' AC 303,630 
between the southern and western beet armyworm strains we examined 
were evident among the SC vs. CA2 strain and the LAlor LA2 vs. the CAl 
strain. The LCoo value of AC 303,630 for the SC strain was signillcantly 
higher than all other strains except the CAl and MS2 strains. The LC50 
value for the SC strain was the only one that significantly difTered from that 
of the USDA beet ar'myworm reference colony. The LCso value for the LA2 
strain was lowest of all strains and was significantly lower than that of CAl, 
MS2, and SC strains. X2 values for the AL and MSI strains were significant, 



316 J. Agric. Entomol. Vol. 11, No.4 (1994) 

Table 2. Responses of several beet armyworm strains at 72 h post
treatment to AC 303,630 in soybean leaf dip bioassays. 

ID na Slope±SEM LD50(95% CL)b X2' 

AL 392 4.1±0.39 20.19(·--·..-·..- )d 34.47' 

CAl 532 7.2±0.89 25.06(18.86·29.07) 8.22 

CA2 280 3.9±0.44 19.86(11.16·27.1ll 13.43 

LA1 488 4.9±0.46 14.49(12.10·16.69) 4.70 

LA2 299 2.9±0.39 13.32(6.23·18.57) 7.84 

LA3 364 3.6±0.44 17.95(14.57·20.90) 2.86 

MS1 287 3.6±0.83 24.34(. ..-....... )d 15.69* 

MS2 210 3.7±0.50 27.11(20.53·33.60) 8.61 

SC 434 6.7±0.73 31.02(28.51·33.27) 1.43 

USDA 217 4.8±0.62 16.52(11.46·21.12) 7.01 

" TotD] number of larvae tested.
 
b Concentrations rcported in ppm technical AC 303,630.
 
< Degrees of freedom = 4.
 
rl95% CL could not be estimated because of significant;(2 values.
 

and confidence intervals for Leso values of these strains could not be 
estimated due to variability in response. However, LCso values for these 
strains were within the range of several other strains examined. In 
comparison, Thomas et a!. (1994) obtained LC50 values of 6.7·15.1 ppm AC 
303,630 for soybean looper larvae using a soybean leaf dip bioassay. 
Soybean looper larvae utilized in bioassays by Thomas et al. (1994) were 
slightly smaller (20-30 mg) than the beet armyworms in our bioassays (30·45 
mg). Readjusting for weight, the toxicity of AC 303,630 to soybean looper and 
beet armyworm appears to be similar n.e., 0.27-0.60 ppm/mg body weight for 
soybean looper larvae and 0.35·0.83 ppm/mg body weight for beet armyworm 
larvae). 

Field Experiments. In the first field experiment, significant differences 
did not occur among treatments until 6 DAT (Table 3). At this sample date, 
only AC 303,630 and MK-244 reduced beet armyworm numbers relative to 
those in untreated plots. However, beet armyworm levels in plots treated 
with AC 303,630 and MK-244 were not different fl'Om those of plots treated 
with acephate and thiodicarb. 

In the second field experiment, significant differences among treatments 
occurred at 2 and 7 DAT. MK-244 was the only material that reduced beet 
armyworm numbers relative to those in untreated plots at 2 DAT. At 7 DAT, AC 
303,630 and MK-244 significantly reduced beet armywonn numbers relative to 
those in untI'eated plots. Control with AC 303,630 was not significantly different 
than with thiodicarb, MK-244, imidacloprid, or either rate of acephate. 



Table 3. Number of beet armyworm larvae following insecticide applications to soybean at two field sites in 
Louisiana. 

Mean No. of Beet Armyworm/25 sweeps· 

Ratelha Experiment 1 Experiment 2 
:EInsecticide kg (AI) 2DAT 6DAT 2DAT	 7DAT ;; 
;0 
~ 

Pennethrin 0.112 40.8 a 15.0 a 22.0 ab	 
~ 

53.5 a =. 
Methomyl 0.504 41.0 a 10.0 ab 13.3 be 29.5 be UJ 

c 
~ 
~Acephate 0.84 21.8 ab 24.8 bed	 ~ 

;l.
Acephate 1.12 21.8 a 5.0 be 14.8 be	 25.8 bed f. 

~.Thiodicarb 0.504 22.3 a 4.8 be 10.3 be	 11.0 cde 

Deltamethrin 0.0149 35.3 a 11.3 ab 34.8 a 36.8 ab	 
0 

~

AC 303,630 0.168 5.0 a 0.5 c 8.0 be 5.5 de	 :<'" 
~ 

>MK-244 0.0084 3.0 a 2.0 c 2.8 c	 1.8e " 
~ Imidacloprid 0.049 33.3 a 10.3 ab 12.5 be	 16.3 bede .. 

Untreated 49.8 a 11.3 ab 19.5 b 31.5 be	 " 3
0 

5' 
>

P > F (ANOVA) 0.1632 0.0020 0.0025 0.0008	 () 

w 
CV 90.40 59.35 56.42 60.92 w

0 

w '"0 
o Column means followed by the same letter do not significantly differ (P < 0.05, DMRTJ. 
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In both field experiments, application of AC 303,630 generally resulted in 
beet armyworm suppression that was not significantly better than that of 
thiodicarb, acephate (either rate), and MK-244 but significantly gJ'eater than 
the pyl'ethroids permethrin and deltamethrin and the carbamate methomyl. 
Presently, there are few effective alternatives to thiodicarb for control of beet 
armyworms on cotton and soybeans, and thiodicarb is not always effective 
against this pest on cotton (Layton 1994). AC 303,630 and MK-244 were 
highly effective in these field studies and represent alternatives to thiodicarb 
and acephate for control of beet armyworms on these crops. Other insecticide 
screening studies against beet armyworm on cotton in Louisiana 
demonstrated that AC 303,630 (0.22-0.45 kg [AIl/ha) is significantly more 
effective than the commercial standard thiodicarb at recommended rates 
(B. R. Leonard and E. Burris un pub. data). 

These data represent a historical record that can be utilized in the future 
to monitor resistance of beet armyworm to AC 303,630 if control with this 
material declines. Currently, some geographic variation in beet armyworm 
susceptibility to AC 303,630 appears to exist. Field studies demonstrated 
that highly effective control of beet armyworm on soybean could be achieved 
utilizing AC 303,630 or another experimental insecticide MK·244. 
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ABSTRACT In field studies on the ecology of Sitophilus oryzae (L.) and
 
S. zeamais Motschulsky. an additional 19 species of Coleoptera that are 
stored-product pests were identified (Ahasuerus adven.a [Waltl], Araecerus 
fasciculaLus [DeGcer], Cryptolestes (errugillcus [StephensJ. Cryptolestes 
pusillus [SchonhcrrJ), Cryptophagus cellaris Scopali. Cryptophilus integer 
[Heed, Cynaeus angustus [LeConte]. Gnatocerus camulus IF.], Gnatocerus 
maxillosus rF.l, Latheticus oryzae Waterhouse, Litargus balleatus LeConlc, 
Oryzaephilus sflrinamensis [L.l. Palorus subdepressils [Wollaston I. 
Platydema ruficorne Sturm. Rhyzoperlha dominica [F.l, Stegobium paniceum 
[L.l, Tenebroides mauritonicus {L.], Tribolium. castaneutn {Herbstl. and 
Typhaea stercorea fL. 1>. Sixteen of these species were caught on sticky traps 
placed at three grain storage sites in southern South Carolina over a J·yr 
period. Seventeen species were present in packets baited with corn at the 
same storage sites o\'er a 2·yr period. These species were most active during 
warmer parts of the year, except Cryptophagus ccllaris. Sex ratio of the 
Cryptolestes spp. was skewed toward females in sticky traps and bait 
packets, except for C. pusillus in bait pockets at one site. Sex rotio of 
O. suril1amensis in bait packets was skewed toward females at one site, 
but did not differ from 1:1 at other sites. This study shows that many stored· 
pl"Oduct insects are active year-round in South Carolina, and that gl"uin may 
be subjeclto infestation year·round. 

KEY WORDS Bnit packets, Coleoptera, flight traps, seasonal abundance, 
seasonal flight activity, stored grain, trnpping 

Seasonal flight activity and seasonal abundance of maize weevils, Sitophilus 
zeamais Motschulsky (Coleoptera: Curculionidae), and rice weevils, S. oryzae (L.), at 
three grain storage sites in southern South Carolina were previously reported 
(Throne & Cline 1989, 1991). Although those studies were designed to study the 
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ecology of Sit.ophilus spp., many other stored·product insects also were 
collected and have since been identified. The purposes of the studies was to 
determine at which times of the year the insects were flying using 
nonattractive sticky traps (seasonal night activity) and to determine, using 
bait packets, whether the insects were active at times of the year when the 
insects were not Oying (seasonal abundance). There are few previous reports 
on field activity of stored-product insects. Therefore, the seasonal night 
activity and seasonal abundance of 19 species of beetles that are considered 
to be pests of stored-products was studied and is reported herein. 

Materials and Methods 

Methods, including weather data and commodities (predominately corn 
and wheat) stored at three sites, were described in previous papers (Throne 
& Cline 1989, 1991). In general, night was monitored continuously, using 
eight to ten unbaited sticky traps at each site. in Bamberg, Barnwell. and 
Hampton Counties in southern South Carolina from 18 March 1987 to 6 
April 1988, Seasonal abundance was monitored continuously, using four bait 
packets containing whole corn and placed in shelters. at the same three sites 
f,'om 20 August 1986 to 2 September 1987. Seasonal abundance was 
monitored for an additional year at the same sites for 1 wk of each month. 
Only adult insects were identified and counted, 

Due to the large numbers of insects captured, only Cryptolestes {errugineus 
(Stephens), Cryptolestes pusillus (Schonherl'), and Oryzaephilus surinamensis (L.) 
were sexed. Binomial confidence limits were calculated to determine whether sex 
ratio for the study periods differed from 1:1. A runs test (Conover 1971) was used 
to determine whether the prop01tion of females in bait packets or sticky traps 
summed fbI' each sampling period and fOl' each site varied throughout the studies. 

Results 

In addition to the Sil.ophilu.s spp., over 27,000 adult stored-product insect 
pests representing 16 species and eight families of Coleoptera were caught 
on sticky traps and over 24,000 representing 17 species and eight families of 
Coleoptera were collected in bait packets. Other insects that were in families 
that include stored-product pests were collected, but wel'e not identified to 
species. These insects included over 9,000 CarpophiLus spp. (Coleoptera: 
Nitidulidae) on sticky traps and over 91,000 in bait packets; numerous 
Lepidoptera on sticky traps (that were not identifiable because of the sticky 
material); 180 Anthicidae (Coleoptera); 18 Bruchidae (Coleoptera); and 16 
Ptinidae (Coleoplera). In addition, there were 29 Angoumois grain moths, 
Sitotroga. cerealella (Olivier) (Lepidoptera: Gelechiidae) in bait packets, 
Many other arthropods were caught on traps or in ba.it packets, but are not 
considered to be stored-product pests (Araneida, Dermaptera, Diptera, 
Hemiptera. Homoptera, Hymenoptera, Orthoptera. Pseudoscorpionida), 

Most species of stored-product beetles were both caught on sticky traps 
and present in bait packets (the foreign grain beetle, Ahasverus advena. 
[Waltll [CucujidaeJ; the coffee bean weevil, Aroeceru.s {o.scicu.lotus [De Geer] 



323 THRONE & CLINE: Seasonality of Stored·Product Beetles 

[Anthribidae]; the rusty grain beetle, Cryptolestes ferrugineus [Cucujidae]; 
the flat grain beetle, Cryptolestes plLsilius [Cucujidae); Cryptophogus cellaris 
Scopoli [CryptophagidaeJ; Cryptophilus integer [Heer] [Languriidae]; the 
larger black flour heetle, CYllaeus angustus [LeConte] [Tenebrionidae]; the 
broadhorned flour beetle, Gnatocerus corllutus [F.] [Tenebrionidae]; the 
slenderhorned flour beetle, Gnatocerus maxillosus [F.] [Tenebrionidae]; the 
longheaded flour beetle, Latheticus oryzae Waterhouse [Tenebrionidae]; 
Litargus baiteatus LeConte [Mycetophagidae); the sawtoothed grain beetle, 
Oryzaephilus surinamensis [Cucujidae]; the depressed flour beetle, Palorus 
subdepressus [Wollaston] [TenebrionidaeJ; Platydema ruficorne Sturm 
[Tenebrionidae]; the lesser grain borer, Rhyzopertha dominica [F.] 
[Bostrichidae]; the drugstore beetle, Stegobium paniceum [L.I [Anobiidae]; 
the cadeIle, Tenebroides mauritanicus [L.] [Trogositidae]; the red flour 
beetle, Tribolium castaneum [Herbst] [TenebrionidaeJ; and the hairy fungus 
beetle, Typhaea. stercorea [L.) [Mycetophagidae]). Gnatocerus maxillosus, 
Platydema ruficorne, and Tenebroides mauritanicus were never caught on 
sticky traps. There were no G. cornutus or S. paniceum in bait packets. Two 
of the species, C. cellaris and C. angustus, have not been reported previously 
in South Carolina (Kirk 1969, 1970, Horton 1982l. 

Sticky traps. Three species, A. advena. C. pusillus. and T. ,<;tercorea, 
accounted for 82% of stored-product insects on sticky traps (Table 1). Most 
species were caught on sticky traps when average weekly temperature and 
maximum temperature during the trapping period were at least 20° C. The 
lowest maximum temperature recorded during a sampling period was 12.8° C. 
Cynaeus angustus, G. cornutus, L. oryzae, and S. paniceum were caught only 
when maximum temperatures during trapping periods exceeded 30° C. 
However, these four species were caught in small numbers. C. cello.ris and 
T. castaneum were caught when maximum temperatures during trapping 
periods were less than 20° C. Low numbers of most species were caught in 
winter (Fig. 1). Cryptophagus cellaris was the only species that was caught 
predominantly during winter. 

Catches for five species are not shown in Figure 1 because few individuals 
of these species were caught. One A. {asciculatus was caught on a sticky trap 
in Barnwell Co. on 16 December 1987. Two C. angustus were caught on 
sticky traps, one on 17 June and one on 5 August 1987, in Hampton Co. 
One G. cornutus was caught in Hampton Co. on 5 August 1987. One 
O. surinamensis was caught on 29 July 1987, one on 19 August 1987, and 
one on 16 December 1987 in Bamberg Co., and two on 5 August 1987 and one 
on 23 March 1988 in Hampton Co. Five Stegobium paniceum were caught in 
1987, one in Barnwell Co. and two in Hampton Co. on 29 April, one in 
Barnwell Co. on 27 May, and one in Hampton Co. on 18 November. 

Bait packets. Three species, C. ferrugineus, T. castaneu,m, and 
T. stercorea, accounted for 62% of stored-product insects in bait packets (Table 2). 
Most of the insects were present in bait packets when average weekly 
temperatures and maximum temperature during sampling periods were 
greater than 10° C. Cryptophagus cellaris was the only species that was 
present predominantly during cooler weeks. Except for C. cellaris, most 
species were present in bait packets in lower numbers in winter (Fig. 2). 



Table 1.	 Lowest maximum temperature during trapping periods when a species was caught on sticky traps, 
percentage oC total number of each stored·product pest on sticky traps at various average weekly 
temperatures, number of weeks (out of 55) when the species was caught on sticky traps, and the total 
number of each species caught on sticky traps at three grain storage sites in South Carolina. 

Species Lowest maximum % of total caught at average No. weeks Total 
temp, when weekly temperature of(OC): caught no. 

Ahasverus aduena 

present (OC) 

23.3 a 

" 10 

oa 

>10&,,20 

32 a 

>20&,,30 

68 a 45 

caught 

8,757 

'">
'!l
r;' 

Araecerus fasciculatus 24.4 0 100 0 1 1 '" ~ 

Cryptolestes ferrugineus 
Cryptolestes pusillu. 

23.3 
23.3 a 

0 
oa 

16 
9 a 

85 
91 a 

39 
39 

1,103 
7,543 

S 
3;e. 

Cryptophogus cellaris 
Cryptophilus integer 

16.7 a 

21.1 a 
24 a 

oa 
76 a 

17 a 
0" 

83 a 
26 
40 

66 
353 

<
£. 

Cynaeus angustus 
Gnatocerus cornutus 

35.0 
35.6 

0 
0 

0 
0 

100 
100 

2 
1 

2 
1 

:-
Z 
? 

Latheticus oryzae 30.6 0 0 100 12 35 ~ 

Litargus balteatus 21.1 a oa 23 a 77 a 30 143 
'" Oryzaephilus surinamensis 26.7 0 33 67 5 6 '"~ 

Palorus subdepressus 23.9 0 4 96 23 532 
Rhyzopertha dominica 20.6 0 39 61 43 787 
Stegobium paniceum 30.6 a oa 25 a 75 CI 3 5 
Tribolium castaneum 17.2 a oa 24 a 76 a 42 2,125 
Typhaea stercorea 21.1" oa 12 a 88" 42 5,948 

a These percentages do not. include data for this specie!' caught at Hampton Co. from 28 October 1987 throuKh 2 December 1987 because weather datu for that 
period were missinK. Average weekly temperat.ures during sampling periods for Bamberg and Barnwell Counties during that period ranged from 23.8° to 
26.8"C. and lowest maximum temperature for those cuunties waf; 24.4°C. 
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Fig. 1.	 Number of' stored-grain beetles caught on sticky traps at three grain 
storage sites in southern South Carolina during 1987 to 1988 (solid line 
and circle, Bamberg Co.; dashed line and triangle, Barnwell Co.' dotted 
line and square, Hampton Co.). ote that graphs plotted on a log scale 
report number of insects plus one. 
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Fig. 1. Continued. 
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Table 2.	 Lowest maximum temperature during sampling periods when a species was present in bait packets, 
percentage of total number of each stored·product pest in bait packets at various average weekly 
temperatures, number of weeks (out of 69) when the species was present in bait packets, and the total 
number of each species present in bait packets at three grain storage sites in South Carolina. 

Species Lowest maximum % of total present at average No. weeks Total 
temp. when weekly temperature of (OC): present no. 
present (OC) caught 

,;10 >10&,;20 > 20 &,; 30 ,... 

Ahasuerw; advena 
Araecerus fasciculatus 

12.8 0 

24.4 " 
5 a 

0" 
35 (1 

40 0 

61 II 
60 a 

64 
10 

1,807 
17 

> 
":3 
p 

Cryptolestes ferrugineus 
Cryptolestes pusillus 
Cryptophagus cellaris 

12.8 0 

13.3 " 
17.8 a 

2 0 

1 0 

18 0 

33 (I 

20 0 

73 (L 

64 (I 

78 0 

8" 

67 
59 
29 

3,110 
1,086 

75 

t'l, 
8" 
3 
2-

Cryptophilus integer 
Cynaeus angustus 

18.9 
12.8 0 

2 
9 a 

46 
11" 

53 
80 " 

46 
26 

455 
45 

<: 
2
~ 

Gnatocerus maxi/losus 
LatheticllS oryzae 

32.2 " 
30.6 a 

0 
0 

0 
0 

100 
100 

1 
11 

1 
1,089 

,... 
Z 
? 

Litargus balteatlls 
Oryzaephilus surinamensis 
Pa.lorus subdep,'esslls 

12.8 " 
18.9 0 

21.1 

7" 
l a 

0 

48 " 
7 0 

51 

44" 
92 " 
49 

49 
54 
41 

773 
2,138 

741 

"" ;:; 
"' "'e 

Platydema ruficorne 28.3 0 14 86 3 7 
Rhyzopertha dominica 15.6 0 1 0 7 0 92 a 39 756 
Tenebroides mauritanicus 21.1" 0" 12 0 88 a 24 443 
Tribolium castaneum 12.8 0 2 0 22 " 76 (/ 69 3,556 
Typhaea stercorea. 12.8 " 2" 41 a 57 a 69 8,560 

U These percentages do not include data for this specieI': in bait packcls at Hampton Co. from 28 Octobcr 1987 through 2 December 1987 because weather dut<l for 
that period werc missing. Aver<lgc weekly tcmperatures during sampling pcriods for Bamberg and Barnwcll Counties during that period ranged from 23.8° to 
26.8°C, and lowest maximum lemperatur'c for those counties wal': 2'1.4°C. 
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Fig. 2. Number of stored-grain beetles in bait packets containing corn at three 
grain storage sites in southern South Carolina during 1986 to 1988 
(solid line and circle, Bamberg Co.; dashed line and triangle, Barnwell 
Co.; dotted line and square, Hampton Co.). Note that graphs plotted on 
a log scale report number of insects pI us one. 
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Data for two species present in bait packets in low numbers are not shown 
in Figure 2. There was one G. maxillasus in a bait packet in Hampton Co. on 
9 September 1987, and one P. ru./icome in a bait packet on 8 October 1986 
and three on 9 September 1987 in Bamberg Co., and one on 13 May and one 
on 9 September 1987 in Blackwell Co. 

Sex ratio. The sex ratio of C. {errugineus was skewed toward females 
at all sites in both bait packets and sticky traps (Table 3). The sex ratio of 
C. p/J.sillus was skewed toward females in both bait packets and sticky 
traps, except in Bamberg Co. bait packets (Table 3). The sex ratio of 
O. su.rinarnensis in bait packets was not different from 1:1 in Barnwell 
and Hampton Counties, but was skewed toward females in Bamberg Co. 
(Table 3). Not enough O. surinamensis were caught on sticky traps to make 
meaningful analyses of sex ratio. The proportion of females did not vary 
significantly throughout the year for any of the species tested. as indicat.ed 
by the runs tests (Table 3). 

Discussion 

The sticky traps used were passive traps; there was no intended stimulus 
to attract insects to the traps. Anything flying into the trap would 
presumably stick to the material. After some individuals are stuck on the 
trap, the passiveness of the trap may change. The trap is no longer clear 
because of insects stuck to it and possibly moving on the trap. Insects stuck 
on the traps may emit chemical signals that attract or repel other insects. 

Most of the insects captured on sticky traps were nying during weeks 
when maximum temperatures were at least 20 0 C. These data do not 
necessarily indicate the minimum temperatures at which these insects are 
capable of flight. We do not know during which part of the trapping period 
flight occurred, so the trapped insects may have been flying when air 
tempcratuJ·es were lower than the maximum recorded during the week. The 
insects also may be capable of night at lower temperatures but may not have 
been present at the sites or flying during trapping periods when maximum 
temperatures were lower than 200 C. Temperature is one factor that may 
limit insect flight because body temperature must be high enough for 
muscles and enzymes to work efficiently (Chapman 1971). Thus, there is a 
minimum body temperature below which an insect is incapable of flight. 
However, many insects may raise their body temperature above ambient air 
temperature by basking in sunlight. Although our data give an indication of 
minimum temperatures for night of these stored-product insecls, only more 
carefully controlled experiments can definitively determine minimum body 
temperature for flight and whether a species will bask in sunlight to raise its 
body temperature. 

The bait packets work by providing a rood source that may be attractive to 
some of the species. There is no mechanism for keeping insects in the bait 
packet; thus, it is not a trap. Insects may walk or Oy to the bait packets. 
Thus, bait packets may indicate that a species is active even when 
temperatures are too low for flight. The lowest maximum temperature at 
which a species was recorded in bait packets genet·ally was lower than that 



Table 3. Proportion females of Cryptolestes ferrugineus, Cryptolestes pusillusJ and Oryzaephilus surinamensis on 
sticky traps and in bait packets at three grain storage sites in South Carolina and test statistics for runs 
testa. 

Sticky traps Bait packets 

Location % females (95% cn w.025 No. runs w.975 % females (95% cn w.025 No. runs w.975 

Cryptolestes {errugineus ... 
Bamberg Co. 66 (62 - 69)- 11 15 22 58 (57 - 60)- 22 23 37 >

" r;." Barnwell Co. 59 (54 - 65)- 7 13 15 67 (62 - 71)- 8 11 16 

Hampton Co. 90 (87 - 95)' 5 7 >10 74 (64 - 88)* 3 5 9 '" " 0 
3 

Cryptolestes pusillus 
2-

Bamberg Co. 69 (68 - 71)* 14 16 25 53 (50 - 57) 13 18 23 2: 
Barnwell Co. 75 (73 - 77)' 12 15 23 59 (52 - 66)* 11 11 22 :: 
Hampton Co. 69 (67 - 72)' 11 13 22 63 (57 - 70)' 9 10 18 ?

Z 
... 
;:; 

Oryzaephilus surinamensisb '" :='" Bamberg Co. 57 (55 - 59)' 15 22 27 

Barnwell Co. 51 (46 - 56) 4 6 10 

Hampton Co. 59 (50 - 67) <9 9 18 

• Sex ratio differs statistically from 1: I at a = 0.05 level. 
o Runs are random (without any pattern) ifw.025 S no. runs S w.975. All runs were random, indicating sex ratio was consistent throughout ellch study. 
"Only six O. surinamen.sj.~ were caught on slicky traps, so sex ratio data arc not presented. 
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for sticky traps, indicating that the bait packets do sample insects during 
periods when none were caught on sticky traps. 

Many of the species in the bait packets produce aggregation pheromones 
which probably attract other individuals to a suitable food source (Faustini 
et al. 1981, Cogburn et al. 1984, Millar et al. 1985, Oehlschlager et al. 1988, 
Pierce et al. 1989, 1991b). Thus, the largc numbers of some species in the 
bait packets may have been a result of attraction of other members of the 
species by aggregation pheromones. In addition, at least the cucujids are 
known to be attracted to fungal volatiles (Pierce et al. 1991a) which may 
have been present in the baits. 

The source of the insects in the bait packets and on the sticky traps is not 
known, but most of these species are ubiquitous (Linsley 1944). Many have 
been found under bark and in decomposing wood (A. advena, C. ferrugineus, 
Cryptophagus spp., C. angustus, G. cornutu.s, G. maxillosus, L. oryzae, 
L. balteatus, O. surinamensis, P. subdepressus, P. ru{icorne, R. dominica, 
S. paniceum, T. mauritanicus, T. casta.neum, and T. stercorea), and in 
insect nests or food caches (C. ferru.gineus, C, cellaris, C. angustus, O. suri
namensis, S. paniceum, and T. caslaneum). Thus, wooded areas around grain 
storage sites would provide natural reservoirs for most of the species 
collected. The species collected may be divided into primary pests, those that 
can damage sound grain CA. fasciculatus, R. dominica, S. paniceum, and 
T. mauritanicus); secondary pests, those that cannot damage sound grain 
(C. (errugineus, C. pusillus, C. integer, C. angustus, G. cornutus, G. 
maxillosus, L. oryzae, O. surinamensis, P. subdepressus, P. ruficorne, and 
T. castaneum); and fungus feeders (A. advena, C. cellaris, L. balteatus, 
and T. stercorea) (Hill 1990). Pest category also may indicate habitats in 
which these species may occur in nature, 

There have been few previous reports on seasonal activity of these 
species outside of grain storages. Barnes & Kaloostian (1940) used a rotary 
insect trap to monitor flight of stored-product insects from 14 April to 31 
October in a raisin storage yard in Fresno, California. A. aduena was 
present in large numbers in all months, with peak catch in May. Peak 
catches of O. surinamensis were in August, with few caught during other 
months. Peak catches of T. castaneum were in September, with moderate 
catches in August and October. Typhaea stercorea were caught in large 
numbers during all months, with peak catch in May. They indicated that 
no night occurred during periods when temperatures were below 18.3° C 
for A. advena, 23.9° C for T, castaneum, and 17.8° C for T. stercorea. 

Schwitzgebel & Walkden (1944) used sticky traps to monitor flight of 
insects around bins of wheat in July in Kansas. They caught mostly C. 
pusillus and T. stercorea, and a few A. aduena, S. oryzae, and R. dominica. They 
also ran a rotary insect trap from 1 April through October of the same year at 
the same site. The first insect captured was one T. caslaneum on 26 May. Except 
for one S. oryzae on 11 June and one R. dOlninica on 12 June, no stored-product 
insects were caught until July. Large numbers of stored-product insects then 
were caught until the end of September. Additional species captured were A. 
aduena, Cryptolestes spp., L. oryzae, and T. stercorea. They also placed traps in 
ventilator openings at the tops of bins from 2 April to 1 November to 
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determine when insects entered the bins. Cryptolesles spp. were captured for 
the first time on 2 April, R. dominica on 13-15 May, A. advena on 10-16 
June, T. stel'corea on 24·30 June, and S. oryzae on 1-7 July. Catches were 
highest from July through September. 

Araecerus fasciculatus has been recorded from at least 136 species of 
plants and plant products (Childers 1982). In a survey of' seasonal activity on 
wild and cultivated plants in Florida, adults were found throughout the year 
(Childers 1982). Cogburn et al. (1984) trapped R. dominica using pheromone 
traps around grain bins in Texas from 16 June to 12 July. They caught some 
each week that they trapped, and they caught as many as 2,300 per week pel' 
trap. Sinclair and Haddrell (1985) found that Cryptolestes spp., R. dominica, 
S. oryzae, and 1'. castaneum were most active during the warmest parts of 
the year in a study conducted in Queensland, Australia, in which bait 
packets and sticky traps were placed in empty farm buildings. These 
previous reports, like ours, generally indicate increased activity during 
warmer months. Specific patterns of activity presumably would be related to 
local weather conditions and commodities stored. 

Sinclair & Haddrell (1985) reported that Cryptolestes spp. and T. 
castaneltm did not differ from a 1:1 sex ratio (no statistics provided) 
on sticky traps placed around fields of grain. Rhyzope,.tha dominica 
captured around fields of grain were predominantly female, but those 
captured around grain storage sites did not differ from a 1:1 sex ,'atio. 
Sinclair and Alder (1984) showed that as an insect population increased in a 
grain storage, the sex ratio in the bulk became skewed toward males of 
C. pusillus, R. dominica, and S. oryzae. Sex ratio in C. ferrugineus and 
T. castaneurn did not differ from 1:1. The migrant population was 
consistently skewed toward females for C. pusillus, R. dominica, and S, olyzae. 

Individuals of both sexes of A. advenn produce an aggregation pheromone 
that is attractive to both sexes (Pierce et al. 1991b). C. {errugineusJ C. pusillus, 
O. surinamensisJ R. dom.inica, and T. castancWfl males produce aggregation 
pheromones that are attractive to both sexes (Cogburn et al. 1984, Faustini et 
al. 1981, Millar et al. 1985, Oehlschlager et al. 1988, Pierce et aJ. 1989). These 
aggregation pheromones probably attract conspecifics to a suitable food source. 
However, there are no data to indicate that females should be caught in night 
traps more than males or should be retained in bait packets more readily than 
males. 

This study shows that large numbers of stored-product insects are present 
around grain storages in South Carolina throughout the year. Flight is 
generally limited to warmer parts of the year. However, there is no part of 
the year when grain is not subject to infestation. 
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ABSTRACT Bioassays using corn, Zea mays L., callus have been used 
successfully to differentiate among genotypes that are resistant or 
slisceptible to leaf feeding by fall armyworm, Spodoptera [rugiperda, (J. E. 
Smith) and southwestern corn bOl'cr, Diatraea. grandiosella Dyar. The use of 
such bioassays has, however, been limited by bacterial and fungal 
contamination of callus cultures following their infestation with insect 
larvae. This investigation was undertaken to determine whether 
transferring callus from petri plates containing a l'vlurashige and Skoog 
medium amended with sucrose, agar, 2,4-dichlorophenoxyacetic acid-(2,4-D), 
and zeatin to 30-ml plastic cups containing water agar amended with 
gentamicin and sorbic acid prior to infestation with fall armyworm or 
southwestern corn borer larvae would reduce contamination without 
diminishing our ability to differentiate among leaf feeding resistant and 
susceptible corn hybrids. We found that 62% of the callus cultures on 
Murasbige and Skoog medium were contaminated after infestation with fall 
armyworm larvae while only 2% of tbe callus transferred to the plastic cups 
with water agar amended with gentamicin and sorbic acid were 
contaminated. Both fall armyworm and southwestern corn borer larvae fed 
on callus of leaf feeding resistant corn hybrids were significantly smaller 
than those fed on susceptible hybrids when the callus was placed in cups 
with water, agar, gentamicin, and sorbic acid. Transferring callus from 
Murasbige and Skoog medium to cups with gentamicin and sorbic acid prior 
to infestation with insect larvae appears to satisfactorily reduce 
contamination without affecting the growth of larvae fed on callus. 

KEY WORDS Corn, host plant resistance, fall armywonn, southwestem com 
borer, Lepidoptera, Noctuidae, Pyralidae 

Several years ago, we reported that southwestern corn borer, Diatraea 
grandiosella Dyar, larvae could be reared on corn, Zea mays L. t callus (Williams et 
al. 1983). We found that when larvae were fed on callus of corn genotypes that 
exhibited resistance to leaf feeding in the field, the larvae weighed less than those 
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fed on callus of susceptible genotypes. Similar results were later 
demonstrated with other insects including fall armyworm, Spodoptera 
frugiperda (J.E. Smith) (Williams et al. 1985); corn carworm, Helicoverpa zea 
(Boddie) (Williams et a1. 1987a); European CO Tn borer, Oslrinia nubilalis 
Hubner; and sugarcane borer, Diatraea saccharalis (F.) (Williams et a1. 
1987b). Croughan and Quisenberry (1989) also found that fall armyworm 
larvae fed on callus of Bermudagrass, Cynodon dactylon (L.) PeTs., showed 
reduced growth when fed on resistant cultivars. Callus has also been useful 
in investigations of the mechanisms, inheritance, and chemical basis of 
insect resistance (Williams & Davis 1985; Isenhour & Wiseman 1988; Paiva 
1988). 

Most of our bioassays have involved placing neonate larvae on callus, 
allowing the larvae to feed for 7 d, and then weighing the larvae to 
determine differences in larval growth on callus of different genotypes 
(Williams et al. 1983, 1985, & 1987a, 1987b). Frequently, callus cultures 
have become contaminated with bacteria and fungi following infestation with 
insect larvae. The contamination affects larval survival and growth; 
therefore, we have routinely eliminated contaminated cultures before 
weighing. With high levels of contamination, entire experiments have 
sometimes been jeopardized or even lost. 

Because contamination was a serious limitation to our evaluation of corn 
callus in laboratory bioassays for insect resistance, we modified our 
procedures to better control contamination. Experiments reported herein 
were undertaken to determine whether a modification in our procedures 
effectively reduced contamination without adversely affecting our ability to 
distinguish between leaf feeding resistant and susceptible corn genotypes. 

Materials and Methods 

For these studies, callus was initiated from two corn hybrids that are 
resistant to leaf feeding by southwestern corn borer and fall armyworm, 
Mp704 X Mp707 and Mp707 X Mp708, and two susceptible corn hybrids, 
Ab24E X Tx601 and SC229 X Tx601 (Williams & Davis 1982, 1984; Williams 
et al. 1989, 1990). We followed procedures similar to those described by 
Williams et al. (1983, 1987a, 1987b) to initiate callus from mature corn 
kernels. Kernels were swirled in a sterile beaker with 2 g laboratory 
detergent and 100 ml 5.25% sodium hypochlorite for 20 min. They were 
rinsed twice in sterile distilled water and then swirled for 5 min in a solution 
of 700 mIll iter ETOH. The seed were rinsed five times in sterile distilled 
water, soaked for 3 min in a solution of 100 mg gentamicin and 1.2 g sorbic 
(2,4-hexadienoic acid) per liter of sterile distilled water. The seed were 
maintained on germination paper moistened with the gentamicin, sorbic acid 
solution for 48 h at 25° C. Embryos were excised using forceps and a scalpel. 

The embryos were placed in petri plates on Murashige & Skoog (1962) 
medium supplemented with 20 g/liter sucrose, 8 gfliter agar, 15 mg/liter 2,4 
dichlorophenoxyacetic acid (2,4-D), and 0.15 mg/liter of zeatin (6-[4-hydroxy
3-(methylbut-2-enylamino]purine). The callus was maintained at 27° C with 
a photoperiod of 12:12 (L:D) and transferred to a maintenance medium after 
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4 wk. The callus was transferred to fresh medium at 4-wk intervals 
thereafter. The maintenance medium differed from the initiation medium in 
that 2,4-D was reduced to 5 mg/litcr and zeatin solution was reduced to 0.1 
mglliter. 

On 29 October 1993, approximately 500 mg of callus was placed on 
maintenance medium in petri plates, 15 plates per hybrid, and each plate 
was infested with one neonate fall armyworm larva. This was similar to the 
procedures used in earlier experiments (\Villiams et a1. 1985). A mixture of 
750 rol sterile distilled water, 7500 mg agar, 450 mg sorbic acid, and 45 mg 
gentamicin was prepared and heated to 82° C. The mixture was poured in 
10-ml aliquots into 30-m! plastic cups and allowed to cool. We placed 500 mg 
callus and one neonate fall armyworm larva in each of 15 cups per hybrid. 
The petri plates and diet cups were arranged in a randomized complete block 
design with 15 replications and placed in a growth chamber at 29° C with a 
photoperiod of 12:12 (L:D). After 7d, we noted the presence or absence of 
fungal or bacterial contamination in each plate or cup and weighed the 
larvae from the uncontaminated plates and cups. 

On 23 November 1993, an additional experiment was conducted 
using callus of three hybrids, Mp707 X Mp70B, Ab24E X Tx601, and 
SC229 X Tx601. We placed 500 mg of callus in 14 cups per hybrid and 
infested each one with a neonate southwestern corn borer larvae foHowing 
the same procedures as in the first experiment except that the larvae were 
allowed to feed 14 d before weighing. 

Larval weights from the two experiments were analyzed using the method 
of least squares to fit linear models (SAS Institute Inc. 1987) because of the 
large number of missing values. In the first experiment, larval weights for 
petri plates and cups were analyzed separately. Significance of differences 
among means was determined by Fisher's Protected LSD (P=0.05) (Stee! & 
Torrie 1980). 

Results and Discussion 

\\Then we completed the first experiment and the fall armyworm larvae 
were weighed after feeding for 7 d, 62% of the petri plates containing callus 
maintenance medium were contaminated while only 2% of the plastic cups 
containing the mixture of water, agar, gentamicin, and sorbic acid showed 
evidence of contamination. Larvae that fed on callus of the resistant 
hybrids, Mp704 X Mp707 and Mp707 X Mp70B, and the susceptible hyb";ds 
differed significantly in weight whether the callus was placed in petri plates 
(F = 7.91; 2,12 df; P <0.05) or plastic cups (F = 19.65; 3,34 df; P <0.01). 
Larvae in this experiment were, however, heavier than those grown on callus 
in petri plates in an earlier experiment (Williams et a1. 1985). Because all of 
the petri plates containing callus of SC229 X Tx601 were contaminated, none 
of the larvae for that treatment were weighed. On the other hand, none of 
the cups containing callus of SC229 X Tx601 were contaminated. 

The second experiment was conducted to determine whether differences in 
weights of southwestern corn borer larvae fed on callus of leaf feeding 
resistant and susceptible hybrids would be expressed when the callus was 
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Table 1.	 Mean weigbts of faU armyworm larvae fed for 7 d on callus 
of four corn hybrids in petri plates with callus maintenance 
medium or in plastic cups containing agar amended with 
an antibiotic and fungicide. 

Larval weight (+ SD) mg 

Corn hybrida Plates	 Cups 

Mp704 X Mp707
 

Mp707 X Mp708
 

Ab24E X Tx601
 

SC229 X Tx601
 

LSD (0.05) 

92 ±69 

94 ± 12 

273 ± 68 
----h 

103 

97 ±39 

76±33 

181 ± 47 

156 ± 29 

30 

3	 Mp70'1 X Mp707 and Mp707 X Mp708 are resistant to rail armyworm lear reeding; Ab24E X 
'1'x601 nnd SC229 X Tx601 arc susceptible. 

bAil plntes were contaminnted and larval weighl!l could nol be determined. 

Table 2.	 Mean weights of southwestern corn borer larvae fed for 14 d 
on callus of three corn hybrids in plastic cups containing 
water agar amended with an antibiotic and a fungicide. 

Corn hybrida	 Larval weight (±SD), mg 

Mp707 X Mp708 15 ± 7 

Ab24E X Tx601 30 ± 27 
SC229 X Tx601 38± 18 

LSD (0.05) [3 

n ~'lp707 X MI)708 is rellistnntto southwestern corn borer lear reeding; Ab24E X Tx601 and SC229 
X Tx601 nrc susceptible. 
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placed in the 30-ml plastic cups with the water agar mixture containing 
gentamicin and sorbic acid. Because it had been found in previous 
experiments that southwestern corn borer larvae fed on callus grow more 
slowly than fall armyworm larvae (Williams et al. 1987a, 1987bl, larvae were 
allowed to feed for 14 d rather than 7 d. After 14 d, it was found that 13% of 
the cups showed evidence of contamination. Again, differences in larval 
weights among hybrids were significant (F = 6.42; 2,24 df; P <0.01), and the 
larvae that fed on callus of the resistant hybrid '.vere significantly smaller 
than those fed on callus of the susceptible hybrids. 'Weights of larvae were 
higher than those reported in earlier experiments in which southwestern 
corn borer larvae were fed corn callus (Williams & Davis 1985, Williams et 
al. 1987b). 

Although the usc of callus for investigating insect resistance is a 
potentially useful technique, the high degree of contamination that we have 
frequently encountered after infest.ing the callus with insect larvae has been 
discouraging. Contamination has limited the use of this technique as a 
method of quantifying levels of resistance even though it offers a means of 
removing environmental bias when evaluating genotypes adapted to 
different areas. Bioassays can also be used in situations where appropriate 
procedures for field testing have not been developed. The modifications of our 
previous procedures appear to significantly reduce contamination without 
lessening our ability to distinguish between corn genotypes with different 
levels of fall armyworm and southwestern corn borer resistance. This 
modification will likely be useful to researchers working with other insects 
and other crops as well. 
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Sugarcane is FI01ida's most valuable field crop and is primarily grown on highly 
organic soils (muck) in southern Florida. Since 1971, several species of 
Scarabaeidae have been noted causing significant damage to sugarcane in southern 
Florida. Of these pests, the white grub, Ligyrus sub/ropicus (Blatchley) is the 
species of pdmary economic importance (Gordon & Anderson 1981). This grub has 
been shown to reduce tons of sugar per hectare in Florida by 39% in areas of high 
infestation (Sosa 1984). 

Gordon & Anderson (1981) reported that L. subtrapicus is more abundant in 
Florida sugarcane on muck versus sandy soils. Soil type has also been reported to 
be important in the abundance of the Florida sugarcane grubs, Phyllophaga 
la.tifrons (LeConte) and Cyclocephala. pamllela Casey (Gordon & Anderson 1981). 
More recently, Cherry & Allsopp (1991) showed' that the abundance of the 
Australian sugarcane grubs, Antitragus parvulus Britton and Lepidiota negatoria 
Blackburn was cOTTelated with soil texture. 

Reasons for differences in abundance of grub populations among different soil 
types are not fully understood. However, soil texture has been shown to affect 
oviposition of females of the Japanese beetle, Popillia japonica Newman 
(Regniere et al. 1979; Allsopp et al. 1992). The objective of our study was to 
determine if L. subtropicus females exhibit an ovipositional preference among 
soil types. 

Two soils were collected in April, 1992 from the upper 20 em of commercial 
sugarcane fields in southern Florida. The first soil was an Immokalee fine sand 
(Sandy, siliceous, hyperthermic Arenic Haplaquods) and the second soil was a 
Pahokee muck (Euie, hyperthermic Lithic Medisaprists). Since soil moisture 
conditions have been shown to affect oviposition in several scarabs (see Allsopp 
et a1. 1992 for references), we conducted our test so that soil moisture tension 
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would be constant among the different soil textures. First. the relationship 
between soil moisture tension and gravimetric soil water content was 
determined for both soils by generating moisture release curves using 
pressure plates (Klute 1986), Triplicate moisture release curves were 
generated and averaged. Cherry et al. (1990) determined that the optimum 
soil moisture for L. subtropicu.s oviposition in a Pahokee muck soil was 1.32 g 
H20/g dry soil which corresponds to 0.1 bar soil moisture tension. For the 
Immokalee fine sand, 0.1 bar soil moisture tension corresponded to 0.06 g 
H20/g dry soil. Bulk quantities of the sand and muck soils were air-dried and 
soil moisture was adjusted to 0.06 and 1.30 g H20/g dry soil, respectively, by 
addition of distilled water. Hence, the gravimetric water contents of the bulk 
soils were adjusted so that both soil water contents were equal to 0.1 bar soil 
moisture tension and then the soils were sealed in air-tight plastic containers. 
Volumetric mixtures of sand and muck (80:20, 60:40, 40:60, and 20:80) were 
made to create four new soil mixtures. Soil organic matter content was 
determined by combustion of dry soil in a mume furnace. The organic matter 
(OM) of these soils was 7, 74, 116, 340, 517, and 819 g OMlkg soil. All soils 
were sealed in air-tight aluminum cans to be used for oviposition. 

L. subtropicus adults were collected from black light traps located at the 
Everglades Research and Education Center at Belle Glade, Florida, during 
May· June, 1992. After collection, adults were stored in a laboratory at 220 

to 250 C in plastic pans filled with muck soil and sliced carrots for food. On 
June 12, the test was started since large numbers of adults had been 
collected and oviposition had started in the pans. June and July is the 
normal time of L. sublropicus oviposition in Florida sugarcane fields (Cherry 
1985). Females were placed into buckets for exposure to six different soils. 
Each bucket was made of white plastic and measured 26 cm high X 30 cm 
diameter and contained six aluminum cans. Each can was 12 em high X 6 cm 
diameter and filled to about 1 cm from the upper rim with one soil. These 
cans were set on the bucket bottom arranged in a circular pattern. A wooden 
platform with six 6 cm diameter holes rested on the six cans. A 200 ml 
beaker of water in the platform center provided humidity to prevent 
excessive soil dehydration. At the beginning of the test. three females were 
placed near the center and on top of the platform and then the bucket was 
covered with a lid. Thus, each female had free choice to move among the six 
soil types but could not escape below the platform or flyaway because of the 
lid. Each bucket was one replication with a total or 10 replications used in 
the test. 

After the placement of the females in the buckets, the buckets were stored 
for 17 d in a laboratory at 220 to 250 C. Thereafter, all 60 cans were sealed 
with tape and frozen for later examination. Recovery of adults, eggs, and 
first instars was done by gently washing the soil from each can with a 
stream of water from a water bottle into a U.S. Standard Sieve #16 (l.18 m.m 
opening). This sieve was in a pan of water and was gently shaken to sift soil 
from the adults, eggs. and first instars retained in the sieve. Each can was 
examined for 30 min using this procedure. Preliminary tests showed that 
100% of eggs. first instars and adults were recovered in both muck and 
sandy soils using this technique. 
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Linear regression analysis (SAS Institute 1985) was used to determine 
correlation between percentage organic matter of each soil type versus adult 
location and oviposition. Adult location is the number of adults found in each 
can in the different soils at the end or the 17 d test. Oviposition is defined here 
as the number of eggs and first instar larvae recovered in each can after 17 d. 

Female preference for muck soil was shown by data on the location of 
adults found in soils in the cans at the end of the experiment. Linear 
regression analysis showed that there was a significant (P < 0.05) positive 
correlation (r = 0.25) between soil organic matter content and the number of 
females found in the soils. Further corroboration for the female preference 
for organic matter is provided by oviposition data (Fig. 1). These data clearly 
showed a significant (P < 0.001) positive correlation between oviposition and 
soil organic matter content. 

20 

Y = 2.156 + 0.012 X
 
r = 0.508, P < 0.001
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Soil OM (g OM / kg dry soil) 

Fig. 1. Oviposition of L. subtropicus correlated with soil organic matter (OM) 
content. Y = eggs and 1st instars found in each can. Means ± 1 SEM 
are presented. 
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Regniere et al. (1979) reported that Japanese beetles laid fewer eggs in 
clay soil than sand or silt in laboratory tests. However, how these data relate 
to actual field abundance of the beetle was unclear. Allsopp et al. (1992) 
reported that the Japanese beetle showed some soil texture preference for 
oviposition while rose chafers, Macrodactylus subspinosus (F.) showed no 
ovipositional preference. As noted by the authors, the absence of a soil 
texture preference in rose chafer was surprising given the reported 
occurrence of rose chafer larvae only in light sandy soils (Williams 1979). 
Our data show that female oviposition in relation to soil organic matter 
content largely explains the distribution of L. subtropicus in Florida 
sugarcane fields on different soil types. Hopefully, future research will 
clarify how important ovipositional preference for soil texture is in 
determining fi.eld distribution of other scarab species. 
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ABSTRACT The modalities of resistance in N-2 red clover (Trifolium 
pratense L.) germplasm to pea aphid, Acyrthosiphon pisum (Harris), were 
determined by conducting experiments within growth chambers for presence 
of antixenosis, antibiosis and/or tolerance. Two red clover cullivars, 'Tensas' 
and 'Redland', were used for comparisons with N-2. Pea aphids significantly 
preferred the susceptible red clover plants of 'Redland' and 'Tensas' over the 
N·2 plants when given a choice. When aphids were reared on the three 
clovers in a no-choice experiment, survival and fecundity were significantly 
lower for those reared on N-2 than for those on one or both of the susceptible 
clovers. No significant differences in plant growth parameters were observed 
among clovers when equal numbers of aphids were maintained on plants of 
the three clovers. The modalities of resistance operating in N-2 \VCl'e found to 
be a combination of antixenosis and antibiosis. 

KEY WORDS Pea aphid, red clover, host plant resistance, Homoptera, 
Aphididae, Acyrthosiphon piswn, TrifiJlium pratense 

The pea aphid, Acyrthosiphon piswn (Harl"is), is an important insect pest of 
forage crops. Dry matter yield and plant persistence can be adversely affected by 
removal of fluids from the leaves and stems by the pea aphid. Honeydew 
accumulation on leaves or seed heads may also hinder forage and seed harvest. 
High populations of aphids on red clover, Trifo[iwn pratense L., can seriously 
hinder plant development. Leaves on injured plants can lose their natural color and 
become thin. Sterns may be shorter than those of uninjured plants. YOW1g plants 
may die from aphid feeding (Jewett 1941). 

Pea aphids assume additional importance as vectors of forage legume viruses. 
They transmit many important plant viruses in red clover such as bean yellow 
mosaic virus, red clover vein mosaic virus and pea streak virus (Edwardson & 
Christie 1991). 
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Host plant resistance is an appropriate insect control method in forage 
crops because of the high cost of chemical control in relation to the low 
economic value per acre of most forages (Manglitz 1985). Aphid resistance in 
red clover was reported over 50 years ago (Jewett 1935, 1941; Cooper 1939), 
however, host plant resistance has been underutilized in Trifolium. species as 
a means of insect control (MangHtz 1985). Painter (1951) defined three 
mechanisms (modalities) of plant resistance: non preference (antixenosis), 
antibiosis, and tolerance. Plants with antixenosis have characteristics that 
repel or fail to attract insects to them as hosts. Antibiosis refers to adverse 
effects of the plant on the insects' biology. Tolerance is the ability of the 
plant to withstand insect infestation or to compensate for insect damage 
with little subsequent yield loss. Insects on tolerant plants behave, develop, 
and survive as well as those on susceptible plants. Tolerant pla.nts sufTer less 
yield loss by repairing injury caused by t.he insects or by continuing to grow. 

Various modalities of plant resistance have different impacts on pest 
populations. The type of insect resistance used has direct effects on the 
stability and the success of a resistant cultivar in an integrated pest 
management program (Smith 1989). 

Corz et al. (1979) screened 35 red clover germplasm sources for resistance 
to pea aphid and yellow clover aphid, Therioaphis lrifolii MonelL Selections 
were made from seedling screening tests where plants with no obvious aphid 
injury were called I'esistant. From their selections, N-2 red clover germ plasm 
was released with resistance to both aphid species. Though N-2 was released 
in 1978, it is the only modern source of aphid resistance that has been 
developed in any of the Trifolium species (Manglitz 1985). Modalities or 
resistance to pea aphids or yellow clover aphids in N-2 are still not known. 
Understanding the modalities of aphid resistance in N-2 could stimulate 
interest in developing new cultivars of Trifoliu.m species with resistance to 
these important pests. The objective of this investigation was to determine 
what modality of resistance (antixenosis, antibiosis, tolerance or some 
combination of the three) is operating within N-2 red clover germ plasm 
against the pea aphid. 

Materials and Methods 

Red Clovers. Two red clover cultivars, 'Tensas' Ipea aphid susceptible 
eultivar (Gorz et al. 1979)] and 'Redland' (pea aphid susceptibility level 
unknown), were selected for comparisons to the resistant N-2 germplasm. 
'Redland' was found to be susceptible to pea aphid attack in our experiments 
and will be referred to as such in the text. 

Clover seeds were germinated in petri dishes (10 cm diam) on an inverted 
1% water agar surface. Germinated secdings were t.roansferred to a peat 
moss, vermiculite and sand medium (1:1:2) in plastic cups (6.5 cm diam by 11 
em depth), or pots (11 em diam by 11 em depth), or Conetainers (Stuewe & 
Sons, Corvallis, OR) (4 em diam by 21 em depth) and held in a greenhouse. 
The greenhouse was fumigated with Orthene (3,0% acephate) (\Vhitmire 
Research Laboratories, [nc., St. Louis, MO) to eliminate insect pests before 
transferring plants from the laboratory to the greenhouse, 
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Five-week or seven-week-old plants of N-2, 'Hedland' and 'Tensas' were 
transferred to growth chambers for the experiments. Numerous plants were 
started from which plants uniform in number of leaves were selected for each 
experiment. 

Experimental Aphids. Pea aphid colonies were started in the laboratory 
using individuals collected in the field from volunteer red clover in 
Oktibbeha County, MS. Aphids were reared initially in small cages in the 
laboratory to eliminate parasites. Colonies for research were maintained on 
a susceptible red clover, 'Lakeland', (Gorz et aI., 1979) in cages in rearing 
rooms maintained at 23 ± 30 C with a photoperiod of 14:10 (L:D) h or in a 
growth chamber maintained at 23 ± laC with the same photoperiod. Aphids 
were identified as Acyrthosiphon pisum (Harris), and voucher specimens 
were deposited in the Mississippi Entomological Museum, Department of 
Entomology, Mississippi State University, Mississippi. 

Experiments. Three sets of experiments were conducted in growth chambers 
to determine if the resistance modality was antixenosis, antibiosis, tolerance or a 
combination of the three. The environmental conditions within the growth 
chambers were maintained at 23 ± laC with a photoperiod of14:10 (L:D) h. 

Antixenosis - A choice experiment was conducted to determine the 
presence of antixenosis as a modality of pea aphid resistance in N-2 red 
clover. The experimental. design ',.vas a split-plot arranged in four blocks 
(each block was a growth chamber). Whole plots were observational times (4, 
8 and 16 h) after aphid release. Subplots were 'Redland', 'Tensas', and N-2 
red clover. Each block consisted of 9 plants with three from each clover. 
Seven-week-old plants selected for uniformity were assigned randomly 
within blocks. The choice arena within each block consisted of a foam core 
illustration board with nine holes (about 6.4 em diam) positioned 
equidistantly from each other with centers 20 cm from the center of the 
arena. Plants of each clover were grown in cups (6.5 cm cliam by 11 cm deep), 
placed randomly in the board's holes. Plant foliage was exposed in the 
circular arena with the potting cups extending under the arena 0001'. 

Clover stems infested with about 80 aphids were placed as an infestation 
source in the center of the arena in each block giving aphids equal access to 
all test plants. The number of aphids on each plant was recorded at 4, 8 and 
16 h after aphid release. The experiment was repeated three times. 

Antibiosis - A no-choice feeding experiment was conducted to determine 
the presence of antibiosis as a modality of pea aphid resistance in N-2 clover. 
The experimental design was a randomized complete block with four blocks. 
Each growth chamber was a block (replication) containing 45 seven-week-old 
plants, 15 for each red clover. 

The fourth leaf of each plant was infested with one apterolls adult aphid 
confined in a clip-on leaf cage (Zeng et a!' 1993). When the adult produced 
nymphs, the adult and all but one nymph were removed from the cage. Daily 
observations were taken to record data on survival and instal' molts. When 
the nymph matured, the clip-on cage was replaced with a dialyzing tube cage 
(2.5 cm diam by 10 em long) to give the aphid more space. The leaf with the 
adult was placed inside the cage closed by polyurethane loam end plugs. The 
pre-reproduction period of each aphid adult was recorded and aphid adult 
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survivorship was recorded daily. Nymphs produced were counted and 
removed each day until death of the adult. 

Tolerance - An experiment was conducted in which equal numbers of 
aphids per plant were maintained to test for expression of tolerance. 
Additional information was obtalned to determine the effects that different 
pea aphid infestation levels per plant had on two growth parameters of the 
three clovers infested at five weeks of age. The experimental design was a 
split-plot with three blocks (each block was a gJ'owth chamber). Whole-plots 
were the three clovers while subplots were aphid infestation levels [0 
(control), 3, 6, and 12 apterous adult aphids per plant]. In each block, there 
were six plants for each clover x aphid density combination giving a total of 
72 plants per block (24 for each clover). 

Plants were grown individually in plastic pots (11 em diam by 11 em 
depth). Before infestation, white sand was placed on the surface of the 
potting soil to facilitate counting of aphids. After infestation, the plants were 
enclosed by clear PVC plastic cylindrical cages (8.5 em diam by 15 em high) 
that were closed at the top with a cloth screen for aeration. 

Red clover plants were scored for morphological stage rating (MSR) to 
characterize their growth. The scoring method for MSR was modified from 
that of Carlson (1966). Five stages of morphological development were used 
in our study instead of Carlson's ten stages. All fully expanded leaves were 
counted as 1.0 and the next most expanded leaf was counted as 0.8 (leaOets 
50% unfolded), 0.6 (Ieanets clearly separated), 0.4 (Ieanets tightly folded, 
petiole visible) and 0.2 (folded leanets visible, petiole not visible). The MSR 
for a particu.lar plant was the sum of the MSR for all fully expanded leaves 
and the MSR of the next most expanded leaf. Other less expanded leaves 
were ignored. The five stage system simplified the procedure to determine 
MSR and reduced observational time. 

Data for MSR were taken for each plant prior to aphid infestation and at 
the end of experiment (15 d after infestation). Plant total dry weight CDW) 
was also determined at the end of the experiment. Data for DW were taken 
for plants excised at soil level. Plants were dried in an oven (Lab Line 
Instruments, Inc., Melrose Park, IL) at 45 ± 2oC. 

Reduction (%) of MSR and DW of infestation plants were calculated 
according to the following formulas: 

MSR Reduction (%) = [(Cdiff - Tdiff)/Cdiffj X 100, 
where Cdiff = Final MSR - Initial MSR of uninfested plants 
and Tdiff = Final MSR - Initial MSR of infested plants. 

DW Reduction (%) = [(Ctrl DW - Trt DW)/Ctri DW] X 100, 
where Ctrl DW = DW of uninfested plants and Trt DW = DW of infested plants. 

Aphid density on experimental plants was checked daily until the end of 
the experiment to maintain a consistent infestation level. Aphid infestation 
levels were maintained by replacing dead aphids with new adults. If nymphs 
had been produced, they were removed to maintain the appropriate number 
of adults per plant. 
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Statistical Analysis. Data were analyzed and compared by ANOVA and 
Fisher's protected LSD (SAS Institute 1988) at P ~ 0.05 in all three 
experiments. Regression was used to analyze the relationship between aphid 
infestation levels and plant DW and between aphid infestation levels and 
plant MSR in the tolerance experiment. 

Results and Discussion 

Antixenosis. The data on pea aphid preference were analyzed separately 
in this experiment because there 'were significant differences between runs. 
However, the trend of the results for the three runs was similar. Pea aphids 
from the rearing host, 'Lakeland', and tested at a photoperiod of 14:10 (L:D) h 
significantly preferred the susceptible clovers ('Redland' and 'Tensas') over 
N-2 (Table 1). 

Table 1.	 Mean preference of pea aphids for three red clovers over all 
observation times in growth chambers maintained at 23 ± 
1°C with a photoperiod of 14:10 (L:D) h. 

Clover" 
n 

(Plants) Run: Ib 
Mean no. aphids/plant ± SE 

2' 3d 

Redland 

Tensas 

N-2 

36 

36 

36 

8.36 ± 0.52 

7.69 ± 0.61 

4.89 ± 0.44 

7.78±0.73 

7.00 ± 0.67 

4.31 ± 0.46 

5.97 ± 0.50 

5.64 ± 0.51 

4.22 ± 0.34 

LSD" 0.96 1.33 1.10 

" 'Redlnnd' {pea aphid susceptible cultivnr l, 'Tensas' (pea aphid susceptible eultivurl and N-2 (pea 
aphid resistant germ plasm). 

h F test (F '" 32.81; df = 2, 18; P< 0.01). 
of test (F = 16.18; df = 2, 18; P < 0.01). 
d F test (F = 6.33; df"" 2, 18; P < 0.0ll. 
e Fisher's protected LSD values P < 0.05 
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Pea aphid numbers on the clover plants increased with time after release. 
Numbers were significantly higher at 16 h than at 8 or 4 h (Table 2). Error 
variance also increased with time after release (when each time of release was 
analyzed separately), though the error variances were not heterogenous. There 
were no significant differences among runs for observation time 4 and 16 h 
after pea aphid release. Significant differences between runs were observed for 
observation time 8 h after release primarily because of the magnitude 
difference (fewer aphids were found on the plants at 8 h after release for run 3). 
No interactions between run, time after release, and red clover entry were 
observed. Aphid numbers were significantly higher on 'Redland' and 'Tensas' 
than on N-2 at 4, 8 and 16 h after aphid release (Table 3). 

Table 2. Mean pea aphid densities on three red clovers at different 
times after aphid release in growth chambers maintained at 
23 ± 1°C with a photoperiod of 14:10 (L:D) h. 

Observation n Mean no. aphids/plant + SE 
time (h) (Plants) Run: l a 

4 36 4.36 ± 0.36 3.50 ± 0.41 3.75 ± 0.30 

8 36 7.83 ± 0.56 7.00 ± 0.57 4.92 ± 0.40 

16 36 8.75 ± 0.52 8.58 ± 0.71 7.17 ± 0.51 

LSDd 0.96 1.03 0.73 

• F test iF = 69.39; df = 2, 6; P < O.Ol}, 
b F test (F = 77.00; df = 2, 6; P < 0.01). 
e F test (F = 67.53; df = 2, 6; P < 0.01). 
d Fisher's protected LSD values P < 0.05 

Kennedy & Schaefers (1974) reported antixenosis of the raspberry aphid, 
Amphorophora agathonica Hottes, for red raspberry cultivars. The aphids 
preferred 'Latham', a susceptible cultivar, over the resistant cultivars, 
'Canby', 'Washington', and 'MaIling Exploit' in their 24 and 48 h observations 
during a choice test in growth chambers. The preference for 'Latham' over 
'Canby' was more pronounced after 24 h while the preference for 'Latham' 
over 'Malling Exploit' and 'Washington' was only significant after 48 h. 

Soroka & Mackay (1991) found that 'Tipu', a field pea cultivar, was highly 
nonpreferred by pea aphid at 10 days after infestation. Formusoh et a1. 
(1992) studied resistance of Tunisian wheats to Russian wheat aphid, 
Diuraphis noxia (Mordvilko). They found that CI3200, CI3251 and CI6831 
were nonpreferred by aphids across observation times (24, 48 and 72 h after 
aphid infestation) compared with 'Arkan'. Givovich et al. (1988) also found 
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Table 3. Number of pea aphids on three red clovers at 4, 8, and 16 h 
after aphid release over all runs in growth chambers 
maintained at 23 ± 1°C with a photoperiod of 14:10 (L:D)h. 

Clovel.(J 
n 

(Plants) 4 h lJ 
Mean no. aphids/plant + SE 

8 he 16 hd 

Redland 

Tensas 

N-2 

36 

36 

36 

4.64± 0.38 

3.86 ± 0.35 

3.11±0.32 

7.69 ± 0.53 

7.53 ± 0.57 

4.53 ± 0.37 

9.78 ± 0.58 

8.94 ± 0.55 

5.78 ± 0.42 

LSD' 0.73 1.21 1.38 

" 'Redlrmd' (pea aphid susceptible cultivar ), 'Tensas' (pea aphid susceptible cultivarJ lind N-2 (pea 
aphid resistanl germ plasm). 

h F test W = 9.6; elf = 2, 18; P< 0.01 l. 
C P test. (I" = 19.J 1; df = 2, 18; P < O.Oll. 
"F lesl(F = 20.77; df= 2,18; P < O.OIl. 
<: Fisher's protected LSD values P < 0.05 

that cowpea aphids preferred susceptible cowpea lines to resistant ones 
because of antixenosis. 

The results of our experiment showed that pea aphids preferred 
susceptible cultivars, 'Redland' and 'Tensas' over the resistant N-2. 
Antixenosis for the resistant clover was expressed initially and more fully as 
time increased. Hanson (1983) proposed a continuum of preferences to 
describe insect behavioral responses to potential food plants. Perhaps the 
pea aphids settle on clover plants randomly at first, but then choose more 
suitable plants after interaction between the aphid sensory system and plant 
stimulation and/or deterrence mechanisms. This study demonstrates that 
antixenosis is involved in the resistance of N·2 to pea aphids. 

Antibiosis. The developmental period from birth to beginning of 
adulthood was not significantly different for aphids reared on the three 
clovers (N-2 = 9 d; 'Redland' = 8.6 d; 'Tensas' = 8.3 dl. Also, the period 
between adult eclosion and initiation of nymphal production was not 
significantly different among clovers. About 1.5 d were required before 
adults began to produce nymphs. 

Reproductive life span was reduced 31% or 21% for pea aphids reared on 
the resistant N-2 (11 d) compared with those reared on 'Tensas' (16 d) or 
'Redland' (14 d), )"espectively. These results are similar to those found by 
\Vilcoxson & Peterson (1960). In their study, the reproductive period of pea 
aphids was 44% shorter when reared on the resistant 'Dollard' red clover 
than when reared on 'Wegener', a susceptible red clover. 
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Mean (± SE) aphid fecundity per adult was significantly higher (F ~ 4.60; 
df ~ 2, 6; P <0.05) on 'Tensas' (21.7 ± 2.0) than on N-2 (13.1 ± 1.7) (Zeng et al. 
1993). However, there were no significant differences in fecundity between 
aphids reared on 'Redland' (17.6 ± 1.7) and those reared on N·2 or 'Tensas'. 
The reduced fecundity of N-2 as compared with 'Tensas' was similar to 
results reported by Wilcoxson & Peterson (1960). They found that the 
fecundity of pea aphids reared on the resistant red dover (lDollard') was lower 
than for those reared on the susceptible red clover ('Wegener'). Also, 
instantaneous rate of increase (1") was significantly higher for the pea aphid 
population reared on 'Tensas' (0.15) and 'Red land' (0.13) than on resistant N-2 
(0.11) (Zeng et al. 1993). 

The mean day~specific survivorship was significantly higher (F = 5.09 to 
12.2; df ~ 2, 6; P <0.05) for pea aphids reared on 'Tensas' than on N-2 on days 
11, 12, 16-20, 22 and 24; and significantly higher (F~ 6.09 to 12.2; df ~ 2,6; P 
<0.05) for aphids reared on 'Redland' than on N-2 on days 12 and 16-20 
(Table 4). Data were not presented for days 1-10 and 25-41 since no 
significant differences between cultivars for aphid survival were observed on 
these dates. Complete age·specific survivorship and age-specific fecundity 
curves were given in Zeng et a1. (1993), These results are similar to those of 
Birch & Wratten (1984) where pea aphid survivorship was higher for those 
reared on susceptible broad beans compared with those reared on resistant 
broad beans. Our results demonstrate that antibiosis is involved in the 
resistance of N-2 to pea aphids. 

Table 4.	 Mean day specific survivorship of pea aphids reared on 
three red clovers in growth chambers maintained at 23 ± l oC 
with a photoperiod of 14:10 (L:D) h. 

Day (r'om birtha 

Cloverb 11 12 13 14 15 16 17 18 19 20 21 22 23 24 

Day specific survivorship (%) 

Redland 55 53 50 48 48 47 47 47 45 42 35 32 30 30 
Tensas 60 57 55 55 53 53 52 50 50 47 40 38 38 38 
N-2 43 42 42 40 40 33 30 30 30 27 25 22 22 18 

LSDc 13 8 ns ns ns 13 12 12 14 13 ns 13 ns 15 

II	 No significant differences in aphid survival between cultivars were found for 1·10 and 25-41 days 
from birth. Initiol aphid number was 60 on each red clover cultivar. 

b	 'Rcdlnnd' (pea aphid 8uHceptiblC! cultivar), "TeOllnS' (PC!f1 uphid susceptible cultivur) and N-2 (pen 
IIphid resistant gC!rmplnsm), 

t Fisher's protected LSD values P < 0.05 
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Tolerance. In this experiment, aph.id infestation level on each plant was 
kept constant so that presence of tolerance could be determined 
independently of antibiosis and antixenosis. No significant differences were 
observed among the three red clovers for percentage reduction of DW or MSR 
(Table 5). No significant interactions between red clover entry and 
infestation level were observed for D\V or MSR. Lack of significant difference 
between N-2 and the susceptible red clovers in DW or MSR reduction 
suggested that N-2 does not possess tolerance to pea aphids. 

Table 5.	 Mean percentage dry weight (DW) and mean percentage 
morphological stage rating (MSR) reductions for three red 
clovers infested with 0, 3, 6, or 12 adult pea aphids per plant 
in growth chambers maintained at 23 ± 10C with a 
photoperiod of 14:10 (L:D) h. 

Aphids Mean OW reduction (%)0 Mean MSR reduction (t;;..)b 

Iplant n< Redlandd Tcnsasd N-zd LSD Redland Tensas N·2 LSD 

0 18 0 0 0 ns' 0 0 0 ns 
3 L8 35.2 ± 3.1 33.4 ± 4.2 35.9 ± 3.9 ns 10.9 ± 3.5 10.3 ± 3.0 13.0 ± 2.6 ns 

6 L8 51.3±4.2 50.8 ± 3.7 52.8 ± 4.4 ns 27.0 ± 3.5 28.2 ± 3.2 28.) ± 4.6 ns 
12 18 66.6 ± 2.3 62.2 ± 2.7 58.1 ± 2.8 ns 45.5 ± 3.2 53.1 ± 2.8 42.1 ± 4.3 ns 

P OW Reduction (%)= [(Ctrl OW - Trt OW)/Ctri OWl x 100, where Ctrl OW = OW of uninfested 
plants and Trt OW = OW of infested plants. 

It MSR Reduction (%) = \(Cdiff • TdiffJ/Cdiffl " 100, where Cdiff = Final MSR . Initial MSR of 
uninfcsted plants and TdilT = Finnl MSR - Initial MSR or infcsted plnnts. 

C Number or plants 
d 'Red land' (pea aphid susceplible cultivnr). 'Tcmsas' (I)Ca aphid susceptible cultivar) and N-2 (pea 

aphid resistant germplasm). 
.. Means within each aphid infestation level were not. significant.ly different at 1':0.05. 

Plant dry weight (DW) was significantly reduced by pea aphid feeding at 
all infestation levels (F = 213.09; df = 3, 18; P <0.01). The mean dry weight 
was reduced 34.9% by 3 aphids; 51.7% by 6 aphids; and 62.3% by 12 aphids 
per plant as compared with un infested plants at 15 d after infestation. 

Upon regression analysis, a significant positive linear relationship (r2 

0.64, P < 0.05) was shown between aphid number per plant and reduction in 
DW of plants. This relationship was described as Y = 11.81 + 4.84X, where 
Y = DW reduction and X = number of aphids per clover plant. The value of 
antixenosis as an effective resistance modality in N-2 can be illustrated by 
use of this relationship. The additional 2.9 aphids per plant that preferred 
'Redland' over N-2 (Table 1) would result in a DW reduction of 26% and the 
additional 2.3 aphids per plant that preferred 'Tensas' over N-2 (Table 1) 
would result in a DW reduction of 23%. 



358 J. Agric. Enlomol. Vol. 11, No.4 (l994) 

Robinson et al. (1993) studied the tolerance of barley to Russian wheat 
aphids, D. /loxia. They also found that the dry weight of the barley genotype, 
S13, was reduced (47.4%) by 10 aphids per plant at 12 d after infestation. 
Smith ct at. (1992) screened introductions of wheat for resistance to the 
Russian wheat aphid. They found dry weight was significantly reduced by 
feeding of D. noxia, but no differences were observed among experimental 
wheats. 

As aphid infestation level increased, the reduction in morphological stage 
rating (MSR) as compared with the control also increased significantly (F = 
65.02; df = 3, 18; P <0.01). The MSR reduction was 11.4% for 3 aphids and 
27.8% for 6 aphids but reached 46.9% for 12 aphids per plant at 15 dafter 
infestation. 

Regression analysis revealed a significant (1'2 = 0.66, P < 0.05) positive 
linear relationship between aphid number PCT' plant and reduction in MSR 
of planLs. The prediction equation was as follows: Y = 0.73 + 3.96X where 
Y = MSR reduction and X = numbel' of aphids PCT' plant. The additional 
2.9 aphids per plant that preferred 'Redland' over N-2 (Table 1) would result 
in a MSR reduction of 12% and the additional 2.3 aphids per plant that 
prefe'Ted 'Tensas' over N-2 (Table 1) would result in a MSR reduction of 10%_ 

Visual scoring for response of MSR of red clover to pea aphid infestation 
and dry weight measurements would be useful screening techniques for 
selection of aphid-resistant (tolerant) red clover. This technique may be used 
in other Trifolium spp. when breeding fOl" tolerance to aphids. 

Maxwell at al. (1972) indicated that antibiosis and antixenosis were major 
modalities of resistance to the pea aphid in alfalfa cultivars. Soroka & 
Mackay (1991) concluded that antibiosis might be the most important of the 
three modalities for field pea resistance to the pea aphid. 

The results of OUT" research indicate that pea aphid resistance in N-2 red 
clover is a combination of antixenosis and antibiosis. Tolerance could not be 
detected in N-2 red clover. N-2 is a useful genetic source of resistancc to the 
pea aphid that should be utilized in red clover breeding programs. These 
results should aid breeelers in developing aphid resistance in red clover and 
other Trifoliu.m. species, and also be of use in incorporating a red clover with 
gcnetic resistance from N-2 into an integl"ated pest management program for 
pea aphids. 
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ABSTRACT Seasonal abundance or diamondback moth (DBM), Plutella 
xyloslella (L.) (Lepidoptera: Plutellidae), the parasitoid Diudegnw insulare 
(Cresson) (Hymenoptera: Ichncumonidae) and a major predator Pardosa 
milvina (Hentz) (Araneac: Lycosidae) was monitored in field plots of 
esfenvaleratc-treated, Bacillus thuringicnsis·treuted and untreated collards 
CBrassica oleracea L.). Diamondback moth populations were kept below the 
action threshold « 1.0 larva per plant) by indigenous natural enemies in 
plots where applications of esfenvalerate were avoided. Late season 
resurgence of DBM populations occurred in esfenvalerate-treated plots in 
each of three seasons. Numbers of DBM larvae and pupae were significantly 
lower (P < 0.05) in all three seasons in Bacillus lhuringiensis-treated plots 
and in two of three seasons in untreated plots. Percent parasitization was 
significantly lower (P < 0.05) in esfenvalerate-treated plots during the late 
season resurgence in two of three seasons. Esfenvalerate significantly 
reduced (P < 0.05) numbers of P. milvina, one of the most abundant prealors 
of diamondback moth. 

KEY WORDS Plutella. J.ylosfella, Lepidoptera, Plutellidae, Diadegma insulare, 
Fardosa miluina, esfenvalerate, Bacillus tlwringiensis, parasitoid, predator, 
collards 

The diamondback moth (DBM), Plu/ella xylos/ella (L.) (Lepidoptera: Plutellidae), 
is the most serious insect pest of crucifers worldwide. Resistance by DBM to 
chemical insecticides is well documented (Sun et al. 1978, Cheng 1986, Tabashnik 
et aI. 1987, Hama 1992, Leibee & Savage 1992, Shelton & Wyman 1992, Tanaka 
1992). Recently, Tabashnik et al. (1990, 1992) demonstrated resistance in the field 
to the microbial insecticide Bacillus thuringiensis Bubsp. kurstaki (Berliner) [B.t.J. 
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Indigenous parasitoids. particularly Diadegma spp. (Hymenoptera: 
Ichneumonidae), control DBM populations in untreated crucifer fields in 
many areas of North America, Europe, and Africa (Hardy 1938, Muggeridge 
1939, Ullyett 1947, Pimentel 1961, Oatman & Platner 1969, Putnam 1973, 
Harcourt 1986, Biever et al. 1992) and the introduced parasitoid D. 
semiclausllm Horstmann has controlled DBM in certain areas of Malaysia, 
Taiwan, the Philippines, Indonesia, Thailand, New Zealand, Zambia, and the 
Cape Verde Islands (Lim 1992). Marsh (1917) reporled that in the United 
States, DBM was held in check by indigenous parasitoids with Diadegm.o. 
insulare (Cresson) being the most important parasitoid of DBM in North 
America (Harcourt 1960, 1963, 1986, Pimentel 1961, Oatman and Platner 
1969, McFadden & Creighton 1979, Latheef and Irwin 1983, Lasota & Kok 
1986, Horn 1987). A few other parasitoid species (Micropli/is pill/ellae 
Muesbeck, Oomyzu.s [=Tetraslichus] soJlOlowshii Kurdjumov, and 
Spilochalcis albifrons rWalshj) also have been reported to contribute to DBM 
mortality (Parker 1971, Ru & Workman 1979, Horn 1987, Muckenfuss et al. 
1992). 

The seasonal abundance of DBM and its parasitoids has been studied in 
various regions of North America (Reid and Bare 1952, Pimentel 1961, 
Harcourt 1963, Oatman & Platner 1969, Harding 1976, Latheef & Irwin 
1983, Kok & McAvoy 1989, Lasota & Kok 1989) but limited information is 
available for the southern United States where studies have been carried out 
on cabbage in Florida (Ru & Workman 1979) and on collards in South 
Carolina (Muckenfuss et al. 1992). 

The negative impact of chemical insecticides on .pal'asitoids of DBM is well 
documented (Sudderudin & Kok 1978, Miyata el al. 1982, 1man et al. 1986, 
Lim et al. 1986, Sastrosiswojo & Sastrodihardjo 1986, Waterhouse & Norris 
1987, Kao & Tzeng 1992, Muckenfuss et al. 1992, Ooi 1992). The pyrethroid 
fenvalerate was found to reduce parasitism of DBM by Co/esia. pill/ella by 
58.7% after 2 d (Kao & Tzeng 1992) and Iman et al. (1986) showed that the 
pyrethroids, including fenvalerate, were highly toxic to female Diadegma 
semiclall.sum (Hellen). 

Predators may be an important source of mortality to DBM larvae but not 
much is known about their impact on DBM populations. Life table studies on 
collards in coastal South Carolina indicated that predators contributed an 
average of 90% mortality to first instal' larvae and studies using untreated 
potted collard plants placed in esfenvalerate-tr"eated colla)"d plots showed 
that predation was reduced (Muckenfuss 1992). In addition, significantly 
fewer Pardosa miluina (Hentz) and Labidura riparia (Pallas), both 
important predators of DBM, were collected from pitfall traps in 
esfenvalerate treated collards (Muckenfuss 1992). 

The seasonal abundance of DBM, the parasitoid D" insulare, and the 
predator P. milvina was determined during the spring seasons of 1990, 1991, 
and 1992 at the Coastal Research and Education Center in Charleston, 
South Carolina. Also, the impact of esfenvalerate and R.i. on the population 
density of these arthropods was determined. 
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Materials and Methods 

Collard fields on the Coastal Research and Education Center farm in 
Charleston, South Carolina were eit.her planted (1990) or transplanted (1991 
and 1992) to 'Vates' collards (Brassica. alcracae L.) on 27 February 1990,9-15 
Apl'il1991 and 9·14 April 1992. Row spacing was 92 cm and within row plant 
spacing was 46 em. Fields were divided into twelve 0.025-ha plots (1990), 
0.035-ha plots (1991) and 0.034-ha plots (1992) arranged in a randomized 
complete block design with 2 guard l'OWS between blocks and a 3 m plant free 
space between treatments. Each field was sampled weekly by visual 
inspection of single plants and counts of DBM larvae, pupae, and D. in.'wlare 
pupae were made from 25 randomly selected plants in each plot. Plants were 
marked using a flag and the same plants were sampled each week. An 
average of one DBIVI larva per plant was considered the action threshold 
(Chen & Su 1986), although insecticide applications took place on a \\lcekly 
schedule regardless of insect populations to evaluate the impact of the 
insecticides on OBM and to test the efficiency of the natural enemies 
(DeBach & Huffaker 1971, DeBach et at 1976). Four plots were treated with 
either Javelin \\'G® (B.t. subsp. Iw.rstahi Berliner) at 0.56 kg/ha or the 
pyrethroid Asana XL® (esfenvalerate) at 0.036 kg Al/ha using a tractor 
mounted Myers 100 TM sprayer with number 2560 Quick l'ee~Jet® nozzles. 
Both insecticides are currently labeled fol' use against DBM on collards in 
South Carolina. Four control plots were left untreated. Treatments were 
applied on 25 April, 2, 23, 30 May and, 6, 13 June during 1990; 3,10,27,31 
May, and 10, 13 June during 1991; and 1,7,13,19,28 May, and 3, 8,18,25 
June during 1992. 

Pa.rdosa milvina were collected weekly using two pitfall traps in each plot. 
Pitfall traps are an effective method for quantitative sampling of lycosids 
(Whitcomb 1980). Traps consisted of plastic 250 ml DG8 Solo® cups (11 cm 
diarn X 4 em depth) with tin covers (20 X 22 em) suspended 2 cm above the 
cups to keep out rain. Ethylene glycol was placed in each trap to a depth of 
1 cm to kill and preserve the arthropods. 

Percent parasitism was calculated using the following formula: (mean 
number of D. insular€ pupae/[mean number of DBM pupae + mean number 
of D. insulare pupae] X 100. Analysis of variance was performed on all data 
using the SAS ANOVA procedure and LSD tests were used to compare 
treatment means at P < 0.05. 

Results and Discussion 

1990. In general, natural enemies kept OBM populations below the action 
level throughout the growing season when esfenvalerate was not used. Mean 
number of DBlVI larvae per plant are shown in Figure 1A. DBM numbers 
were approximately the same in plots treated with B.t. as in untreated plots, 
but increased in esfenvalerate·treated plots after 5 wk and reached a peak of 
about two larvae per plant before declining. Season-long DBM larval and 
pupal populations were significantly greater in esfenvalerate-treated plots 
(Table 1). 
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Table 1.	 Seasonal mean numbers of diamondback moth larvae and 
pupae in untreated collards and those treated with 
esfenvalerate or Bacillus thuril1gielJ,sis, Charleston, South 
Carolina.o 

1990 1991 1992 

l'rcatmcnt No. Larvae No. Pupae No. Larvae No. Pu pae No. Larvae No. Pupae 

Bacillus 0.44b 0.04 b 0.23 b 0.03 n 0.38 b 0.13 b 
thuringiensis 

Esfcnvlaernte 0.71 n 0.18 n 0.51 n 0.07 n 0.73 a 0.34 n 

Untreated 0.53 b 0.07 b 0.43 n 0.06 n 0.45 b 0.18 b 

II JI.'leans within n column followed by the same letlcr ore not significanlly dilTcrent., LSD (P < 0.05). 

Season-long percent parasitism by D. insulare was significantly higher in 
untreated and B. t.-treated plots than plots treated with esfenvalerate 
(Table 2), and parasite populations in the latter plots remained lower 
throughout most of the season (Fig. lB). Late in the season (12 June) 
numbers of D. insulare were higher in plots treated with esfenvalerate 
possibly due to movement of the parasitoid into these plots following the 
upsurge in DBM larval density. This phenomenon is not uncommon with 
density dependent natural enemies when chemical treatments induce pest 
papulation resurgence (Dc Bach et al. 1976). A corresponding decrease in 
pel'cent parasitism to about 45% (Fig. Ie) occurred in esfenvalerate-treated 
plots but parasitism in untreated plots remained around 90%. Although 
season long percent parasitism was relatively high (64%) in the 
esfenvalerate-treated plots. this could be due to the parasitoid avoiding 
contact with the chemical by attacking prey that are generally found on the 
undersides of leaves 01' when the DBM larvae arc suspended from the leaf 
on a silk thread. a common escape response. The drop in % parasitism in 
the B. t.-treated plots which occulTed on the last sampling date was probably 
due to a decrease in DBM larval and D. insulare populations to 
approximately zero on this date. 

Any disruption, environmental 01' chemical, which prematurely reduces 
the mortality of a pest population below the equilibrium level is likely to 
induce a pest outbreak CDeBach & Rosen 1991). Thus, if D. inS/ltare is 
imparting most of the natural mortality in the esfenvalerate~treatedplots. 
the DBM population should resurge with a concomitant decline in percent 
parasitism. \Vaterhouse & Norris (1987) found that a stable population of 
DBM (mortality = natality) occurs when mortality is 98%. In our studies the 
decline in mortality in esfcnvalerate-treated plots to one half of this played a 
major role in the pest resurgence. Also, it appears that in untreated plots, 
the parasitoid. D. insulare cannot maintain DBM populations in equilibrium 
and some assistance is necessary from other natural enemies. 



Table 2. Seasonal mean numbers and percent parasitism of diamondback moth by Diadegma insulare (D.i.) and 
mean numbers of the predator Pardosa milvina (P.m.) in untreated plots and those treated with 
esfenvalerate or Bacillus thuringiensis, Charleston, South Carolina.a ~ 

1990 1991 1992 z
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Treatment o.D.i. %D.i. No P.m. No. D.i. %D.i. o P.m. No.D.i. %D.i. No P.m. c:: en en 
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Bacillus 0.30 c 73 a 7.48 a 0.17 b 88 a 1.06 a 0.22 c 60 a 0.61 a en 

thuringiensis El3 

Esfenvalerate 0.43 b 64 b 2.95 b 0.35 a 89 a 0.15 b 0.49 a 59 a 0.53 a ~ 
Untreated 0.59 a 80 a 5.68 a 0.31 ab 85 a 1.48 a 0.33 b 63 a 0.34 a CIl 
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Numbers of P. miluina were significantly lower in esfenvalerate-treated 
than in R.i.-treated and untreated plot (Table 2), and remained low 
throughout the ea on (Fig. 1D). Becau e higher numbers ofDBM larvae and 
pupae were pres nt in esfenvalerate-treated plots and lower numbers of 
pI' datal's occurred, it may be that esfenvalerate de troy d the predators 
which led to an increa e in pest population density. Thes results indicate 
that P. miluina may be an important natural enemy of DBM and that 
esfenvalerate ha a negative impact on its activity. Other studies in Japan 
and the United tate have shown spiders of the genus Pardosa to be 
important predators of DBNT and that chemical insecticides r duce their 
numbers (Nemoto 1986, Muckenfuss et al. 1992). 

1991. Numbers of DBM larvae and pupae during this season were lower 
than in 1990 and were below the action thresholds for the entire season in 
all treatment (Table 1). This is likely due to natural mortality factors which 
impact especially trongly on eggs and young larvae (Muckenfus 1992). Late 
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Fig. 1.	 Seasonal abundance of DBN! larvae (A) and Diadegma insu.lare pupae 
(E), percent Diadegma insulare pupae (C). and seasonal abundance of 
Pardosa miluina (D) from untreated collard plots and those treated 
with esfenvalerate or with Bacillus thuringiensis during 1990. Vertical 
bars represent ± S. E. Arrow indicate treatment date, Charleston, 
South Carolina. 
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season resurgence of DBM populations occurred in esfenvalerate treated 
plots but populations still remained below the action threshold (Fig. 2A). 
Season long DBM larval populations were lowest in B.l.-treated plots and 
significantly higher in those treated with esfenvalerate and in untreated 
plots (Table 1). 

Season long percent parasitism by D. insulare was higher in all 
treatments than in 1990 although numbers of D. insulare were lo\over and 
there were no significant differences in percent parasitism among 
treatments (Table 2). As during 1990, high numbers of D. insulare pupae in 
esfenvalerate-treated plots resulted from D. insu.lare moving into these plots 
following the resurgence of DBM larvae and was most notable during the 
last three weeks of monitoring (Fig. 2B). Percent parasitism remained high 
throughout the season and was high in esfenvalerate-treated plots during 
the late season pest resurgence (Fig. 2C). This phenomenon underscores the 
importance of interpreting the seasonal incidence of parasitism in relation to 
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Fig. 2.	 Seasonal abundance of DBM larvae (A) and Diadegma insu.lare pupae 
(B), percent Diadegma insulare pupae (C), and seasonal abundance of 
Pardosa milvina CD) from untreated collard plots and those treated 
with esfenvalerate or with Bacillus lhuringiensis during 1990. Vertical 
bars represent ± S. E. Arrows indicate treatment date, Charleston, 
South Carolina. 
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host numbers. Low numbers of D. insuLare pupae in the B.l. -treated plots 
were probably due to the low DBM population densities in those plots. 

Numbers of P. miluina were significantly lower season long in 
esfenvalerate-treated plots than in B.t.-treated plots (Fig. 2D). Overall 
numbers of P. miLuina were much lower than during 1990 and the lower 
predator numbers probably had less impact on DBM populations. This may 
explain the similarity in DBM numbers between esfenvalerate-treated and 
untreated plots. The higher percent parasitism by D. insuLare during 1991 
indicated that the parasitoid may have had more influence on DBM 
populations than predators. 

1992. Diamondback moth populations remained low until 2-16 June when 
populations of DBM larvae increased above the action threshold (> l.0 per 
plant) in all three treatments (Fig. 3A). Populations then declined to below 1 
larva per plant after one week in B.l.-treated and untreated plots. Season 
long mean numbers of DBM larvae and pupae were similar in B.l.-treated 
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Fig. 3. Seasonal abundance of DBM larvae (A) and Diadegma insuLare pupae 
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Pardosa miluina (D) from untreated collard plots and those treated 
with esfenvalerate or with Bacillus thuringiensis during 1990. Vertical 
bars represent ± S. E. Arrows indicate treatment date, Charleston, 
South Carolina. 
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and untreated plots, but were significantly higher in those treated with 
esfenvalerate (Table 1). As reported for the previous two years, numbers of 
D. insulare pupae were significantly higher in the esfenvalerate-treated plots 
due to D. insulare responding numerically to resurging DBM populations 
(Fig. 3B). Although the season long average percent parasitism was about 
the same in all three treatments (Table 2), during the DBM larval population 
resurgence (Fig. 3A, 5-15 June) average percent parasitism dropped to about 
35% in the esfenvalerate-treated plots and remained about 65% in the 
untreated plots (Fig. 3C). 

Numbers of P. milvinu in B.l.-treated and untreated plots were not 
significantly different from those in esfenvalerate treated plots (Fig. 3D). 
Relatively low numbers of P. milvina indicate that the parasitoid D. insulare 
may have been more important than predators in reducing DBM 
populations. Higher numbers of DBM present during the late season in all 
treatments indicate that P. mduina was an important source of mortality for 
DBM and substantiates the need to conse,'ve predators in the collard 
ecosystem. 

In coastal South Carolina, control of DBM is dependent upon a healthy 
community of indigenous natural enemies. The results presented herein 
indicate that applications of esfenvalerate caused resurgence of DBM 
populations due to destruction of natural enemies. B.t. did not destroy 
natural enemy populations and no DBM resurgence occurred in B.t.~treated 

or untreated plots. Significantly lower numbers of OBM in B.t.-treated plots 
resulted in lower numbers of the parasitoid D. insulare. Although mortality 
due to the parasitoid was important, results from other studies suggest that 
predators contribute up to 90% of DBM mortality and their destruction by 
esfenvalerate may contribute to pest population resurgence (Muckenfuss 
1992). In order to implement a successful collard IPM program it will be 
important to take advantage of the action of parasitoids as well as predators 
by monitoring DBl\II along with its natural enemies for making decisions 
about the necessity for insecticide treatments. 
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ABSTRACT Predation and parasitism of eggs oCthe southern green stink 
bug, Nezara uiridula (L.), were assessed by placing egg masses in tomato, 
okra, cowpea, soybean, and wild radish during 1991 and 1992. Percent 
parasitism and predation of N. uiridula egg masses were variable among 
years and crops, but parasitism was higher than predation in tomato for both 
years. Average percent parasitism and predation were approximately equal 
in okra, soybean and cowpea in 1990 and in wild radish in 1991. During 
1990, predation was higher than parasitism in soybean toward the end of the 
growing season but parasitism was higher early in the season in okra and 
cowpea. Parasitism of egg masses in wild radish reached a peak of nearly 
100% during May 1991 and declined to about 30% toward the end of the 
sampling period. Season long parasitism of N. uirldula egg masses in 
soybean and okra was higher than predation in 1991. The major patasiic 
from all crops was Trissolcus basalis (Wollaston). 

KEY WORDS Nezara viridula, predation, parasitism, tomato, okra, cowpea, 
soybean, wild radish. Trissolcus basalis. 

The southern green stink bug, Nezara viridula (L.), is widely distributed 
throughout the world and is a major pest on many fruit, vegetable, nut and grain 
crops (DeWitt & Godfrey 1972, Todd & Herzog 1980). It also attacks many wild 
hosts that serve as reservoirs until agricultural crops are available (Jones & 
Sullivan 1982), Nezara viridula ecology and behavior were reviewed by Todd (19S9) 
and reviews by Jones (1988) and Luck (1981) contained references to parasites 
important in N. viridula control. The major species that attacks N. uiridula in the 
United States is the egg parasite, TrissolclLs basalis (Wollaston) (Hymenoptera: 
Scelionidae) Jones (1988). Nishida (1966) glued eggs of laboratory reared N. 
vi.ridula to leaves of Asystasia coromandeliana Nees in Hawaii and found that 
parasitism by T. basalis ranged from 14 to 55% and predation by the ant Pheidole 
megacepha./a (F.) ranged from 2 to 100%. Besides this study, attacks by both 
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predators and parasites on eggs of N. uiridula located in difTerent host plants 
have not been measured, although Yeargan (1979) monitored the action of 
parasites and predators on eggs of Acrosternum hilare (Say) and related 
pentatomid species in soybean and alfalfa. 

Predators have been reported as important N. uiridula mortality factors 
(Kiritani 1964, Nishida 1966, Starn et al. 1987). Using an enzyme linked 
immunosorbent assay (ELISA), Ragsdale et al. (1981) identified 27 species of 
insects and spiders that attacked eggs and nymphs of N. ui.ridula in soybean. 
In a separate study in Charleston, se, T. basalis attacked an average of 
53.1 ± 1.9% of eggs per egg mass (n = 260) and predators attacked 78.0 ± 
1.6% (n = 451) (H. D. Justo, personal communication). The average number 
of eggs per egg mass as determined from a subsample of the egg masses 
used in this study was 73.7 ± U.8 (n = 120). 

This present study was undertaken to determine the seasonal incidence of 
parasitism and predation of eggs of N. uiridula in tomato, Lycopersicum 
esculentum Mill.; okra, Abelmoschus esculentus (L.); cowpea, Vigna 
unguiculata (L.) Walp.; soybean, Glycine max (L.) Merr.; and wild radish, 
Raphanus rapha.nistrum, L., in coastal South Carolina. 

Materials and Methods 

Field tests were carried out at Clemson University's Coastal Research and 
Education Center from 6 June to 26 October 1990 and from 10 April to 19 
September 1991 to evaluate parasitism and predation on eggs of N. viridula 
in tomato, okra, cowpea, soybean. Wild radish was included in 1991. 

During 1990, 'Sunny' variety tomatoes were transplanted to the field on 3 
August, 'Clemson Spineless' okra was planted on 30 April, 'Mississippi 
Silver' cowpea was planted on 11 May, and 'Young' soybean was planted on 
14 May. In 1991 the same varieties of tomato and okra as in 1990 were 
planted on 19 March and 27 May, respectively. 'Carolina Cream' cowpea and 
'Coker 485' soybean were planted on 9 May. Each field was approximately 
0.25 ha except for the wild radish that occurred in naturally established 
clumps along borders of surrounding fields. 

Egg masses were obtained from a colony of N. viridula reared at the U. S. 
Vegetable Laboratory, Charleston, SC. Egg masses were stored at -50·C 
until ready for placement in the field. Powell & Shepard (1982) had 
determined that N. viridula eggs stored at -50°C were suitable hosts for the 
parasite T. basalis. 

Ten freezer-stored egg masses were placed randomly in each field weekly 
by gluing (Elmer's glue) the egg masses to small strips of cardboard and 
stapling the strips to the undersides of leaves. At the end of each week, 
missing egg masses were recorded and those remaining were removed, 
placed in small plastic petri dishes and held in an insect rearing room at 24 
± 5°C with a photoperiod of L:D 14:10 to allow parasites to emerge. Missing 
egg masses were considered to be preyed upon. Parasitism was calculated as 
a percentage of the remaining masses, either whole or partially eaten. 
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Results and Discussion 

1990 Tests. Predation and parasitism on N. viridula egg masses varied 
widely between crops and growing seasons. More than 95% of the parasites 
found in all crops during both seasons were T. basalis with Ooencyrtus 
submeta.llicus (Howard) (Hymenoptera: Encyrtidae) present in low numbers. 
In a crop of fall tomatoes in 1990 there was no predation on N. viridula egg 
masses (n = 50) but parasitism reached 70% on two sampling dates (Fig. 1A). 

Percent parasitism and predation of egg masses (n = 70) in okra are 
shown in Fig. lB. Parasitism reached over 80% early in the season. During 
the latter two sampling dates predators consumed about 50% of the egg 
masses while T. basalis attacked from 0-20%. There was little difference in 
the season-long mean levels of parasitism (37%) compared to predation (33%) 
in okra. 

Parasitism of egg masses (n = 50) in cowpea reached 70% in early August 
but declined to zero as the season progressed (Fig. Ie). Conversely, 
predation at the beginning of the season was near zero and increased to 50% 
toward the end of the season. The shifts in importance between the two 
natural enemy groups were evident in several of the crops and it was clear 
that both parasites and predators were important in impacting natural 
populations of N. uiridula. 

In soybean, predators were the most important group of natural enemies 
attacking egg masses (n = 70) during the last four sampling dates (Fig. 10), 
but as in all crops in 1990, parasitism was highest on the first sampling 
date. On 29 August, predation reached 80% but parasitism was not detected. 

1991 Tests. Seasonal incidence of egg mass (n = 90) parasitism and 
predation in tomato is shown in Fig. 2A. As in 1990, parasitism was higher 
than predation and the latter was detected only during the last 3 wks of the 
season and then at levels usually below 20%. Parasitism was low (about 
10%) during the first 3 wks, peaked at 90% during mid-May and declined as 
the season progressed. 

Natural enemy action on N. viridula egg masses (n = 70) placed in okra 
was lower than in soybean or wild radish. Parasitism was highest (about 
55%) during the first sampling period (15 July) and generally declined 
thereafter (Fig. 2B). Season-long average percent predation (11%) was lower 
than parasitism (34%). 

The action of predators and parasites on egg masses (n = 90) in soybean is 
illustrated in Fig. 2C. Average seasonal parasitism (82%) was higher than 
predation (41%). Parasitism increased to nearly 100% on 8 August and 
remained high throughout the season. The action of predators was less 
impressive but increased to about 70% toward the end of the season. 

The season~long percent predation and parasitism on N. viridula egg 
masses (n = 100) in wild radish are shown in Fig. 2D. The action by these 
natural enemy groups on this wild host plant is about equal to that in 
soybean. Parasitism reached a peak of nearly 100% during the week of 9 May 
and predators took about 80% of the N. viridula egg masses during their 
peak activity toward the end of May. 
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In summary, there were shifts in the importance of parasites and 
predators during the season and between crops. In many cases, as the action 
of predators increased, action by parasites declined. Obviously, predator 
attacks may have masked the impact of parasites because predators 
probably consumed the parasitized egg masses. Also, removal of egg mass by 
predators probably prevented parasitism in many cases. The most striking 
example of a clear preference by a natural enemy group was in tomato where 
parasites dominated and the action of predators was almost absent. 

OUf results indicate that both predators and parasites may play an 
important role in regulating populations of N. viridula. The combined action 
by these groups of natural enemies often attacked 100% of the egg masses 
placed in some crops. Other research (H. D. Justo, personal communication) 
has shown that if an egg mass is attacked by natural enemies 53 - 78% of 
eggs will be destroyed. 
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ABSTRACT In Ohio, two sites of field corn, Zea mays L., severely 
defoliated by armyworm, Pseudaletia unipnncta (Haworth), were monitored 
to determine the level of armyworm injury from which corn would recover 
aflcr insecticide treatment to produce an economic grain crop. At both sites, 
the predominant stage of corn plant development was the early to mid-whorl 
when treated, and average defoliation rangcd from 40';(J La 97% depending on 
the plant development stage. Defoliation observed per leaf position averaged 
95% to 98% on the leaf closest to ground and declined as plant height 
increased. Post Rescue Treatment plant height was the primary indicator of 
potential plant recovery and subsequent yield. Where post-treatment plant 
height was arrested or reduced to within a range of 20 to 60 cm, a direct 
linear relationship existed between plant height and yield. Significant 
reduction in plant height occurred when defoliation exceeded levels ranging 
from 60% to 80% depending on stand height that prevailed at the time of 
armyworm infestation. The results of this study were used to address the 
question of when a severely defoliated COI"O field should be salvaged by a 
rescue insecticide treatment or replanted to another crop. 

KEY WORDS Insecta, Pseudaletia unipulltla, armyworm, corn, Lepidoptera, 
NoctuidaeC-- _ 

Few studies of atmYWOlm, Pseuclalelia unipuncta (Haworth), on corn have been 
published in recent decades despite the recognition of anny\\'orm as a common pest 
of com in North Amelica. Early publications by Websrer & Mally (189S) and Walton 
(1916) reported devastating eRects of armyworm and the sporadic incidence of such 
infestations. Musick (1973) reported that yields of no-tillage com could be redw_ ~ 

20% or more by severe armyworm deroliation, and that rescue treatment fOl 
armyworm was justified when 25% or more of a stand showed significant leaf 
feeding. Mulder & Showers (1986, 1987) reported annywonn defoliation less than 

1 Accepted for publication 12 June 1994. 
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20% on conventional tilled corn had little innuence on corn plant growth and 
subsequent yields. Willson & Eisley (1992) reported that 12% of no-tillage 
corn fields in Ohio exhibited 20% or more stand injury due to army\yorm. 
Such infestations occur when corn is planted without tillage into a grassy 
cover crop or prior hay crop. 

In Ohio, the production of no-tillage corn has become a common practice. 
When severe cases of armyworm infestation OCCUf, the question of need for 
rescue treatment is overshadowed by the question of whether the field will 
recover after the infestation has been controlled by treatment. The objective 
of this study was to evaluate the post-rescue treatment recovery of two fields 
of corn severely defoliated by a natural infestation of armyworm to address 
the following questions: 

1) Assuming that a rescue treatment effectively controls an armyworm 
infestation, from what level of armyworm defoliation inju.ry will an early to 
mid-whorl corn stand recover to produce a grain yield and not require 
replanting of the field? 

2) What are the characteristics of a corn stand severely defoliated by 
armyworm that indicate that rescue treatment of the stand is not warranted 
and the field should be replanted to another crop? 

Materials and Methods 

This study was based on post-rescue treatment evaluations taken on two 
cases of severely defoliated corn in Ohio. The first case was a field of no
tillage corn planted in a rye cover crop located in Clark County, Ohio. At the 
time of initial observation in mid-June 1984, ca. 4 ha of the field had been 
severely defoliated by armyworms and the field was being treated by air with 
the insecticide fen valerate. The second case was a 12 ha field planted no
tillage into an old hay field in Licking County, Ohio in 1990. The armyworm 
infestation was discovered in mid-July and virtually the entire field had been 
defoliated to the point that only mid-ribs of foliage or stubble remained. The 
field was treated with a ground application of the insecticide permethrin. 

Initial assessment of defoliation at the site in Clark County, Ohio was 
taken on 19 June 1984, one week following rescue treatment. To assess 
impact of armyworm defoliation, two 10 meter segments of damaged corn 
rows were selected that represented a range of defoliation common to the 
area of the field for which recovery was in question. Stakes were placed at 
1 m intervals to enable referencing the position of individual plants. The 
20 m of corn row selected for study included 98 corn plants. During the 
initial inspection, height and defoliation of each plant was measured. To 
measure defoliation, the loss of each leaf was estimated as a percentage of 
total leaf area, and estimated defoliation for each plant was based on the 
average of individual leaf measurements. Plant height was measured again 
all 31 July. On 19 September, 51 plants representing a range of initial 
defoliation levels were sampled to measure grain yield per plant. 

Assessment of defoliation at the site in Licking County, Ohio was initiated 
on 16 July, 3 d following rescue treatment. In this case, 10 single row plots, 
each 3-m in length, were selected across a gl°adient of injury occurring across 
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a portion of the field. A total of 157 plants were present in the 30-m of row 
sampled. During the initial sampling, plant height and defoliation per plant 
were determined in a manner similar to that of the Clark County site. On 31 
August, stand height was measured again, and on 24 September, all plants 
and ears were harvested within the ten 3-m row plots. In contrast to the 
Clark County yield estimates, which were based on individual plants 
representing a range of initial defoliation injury, the Licking County study 
estimated grain yield by harvesting all plants within the 3-m row plots. 

Initial post-rescue treatment data were analyzed to determine 1) the 
vertical profile of defoliation per leaf, and 2) relationship between defoliation 
and plant height associated with plants at various stages of leaf 
development. Relationships between post-treatment variables (initial plant 
height and percentage defoliation) and late summer plant height and yield 
were evaluated by regression analyses. In the case of the Licking County 
site, regression analyses were conducted on the ten plot means. Since 
multiple plots were not included in the Clark County observations, 
measurements of individual plants sampled for yields were pooled by plant 
height. This parameter provided an equivalent comparison, since the 
dominant feature of the Licking County plots was the variable of post
treatment plant height. Where significant correlations were found, both 
linear and curvilinear models were examined to determine optimal 
representation of data. 

Results and Discussion 

Characterization of armyworm defoliation. Defoliation measured per 
leaf position at both study sites was greatest near the ground (Table 1). At 
both sites, the first and second leaves were nearly totally defoliated on 100% 
of the stand. Average defoliation per leaf declined progressively as leaf 
position increased on the plants at both study sites. At the Clark County 
site, defoliation dropped below the 50% level at leaf 5, defoliation was 
minimal on leaves 7 and 8, and no armyworm defoliation was observed on 
leaves 9 and 10, where such leaves were present. In contrast, the Licking 
County site exhibited defoliation at all leaf levels, and average defoliation 
per leaf remained at or above 50% up to leaf 6. 

The vertical pattern of armyworm feeding intensity has important 
implications for the impact of armyworm defoliation at various stages of plant 
development. Severe defoliation of pre-whorl or early whorl corn by army\\'orm 
may reduce the stand to stalk stubble with remnants of foliage (Fig. 1). Severe 
defoliation of mid-whorl corn by armyworm removes the lower foliage, reduces 
the upper foliage to mid-ribs, and may reduce the height of foliage as leaf 
remnants are devoured (Fig. 2). However, in the case of mid-whorl corn, severe 
defoliation may be limited to the lo\\'cr foliage and the upper foliage may 
exhibit marginal defoliation with no reduction in plant height (Fig. 3). 

When the plants sampled at either site were pooled into corn plant 
development categories based on leaf positions remaining, inverse 
relationships between post-treatment defoliation and plant height became 
evident (Table 2). At the Clark County site, the predominant stage of plant 
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Table 1. Defoliation of corn observed per leaf position after treatments 
of sites in Clark and Licking Counties. 

Clark County Site Licking County Site 

Leaf No. Plants Average Leaf No. Plants Average Leaf 
Positiona with Leaf Defoliation with Leaf Defoliation 

% % 

10 4 0.0 11 7.3 

9 19 0.0 30 17.2 

8 37 0.4 55 37.5 

7 56 5.4 72 45.0 

6 70 18.4 85 50.4 

5 83 33.7 93 57.4 

4 86 57.0 96 64.9 

3 87 83.4 100 75.5 

2 87 94.4 125 90.3 

1 98 98.3 157 95.5 

a Leaf position I is closed to ground. 

development was in leaf stages 7~8 which exhibited an average defoliation of 
51.2% on plants with an average height of 38.0 cm. Plants in the 9-10 leaf 
stage exhibited less defoliation due to the fact that the armyworms had not 
reached the uppermost leaf positions which exhibited no top feeding. In 
contrast, plants having 6 or [e\ver leaves present exhibited greater levels of 
defoliation and were shorter in part due to reduction of plant height by 
armyworm feeding. 

At the Licking County site, where the infestation occurred later in the 
growing season, a significant proportion of plants sampled had reached the mid
whorl stage of development (leaf stages 7 - 10) and plant heights were greater 
than those at the Clark County site. The intensity of the armyworm infestation 
was severe resulling in plants with 6 leaves or less to be nearly totally defoliated 
and top injury to occur at all levels of plant development. Entire portions of the 
field had been reduced to stalk stubble exhibiting 95% or more total plant 
defoliation. However, the general relationships between defoliation and plant 
height were equivalent to those observed at the Clark County site. 

Given the relationships observed between defoliation and plant height at 
both sides, the plant height parameter was selected as an optimal 
measurement for assessment of a stand of early to mid-whorl corn that had 
sustained a severe armyworm infestation. In a field where nearly 100% of 
the plant stand exhibits armyworm injury, the shorter plants represent 
either arrested development or height reduction due to armyworm 
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Fig. 1.	 COlon plant defoliated to the point that plant height has been severely 
reduced and only stubble remains. 

defoliation. As plant height increases, defoliation declines progressively with 
additional leaves and the probability of height reduction due to feeding on 
the top foliage also declines (Fig. 3). Finally, in a field assessment of a 
defoliated stand of corn, accurate estimation of plant height requires less 
time than estimation of foliar loss. In addition, measurement of plant height 
is less dependent on personal judgement than estimates of defoliation. 

Post-rescue treatment variables and yield. Grain yield per plant was 
directly proportional to post rescue treatment plant height and inversely 
proportional to defoliation at both sites (Fig. 4). In the Clark County study, 
an inverse relationship between grain yield per plant and percentage 
defoliation was found to be linear (Fig. 4a). In addition, a direct linear 
relationship was found between post-treatment plant height and grain yield 
per plant. Grain yield per plant ranged from 56-222 g (Fig. 4b). The most 
significant reductions in grain yields were associated with defoliation levels 
exceeding 60% where plant height had been arrested or reduced to 30 em or 
less at the time of post-treatment sampling. 

In the Licking County study, the relationship between grain yield and 
defoliation was curvilinear with minimal reduction in grain yield until 
defoliation had eliminated 90% or more of the plant foliage per plot (Fig. 4c). 
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Fig. 2. Corn plant defoliated to the point that only the mid-ribs remain but 
plant height has not been significantly reduced. 

The relationship between defoliation and grain yield could be regarded as 
linear if only the plots exhibiting more than 95% defoliation levels were 
included. The optimal relationship between grain yield and post-rescue 
treatment plant height was best represented by a second degree polynomial 
curve (Fig. 4d). As post-rescue treatment stand height declined from a plant 
height of approximately 100 em, grain weight per plant declined 
proportionately in a curvilinear relationship. The reduction of plant height 
from 100 em to 60 em resulted in a grain yield reduclion of approximately 
20%. However. as plant height was reduced from 80 ern to 20 em, the 
relationship to yield became virtually linear and comparable to that observed 
in the Cla,'k County site. 

Because the levels of defoliation associated with yield reduction at the two 
study sites differed, the reliability of predicting the potential loss in grain 
yield on the basis of defoliation may be questioned. However, reduction in 
grain yield at both sites was associated with a similar range of post·rescue 
treatment stand height. namely as plant height was arrested or reduced to 
levels of 60 em 01' less. Furthermore, the relationship between yields and 
post-treatment plant height was linear at both sites if plants of 80 cm height 
or greater were excluded. 
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Fig. 3.	 Corn plant severely defoliated but some foliage remains and plant 
height has not been affected. 

Because the Licking County study included a set of 10 plots representing a 
broader range of initial defoliation levels than the Clark County study, 
additional parameters may be noted fol' the impact of armyworm defoliation. 
First, deelines in yield oecurred only in plots exhibiting mean defoliation levels 
of 95% or more. Foliage of these plots had been reduced to the point that only 
remnants of mid-ribs of foliage remained and plant height had been arrested 
or reduced. Three of the ten plots which had been reduced to stalk stubble with 
an average of two or fewer leaf remnants produced yields of'::; 40 g per plant. 
During the 6-wk period following treatment, plant growth resumed in all plots 
but the total plant height attained remained directly proportional to plant 
height present at the time of post-rescue treatment (Fig. 5a). A direct linear 
relationship was also found between post-rescue treatment plant height on 
the number of ears per plant at the harvest (Fig. 5b). 

An objective of this study was to determine the level of armyworm 
defoliation that would lead to a decision to replant the corp rather than 
apply a rescue treatment and accept a reduced yield following crop recovery. 
If a stand of early to mid-whorl stage corn has not been reduced to stubble or 
a portion of a stand has four or more leaves remaining and minimal 
reduction in average stand height, then a crop having a reduced yield may be 
salvaged with application of a rescue treatment. 
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Table 2. Defoliation and plant height observed per stage of corn plant 
development after treatment of sites in Clark and Licking 
counties. 

Maximum 
Leaf 

Position 
Present 

Number 
of 

Plants 

Average 
Defoliation 

(%) 

Average 
Height 

(em) 

Plant Stand 
Exhibiting 

Top Feeding 
(%)U 

Clark County Site - 1984 

9-10 

7-8 

5-6 

1-4 

19 

37 

27 

15 

41.7± 7.5 

51.2± 9,4 

71.2± 17.2 

97,0± 3.9 

52,1± 9.8 

38.0± 7.2 

27.1 ± 7.9 

12.7 ± 3.6 

0.0 

13.5 

77.8 

100.0 

Licking County Site - 1990 

9-10 

7-8 

5-6 

1-4 

51 

34 

10 

62 

56.7 ± 20.5 

79.9 ± 19.4 

95.0± 2.5 

97.6± 1.1 

111.5 ± 15.5 

92.9 ± 20.5 

65.8 ± 13.9 

26.1± 13.8 

62.7 

85.3 

100.0 

100.0 

"	 percentage of plants exhibiting defoliation on top foliage or reduction in plant height. due to 
defoliation. 

This study has also demonstrated that a severe defoliation is required to 
reduce corn yields. In general, it appears that declines in yield begin to occur 
when defoliation reaches a point that stand height is actually reduced. Since 
armyworm defoliation of corn is initially concentrated near ground level, it 
may be assumed that total plant defoliation levels of 50% or more are 
required before the upper growing region of the plant is affected and grain 
yield is reduced. As a result, this study supports the conclusions reached by 
Mulder & Showers (1986, 1987) that 20% defoliation would have little effect 
on corn growth and yield. 
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Fig. 4. Relationships between grain yield and post-treatment defoliation (a + 
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Fig. 5.	 Relationships belween post-treatment plant height and pre-harvest 
plant height (a), and ear presence (b). 
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virus 271
 

wheat 61
 
wheal curl mite 271
 
while apple Icnn\oppcr 301
 
whitefly-plant relationship 177
 
wild radish 375
 

Zen mays 157
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