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DIFLUBENZURON AS A POSSIBLE TOOL FOR MANAGING
 
I. 'SECTICIOE-RESISTANT HORI FLIES
 

(DIPTERA: MUSCIDAE)'
 

J. E. Cilek and F. W. Knapp
 
Deportment of Entomology
 

University of Kentucky
 
Lexington, Kentucky 40546
 

ABSTRACT 

The use of diOubcnzuron to manage hom fly [lO!mlations resistant to pyrethroid and 
organophosphorus inRccticides wus investigated in southwestern Kentucky during 1986. 
DiOubcllzuron boluses (VigilanteI'» were administered 1,0 two callie herds which supported 
horn nies resistant 10 !>cnnethrin nnd stirofos. Although penncthrin and stirofos resistance 
\VCfC variable in t.hese horn Oy populations, Difiubenwron did not oppcnr to exert additional 
selection I>refisure towards greater resistance 10 either insecticide. Dinubenzuron reduced the 
resistant adult hoi'll fly populations by > 80% during the first 75 d of the study which WtlS 

not consistcntly differcnt from the rcduction of insect.ieide-susccptiblc horn Oy populutions 
also boluscd with diOuhcnzuron. 

Key Words:	 f!aenlflLQbill initafls. stimfos, tetmchlorvinphos. pel'tllclhrin. insccticide rcsisUlIlce 
management, Dil>tCIlI, Muscidae. 

J. Agric. Elltomoi. 8(1): 7-16 (January 1991) 

Insecticide resistance management has emphasized the delay or avoidance of 
the evolution of insecticide-resistant insect populations (National Research Council 
1985). However, once insecticide resistance is phenotypically expressed in a 
population it is considered too lute to use avoidance or delay tactics. In pest 
populations where resistance is already exhibited and control is only achievable 
through chemical means. insecticide resistancc management strategies should 
emphasize reduction of selection pressure t.hrough pesticide management. [n this 
context. reducing selection pressure is best accomplished by insecticide rotation 
where chemicals with different modes of action are employed to prevent the 
further selection of resistant individuals. Historically, insecticide rotation has been 
suggested and practiced as a means to achieve control as well as manage 
resistance for a variety of insecticide-resistant pests (Brown 1976, Curtis 1981. 
Georghiou 1983, Georghiou et al. 1983. National Research Council 1985, Byford ct 
"I. 1.987). 

A rotation program using dil1ubenzuron (OimilinOO) for the control and manage
ment of horn l1iel' Haemalobia irrilans (L.), resistant to pCl'lllethrin and stil'ofos 
(tetrachlorvinphos) was conducted in southwestern Kentucky in 1986. The objective of 
this study was to determine whether or not clinubcnzuron could reduce permethrin 
und stirofos horn ny resistance levels while achieving control. 

I Hecl'ived for puhliclliioll II OCI,ober 19R9; llcceplcd 2~ ,hul(' 1990. 

7 



8 J. Agric. Ent.olllol. Vol. B. No. 1 (1991) 

MATERIALS AND METHODS 

The cattle herds used in these investigations were located in Christian Co., 
Kentucky, within an area of cash grain crop production with limited cattle 
production. Two horn l1y populations (PEM-A and PEM-B) resistant to pelmetluin 
and stil'Ofos \....ere the primary target for resistance management using diflubenzill'on. 
The insecticidal rotation prior 1.0 the use of diOubenzul'On for both populations 
were as follows: cattle from the PEM-A population had been treated with 
renvalerate or permethrin impregnated em tags during 1982 - 1984. In 1985 this 
same herd had been sprayed with crotoxyphos three to four times during the 
season as well as being fed mcthropl'ene as a feedthl'Ough for horn fly control 
while using a methoxychlor treated backl'ubber for supplemental control. During 
that year 18 of 74 animals were also tagged with f1ucythrinate ear tags. The cattle 
from PEM·S herd in 1983 were also treated with crotoxyphos sprays in similar 
frequency as PEM-A. In 1984 crotoxyphos ~prays were used in addition to stirofos 
as a feedthrough fol' ny control. In 1985 the stirofos feed through had been used 
exclusively for control. In 1986 a bolus formulation of diflubenzuron (Vigilante®, 
10% A.J., American Cyanamid, Princeton, New Jersey) was orally administered to 
the cows and calves from both farms on 7 May at the recommended label rate of 
0.5 bolus per 136 to 250 kg; one bolus per 250 to 375 kg; 1.5 bolus per 375 to 500 
kg; and 2 boluses pel' animal weighing greater than 500 kg. 

Cattle surrounding t.hese two resistant populations were also bolused with 
dinubenzu]'on (PEM S-BR, PEM S-SH and PEM S-MO). PEM-A and PEM-B 
horn fly populations were on cattle that were adjacent to each other but were 
separated from the other three populations by at least 0.8 km. The nearest 
untreated cattle herd was located ca. 1.6 km from the study area and served as a 
control. All herds averaged ca. 50 cO\.vs with calves. 

Adult horn fly susceptibility to technical permethl'in (95.2% A.I., Burroughs 
Wellcome, H,esearch Triangle Park, North Cal'Olina and stirofos (99.0% A.I., SDS 
Biotech Corp., Painesville, Ohio) was determined for all horn fly populations at the 
time of cattle treatment using the materials and methods of Cilek and Knapp 
(1986). Flies from the PEM-A and PEM·B populations were tested again at the 
end of July and September. Ten concentrations of each insecticide ranging from 
0.23 to 29.6 IJg/cm 2 for stil'ofos and 0.00074 to 0.15 ,ug/cm 2 for pel'methrin were 
used. Each concentration was replicated three times. Approximately 10 - 15 horn 
flies (mixed sex) were used at each concent.ration of each insecticide. As a result of 
est.imated horn fly counts being gl'eater than 150 flies per Ride per animal in 
August, the cattle from PEM-A were treated once with a 170 permethrin spray 
(Permectrin,@ 10% A.I., Boehringher Ingelheim, St. Joseph, Missouri) fol' supple
mental horn fly control. The same horn fly population level also occurred on cattle 
from PEM-B v..·hich were sprayed at the same concentration with the same 
material at biweekly intervals during August and September. Spray applications 
were applied by the cattle producers. 

Fly Counts/Fecal Bioassays 
Estimates of the number of adult hal'll nies pel' side from 10 randomly selected 

animals were recorded from each cattle herd at the end of June, July, August and 
September between 0800 and t200 CST. One 400-g sample of fresh feces was 
collected separately from foul' randomly selected animals in each of the five herds 
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for fecal bioassays. These samples were placed in plast.ic containers and stored at 
4°C in a styrofoam chest.. Within 24 h of collection, lOO·g aliquots of each fecal 
sample were placed in individual lOO-ml poly. lined Sou me· cups (Solo Cup Co., 
Urbana, rHinois) and allowed to warm to room temperature. Twenty-fi\'e first 
instar horn fly larvae were placed into each cup and the cup subsequently placed 
into a 200·ml wax denture cup (James River· Dixie/Nol'thern, Inc., Greenwich, 
Connecticut), covered with muslin and incubated for 6· i d at 27 ± 1°C and 
80 ± 5'k RH until adult eelosion. Feces collected from all treated and control cattle 
were bioassayed with larvae from a susceptible horn fly population (Kerrville) 
obtained from USDA, Knipling/Bushland Livestock Insects Laborat.ory, Kerrville, 
Texas. Also hom fly larvae from the PEM-A kand PEM·S populations were each 
bioassayed against cattle feces from t.heir I'espective farm, Additionally, resistant 
hom fly I3Ivae from both the tl'cated and susceptible populations were reared in 
untreated bovine feces to delclmine any fitness differences based on developmental 
time and percent adult emergence. Horn Oy larvae were obtained from eggs of 
each of the above horn fly populations as described by Cilek (J989). Larval 
mortality in all bioassays was based on the absence of adult emergence and was 
corrected for natural mortality (Abbott 1925). 

Data Analysis 
Median lethal concentrations (LCr.o) of all horn fly populations to pennethl'in 

and stirofos as well as associated slopes and 95(Jr fiducial limits were determined 
by PROC: PRO BIT (SAS Institute 1985). Pairwise comparisons of the LC~o levels 
from the PEM-A or PEM-B populations were made with the LCr,u levels of the 
Spindletop populations. LCr,n's were considered significantly different when their 
95% fiducial intervals did not overlap. Resistance ratios were calculated by 
dividing th~ LCijo of the Spindletop populat.ion into the LCt,o of each horn lly 
population tested. Feclli bioassay data were statistically annlysed using student's t
test (Snedecor and Cochran 1967). Adult fly reduction data were analyzed using 
PROC: ANOVA (SAS Institute 1985) and mean comparisons were made using the 
TUKEY option. All percentage data were transfol'med by urcsine square-root prior 
to analyses. Differences from data analyses were considered signillcanl at P < 0.05. 

RESULTS 

At the time of treatment in May. horn fly populations from cattle on the t.hree 
surrounding farms (PEM-BR, PEM-MO and PE~..1-S) were susceptible to stirofos 
and less than twofold I"csistant to permethl'in. During this time, PEM·A and pgM
B were significantly different in susceptibility to both insecticides and were 70.5
and 1J2.3-fold resistant to st.irofos. respectively, while being 6.5- and 9.S-fold 
resistant to permethrin, respectively (Tables J and 2). The LCr,o values for stirofos 
and pennethrin from PEM-A and PEM-B hom fly pOI>ulations remained significantly 
greater than that of the Spindletop populations through September. Permethrin 
resistance ratios between t.he PEM-A and PEM-B did not vary considerably during 
May and Jllly. However, the LCso value of the PEM-B population significantly 
increased in September and was more than six times the LCoo value of the PEM-A 
population (Table 2). 

Horn fly lantal mortality in treated cattle feces from the PEM-A and PEM-B 
populations was 100% during May and declined to an average of 32.5 and 22.2%. 
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Table 1.	 Comparative susceptibility of live horn fly populations to stirofos, 
Christian Co., Kentucky, May, 1986. 

Hom Fly LC50* 95% Fiducial Limits Resistance 
Population (llg!C!ll2) (~g/cm') Slope ± SE Ratio t 

May (Pretreatment) 

Spl:op+ 0.03089 a (0.01226 - 0.06890) 1.35 ± 0_27 

PEM-A 2.17831b (0.27380 - 5.02740) 1.04 ± 0_26 70_5 

PEM-B 3.4688:3 b (2.57633 - 6.98011) 0.79 ± 0.05 112.3 

July 

Spl:op+ 0.OL023 a (0.00671 - 0.(1357) 1.75 ± 0_24 

PEM-A 1.1l221b (0.21907 - 2.51238) 0_96 ± 0_19 108.7 

PEM-B 0.52988 b (0.36888 - 0.72299) 0.95 ± 0.09 51.8 

September 

SPlOp+ 0.01387 a (0.01122 - 0.01697) 2_26 ± 0_27 

PEM-A 0.80215 b (0.5L057 - 1.21279) 0.69 ± 0.07 57.8 

PEM-B 0.93929 b (0.57360 - 1.50028) 0.61 ± 0.08 67.7 

.. LC:,o values followed by thl! same letter were not significantly different from the Spindletop populmioll 
when the !J;l'A, fiducial limils of the LC~o values were COlllpHl·cd. 

t HesisHlIlce Rutio = LCr.... PI..:l'\'l population 

LCM Spilldletop (SpIOp) populntioll 
t Susceptible popullltiol1; no exposure to insecticides 

respectively, by September (Table 3). MOl'tality did not differ significantly between 
either population. Also larval mort.ality did not differ significantly between the five 
cattle herds when larvae from the susceptible Kerrville population were tested. 
These bioassays resulted in 100% larval mortality in May and declined to 25.4% by 
September. 

E.xcept for significantly fewer adults emerging from the PEM-A horn Ily 
population in untreated feces dllt'ing May, no significant differences were observed 
in developmental times or adult emergence of the PEM-A and PEM-B populations 
when compared with the Kerrville popuhltion (Table 4). 

Greatet· than 90% reducLion of adult horn lly numbers were observed on cottle 
herds in ,June (Table 5). Reduction of the PEM-SH population was significantly 
lower than that of the other fly populations during July and August. In September 
reduction of the PEM·A and PEM-B hom Ily populations were significantly 
greater \vhen compared with the reduction of the other three populations. 

DISCUSSION 

Dillubenzuron did not affect the level of stirofos resistance nor pel'methrin 
resistance levels in the PEM-A and PEM-8 hol'll Ily populations during May 01' 

July. Because treatment: of cat.tle was delayed in order to determine resistance 
levels in each of the overwintering horn Ily populations, this may have allowed a 
greater number of resistant Ilies to become initially established and therefore 
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Table 2.	 Comparative susceptibility of five horn ny populations to permethrin, 
Christian Co., Kentucky, May, 1986. 

Hom Fly LC!IO'" 95% Fiducial Limits Resistance 
Population (~g/cm2) (~g/cm') Slope ± SE Hatio t 
May (Pretreatment) 

Sptop~ 0.00128 a (0.00103 - 0.0015:1) 2.72 ± 0.3J 

PEM-A 0.00872 b (0.00602 - 0.0119'1) 1.66 ± 0.23 6.5 

PEM-B 0.01248 b (0.01039 - 0.01503) 1.65 ± 0.12 9.8 

July 

Sptop ~ 0.00264 a (0.00220 - 0.00315) 2.27 ± 0.28 

PEM-A 0.02300 b (0.02039 - 0.03585) 1.65 ± 0.20 8.7 

PEM-B 0.01821 b (0.01026 - 0.03775) 2.66 ± 0.50 6.9 

September 

Sptop:l: 0.00221 a (0.00194 - 0.00250) 4.22 ± 0.43 

PEM-A 0.01723 b (0.01302 - 0.02353) 1.21 ±O.15 7.8 

PEM-B 0.10883 b (0.07703 - 0.15339) 1.13 ± 0.1·1 49.2 

•	 LC~.. \'nlues followed by the same leiter were not siRnHicanlly different from lhe Spindletop p()flulation 
.....hen the 95'k fiducial limits of lhe I.e"" valiles werl" COllll>nred. 

t ncsisl8nce nutio - LC,.a "EM pOIJlllalion 

LC:.n Spindlel,oj) (Splop) poplllniion 

:: Su.~ceillible llollUlntion: no eXllosllrc 10 inseclicides 

maintained Ht a certain frequency in each population. Previous dose-mortality date'l 
collected for two yea!'s priol' to this study from t.hese horn fly populations showed 
that ovenvintering nics carryover about the same level of resistance to pennethrin 
and stirofos as their parents (Cilek 1989). Also no measurable fitness disadvantage 
in resistant individuals was recorded in these two horn fly populations in the 
absence of permethrin or stirofos use. The absence of such a disadvantage may 
have been an additional innuencing factor in the maint.enance of resistant individuals in 
the PEM-A and PEM-B populations. 

We also found thut. when horn nies were exposed to dilluuenzuron·lreated 
cattle repeatedly sprayed with pennethrin at biweekly intervals during August and 
September, pyrethl'oid resistance increased significantly Crable 2). Georghiou et al. 
(1983) had found similar results when pyrethroid-resistant Culex quiflque[ascialus 
Say mosquito larvae had been pressured in alternate generations with rotat.ions of 
dinubenzuron and permethrin which resulted in additional selection of higher 
resistance to pel'methrin. It is interesting t.o note that the permet.hrin resistance 
rat.io of horn nics from cattle that had been sprayed once during this time period 
(PEM·A) did not increase as dramatically as the PE't\'1-B population. Estimating a 
generation time of 2 wk for hol'l1 flies from August to September, HS many as foul' 
hol'l1 fly generations could have been pressured on the cattle herd that was 
sprayed biweekly. The increased permethrin resistance ratio in this population 
may have been due t.o several successive horn fly generations being selected with 
t.he permethrin spray, Sheppard (1987) reported similar results after repeated 
spray applications of fenvalerate against. fenvalerate·resistant horn flies. 
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Table 3. Mean corrected ± SE larval mortality from three horn fly populations in feces from diflubenzuron-trested cattle, 
Christian Co. Kentucky, 1986. 

Cattle 
Horn Fly* 

Population used % Conected Mortalityt 

Herd in Bioasseys May June July Aug. Sept. 
~ 

PEM-A 

PEM-B 

PEM·A 

PEM-B 

100.0 

100.0 

90.7 ± 4.9 

100.0 

100.0 

81.9 ± 4.4 

57.8 ± 17.7 

58.8 ± 6.7 

32.5 ± 9.5 

22.2 ± 22.2 

,. 
~f.. 

PEM-A 

PEM-B 

Kerrville 

Kerrville 

100.0 

100.0 

91.2 ± 2.5 

92.7 ± 7.3 

100.0 

83.3 ± 8.4 

57.4 ± 

61.8 ± 

8.1 

8.4 

25.4 ± 7.9 

54.5 ± 15.8 

~ 

¥ 
£. 

PEM S-BR Kenville 100.0 100.0 80.0 ± 2.0 72.2 ± 14.7 :~4.5 ± 6.3 ~ 
PEM S-MO 

PEM S-SH 

Kerrville 

Kerrville 

100.0 

100.0 

100.0 

100.0 

82.0 ± 3.5 

98.0 ± 2.0 

70.4 ± 1.8 

70.3 ± 14.5 

56.3 ± 16.7 

45.4 ± 9.4 

?' 
z 
0 

No significant differences (P > 0.05) in larval mortality observed between PEM populations or for comparisons of the pooled PEl\l population lind Kerrville 
population against feces collected from each cattle herd at any date using Student's I·test. Data transformed to arcsine square·root for analyses; oriJ:inlll percentages 
are reported in the table. 

t Data corrected for mortality in controls using Abbott'!I (19'25) fonnuls. 



Table 4_ Mean comparative fitness parameters (developmental time and percent adult emergence) of three horn fly populations 
reared in untreated cattle feces. 

Horn Fly 
Population May June July August September 

Larva·pupa (Mean days ± SE) 

PEM-A 4.90 ± 0.13 4.50 ± 0.29 4.40 ± 0.24 4.50 ± 0.20 4.80 ± 0.14 

PEM-B 4.80 ± 0.14 4.30 ± 0.24 4.80 ± 0.25 4.50 ± 0.28 4.60 ± 0.24 Z '" >Kerrville 4.80 ± 0.14 4.60 ± 0.24 4.90 ± 0.13 4.90 ± 0.13 4.90 ± 0.13 v 
u 

Pupa-adult (Mean days ± SE) 

PEM-A 5.50 ± 0.20 5.40 ± 0.24 5.40 ± 0.13 5.30±0.14 5.50 ± 0.29 

PEM-B 5.30 ± 0.14 5.40 ± 0.13 5.40 ± 0.13 5.50 ± 0.20 5.60 ± 0.13 

Kerrville 5.40 ± 0.24 5.50 ± 0.20 5.30 ± 0.14 5.60 ± 0.13 5.30 ± 0.25 

Adult emergence (Mean percent ± SE) 

PEM-A 62.7 ± 2.67" 73.3 ± 1.34 66.7 ± 3.53 60.0 ± 4.62 61.3 ± 5.82 

PEM-B 65.3 ± 1.34 72.0 ± 3.64 68.0 ± 6.12 61.3 ± 5.34 62.7 ± 8.12 

Kerrville 69.3 ± 1.34 76.0 ± 2.31 64.0 ± 6.12 70.7 ± 1.34 69.3 ± 5.82 

• Denotes significant difference between resistant population PEM-A and susceptihle population (Kcm'ille) (l·test. P < O.O:J). All other comparisolll\ within parameters 
at each date were non-significant. 



Table 5. Mean percent reduction ± SE of five adult horn fly populations from cattle treated with diflubenzuron boluses in 
Christian Co., Kentucky. 1986. 

Mean Percent Reduction.· t 
Horn Fly 

Population 

PEM-A
 

PEM-B
 

PEM S-BR
 

PEM S-SH
 

PEM S-MO
 

June 

94.5 ± 2.0 a 

90.4 ± 1.8 b 

93.4 ± 1.3 ab 

90.2 ± 1.5 b 

90.0 ± 3.4 b 

July 

83.4 ± 4.0 a 

79.4 ± 4.9 a 

90.6 ± 1.1 a 

60.4 ± 7.9 b 

86.1 ± 2.1 a 

Aug. 

77.5 ± 3.3 a 

67.1 ± 3.0 a 

77.7 ± 2.7 a 

50.6 ± 5.2 b 

71.1 ± 5.0 a 

SepL 

85.4 ± 1.9 a 

82.0 ± 3.3 a 

65.6 ± 2.7 b 

39.2 ± 7.9 b 

35.9 ± 9.4 b 

Mean percent reduction = (mean no. control flies· mean no. treated fliesl/mean no. control flies. 
t	 Means within each column followed hy the same letter werc not significantly different (P > O.O;j) using Tukcy's studentized range t.est. Data wcrll Lranfonncd to 

arcsin£:' squar£:'·root for analyses; original percenlages are reported. 
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Insecticide resistance management should involve strategies which contribute 
minimally to the further progression of resistance, while placing emphasis on its 
contribution to reducing the phenotypic frequency of resistance and conserving 
susceptible individuals (Greaves 1985). Although the success of insecticide rotation as a 
tool for reducing insecticide-resistant individuals in resistance management may 
well depend on the presence of reduced fitness in the absence of the initial 
selecting insecticide (Georghiou 1980, 1983, Weinzierl 1988), the use of diflubenzuron 
did not appear to decrease the frequency of pcrmethrin or stirofos susceptible 
horn nies. Even though resistnnce levels remained at similar levels during the 
study, dil1ubcnzuron may have allowed the maintenance of susceptible individuals 
in the two resistant populations. Because of this, dinubcnzuron could be used as a 
possible insecticide rotational tool for managing pyret.hroid und/or ol'ganophos
phorus resistance in horn nies while still providing a level of control. 
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ABSTRACT 

In-furrow disulfoton treatment at rates of 0.5-1.0 kl1hn effectively controlled a fall flnd 
winter generation of Hessian ny, Mayeliala destrllctor (Say). on soft red winter wheat. 
Tn"licum flcstiuum L. In a year with severe fall infcstntion. treatment prevented stunting, 
stand loss. maturity delay and ICSt. weight reduction. Yield loss of more than 1600 kgfha was 
preventcd relative 10 the untl'cated check. When SC\'crc infestation was delayed until the 
development of a winter generotion in January and Fehruary, there was no stand loss or 
significant test weight reduction. but yicld losscs of 580-BOO kg/hu were preventcd with in
furrow trcfltmem. At planting broadcast liquid disuJfolon trcatmcnts wcrc markedly infcrior 
to in-furrow trculmcnl. Howc\'er, broadcast lreatment did rcduce slllnd loss and increase tcst 
wcight and yield whcn scvcre infestation occurred in the fnll. Band liquid npplicnlion in front. 
of a double-disc opellcr failcd lo improve conlrol over broadcnst treutmenl. Post-planting 
broadCAst liquid appliclll-ions. c\'en whcn timcd to HeRsian fly oviposition pellks, failed to 
prevent. yicld loss. Gi ....en the consistency of Hessian ny infcstation in the southern Coastal 
Plain of Soutb CUl'Olina, in-furl'Ow treatmcnt with systemic insecticides is an effeclive 
management practice until more yield-competitive resistnnt varieties are avnilllble. 

}(ey Words:	 Mo)'etiula c1eslTtll·tol', Hessian ny, wheat, insecticides, pest management, disulfuton. 
Diptel'U, Cccidomyiidac. 

J. Agric. Enlomol. 8(1): 17-28 (.January 19!J1) 

The Hessian ny. Mayel.iola destrnctor (Say) is the major insect pest of wheat, 
Triticum nesliuum L., in the southeastel'll United States. In South Cal'olina, the 
southern Coastal Plain region is most heavily infested and in outbreak years, 80% 
of Iields in this area can have economic infestations (Chapin ct al. 1989). Delayed 
planting (Webster 1899, McColloch 1923, Gallun 1965) and resistant varieties 
(GaUun and Reitz 1971, Galllln 1977, Lafever et al. 1980) are well-established 
praccices for control of this pest in major wheat production areas of the mid,,,"'estcl1l 
United States, Howevcl', in the southeastern Coastal Plain delayed planting is of 
limited utility due to the annual presence of a wintel' generation (Chapin and 
Sullivan 1989, Bunlin and Chapin in press). The use of host plant resistance is 
also limited in the Southeast because currently available resistant varieties are 
generally not competitive in yield potential, disease resistance, straw strength or 
other agronomic characteristics. 

Technicnl contribution No. 3042 of thl' South Carolina i'~riclllttlre Experiment Station, Clemilon 
University, Clemson, SC. 
Heceh'ed for pllblicnlion 9 February 1990: accepted 6 July 1990. 
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Rescmch on insecticidal control of Hessian fly has been quite limited and 
conducted primarily in the Midwest. Brown (1957) reported that phOl'8te broadcast 
on wheat, at planting, in a fertilizer mixture at rates of 0.5-4.0 kg/ha reduced 
Hessian l1y infestation and resulted in higher fomge yield. No grain yields were 
taken. Guyer et al. (1958) reduced Hessian fly infestation with in-furrow and seed 
treatments of 1.1 kg/ha disulfoton and phorate. The phorate seed treatments 
reduced plant stand. Brown (1960) found that disulfoton and phorate applied with 
fertilizer in the fUfrow controlled Hessian l1y and increased grain yield. A 1.1 kg/ha 
rate of phorate was required and this material provided better cont-rol than the 
equivalent rate of disulfoton. Rates of phorate above 1.1 kg/ha caused some 
phytotoxicity. 'Wilson et al. (1960) effectively controlled fall generation Hessian fly 
with phorate seed treatments. T,'eatments reduced germination but yields were 
improved due to Hessian Oy and aphid cont.rol. A spring broadcast treatment of 
2.0 kg/lUi phorate controlled the spring generation of Hessian fly and provided 
additional yield improvement. Bigger et al. (1965) repol'ted effective control and 
yield increases with in-funow treatments of 0.56-1.1 kg/ha disulfoton or phorate. 
Broadcast granular treatments applied in the fall and spring showed an apparent 
high (eveI of insect control but no yield increase. In two southeastern studies, 
Hessian fly control and increased yield were reported fol' broadcast liquid and 
seed treatments of cal'bofuran (l'\!1orrill and Nelson 1976, Nelson and Morrill 
1978). 

The severity of Hessian Oy infestation in South Carolina during the 1983-84 
and 1984-85 seasons prompt.ed us to investigate the control feasibility of systemic 
insecticides under the severe infestat.ion conditions found in the Southeast. 
Disulfoton was the primary insecticide tested because both granular and liquid 
formulat.ions are labeled and available for use on wheat:. Preliminary tests also 
showed that it could be highly effective in suppressing Hessian fly. This paper 
reports the efficacy of disulfoton application methods under varying infestation 
conditions over fout' growing seasons. 

MATERIALS AND METHODS 

Tests were conducted from 1985 to 1989 at the Edisto Research and Educat.ion 
Center in Barnwell County, South Carolina. The soil was an Ardilla loamy sand. 
fields were disc-harrowed and chisel-plowed after broadcast application of 561 kg/ 
ha 6-18-36 (N~P-«). Tn February, plots were topdressed with 212 litel's/ha of S~25 

(67 kg/hu N, 9.4 kg/ha S). Bromoxynil at 0.56 kg/ha was used for weed control. 
Hessian fly susceptible varieties of 80ft red winter wheat ('Coker 762' or 'Coker 
983') were planted from 29 October to 8 November. ,~rheat planted during this 
interval in the southern Coastal Plain is subject to attack from a second fall 
generation in November, a winter generation in Janual'Y~ February, and two spring 
generations in March and May (Chapin and Sullivan 1989, Buntin and Chapin in 
press). The crop was planted in 1.6- X 15-m strips (8 rows X 20-cm spacing) using 
an H & N Equipment 1ne. plot drill. In 1985-86 each experimental unit consisted of 
tlu·ee such adjacent strips for a tOlal dimension, including wheel tracks, of 5.7 X 1,5 tn. 

Tn other years the experimental unit was one 1.6- X 15-m strip. The experimental 
design was a randomized complete block with four ]'eplicate8 in 1985-86 and five 
replicates in subsequent years. Granular disulfoton (15G) was applied directly in 
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the seed furfow using two electric Gandy four-row applicators mounted on the 
drill. At.-plllnling liquid disulfaton (8E) applicat.ions were made from a C02 
pressUl'ized canister with a 111ll fan (B003) nozzle mount.ed dil'ectly in front of each 
double-disc opener. The nonels were rotated 90° for a broadcast or 3-cm band 
application. Tolal spray volume for at-planting treatment was 350 Iit.ers/ha at 377 
kPa for t.he 1985-86 find 1986-87 t.ests and 190 lil.ers/ha at. 205 kPa for subsequent 
tests. Broadcast posH>lanting treatments were made with 8003 nHt fan nozzles 
delivering a total spray volume of 180 liters/ha at 274 kPa. In-furrow liquid 
disulfoton treatment was applied from a C02 pressurized canister attached to an 
aluminum manifold (Oil-Air Products, Inc., Minneapolis, l\!linnesota) having 3.2 mill 

NPT ports. r~ach port accepted a threaded brass push-in fitting (Legris Jnc., 
Rochester. i\ew York). Equal lengths of plastic irrigation rnicrotubing (1.0 mill ID. 
3.2 mm OD; Submatic Irrigation Systems, Lubbock, Texas) ran from the manifold 
litting to a metal tube over the open furrow. At 137 kPa the system delivered 131 
liters/ha. 

Hessian fly counts were taken by random selection of JO 1>lants per expet;mental 
unit (40 - 50 per t.rcutment). Plants were uprooted and ret.urned to the laboratory 
for disseclion. fnfeslllt.ion was measured by recording the lotal immature Hessian 
flics (lar....ae und puparia) per plant, and the percent plants infested. The percent 
tiller infestation was also recorded for the 1985-8(1 and 1988-89 studies. A wint.er 
sample wus taken in the last. two weeks of FebnUlI'Y and a spring smnple during 
the last two weeks of April. The February sample memwl'ed the cumulative 
infestation of fall and winter generations, while t.he April sample measured the 
cumulative infesrntion through t.he flrst spring generation. Although further oviposition 
occms in Muy, this second spring generation attacks !'iecondary tillers and therefore has 
less yield impuci, purticularly on early-plant.ed wheat (Buntin and Chapin in 
press). Hessian fly oviposition was monitored weekly by counting eggs all a 40-leaf 
sample from the check plots. Plant densities were counted in two] -01 row sections 
of each expel'imentnl unit in Junuary. Plant weight was determined 1'1'001 aID-plant 
sample taken in January from each experimental unit. Samples were dried at 65°C 
for 96 h. Plnnt weight was mellsUI'ed only when there was some visual indication of 
plant stunt.ing. 

The six middle rows of each plot were harvested with an Almaco81 plot 
combine. Grain weight, test weight and percent moisture were determined for each 
plot and grain weight was adjusted to 13.5% moisture. Insect count and percent 
infestation data were tmnsfol111ed using Jx + 0.5 and arcsine (x + 0.5) respectively, 
pl'ior to analysis of variance (GLM Procedure. SAS Inst.itute 1985). Duncan's 
multiple-range test (GLM Procedure. SAS Institute )985) was the mean sepanltion 
technique used when a significant (P < 0.05) F' value was detect.ed. 

RESULTS AND DISCUSSION 

In-furrow Treatment 
Granulal' disulfoton at rates of 0.5-1.1 kg/ha significantly reduced winter 

infestations of Hessian ny in all four years (Tables 1-5). In 1985~86 untreated 
wheal seedlings were heavily infested immediately after emergence, resulting in 
30·40% sland loss by January (Tables 1, 2). Unt.reated plants were also severely 
stunted by t.he fall generation in 1985-86. Mean dry plant weight was 0.11 g versus 
0.24 g (F = 23; df = 1,3; P = 0.02) in untreated and granular treated plots 



Table 1. Effect of disulfoton treatment method on wheat* Hessian fly infestation, stand, grain percent moisture, test weight and 
yield, Blackville, S. C. 1985-86. 

Disulfoton 
Winter Test 

treatment No. Hessian % plants % tillers % weight Yield 
(kglha) flies/plant infested infested Plants/m moisture (kglhl) (khIha) 

Check 4.60t a 84.0 a 23.0 a 38 c 14.7 a 70.8 b 1360 c >
~. 
r 

I.! liquid 
broadcast at·plant 2.30 b 52.0 b 20.4 a 49 b 14.2 b 74.3 a 2484 b 

l'l, 
8 
3 
Sl-

III granular 
in-furrow 0.02 c 2.5 c 0.9 c 54 a 14.3 b 74.2 a 3029 a ~ 
• Coker i62 planted 29 October 1985. 
t Means in the same column follo.....ed by the same letter nre not significantly different (P > 0.0&, Duncan'!! multiple runge test). 

-'" 
Z 
~ 

'" '" 



Table 2. Effect of disulfaton treatment method on wheat* Hessian fly infestation, stand, grain percent moisture, test weight and 
yield, Blackville, S. C. 1985-86. 

Disulfoton Winter Spring Test 
treatment No. Hessian No. Hessian % plants % tillers % weight Yield 
(kg/ha) 
Check 
0.84 liquid
broadcast 10 Mar. 

Oies/plant 
1.3 

Plants/m 
27 

flies/plant 
14.8 aT 

10.5 ab 

infested 
87 ab 

9i a 

infested 
55 a 

54 ab 

moisture 
15.0 a 

14.2 ab 

(kg/hl) 
72.9 cd 

72.9 cd 

(kg/ha) 
1930 b 

2072 b 

() 

:I: 
> 
-0 

Z 
0.84 liquid
broadcast 18 Feb. 8.3 abc 97 a 46 be 13.8 b 73.2 bed 2262 Ii 

~ 

~ 
1.1 liquid
broadcast 22 
1.1 granular
in-furrow 
1.1 granular
in furrow + 

Jan. 

O.ot 44§ 

7.3 be 

4.4 cd 

3.6 cd 

90 ab 

95 ab 

97 a 

41 be 

33 cd 

36 cd 

14.1 ab 

13.2 b 

14.1 ab 

72.6 d 

74.7 ab 

74.4 abc 

2107 b 

3552 a 

3426 a 

"".0 

~ , 
> 
-0 

0.84 liquid
broadcast 1 Apr. 

"5' 
1.1 granular
in furrow + 
0.84 liquid
broadcast 18 Feb. 

2.7 d 73 Ii 25 d 13.2 b 73.8 abed 372i a 

~. 
0 
0 

:;: 
0 
"

1.1 granular
in furrow + 2.5 d 83 ab 23 d 13.5 b 75.4 a 3669 a 

~ 
~ 

0.84 liquid
broadcast 10 Mar. 
• Coker 762 planted 8 Nn\'ember 1985. 
t Means in the same column followed by the same letter arc no," significantly differenl P > 0.05, Duncan's muhiple range lcst). 
:t: Significantly different from check (F "" 1Ii df"" 1. ~; P "" 0.04). 
§ Sil(nificantly different from ch£'ck (F;; lli; df'" 1, 3; p '" 0.0(2). 

~ 



Table 3. Effect of disulfoton application method on wheat* Hessian fly infestation, grain test weight and yield, Blackville, S. C. 
1986-8;. 

Disulfoton Winter Spring Test 
treatment 
(kglha) 

No. Hessian 
flies/plant 

% plants 
infested 

No. Hessian 
flies/plant 

% plants 
infested 

weight 
(kglhl) 

Yield 
(kg/ha) 

Check 0.9 at 45 a 3.8 a 75 ab 71.6 a 35;9 ab 
~ 

0.84 liquid 
broadcasL at.plant 0.5 b 32 b 2.6 a 62 ab 71.5a 3686 n 

> 
~. 
~ 

0.84 liquid 
band at·plant 0.5 b 25 b 1.9 be 62 ab 71.7 a 3356 b 

--,
;;, 
0 

~ 
0.84 liquid 
in-furrow 

0.5 granular 
in· furrow 

0.1 e 

0.1 e 

12 c 

12 c 

2.0 abc 

2.2 abc 

85 a 

i2 nb 

70.2 a 

il.6 a 

3564 ab 

3602 nb 

~ ,. 
Z 
0 

0.84 granular 
in furrow 0.0 e Od 1.4 be 55 be ;l.l a 3568 ab 

;;; 
'" 

0.84 granular 
in furrow + 
l.l liquid 
broadcast 11 Feb. 

O.Oe Od 0.ge 40 e 71.1 a 3488 ab 

• Coker i62 plantt:d ;l No\'ember 1986. 
t Means in the !Slime column followed by the same leller are not signific(lnlly different P > 0.05. DunclIn'i' multiple runge test). 



Table 4. Effect of disulfoton application method on wheat· Hessian fly infestation, grain test weight and yield, Blackville, S. C. 
1987-88. 

Disulfoton Winter Spring Test 
t.reatment. No. Hessian No. Hessian 7v plants weight Yield 
(kg/ha) flies/plant flics/plant infested (kg/hI) (kg/ha) 

(") 

Check 0.3 at 4.0a 90a 80.3 a 6530 a :I: 
> 
-0 

0.84 liquid Z 
band at-plant 0.0 b L3 b 70 b 80.9 a 63390 ?

0.5 granular 
in-furrow 0.0 b LObe 52 be 80.1 a 6446 a 

f'. 

"".c 

0.84 liquid 
broadcast at-plant 0.0 b 0.7 cd 52 bc 80.60 6507 a 

?: 
0 
0 

0.84 granular 
in-furrow 0.0 b 0.6 cd 37 cd 80.6 a 64850 

~ 
r;' 

"o' 
0.84 granular 0 

in fun'ow + 0.0 b 0.3 d 22 d 80.9 a 6560 a ~ 
?

0.84 liquid 
broadcast. 2 Mal', 

g
0

" 
• Coker 762 planted 29 Octoher 1987.
 
t :\!eans in the saille column followed by the !'Arne letter are not significantly different (P > 0.0.;, Duncan's multiple range test).
 



'fable 5. Effect of disulfoLOn treatment method on wheat* Hessian fly infestation, stand, grain percent moisture, test weight and 
yield, Blackville, S. C. 1988-89. 

Winter Spring 

Jan. 23 Feb. 25Disulfoton 
treatment No. Hes!;ian No. Hessia.n No. Hessian % plants (;70 tillers Test weight Yield 
(kg/ha) nies/plant flies/plant flies/plant infested infested (kg/hl) (kg/ha) 

~ 

Check 0.9 at 2.9 a li.O a 100a 67.1 a 70.6 a 3226 c > 
~ ,. 
0

0.56 liquid 
:::l 

broadcast at-plant 0.5ab 2.6 a 15.8ab 958 69.58 71.28 3522 bc = 
0

1.1 liquid ~ 
broadcast at·plant 0.2 bc 1.9 a 20.3 a 100 a 75.7 a 71.0 a 3352 c ~ 

po 
0.56 granular Z 

?in-furrow 0.2 c 0.8 b 9.5 bc 95 a 56.6 b 71.2 a 3806 ab 

~1.1 granular 
in-furrow 0.0 c 0.7 b 8.5 c 90a 39.1 c 72.0a 4034 a 

~ 

• Cokcr i62 planted 2 1'o\'cmber 1988.
 
t ~·teans in lhe same column folluv.·ed by the sam!;' letter are not significantly different CP > 0.05, Duncan'S multiple range 1Cji;1).
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respectively for' the October·.planted test. No stand loss or measurable seedling 
stunting occurred in the other three years (data not shown). Stand loss reduced 
the apparent fly density in t.he winter sample of untreated plots in 1985-86 because 
above-ground pruis of the most. severely infested plants were sufficiently deteriorated 
by the winter sample date to be unavailable for sampling. Spring infestations were 
supressed by granular in-funov.' treatments in all four years (Tables 2. :!, 4. 5), 
although the low rate (0.5 kg/hal treatment was not statistically different from the 
check in 1986·87 (Table 3). Efficacy of in·furrow granular treatment in suppressing 
spring infestations was mosl apparent. in the two severe infestation years. 1985·86 
8nd1988·89 (Tables 2, 5). The development of infestations \"·as vcry different for 
thesc two years in that the 1988-89 Ifill infestation was relatively low and in 
contrast to 1985-86, there was 110 seedling stunting or stand loss. However, a very 
mild winter resulted in high larval populations in February 1989 and subsequent 
high spring infestation of untreHted plots in March and April (Tuble 5). 

Grain maturity was significantly delayed by the 1985-86 infestation as indicated 
by higher grain moisture content of check plots at hmvcst (Tables 1, 2). There 
were no significant differences in grain percent moisturc at har·vest. during other 
years (data not shown). 

In-furrow granular treatment reduced yield loss for the two high infcstation 
years. The yield differencc was over 1600 kg/ha in the 1985-86 tests where severe 
fall infestation, stunt.ing. and stand loss occurred (Tables 1. 2). In 1988-89 the 
mean yield difference was 808 kglha for the 1.1 kg/ha rate and 580 kg/ha for the 
0.56 kg/ha treatment (Table 5). There were no significant grain yield differences in 
1986-87 or 1987-88 (Tables 3, 4). Test weight was also higher with in· furrow 
granular treatment in 1985-86 (Tables 1, 2). There were no significant tcst weight 
differences in subsequent years (Tables 3, 4, 5). 

A liquid in-furrow disulfoton treatment in 1986·87 (TnlJle 3) was also effective 
in sllppressing winter infestation levels. Ertieacy was similar to the equivalent 
granular treatment and superior to broadcast or banded liquid application. None 
of the in-furrow treatmcnts (granular or liquid) resulted in any signs of phytotoxicity 
with the exception of the October-plant. L985-86 experiment. (n this test, the 
granular in-furrow treatments exhibited minor yellowing of leaf tips 3 wk after 
planting. The symptoms were visible for' 2 wk. 

Broadcast and Band At-Planting Treatment 
Broadcast treatment with liquid disulfoten 1.1 kg/ha provided a significant 

measure of control of a severe fall and winter infestation in 1985·86 (Table 1). 
Stand loss was reduced, test weight increased and yield increased by 1124 kglha 
over the check. However. cOlltrol efficacy and yield relative to the cquivalent 
granular in-furrow treatment were significantly inferior (Table I). In the light 
infestation years (1986-87 and 1987-88) broadcast liquid treatment provided 
measurable suppression of fall and winter infestation (Tables 3, 4). (n 1987-88 
t.here was also a subsequent suppression of spring infestation (Table 4). In 1988-89, 
when high wint.er larval infestation occurred, at·plnnting broadcast liquid treatment 
failed to suppress the lute wint.cr or spring infestation level (Table 5). Broadcast 
treatment also failed to significantly affect yield in a year when there was no 
winter stunting and st.und loss. 

Band application b·eatments demonstrated no efficacy advanrage over equivalent 
broadcast treatments (Tables 3. 4). A double-disc furrow opener throws some 
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treated soil away from the funow and tends to defeat the purpose of a band 
treatment. This is probably the reason for the failure of the tested method to 
improve on broadcast treatment efficacy. 

Posl-Planting Treatments 
In 1985-86 post-planting liquid broadcast treatment applied to previously 

untreated plots gave measurable suppression of spring infestations when applied 
in January, while Febru8lY and March treatments had only numerically lower 
spring infestations (Table 2). The 22 January treatment preceded a 25 January 
oviposition peak in 1986 (See Buntin Hnd Chapin in press fot' a record of 
oviposition and larval populations from 1985-1988). The 18 February treatment 
preceded an oviposition peak on 24 February and the 10 March treatment 
preceded a larval population peak on 19 March. However, none ot' these broadcast 
applications significantly improved yield (Table 2). Results with supplemental 
liquid broadcast treatments on in-furrow treated plots were vcry similar. There 
was 110 significant improvement in Hessian fly control 01' yield over the in-furrow 
treatment alone (Table 2). In 1986-88 supplemental broadcast disulfoton applications 
prior to the establishment of the first spring (March) generation of larvae resulted 
in numerical but nonsignificant differences in spring infestation (Tables 3, 4). Here 
again there were no yield differences. 

Swnmal)' and Management Implications 
In-furrow disulfoton at a rate of O.84-l.l kg/ha is highly effective in preventing 

the establishment of fall and winter gencl'Utions of Hessian fly on early-planted 
wheat under South Carolina conditions. This control prevents the dramat.ic stand 
loss, plant stunting and yield reduction associated with infestation of newly 
emerged seedlings. Even in small plots, there is a subsequent suppression of the 
first spring generation which typically occurs in March. This suppression is 
probably due to reduced adult emergence within the furrow treated plots. Adjacent 
untreated plots serve as a source of spring infestation, but by March, early planted 
wheat is all'eady in the eady "jointing" stage, i,e. Zadock 3.l-3,2 (Zadocks et a1. 
L974), and becoming less susceptible to yield reduction. Efficacy of these in-furrow 
rates of disulfoton could be expected to be significantly improved in actual 
practice because treatment of an entire field would eliminate the immediate source 
of spring infestation found in small plots. Granular phorate at 0,84-1.1 kglha in
furTow has also been effective in preventing infestation through February (J. W. C., 
unpublished data). Due to the consistency of infestation in the southern Coastal 
Plain of South Carolina, preventative systemic insecticides (disulfot.on and phorate) 
have been recommended in this region on susceptible wheat varieties. In three 
years of on-farm use there have been no known instances of significant phytotoxicity or 
lack of efficacy. The use of in-furrow systemics is an economically effective 
method of Hessian fly control which serves as an important stop~gap measure in 
high risk areas until more compet.itive resistant varieties are available. In·ful'l'ow 
liquid disulfoton application is superior to broadcast or banded liquid applicat.ions 
in control of fall and winter infestations. Band application in front of the furrow 
opener has no apparent advantage over broadcast treatment. 

Disulfoton is the only liquid formulation systemic insecticide which is currently 
labeled for at·planting application to whent. Given the phytotoxicity of ol'gano
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phosphate seed treatments, broadcast application is the only insecticidal altcmative for 
growers who use broadcast seeding in high Hessian Oy risk situations. The 
maximum labeled rat.e of 1.1 kg/hl' reduced yield loss when there was a severe fall 
infestation and stand loss such as occUlTed in the 1985·86 test. However, yield 
response was approximately one-half of that provided by in· furrow treatment. [n a 
year when primary yield loss was caused by late wint.ering and spl;ng infestation 
such as 1988-89, brondcast treatment did not flrevent yield loss. 

Post-planting liquid disulfoton applications, even when timed to coincide with 
spring Hessinn Oy oviposition peaks had little impact on yield and therefore 
appear to have no practical applicability under Sout.h em-oHna conditions. 
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THE EFFICACY AND COST BENEFITS OF BINARY MIXTURES OF
 
DELTAMETHRIN COMBINED WITH OTHER INSECTICIDES
 

OR SYNERGISTS AGAINST GRASSHOPPERS
 
AT TWO TEMPERATURES'"
 

c. F. Hinks and D. T. Spurr 
Research Station, Agriculture Canada 

107 Science Crescent, Saskatoon 
Saskatchewan S7N OX2, Canada 

ABSTRACT 

Toxicit.ies of each of two synergists and eight insecticides were delemlincd indi\'iduully 
and as binllly mixture.!! with deltamcthrin against second instflf grasshoppers at ratios of 
0.6:1, 1.3: I and 2.5: I for chlorpyrifos. 5: 1 for pipcronyl hutoxide. 10: 1 for MGI< 264 and 2.5: I, 
5: 1 and 10: I for the remainder. Trealed grasshoppers were exposed to temperatures of 20 or 
30°C. \\Then tested individually. deltamelhrin and dichlorvos had negative temperature 
interactions (=coefficicnts of toxicity), whereas carbofuran, chlorpyrifos and malathion had 
positive t.emperature interactions. The toxicities of piperooyl butoxide. MGI{ 264, carbaryl, 
diazinon, dimethoate and endosulfan wcre not significantly effected by tcmperature. The 
insecticide synergist, piperonyl butoxide, had no measurable effect on the efficacy of 
dcltamethrin at. eithcr temperature. and the synergist MGI< 264 hud a small but significant 
effect at the lower temperature tested. The five organophosphorus compounds tested showed 
significnnt synergism tit both temperatures, with diazinon yielding the highest ratio (1.81 at 
30"C). compared with expeclcd values. Of the other insecticides tested, carbaryl was 
synergistic at higher ratios, carbofuran was synergistic at the lowest ratio and endosulfan was 
antagonistic at. 30"e. The only mixtures which annulled the negative temperature interaction 
of dellamethrin were chlorpirifos at 1.3:1 and 2.5:1, but. several other mixtures, notably, 
malathion and diazinon at 10:1 reduced the negative temperature interaction. All of thcse 
mixtures increased morality at 30"C to> 9070. The most cost-effective mixtures with 
deltamethrin, yielding mortality or 90% or mol'c at 30°C. were chlol'pyrifos at 1.3:1 and 2.5:1, 
diazinon at 5:1 and 10:1, and malathion at 10:1. Compared with delt..umethrin at 7.5 g (A.I.)I 
hD. similar results under field conditions would represent savings of 22 - 32%. 

Key Words: Grasshopper, MelaTlOplus saTlguinrpes, deltamethrin, insecticide, synergism, 
temperature, Orthoptcra, Acrididae . 

.J. Agric. gntomo!. 8(1); 29-39 (January 1991) 

The increased toxicity that the addition of the traditional synergist pipel'onyl 
butoxide can confer on insecticides has been well documented (Casida WiO). 
Combinations with piperonyl butoxide most frequently have involved pyrethroids, 
although the synergistic properties of piperonyl butoxide can be expressed with a 
wide range of insecticides, including organophosphotus compounds, carbamates 
and insect growth regulators (Robertson and Smith 1984, Auda and Degheele 
1986). Biochemically, synergism is explained 8S the synergizing agent interfering 
with detoxification of the primary insecticide through enzyme inhibition (Casida 
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]970). Classically, synergists have been viewed as having no direct toxicity resulting in 
mortality and for this reason much larger quantities of the syncrgizing agent than 
the toxicant may be used to reduce the required dose of the latter (Robertson and 
Smith 1984). 

Insects may metabolize a given insecticide through a number of metabolic 
I)athways. Piperonyl butoxidc is effective only in inhibiting oxidative degradation 
of insecticides catalyzed by ll1onooxygcn8ses (Casida 19iO). For othel' insects, 
csternses can be import.ant in degrading insecticides by hydrolysis. Enzymes in 
this group are inhibited by organophosphorus compounds, which could be synergistic 
to other categories of insecticides at doses much lower than would be required fol' 
mortality if they were used alone. Because the synergizing insecticide will, in all 
probability be used at rates much lower thun those required for control on its own, 
the amount.s used can represent a negligible additional cost. 

Early studies of synergism focused on increasing toxicity of insecticides, but 
more recently studies hove indicated a valuable application in overcoming insecticide
I'esistance (Hemingway and Georghiou 1984). ]n fact the mortality ratio between 
synergized and unsynergized insecticide can be much greater in resistant stroins 
compared to susceptible strains of the same species (Oppenoort.h et 81. 1977). The 
use of synergists has also been examined in the context of selective toxicity to 
protect beneficial insect species (Rajakulendran and Plapp 1982), to reduce the 
negative temperature interactions of carbamates (Georghiou and Atkins 1964), i.o 
reduce the effective dose of high cost pyrethroids (Plapp 1979), or as metabolic 
probes (Raffa and Priester 1985). 

Although the pyrethroid insecticide delt1lmethrin is the most potent insecticide 
currently used against grasshoppers, like other pyrethroids in general, in these and 
other insects ('roth and Sparks 1990), it exhibits a negative temperature interaction 
(Hinks 1985). This phenomeon, frequently referred to as a negative temperature 
coefficient of toxicity, is recognized by 0 I'cduction in toxicity us the temperature 
increases. It also has been reported to occur with carbamate insecticides in 
grasshoppers O'\!lcKinlay and Martin 1967). 

The use of synergi,dng agents to overcome negative temperature interactions of 
pyrethroids does not appear to have been explored. Accordingly, this study was under~ 

taken to examine the I>otential for synergizing deltamethrin against grasshoppers and 
through this property reduce the negative temperature interaction 8S well as the cost of 
conb'ol by reducing the high-cost pyrethroid component in binary mixtures. 

MATERIALS AND METHODS 

Grasshoppers of a non-diapause strain of Melanoplus sQnguinipes (Fabricius) 
were reared to the second inslal' (mean weight = l6.4 ± 0.3 mg), under previously 
defined conditions (Ewen and Hinks 1986). 

Grasshoppers were sprayed in groups of tOO per dose for each chemical and for 
each posttreatment tcmperature, and replicated three times. Two chemicals were 
studied at the same time. They were opplied alone and in combination with 
deltamethrin at ratios of 5: 1 for piperonyl butoxidc (leI Chipman, Stoney Creek, 
Ontario, Canada), at 10:1 for MGK 264 (N·octyl bicyloheptene dicarboximide, ICI 
Chipman, Stoney Creek, Ontario, Canada), at 0.6:1, 1.3:1 and 2.5:1 for chlorpyrifos 
(Lorsban 40 EC, Dow Chemical Canada Inc., Winnipeg, Canada), and 5.0:1 and 
10: 1 for carbaryl (Sevin 560 EC, Union Carbide Agricultural Products ICanadal 
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Lid., Calgary, Canada), carbofuran (Furadan 1180, Chemagro Limited, \Vinnipeg, 
Canada), diazinon (12.5 EC, Ciba-Geib'Y Canada Ltd., Winnipeg, Canada), dichlorvos 
(93.570 DDVP, Ciba·Geigy Canada Ltd., Winnipeg, Canada, formulated with Decis 
blank), dimethoate (Cygon 480 EC. Cyanamid Canada Inc., Saskatoon, Canada), 
endosulfan (Thiodan 40 EC. Hoechst Canada Inc., Regina, Canada) and malathion 
(500 Ee, Ciba-Geigy Canada Ltd., Winnipeg, Canada). Each treatment series 
included deltamcthrin (5% Decis EC, Hoechst Canada Inc.) at a rate equivalent to 5.0 
g (A. I.)/ha and at the same rate of application in combination with the preceding 
chemicals. 

All insecticides and mixtures were applied at 180 kPa with a track sprayer 
(Thompson et. al. 1969) using the procedure given in detail by Hinks (1985). 
Briefly, grasshoppers were nnesthetized with CO~. arranged on filter papers in ID
em petri dishes, sprayed, then transferred to Quart jars with perforated tops. 
Posttreatment temperatures were maintuined at 20 ± 1°C and 30 ± 1°C in incubators 
\vithout humidity control. Because of the delayed toxicity of deltamethrin (Hinks 
1985), final mortality counts were not made until 72 h after spraying. During this 
interval surviving grassholJpers had fresh lettuce available as food. 

Mortalities were corrected using Abbott's formula and the resulting values 
analysed as follows. Expected mortality to mixtures (Po) was calculated using the 
fonnula Po = PI + (1 + PZ)(P'l), where PI is the corrected proportion of grasshoppers 
treated with deltamethrin that died and p~ is the corrected mortality treated with 
the other chemical in each binary mixture. Variances of differences between 
expected mortality and mortality obtained with mixtures were derived from the 
binomial variances of the proportions of grasshoppers that responded to the 
relevant treatments. Mortality exceeded 90% in only a few of the 52 mixtures used 
in this study, and in only one instance did the expected response of a mixture 
(from adding the responses of the components) exceed 90%. Therefore the X2 

distribution was lIsed to compare the difference between expected and obtained 
mOl'l'ulities, a significant difference (P < 0.05) indicating synergism. For each 
combination the rate of actual mortality/expected mortality was expressed as a 
ratio and designated the I'clath'e efficacy. Effects of temperature on the response 
of the various chemicals were examined with a "r test on Abbott's corrected data. 
Higher mOltalities at 20°C than at 30°C were interpreted as a negative temperature 
interaction (negative temperature coefficient of t.oxicity). Relative cost was taken 
as the cost of each insecticide at each rate compared to that of delt:amethrin 
applied at 5 g (A.I.)/ha, based on typical retail prices in Saskatchewan in 1988. 
Cost effectiveness was expressed as the mean mortality of a given treatment 
divided by the relative cost. 

RESULTS 

The response of the grasshoppers to deltamethrin at the two temperatures 
studied showed a strong negative intemctton (Tables I, 2). There was no significant 
effect of spl'aying gmsshoppers with the classical synergists, piperonyl hutoxide 
and MGl< 264, individually (Table 1). Neither piperonyl butoxide at either temperature, 
nor MGl< 264 at 30°C significantly effected the efficacy of deltamethrin 01' reduced 
the negative interaction. However the addit.ion or MGl< 264 resulted in a small but 
significant increase in toxicity of deltamethrin at 20°C. 
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Table 1.	 The separate and joint actions of two synergists. a chlorinated hydro
carbon llnd two carbamate inseclicides mixed with deltnmethrin, and 
deltamethrin alone against second-instal' nymphs of Melafloplus san
quinipes at two temperatures. 

Mean I}ercenta~e Relal.ive 
mortality (SE) § efficacy tRate Ratio to Temperature 

Product (g/ha) Dchamcthrin 20"C 30°C Int.eraction1 

Dcltnmcthrin 5.0 60.8 (2.82) 33.'1 (2.72) -vc·
Carbaryl 12.5 0.3 (0.33) 0 

25	 1.3 (0.66) 3.6 (1.07) 1none 
50	 0.3 (0.33) 0 

Deltamct.hrin 5.0 60.8 (2.82) 33.'1 (2.72) -vc" 
Cnrbofuran 12.5 1.7 (0.74) 9.3 (1.68) 

25 20.2 (2.32) 21.7 (2.38) } +vc' 
62.2 (2.80) 65.7 (2.80) 

Dcltamcthrin 5.0 79.3 (2.55) 26.4 (2.54) 
Endosulfan 12.5 4.2 (1.15) ,.4 (1.18) 

25	 6.9 (1.47) 1.7 (0.74) } nonc 
50	 5.2 (1.28) 1.'1 (0.67) 

Dcltamcthrin 5.0 73.4 (2.55) 43.7 (2.86) -ve* 
PB 25 1.0 (0.57) 0.7 (0.'18) none 

DcltmnClhrin 5.0 63.5 (2.78) 39.8 (2.95) -ve" 
MGJ<26' 50 3..1 (1.05) 1.8 (0.76) none 

Dcltamct.hrin at 5 g/hn +
 
Carbaryl 12.5 2.5:1 67.3 (2.71) 40.2 (2.83) 1.11 1.20
 

25 5:1 86.3 (1.99) 41.6 (2.85) 1.41· 1.16 l-ve. 
50 10:1 94.1 (1.36) 51.3 (2.89) 1.54 1.54· 

Carbofllran 12.5 2.5:1 77.1 (2.'12) 50.8 (2.89) 1.26· 1.28 
25 5:1 86.9 (1.95) 62.0 (2.80) L07 1.30· -ve* 
50 10:1 90.8 (1.67) 77.8 (2.'10) 1.07 1.01 1 

Endosulfan 12.5 2.5: I 76.5 (2.45) 22.9 (2.'13) 0.95 O.i7 
25 5:1 8l.6 (2.24) 26.8 (2.56) 1.01 0.97 -\Ie· 
50 10: I 87.2 (1.93) 32.6 (3.71) l.08 1.19 1 

PB 25 5: 1 80.8 (2.28) 49.6 (2.89) uo 1.12 -ve· 
MGI<2G4 50 10:1 72.4 (2.58) 14.6 (2.87) 1.13· 1.09 -ve· 

§ Pcrr",,'a,. and SE of Abbott', ,orr",.d mean,. 
t F:fficllC)' of mixture '" mOr1alit)' from mixlure/expected mortality. 

P < 0.05 according 10 x.' le!;t. 
11 Mortnlil,)' higher at :WoC than 30°C'" negative temperature inlcrnclion (-ve); mortnlity lower al 20°C 

thun :moc = positive l.cmperoture interaction (+vc). 
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Table 2.	 The separate and joint actions of five organophosphatc insecticides 
mixed with deltamethrin, and deitametillin alone against second-instar 
nymphs of Melanoplus sanquinipes at two temperatures. 

l'vlean perccnlage Relativc 

Rate Ilatio to 
mortalit.y (5E) § cfficacy t Tcmpcrnture 

Product (g/ha) Deltamethrin 20°C 30·C 20°C 30°C Interaction' 

Dcllamethrin 
Chlorpyrifo8 

5 
3.13 
6.26 

12.5 

79.3 (2.55) 
2.1 (0.83) 
9.0 (1.66) 

·10.5 (0.83) 

26.4 
25.:1 
66.4 
96.2 

(2.54) 
(2.51) 
(2.73) 
(1.10) 

-vc* 

}+\'c* 

DcltilmClhrin 
Diazinon 

5.0 
12.5 
25 
50 

73.'1 (2.55) 
2.7 (0.94) 
8.8 (1.G4) 

35.0 (2.75) 

4:1.7 (2.86) 
3.9 (J.lI) 
8.8 (1.64) 

27.9 (2.59) 

-vc* 

} none 

Deltamcthrin 
DichlolVOs 

5 
12.5 
25 
50 

70.5 (2.63) 
9.9 (1.73) 

56.3 (2.86) 
87.5 (1.91) 

'19.1 (2.89) 
6.0 (1.37) 

22.5 (2,4 I) 
60 (2.76) 

>\'c* 

} -\'c* 

Dcltamcthrin 
DimcthoalC 

5 
12.5 
25 
50 

63.5 (2.78) 
1.7 (0.74) 
2.7 (0.9'1) 
7.'1 (1.51) 

.39.8 (2.95) 
0 
J.l (0.59) 
5.0 (1.25) 

-ve* 

}nonc 

Ocltomcthrin 
Malathion 

5 
12.5 
25 
50 

70.5 (2.63) 
0.7 (0.'17) 
8.6 (1.62) 

36.0 (2.77) 

49.1 (2.89) 
9.2 (1.7 ) 

\9.7 (2.30) 
62.7 (1.34) 

-ve* 

} +vo* 

Dcltamel.hl'in at 5 g/ha + 
Chlorpyrifos 3.13 0.6,1 91.1 (1.62) 66.6 (2.73) 

6.26 1.3: I 94.1 (1.30) 93.1 (1.'16) 
12.5 2.5:1 97.6 (0.89) 100 

Diazinon 12.5 2.5:1 901.9 (1.27) 72.6 (2.58) 
25 5:1 97.7 (0.87) 88.1 ( 1.87) 
50 10" 99.0 (0.57) 95.0 (1.25) 

Dichlorvos 12.5 2.5'1 94.8 (1.28) 79.6 (2.33) 
25 5,1 99.3 (0,48) 88.5 (1.84) 
50 10,1 100 99.2 (0.77) 

Dimcthoatc 12.5 2.5:1 83.9 (2.12) 57.9 (2.85) 
25 5:1 93.2 (1.'15) 60.0 (2.83) 
50 10:1 97.9 (0.82) 60.0 (2.31) 

Malathion 12.5 2.5:1 8·1.0 (2.11) 69.8 (2.651 
25 5:1 93.4 (1.44) 80.9 (2.27) 
50 10,1 98.9 (0.59) 94.3 (1.34) 

§ Percent.age lind BE of Abbott's corrected means. 
t EflicllCY of mixture = mOI·tlllil.y from mixLure/expected lJ1ortulity. 

• p < o.or, aceol'ding to X~ tellt.. 

1.15'" 
J.l6 
1.11'" 
1.28· 
1.29* 
1.20· 
1.29* 
1.14· 
1.04 
1.34* 
1.44* 
I.4S* 
1.19· 
1.28* 
1.22'" 

1.18* 
1.23* 
1.02 
1.[,8· 
1.81· 
1.60* 
1.53· 
1,016* 
1.21* 
1.'15· 
I,4S· 

lAO· 
1.30· 
1.37· 
1.16* 

-\'c* 
nonc 
none 

} -vc· 

} -\'c* 

} -vc· 

} -\'c* 

Mortality higher at 20°C Ihnn :}()~C = negative temperature illlcrnction (-ve); mortulity lo.....er at ~WoC 

than 30°C = positive lemperlllurc inlcrllclioJl (+ve). 
I 
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Endosulfan, at the concentrations studied, was among the least toxic of the 
insecticides tested. It had no interaction with tempemlurc alone, but n pronounced 
negative interaction with temperature as a binary mixture with deltamethrin, in 
which it was also significantly antagonistic (Table l). 

Carbaryl had no significant effect on grasshopper mOJ1:llity at either temperature 
studied, although it synergized deltamethrin at the two higher concentrations at 
20°C and at the highest concentration at 30°C (Table 1). Carbarylldeltamethrin 
mixtures displayed 3 negative interaction with temperature. Carbofuran, the other 
carbamate studied, had a marginally positive temperature interaction alone, and a 
negative interaction in combination with dcltamethrin (Table l). At the higher 
temperature carbofurnn was significantly synergistic at the t'oVO lowest concentrations 
and at the lower temperature, carbofuran wns significanlly synergistic only at the 
lowest ratio tested. 

'When each of the five organophosphorus insecticides tested were used alone 
their toxicities ranged from being nil or low throughout the range of concentrations 
(dimethoate), to over 90% for chlorpyrifos at the highest concentration (Table 2). 
The laU,er showed a strongly positive temperature interaction, as did malathion, 
whereas diazinon and dimethoate were temperature-neutral, and dichlorvos was 
negative (Table 2). Tn mixtures with deltametlwin, the relative efficacies in each 
combination were greater or equal to the sum of the coml>onenls used separately 
at the same concentrations. Thus, in general, the organophosphorus compounds 
were significantly synergistic to deltamethrin (Table 2). These combinations also 
reduced the negative temperature interaction of deltamet.hl'in in the following order 
of effectiveness: chlorpyrifos> dichlorvos > diazinon > malathion> dimcthoate. 
The only combinations that were temperaturc neutral were chlol'pyrifos mixed with 
deltamcthl'in at 1.3: I or 2.5: I Cfable 2). 

The cost effectiveness of the deltamcthrin/insccticide mixtures Crable 3) 
showed a wide range, with chlorpyrifos/deltamethl'in (2.5: L) the most effective (93.0 
and 9!l.2 at: 20°C Ilnd 30°C respectively) and carbaryl/deltametlll'in (2.5:1) least 
effect.ive (65.3 and 39.0 and 20°C and 30°C respectively). Cost effective values 
over 85 (Table 3) represented significant savings combined with mortalities of at 
least 90%. All but t,..·o of the organophosphorus combinations fell into this 
category, although only three qualified at 30°C: chlorpyrifos at 1.3: I and 2.5:1 and 
malut.hion at 10: I. 

DISCUSSION 

On a weight per hectare busis, pyrethroids are clearly t.he most effective of the 
classes of products registered as contact toxicants to grasshopper. Pyrethroids are 
generally regarded as the least damaging insecticides environmentally because of a 
higher selective toxicity towards pest insects, low avian and mamnu\lian toxicity 
and the reduced amounts required (Casidll el. al. 1983). Unfortunately, at high 
temperULUres, their efficacy can decline substantially (Hillks L985), or, if rates are 
increased in compensation, the advantages of their use are negated. 

The small increases conferred by the classical synergists piperonyl butoxide or 
MGI< 264 on the LOxicity of deltamethrin, indicates that in second instal' l'4. 
sanguitJipes the monooxygenase system is not the major pathway in the degradation of 
deltamcthdn. In contrast, piperonyl butoxide effectively synergized carbamate 
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Table 3.	 Helative cost and cost effectiveness of deltamethrin at 5.0 g (A.I.)/ha 
and in combination at 5.0 g (:\.I.)/ha with other insecticides registered 
for use against grasshoppers at three ratios, at 20°C and 30°C. 

Cost 
efJectivenessll 

Product* Rate (g/ha) Relative cost § 20·C 30·C 

Deltamethrin 5.0 1.00 69.5 38.5 
Deliamethrin + Carbaryl 12.5 1.03 65.3 39.0 

25.0 1.05 82.2 39.6 
50.0 1.11 84.8 46.2 

Carbofuran 12.5 1.08 71.4 47.0 
25.0 1.17 74.3 53.0 
50.0 1.33 68.3 58.5 

Chlorpyrifos 3.1 1.01 90.5 65.9 
6.3 1.02 92.3 91.3 

12.5 1.05 93.0 95.2 
Diazinon 12.5 1.04 91.3 69.8 

25.0 1.08 90.5 81.6 
50.0 1.16 85.3 81.9 

" Dimethoate 12.5 1.0~1 81.5 56.2 
25.0 1.08 86.3 55.6 
50.0 1.15 85.1 52.2 

Malathion 12.5 1.02 82.4 68.4 
25.0 1.04 89.8 77.8 
50,0 1.09 90.7 86.5 

, COsl cffcclh'l.'Il(lSl'\ '" 11l01'1ulit.y/r'clat.ivc cost. 
I'~ndosulfan ami dichloros lire nol included beclIul'\t: they nl'e nOI rcgisl('l'eri fol' use agllinsl gwsshoppen;, 

S nClnll\'C cosl "" cosl cOllllIHrcd 10 dl'ltnmcthrin applied al ;j.0 g/ha mlc, hased on typical relail prices in 
SlIskntchcwl1ll in 1988, 

insecticides against M, sangui"ipcs, and also reduced their negative temperature 
interactions (McKinlay and Tvhu,tin 1967). However, the degree to which pipel'onyl 
butoxide was able to synergize them was variable. which led McKinlay and Martin 
(1967) to conclude t.hat alternative metabolic pat.hways were avuilable in M. 
sanguirzipes for carbamate degradation. The importance of monooxygenases in 
insecticide degradation varies from one species to another (Brown and Casida 
1984). It can also vary among strains of a single species (Oppenoorth et ul. 1977), 
as well 8S vnr'ying with stage of development (Ahmad and FOl"gash 1975, Ahmad 
1982). In early instar brrasshoppers the monooxygenase syst.em would appear to be 
either poorly developed or not utilized in the degradation of pyrethroids. The 
second instar is the usual stage target.ed for chemical contTol (for reasons of 
vulnerability, and because it is the stage at which young grasshoppers disseminate 
into crops). Also, the second instal' is the earliest stage at which t.he severity of an 
outbreak can be assessed; therefore, enzyme activity affecting insecticide sensitivity is 
an important consideration, 

Endosulfan displayed low toxicity on its own against M, sanguinipes but not a 
significant temperature interaction. A pronounced negative effect was recOl'ded by 
Chalfant (1973) in the cabbage looper, Endosulfan was the least effective of the 
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insecticides studied 111 binaty mixtures with deltamethrin as it was antagonistic to 
deltamethrin and exacerbated the negative temperature interaction. 

At concentrations toxic to grasshoppers, McKinlay find Martin (1967) showed 
that carbaryl had a negative temperature interaction. However, this insecticide, on 
a weight-rated basis, is not an efficient toxicant to M. sanguinipes. Recommended 
rates of application for carbaryl range from 500-100 g (A.I.)/ha, therefore, it was 
not surprising that the amounts used in this study, 12.5-50 g (A.J.)/ha were too low 
to have a measurable effect. Nevertheless, it was intcresting that these sub-lethal 
concentrations of cmbaryl were synergistic to deltamethrin, although mortality at 
30°C was too low to be of practical value. Carbofuran, in contrast to carbaryl, is 
toxic to M. sanquinipes at relatively low concentrations; consequently in a binary 
mixture with deltamethrin 100% mortality "vas readily achieved. However, the 
relatively high cost of cnrbofuran reduced the cost effectiveness of the mixture 
(Table :3). 

Organophosphorus insecticides are generally regarded as having a positive 
temperature interact.ion (Iol'danou and Watters 1969, Norment and Chambers 1970, 
Barson [983, Turnbull and Harris 1986). Therefore, it is surprising to find that only 
two of the five organophosphorus compounds tested, chlorpyrifos and malathion, 
produced the typical positive temperatme response; dichlolvos, displayed a distinct 
negative temperature interaction and dimethoate and diazinon were temperal.ure 
neutral. Nevertheless, the organophosphorus insecticides proved to be the most 
effective in combination with deltamethrin, with dia'l,inon yielding the greatest 
degree of synergism and chlorpYJ'ifos providing a mixture that was both synergistic 
and temperature-neutral. 

The dynamics of toxicity 81'e primarily the result of two independent factors: 
the rate of penetration and the rate of degradation. It is reasonable to conclude, 
therefore, that the rate of penetration into grasshoppers of organophosphorus 
insecticides such as chiorpyrifos and malathion, which have a positive temperature 
interaction, exceeds the rate of degradation at higher temperatures; 1'01' deltamethrin 
the reverse would be the case. Because the major alternative pathway of pyrethroid 
metabolism in insects is by esterase hydrolysis (.Jao and Casida 1974), and 
OI'ganophosphorus insecticides inhibit esterases (Ishaya and Casida 1983), there is 
a logical basis to using insecticide mixtures comprising pyrethl'Oids and organo
phosphorus compounds. Although this, and a number of other studies (Koziol and 
Witkowski 1982, Robertson and Smith 1984, Byford et a!. 1987) have demonstrated 
the efficacy of pYl'cthroid/chlorpyrifos mixtlll'es, it should be noted that such 
combinations arc not universally efficacious. 1"01' example, All et al. (1977) found 
that against Heliothis zea and H virescefls, chlorpYl'ifos synel'gi7.cd fenvalerate but 
not pel'methrin. 

In recent years the high cost of research and development coupled with 
stringent registration requirements have drastically slowed the intl'Oduction of new 
insecticides and new classes of insecticides. This is likely to increase our reliance 
on existing compounds, with the attendant risk of developing resistance. However, 
in addition to the benefits in controlling grasshoppers demonstrated in this study, 
insecticide mixtures have a further advantage: the prevention or delay of resistance 
(pimentel and Bellotti 1976). Cuttis (1985) showed that in one- and multi·genemtion 
models of the development of non·dominant resistance to DDT and l-BHC in 
anopheline mosquitoes, it would take 2.5 times as long for resistance to develop 
using these insecticides as mixtures compared with using them sequentially. Dominant 
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resistance is unlikely Lo occur in grasshopper populations, because of the generally 
low level of pesticide selection pressure coupled with their high degree of mobility. 
Therefore, t.he extended use of mixtures based on insecticides which have been in 
use for many years, is unlikely to present a resistance problem. 

Of the numerous efficacy studies of insecticide mixtures, considerat.ion of the 
cost-benefits have been rare, but unless Ulel-e is 11 dcmonstratable cost benefil, the 
use of mixtures will not be attl'active to growers (Stone ct al. 1988). The inverse 
relationship between unit cost and efficacy argues for the selection of the synergizing 
agent from among insecticides of low efficacy to a given pest species. This st.udy 
has shown t.hat a low cost synergist, which used alone would cause insignificant 
mortality, in conjunction with an insecticide with a high relative elTicacy, can 
enhance its efficacy significantly. The cost benefits of several of the mixtures 
reported here could be significant. Of the mixtures yielding mortalities of 9W;{; or 
more at 30°C chlOl'pyrifos at 1.3:1 and 2.5:1, diazinon at 5:L and 10:1 and 
malathion at 10:1 had the highest cost effective values. If similar results were 
ob13ined under field conditions, in addition to improved efficacy, compared with 
deltamethrin Ht the recommended rate of 7.5 g/ha, they would represent saving"s of 
32(;0 and 30fft, for chlorpyrifos, 28% and 22% for diazinon and 27% for malathion. 

The present sUldy shows that selection of appropliate combinations of insecticides 
for application in mixtures agllinst grasshoppers offers the prospect of reducing 
their burden on the environment, of lowering costs, and of partially countering the 
negative temperature interaction that typically occurs with pyrethroids. 
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ABSTRACT 

A rapid screening method for resistance to Chilo panel/us was developed at ICRISAT 
Center. India in which 9-d-old sorghum seedlings, sown in microplol's or 5-d-old seedlings in 
trays were evaluated under artificial infestation. The method required 250 egg masses in 15 g 
of carrier to infest 1000 plants. compared with 500 egg masses and 80 g of carrier for 1000 
plants under standard field·screening conditions. The screening process is completed within 
4 wk and rcsulL<; were comparable with those from Stllndard field screening. The advanlag:es 
of the technique Arc drastic reductions in plot requirements, labor und materials, and lurge 
numbers of sorghum lines can be c"ahwtcd within a short pcriod of time thl'Oughout the 
year. 

Key Words: Sorghum, stem borer, Chilo pmtellus, resistance screening, rapid. Lepidoplera, 
Pyralidae. micro plots, seedlings. 

J. Agric. Entomol. 8(1): 41-49 (January 1991) 

Host·plant resistance is recognized as a long-term control measure against 
insect pests (Luginbill 1969). Success in identifying resistant material depends to a 
large extent on the ability to adequately evuluate gennplasm and improved 
genotypes, Screening cultivars under natural pest populations is often difficult and 
unreliable due Lo fluctuating and non-uniform insect populations. A prerequisite to 
the successful initial search for insect resistant cultivars, therefore, is the development 
and use of rapid art.ificial infestation techniques (\Viseman and Davis ]979). 

At the International Crops Research Institute for the Semi-Arid Tropics 
(ICRISAT), a method for artificially infesting sorghum plants in the field with first 
instal' larvae of a stem borer, Chilo partel/us (Swinhoe) for resistance screening has 
been established (Seshu Reddy and Davies ]979, Taneja and Leuschner ]985). 
This method is consistent and reliable, but it requires several crop seasons and 
numerous resources to evaluate a large collection of sorghum lines, and is not 
easily adopted by national programs with limited resources. It was therefore 
necessary to develop a rapid method that would reduce the time l'c<lllired and the 
cost of screening lmge collections, eliminate highly susceptible material, and at the 
same time give results that are comparable to those with standard field screening. 

Journal Article No, 98i of the International Crops Research Institute for the Semi-Arid Tropic.'; 
(ICRlSAT). 
Hecei\'ed for publicmion 8 Januaf)' 1990: accepted II July 1990. 
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MATERIALS AND METHODS 

Sorghum plants were grown cit-her in 3- by i-m field microplots with plant 
spacing of 15 by 10 em (Fig. lu), or in plastic trays (40 by 30 by 40 cm) at a 
spacing of 5 by 4 em (50 plants/tray) (Fig. Lb). Seedlings were thinned to one 
plant/hill 4 dafter cmergence (DAE). In stnndard field trials, 4-m row plOlS at a 
spacing of 75 by 1() em are used. Recommended agronomic practices wel'e calTied 
out where npplicahlc. All experiments wore designed in a randomized complete 
block with three replications. 

The larvae used in this study were from a culture maintained at the stem borer 
laboratory at IC RISAT Centcl'. They arc rOil red on a kubuli bean diet as described 
by l'uneja and Leuschner (1985). The applicl.ltor for infesting plants is a modified 
forlll of the "Bazooka" (Mihm et a1. 1978, Wiseman ct al. 1980). Under sumdard 
field infestation, at each st-roke of the applicator, foieven to eight larvae are 
dispensed into the leaf whorl. We modified the diameter of the delivery hole on 
the metering bar from 9.60 mm to 3.15 mm. We also reduced the end spout of the 
exit Lube (by attaching a plastic micro-pipette) from 6.25 mm to a 4.0-mm opening 
to insure delivery into the whorls of young seedlings (Fig. Ie). With these 
modifications, larvne dispensed per stroke were reduced to three to four. This 
reduced the number of egg masses required per load from 500 to 250 for infesting 
lOoo plants. Similarly, we calibrated the mnount of carrier, (seed of Papaver sp. 
IIOws klwsD required and reduced the quantity from 80 g to l5 g per load. 

Natural infestal.ion by C. fJartelius is very low and negligible at [CRlSAT 
Center (Seshu Reddy and Davies 1980), Usually, sorghum pbmts are arlifically 
infested in the field al. 15 - 20 DAE (Seshu Reddy und Davies W80, 1'ancja and 
Leuschner 1985). In order to obtain (he most slIsceptible plant age for infesting 
seedlings in micl'oplots, we planted three sorghum cull.ivurs, IS 2205 (resisl<lIlt), [S 
1044 (moderately resistant) and ICSV I (susceptible) in sepumte plots at daily 
intervals for 16 d. To avoid damage by Atherigona soccata (Rondani), known as t.he 
shoot. ny, we examined seedlings daily and removed any eggs or plants with 
c1eadhearts. 

At 20 DAE of the lirst plant.ing and crop age ranging from 5-20 d, we artificially 
infested the crol) by applying one stroke of the "Bazooka" contHining larvae and 
carrier into t.he funnel of each plant. A second applicat.ion was done 2 d later, 
especially if it had rained within 2 dafter infesrarion. We scored for leaf feeding 
damage at 7 d after infestation (DAO on a visual rat.ing scale of l- 9 (where 
1 = highly resistant nnd 9 = highly susceptible) and recorded the incidence or 
dcadhca,ts at 14 DAI (ICRISAT 1989). 

~"or screening in trays, we used the same cullivars to determine the most 
susceptible age for infesting plants but tested only 5·, LO-, and I'I-d-old seedlings. 
All experimental delails were the same as described above. 

Ovcr 30,000 accessions of sorghum arc maintained by the Genetic Resources 
Unir at ICRTSAT Center, Most entries have been screened for stem borer 
)'csistance either by Ilrtificial infestation at ICRIS/\.'T' Center 01' under natural 
infestation at a "hot spot" in llol'thel'l1 India in collaboration wit.h the Haryana 
Agricultural University at, Hisar (Taneja and Leuschner 1985). Seventy-two entries 
have becn Iist.ed as resistant 1.0 Chilo partellus. \~"e re-evaluated these entries llsing 
the rapid screening method in microplms ilnd in t.rays. Six entries, consisting of 
three improved lines llnd three known susceptible landraces, served as checks. We 
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Fig. 1. Hapid screening of sorghum seedlings in (a) micl'oplolS (b) trays and (c) 
infestations with the "Bazooka" for resistance 10 Chilo parteUus. 
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recorded observations on leaf feeding and dead hearts and compared our results 
with the existing data from field studies. This study was repeated three times, in 
July, August, and September, 1988. All data were subjected to an analysis of 
variance at P = 0.05. 

RESULTS AND DISCUSSION 

Leaf feeding damage was most pronounced in all three cultivars when seedlings 
m microplots were 7 to 12 d old (Fig. 2a), with younger and older seedlings being 
less preferred. IS 1044 (moderately resistant) and ICSV 1 (susceptible) were most 
susceptible to leaf feeding damage at 9 DAE while IS 2205 (resistant), was most 
susceptible at 10 OAK The incidence of deadhearts also followed the same trend 
with seedlings being most susceptible in the second week after emergence (Fig. 
2b). The observed damage symptoms on 9-d-old seedlings corresponded the best 
with the known field performance of all three cultivars (Table 1). 

[n the tray experiment, plants were less vigorous after 10 DAE and very little 
or no leaf feeding occurred on 10- and 14-d-old, seedlings (Fig. 3a). However, at 5 
DAE. symptoms corresponded with known cu(tivar performance. A similar trend 
was observed in the incidence of deadhearts (Fig. 3b). Although t.here were only 
traces of leaf feeding in 10-d-old seedlings, larvae survived and produced deadhearts in 
some plants. 

Based on these results, infestation of OUl" test material (72 resistant germplasm 
lines and 6 checks) was carried out at 9 and 5 DAE fol' screening in microplots 
and trays. Data for all three sowings were pooled for analysis. 

The overall results obtained for leaf feeding damage did not differ significantly 
between screening methods although ratings were lower in trays than in microplots 
and standard field screening (Table 1). Similarly, there was correspondence 
between screening methods fol' the incidence of deadhearts although ratings were 
generally lower for field screening. These differences may be expected since plants 
in trays or microplots Hrc subjected to closer spacing and higher plant populations. 
Higher competition for nutrient availability, which may affect pest activity and 
plant development, can result in conflicting responses in insect host·plant interactions 
(Singh et al. 1968, Singh and Singh 1969, Harding et al. 1971). Such stress 
conditions may predispose seedlings to lower plant defenses but also affect the 
suitability of conditions for insect colonization (Mattson and Haack 1987). 

However, Oul' results indicate that the differences found between methods did 
not change the classification for l'esistance levels for most entries (Table 1). Thus, 
by using I'apid screening techniques, susceptible lines can be safely eliminated and 
resources deployed for detailed field screening of selected entries. Considering the 
fact that out of 30,000 sorghum accessions at ICRISAT Center, only 72 (0.36%) 
'''''ere selected, a mpid screening technique such as described herein would 
considerably reduce costs of screening such a large collection. 

We calculated the savings that. can be obtained when using rapid screening in 
microplots for an initial evaluation of 3,000 entries. At ICRlSAT Center, this 
number of entries would be screened under standard field conditions in an areH of 
2 ha in one season with one replication in 4·m row plots and plant spacing of 75 by 
10 em. In microplots, it would require only 0.045 ha in 1-m 1'0\.... plots and a plant 
spacing of 15 X 10 em. The savings in cost for labor (97.8%), production of egg 
masses (87.5%) and purchase of carrier (95.6%) are given in Tnble 2. 
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Table 1.	 A comparison of leaf feeding damage and deadhearts caused by Chilo 
fJarlelius Swinhoc in sorghum lines grown in trays, microplots and 
field. 

LFD score* 'k Deadhearts 

Sorghum Field Field 
line Trays Microplots plots Trays Microplots plots 

IS 1044 6 7 5 39 31 37 
IS 2146 5 4 6 50 27 38 
IS 2205 4 4 3 40 25 ?~_I 

IS 2263 5 6 6 70 60 68 
IS 2309 4 4 5 45 50 40 
IS 4637 4 5 5 36 '10 46 
IS 5469 5 6 6 42 25 30 
IS 5571 5 6 5 40 55 45 
IS 7224 6 6 7 80 84 84 
IS 10711 5 7 6 47 35 34 
IS 12308 6 6 8 50 45 38 
IS 13100 7 7 7 73 75 77 
IS 17966 6 7 7 55 50 53 
IS 18579 5 6 6 39 30 22 
IS 21969 5 6 7 43 40 49 
IS 23411 6 7 7 70 60 84 
IS 10795 7 7 6 76 80 96 
CSH 1 6 6 7 72 75 74 
ICSV I 8 8 6 67 75 72 
SPY 475 6 7 7 70 75 72 

Mean 4.9 5.8 5.7 49.9 48.5 41.5 
(78 entries) 

Grand Mean "t 5.5 46.6 
SE ± l.l 19.7 
CV % 19.4 42.3 

• LFD . IA:!nf fcec.ing damage score 11IIJ<Cd on II 1·9 J;ctlle ..... here I  no damage and 9 J;e\'ere dalll~C. 

t For all entries lind lrelilillcnts comhined. 

Usin~ microplot.s. it is possible to plant. at 3-wk int.ervals lit ICRISAT Center 
between 15 June and 15 September under rain-fed conditions and SCI·cen 12,000 
entries (3000 X 4 plantings) per year. Thus in 2.5 yr, H collection of 30,000 ent.ries 
could be easily evaluated whereas, the st.andard field screening would require 10 
yr. 

While the rapid screening method is quick and CHn be complet.ed within 4 wk. 
it. has the disadvantage in that lines with good recovery resistance. such as tilJenng 
abilit.y, cannot be identified. However, this method is valuable for init.ial screening 
and for the elimination of highly susceptible material in a large collection. This is 
especially useful in national research programs with limited funding and in regional 
programs in Africa where new initiatives are underway for resistance studies on 
the stalk borers, Busseola {liSCO (Fuller) and ConiesLa igne{usalis (Hampson). 
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Table	 2. Comparative costs* for screening sorghums for resistance to Chilo 
portellus under artificial infestations in field plots and microplots. 

It.em/ 
activity 

Field Operations 
Area (ha) 
Man days 
Cost (Rs. 15/d)t 

Egg masses 
Numbers 
Cost (Rs. 1.34/100) 

Carrier (Papaver sp.) 
Quantit.y (kg) 
Cost (Rs. 0.35/kg) 

Field 
plot. 

2.0 
200 

3,000 

60,000 
804 

10.2 
357 

Microplot 

0.045 
4.5 

67.5 

7,500 
100.5 

0.45 
15.75 

Cost 
reduction 

(%) 

97.8 

87.5 

95.6 

• ~'or screening :1000 entries per year. 
... US $1.00;; 1t'i.15.00 
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ABSTRACT 

House ny pupn! parasiloids were surveyed in six :\cw York slale hi~h·rise poultl1' farnls. 
Eight. houses WCI'C sampled by exposing sentinel hOll~C ny pupae in the poultry manure. 
Parnsiloids were fCllred from the exposed pupae, and the species composition and percentage of 
total parasitism were: Spalarlgia t.:ClmcrOll; Perkins, 78'};-; Nas(m;a uitdpclIllis Wnlker, 9.1 flr: 
i'vl11Scidi{IIrax raplor Giraull Hnd Sanders, 8.5'1~; Pach)'f.:repoideus uim/emille (Rondnni), 2.j'~; 

S. nigro(leflca Curlis, O,9';}-; and S. nigra Llllriellc, 0.1 ~" Uro/cpis ntfipes (Ashmead) nnd 
Eupelmclla I:esicuiaris (Retzius) werc retricvcd from sentinel house fly l)llpae placed dircctly 
outside one pouhry house. 

I<ey Words:	 Pnmsitoids. PlcrolIllllidae, Eupclmiduc. house l1y. l)Qult))'. LOIVlJdc~, cyroma
zinc, MUSC(1 domest;ca Linnaeus. Diptem, Muscidae 

J. Agric. Entomol. 8(1): fJl-57 (.InllU.alY J9lJI) 

Surveys for indigenous house l1y pupal parasitoids in poultry farms have been 
performed in seven states of the U.S. (Legner and Olton 1971, Ables and Shepard 
1974, 1976, Morgan and Pat.terson 1975, Toyama and Ikeda 197H, Rutz llnd Axtell 
1980a,b. 1981, Merchant. et al. 1.987, Rutz and Scoles 1989). Results of all these 
studies suggested that local conditions were surricient.ly different that no species 
of parasitoid dominated consist.ently; each region had an effective species or 
species complex. Management techniques and f.ichedules of pesticide application 
vary li·om farm to farm and year to year on individual limns. Pllrasitoid species 
composit.ion therefore could fluctuate through time. The present study was conducted 
to determine whether pal'asitoid species composition shifted over time, and if so. 
whether these changes were possible due to v8I'iHbility in pesticide applications 
and/or management. techniques. 

MATERIALS AND METHODS 

Six commercial caged-layer poultry farms were selected from four counties 
(Seneca, Tompkins, Cayuga. and Sullivan) in New York state for the sur....ey. The 
study was conducted rrom 8 July to 17 September 1987. Parasitoid species 
composition had been thoroughly documented at. two of the farms (A & E) in 
1981 - 1982 (Hut.z and Scoles 1989). The farms (A· F), were categorized with respect 
to pesticide use and manure conditions throughout the season (Table I). Manure 

, Recei\·ed for publication 22 Ft'bnlluy 1990: accepted t6 .July 1990. 
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Table 1. Insecticide treatment schedules, manure conditions, fly breeding potential, 
sampling period and age of each high-rise, environmentally controlled 
house on poultry farms surveyed in 1987. 

"aim 

A 

Chemical 
Trcatment 

cyromrw:ine t 
6, 13. 27, 30 July 
17 Aug. 

MUllUl'C 

Condition 

dry 

Fly 
Breeding 
Potential 

low 

Date 
Sampled 

23 July - '27 Aug. 

Age of 
House (1'1'.)* 

9, 3 

B tctTachlol"vinphos t 
3 July, 2G Aug. 

low 10 ,July - 17 Sept. " 
c cyromazine t 

20 ,June 
Nasonia spp. weekly 
tet.rachlot"vinphos 15 Aug. 

semi-wet high 18 July 15 Sept. 18 

D cyromuzine t 
I;) April 

liquid low 08 ,July - 01 Sept. 13. 11 

E none semi-wet high 23 July - 01 Sept. 6 

F none liquid low 18 July - 08 Sept. 9 

,. When rann~ had more Ihull one home, tlw ages of both h()llsc~ ure ~iven. 

+ CyrollHl1.ille was Hpplied llS a feed-through.
 
t Telrachlo..inphos Ohbon'., F'Cllnentll, 1\'11'1110". Ohio) was applied to till' premises.
 

conditions varied considerubly t.hroughout the season, but farms could be grossly 
ranked as follows: 

a) dry: where manure formed cones under the cages, and t.he walk paths 
below the cage aisles ' ...·ere dry and clear. Little fly breeding was expected 
due to low moisture. 
b) moist: walk paths were frequently wet with manure run-off from the 
cones. These conditions are ideal for fly breeding. 
c) wet: walk paths not exist.ing, or very wet. Little fly breeding was expected 
due to excessive moisture. 

All facilities were enclosed, controlled-environment., t.wo-story, high-rise houses, 
contining 20,000 to 50,000 birds per house. Cages, each housing 3-5 birds, were 
suspended in two-tiered rows along the length of the houses, Manure accumulated 
in the rows directly beneath the cages, making it possible to follow the walkways 
between the manure piles during sampling. Manure was removed from the pits 
once or twice a year in all farms except farm E, where approximately one-fourth of 
the pit had not been cleaned in three years. No manure was removed while the 
survey was in progress. However, birds were removed for approximately 1 wk at 
four farms: B (16 August), C (25 August), E (20 August), and D (fl'Otll one-third of 
the house on 18 August). The facilities sampled shared no common practice as to 
the timing of insecticide use on their premises. 

House fly pupal parasitoids were monitored with pupal sentinel bags described 
in Rutz and Axtell (1980b). Pupae were exposed weekly in ten sentinel bags at 
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each of the eight poultry houses in locations likely io contain natm'ally-occurring 
pupae. Each bag contained 30, I-d-old laboratory-reared house fly pupae. Bags 
were plnced at the base of the manure mounds, nnd covered with approximately 2 
cm of mature, feathers, spilled feed or other debris. 

At furm C, approximntely 70,000 Nasonia uilripellll;s 'Walker (according to the 
commercial supplier) were released by the fanner weekly_ In addition to the 10 
indoor sentinel bags at farm C, 10 bags were pluced outdoors in an attempt to 
compare species composition indoors and outdoors. 

After a 7-d exposure in the field, bags were returned to the laboratory and 
individually emptied into cups. 'These cups were kept in the dark at 25 ± ;3°C and 
G5 ± 15% relative humidity for at least 90 d 1'01' pl.l1'8sitoid emergence. All emerged 
p8l'asitoids were then counted, identified and preserved. Voucher specimens were 
deposited in the eomell University collection in lot # 1186. The results of this 
study are presented as "total pupae parasitized:' i.e. number of pupae bearing exit 
holes, rather than total number of parasitoids found. This is considered a more 
accurate measure of parasitism because of 1) parusitoids reentering pupa ria and 2) 
multil>le emergence by gregarious species. 

Fly activity was monitored by counting the number of regurgitation and fecal 
specks found on white index cards placed in the pit of the houses. Five cards were 
distributed throughout each house, and were located 1.5 III off t.he flool'. Cards 
were replaced weekJy at each location. 

One-way ANOVA's were conducted on the transformed percentage duta for 
comparisons among means of parasitoid incidences and number of fly specks. 
Bonferroni multiple comparisons tests were used for detecting differcnces bctwecn 
pairs of means. Significance was determined at the 0.05 alpha level. 

RESULTS 

Seven species of house fly pupal parasitoids in the family Pieromalidae and 
one species in the family Eupclmidae were found in the 1987 survey of high-rise 
poulu)' houses in New York state. 'These were: SplllClngja cameron; Perkins, S. nigra 
Latrielle, S. nigro(mea Curtis, Pachycrepoideus viruJem;ae (Rondani), Muscid;furax 
raptor Girault and Sanders, Nasonia vilr;pennis, Urolepis ru{ipes (Ashmead), and in 
the family Eupelmidae, Eupelmella vesicularis (Retzius). Of the total 16,884 
sentinel pupae recovered indoors from the farms, 1,556 were parasitized (9.2% 
total parasitism) (Table 2). 'The most common parasitoid found in the survey 
indoors (sites pooled) was S. cameroni, accounting fol' 78.6% of all parasitoids 
collected, followed by N. u;lriper",is, 9.1%; M. mpt.or, 8.570; P. vindemiae, 2.7%; S. 
nigroaenca. 1.0%; and S. nigra, 0.) %. S. cameroni was present at all farms which 
had an overall panlsitism rate above 1%. Percent 1>8l'asitism was below 0.5% on 
farm A Hnd was zero on farm D. Parasitoid species composition outdoors on farm 
C was: 57.1% 1\1. raplor, 23.3% S. cameroni, 16.47t.. U. ru{rpes, 1.4% E. vesicular;,';, 
0.9% N. vitripennis and 0.9% P. u;ndemiae. Total pcrcent parasitism outdoors \vas 
16.5%. 

None of the fanners with the exception of olle (C), considered f1y dell:'iities to 
be a problem. Farm C had significantly more fly specks 011 the survey curds than 
each of the other farms, due to an outbreak during August when the number 
incrcased approximately 15~fold. Farm D had significantly fewer fly specks when 
compared to all other farms. There was no difference in the number of fly specks 
on the white index cards on farms A, B, E and F. 
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Table 2.	 Number of house fly pupae exposed and parasitized. including parasit.oid 
species composition wit.h percen1ngc of parasitoid parasiti7.ation throughout 
the survey period for each farm from July - Sept. 1987. 

Total Plipue 

Farm Exposed Pumsitized 

A 3.796 20 

B 1.82i 619 

C 2,.1<12 551 

J) 4,'1:i9 0 
E 2,098 260 

2,262 106 

Total 16.884 1,556 

Par.Jsilism 

(7. ) 

0.5 
3:3.9 

22.6 

11.:1 

9.2 

100 
100 
69.9 
21.(1 

8.5 

62.3 
22.7 

6.1 

8.8 
34.9 
;j'I.O 
19.8 
10.4 
0.9 

Pnrasiloid Species
 

Composition lin (n)*
 

Pach)'crepoideus uilUJemioc (20) 
Spala/lJ,:ill c:amerolli (619) 

S. c(mICro/li (385) 
MllScidi[urax /TIp/or (1 ]9) 

Nosonio uilripenlli::; (47) 

S. c(J!Il(!/"fmi (162) 
N. vitripenlli... (59) 

S. nil!rtJuenea (16) 

Escaped t (23) 

S. camero,,; (37) 

N. lJitn)X'rll1is (36) 
P. I..'indemiae (21) 

M. ruptor (II) 

S. ,ligro (I) 

Number of IJIII)ae from which adults emerged. 
t Emergence holes hill 110 pnrnsitoids found in two I:UIlS from thi,:;. farm. J>:Wflflitoids are presumed to 

have escaped. 

DISCUSSION 

The overall predominance of S. cameron; throughout. t.his survey W<lS somewhat 
surprising to us in view of the previous study (Rutz and Scholes 1989) in which N. 
u;tripenn;s was t.he predominant. parasit:oid. The surveys however' were different:. in 
that: I) this survey wus conduct.ed exclusively in July, August. and Sept.ember, only 
during the summer season, and 2) only farms A and E were surveyed in bot.h 
studies. Parasitism rates obsclved at Farm A in this study remained essentially 
unchanged from those observed for July, August and Sept.ember in the 1981-82 
survey (Rutz and Scoles 1989). During both surveys at this farm, parasitism was 
low, less than l'k wit.h N. vitripellllis and ApllllteJes carpalus Say collected in tile 
1981·82 sUivey and only P. uindemiae collected in 1987 (Table 2). At Farm E, 
pnrasitism rates of 6.4 and 9.37r were obsClved in 1981 and 1982, respectively; a 
pfll'3sitism rate of 11.3% was observed in 198i (Table 2). A notable difference in 
these t.wo surveys was the parasitoid species composition change that occurred at 
Farm E. Of all the parasitized pupae collected during July, August and September 
of 1981·82, 97.3% were killed by N. vit,1perl"is. In the 1987 survey however, only 
22.711() of Ill1 parasitized pupae were killed by N. uitripennis; S. cameroni was the 
predominant parasitoid, killing 62.3% of all parasitized pupae (Tflb1e 2). The 
overall change in parllsit.oid species predominance from N. uitripennis in 1981-82 to 
S. cameron; in 198i could be due to 11 number of factors. 
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Perhaps post-winter recolonization of poultry houses by different species of 
parasitoids differs from year to year, depending on winter survival of the several 
species. It seems lllore likely, however, that in the enclosed environment of a 
poulu·}' house, the factors which are most subject to change are related to managemcnt, 
particulal'iy manure management and pesticide application techniques used by the 
farmer. These techniques. in addition to varying from farm t.o farm, may vary from 
year to yeHr on thc same farm, possibly causing significant changes in the species 
diversity and abundance of parasitoids. 

A presumably very important. environmental change that has occurred post
1986 is the use of c)'TOmazine (Lmvadex8. Ciba Geigy, Greensbol'O, 1\'001.h Carolina) 
which has been vcry effective at reducing house fly breeding in poultry manure 
(Axtell and Edwards 1983). The consequent reduced host availability could 
undoubtedly have an imp<lct on the populations of parnsitoids in poultry houses. 
Cyromazine was used at three (A, C, & D) of the six farms in this study (Table L). 
Farm A received five cyromazine treatments and had few flics ltnd few parasitoids 
(0.5% parasitism). However, parasitism rates 011 this farm were also low in the 
1981-82 survey, prior to the use of Larvadexlt. Farm C wns treat.ed with cyromazine 
on only one occasion, a month I}rior to our survey. Parasitism wus high at this farm 
and averaged 22.617" during the 3·mo survey period. Fly populations on this farm 
were (ow. following an early spring treatment with cyromazine. Manure conditions 
for the mosl. part were categorized as "liquid" which seemed excessively wet for 
fly breeding- to occur. [n addition, the few dryer patches of manure hosted a large 
population of the predaciolls beetle Carcinop.'i pumilia (Erichson) that could also 
have accounted for the low fly population. However, this is specu(utive, as no 
attempts to monit.or predation by beetles were made. Because of the variability in 
cyromazinc use and parasit.oid activity, no conclusions can be drawn regarding t.he 
impact of cyromHzine 011 parasitoid populations on thcsc three famls. 

This study also enabled us to monitor the releases of N. vil/ipennis commercially 
obtained und released ' ...·eekly on farm C. Parasitism rates by N. uit,ripen/lis at this 
fann were very low (8.5% indoors). The commercial supplier reported t.hat 10,000 
parusitized pupae were delivered weekly (this figure is obtained from aliquots held 
at the suppliers laboratory for parasiloid emergence). Perhaps, the parusitoids died 
either before or during delivery to the fmln. However, assuming there was little or 
no mortality during delively, then perhaps the method of reicase, i.e. II random 
scatter of pupae from thc walkwnys on the second story onto the manure, was not 
conducive to para!';it.oid emergence. It is possible that the pupae ended up buried 
in the new manure which prevented parasitoid emergence. A morc effective release 
procedure would huvc becn to place parasitized pupae in areas where fly I}upation 
was naturally occurring. rf emCI'gence was occurring nonnully. with approximately 
70,000 parasitoids emerging weekly (estimating un average of seven per PUI>U), 
then very few of these ever successfully parasitized. 

Parasitism rates inside poultry houses and out.side may also be quite different 
as evidenced by farm C. Indoors, S. camerolli was the most common parasitoid 
found, in contrast. 1.0 1\1. raplor outdoors. This is similar to the rcsults from 
comparable surveys on dairy farms in New York state that have shown S. cameroni 
parasitizing pupae predominantly indoors (Smith 1989). 

Two of the pamsitoids found have not previously been reported from surveys 
of poultry house fly pupae. E. vesicularis is a polyphagous chalcidoid, which attacks 
Orthoptera. Hemiptera, Coleoptera, Lepidoptera, Diptera and Hymenoptera (J<rombein 
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et al. 1979), !';o although it has nol previously been reported from Musca, it is not 
surprising that it was found as a parasitoid of 1\1. domestica. Urolepis rufipes has 
been previously reported from house fly pupae on dairies and feedlots in New 
York (Smith and Rutz 1985) and Nebraska (Petersen et al. 1985). 

Parasitoids of choice for augmentive release programs arc often determined by 
only olle or two year surveys in livestock and poultry production facilities. This 
study has served to illustn.lte that results from two studies done in the same stilte 
but six years apart can differ considerably. F'1'cqucnt monitoring of parasitoid 
populations should be implemented to assess species change over t.ime, and to 
avoid spurious conclusions that: a particular pal'asitoid species should continue to 
be the species of choice fol' release programs. 
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VERTICAL DISTRIBUTION OF DIPTEROUS LARVAE
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ABSTI~ACT 

Vertical distributions of rilth fly larvae (l\·luscimlc. F'wm;a mllieu/ari... IL.I, F. femomlis 
St.ein), prednceolls Coleopt.era (Hisleridae. Staphylinidnc). Anthocoridnc, PscudoscorJlionid~l. 

and predaceous Acarina (Macrochclidae, Uropodidac) were dCI.Cn11ined in accumulated caged 
layer poultry manure. Three zone!; in the manure cones (top. middle. hOllom) were sampled 
ever)' 2 wk at each of Ihrce facilities ovcr 5-17 mo. Most laxlI preferred cerwin zones. 
Arthropods found most commonly in the lOp zone (fresh mnllllrc dcposil-ion) included fly 
larvae and Macrochefcs lIluscClcdomesticae (Scopoli). Adult C(lrcillUP5 pumilio Erichson. adult 
Pili/mit/IUs Sllp., slaphylinid larvae. .and the mite FU5curopodn V('b'CI(lIl$ (DeGeer) were found 
most often in the lop and middlc ;wnes. Adult GllathollClltls roll/II(/arus (I<ug.) (= (;. "(/fWS of 
some <lUthors). anthocorids. and pseudoscorpions were IOlIlld moslly in the middlc and 
bottom zones, while IJem/mpllilus pUll<:latus Herbst, Aleocharimlc. and Afphitobius diaperirlIIs 
Panzer were found most oflen in the bollam (driest) 7.one. Histeric! 11lI"\'ae were widely 
distrihuted among the zones. Bnsed on spatial ovel'lllp, thc j)l'edllCeOlls mites, C. pumilia. and 
P1IihmtJlIIs SJlp. would he cxpected to be primary predators on fly imlllutures. 

Key Words:	 Flics, Fannia, Musco, pred<ltors, biological (:onl.t·ol, Dipt.crtl. Coleoptera. 
Pscudolicot'pionidn, Acarina. 

J. Agl'ic:. EntomoJ. 8(1): [IO·fiG (Janul.lry 1991) 

Predatory arthropods are considered imporiant natural enemies or immature 
Jilth flies (Axtell J98()). The historid beetle Cnrcinops pumilia Erichson lmd the 
predaceous mite Macrocheles muscaedomest.icae (Scopoli) arc regurded as key fly 
predators in poult.ry manure, but. other beetle and mite predaLOrs and fly larvae in 
the genus Ophyra also can occur in significanl numbers in the field (Peck and 
Anderson 1969, Legnci' and Olton 1970, Ceden and Stoffolano 1987). Though 
manipulations are diflicult in natm'e, various experimental lield st.udies have 
at.tributed fly reduct.ions of 50% - 95% to predator activity (Axtell 1963, Singh et a!. 
1966, Legner 1971, Propp and Morgan 1985. Gcden et. al. 1988). 

Accumulated poultry manure is a heterogeneous substrate, with numerous 
microhabitat.s :wailable to the arthropods therein. DCUli1ed predator distribution 
studies in this medium are few. In Texas, Stafford and Bay (1987) examined the 
distribution of lvfusc:a domest.ic" L. and the mite M. musc:aedome...ticae relative to 
moisture and temperature condtions. but were not concerned specifically with 
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different regions of the manure cone. In North Carolina, Willis and Axtell (J968) 
observed that M. mWH:aedomeslicae was found primarily in peripheral manure near 
the peak of the cones, where eggs of Musca domestica L. were most abundant. 
[i'uscuropoda vegetans (DeGecl') was most abundant in slightly deeper manure and 
could be round in various areas of the manure cone (Willis and Axtell 1968). 
Geden and Stoffolano (1988) documented the distribution of C. pumilio, tv!. 
muscaedomesticae, the sphacrocerid fly Coproica hirluLa Rondani, and acarid mites 
in Massachusetts. These taxa were morc abundant in peripheral manure at the top 
and sides of the cones than in drier manlll'C near the base. Borden (1989) noted 
that both Fannia larvae and At/. mu.scaedomeslicae were most common in the top 5 
em of the manUl'e cones. The present study was designed to determine the vertical 
distribution of fly larvae and known 01' potential fly predators relative to different 
regions of the manure cone. 

MATERIALS AND METHODS 

Three caged layer facilities in southern Califol'l1ia were monitored at 2-wk 
intervals. All three sites had multiple long, narrow, open-sided houses with hens 
held in back-to-back wire cages suspended above a sailor concrete floor. Manure 
\vas allowed to accumulate fol' 6-8 rna before being removed. Site 1, in San 
Bernardino, San Bernardino Co. was monitored (rom January 1987 to May 1988. 
Site 2, near Lake l'vlatthews in Riverside Co., was monitored f!'Olll October 1987 to 
May 1988. Site 3, in northern San Diego Co. near Valley Center, was monitored 
fl'om ,January 1987 to May 1987. 

A single house was selected at each site. Each house had four rows of manure 
running longitudinally, separated by concrete walkways. Ten sampling locations, 
marked with flags, were spread equidistanUy down the full length of each manure 
row. Viewed from the end of a row, the manure formed cone-shaped peaks. At 
each location, samples (50 ml each) were removed from three areas of the manure 
cone and placed into separate plastic bags by area. Using a tl'Owel, a layer of 
manure (ca. 2-cm deep) was removed from the top of the cone. The trowel was 
wiped clean with a cloth, and a second sample was taken by inserting the trowel to 
a depth of 6-8 cm into the side of the cone neal' the midpoint. The trowel was 
cleaned again and inserted as above into the base of the cone. These areas were 
called zones 1 (top), 2 (middle) and 3 (bottom). Samptes were pooled by area for 
the 20 locations along the interior rows, \vith another group of 20 samples similady 
pooled 1'01' exterior I·OWS. 

The six pooled samples (three zones from both interior and exterior rows) were 
returned to the laboratory in an ice chest. Arthropods were extracted from the 
manure over a 5-d period using Berlese funnels with 75-watt light bulbs. Samples 
were stored in 75% ethanol pending identification. The relative frequencies of each 
taxon in each zone were analy"-ed by G~test (Sakal and Rohlf 1981) to determine 
whether the observed distributions differed among :wnes. 

RESULTS AND DISCUSSION 

Adult histelids included (in declining order of abundance) C. pumilio, Gnalhonchus 
rotulldatus (Kug.) (= G. nanus of some authors) and Dendrophilus punctatus 
Herbst. A larger histel'id, Margarinolus merdarius (Hoffman), was collected rarely 
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(approximately 2/mo for all three sites). Larval histerids and staphylinids were 
collected commonly and were categorized by family. Adult stHphylinids were 
predominantly in t.he genus Philol1thus. which were not identified to the species 
level due to the tentative state of the taxonomy ill this large genus (E. R. Hoebeke, 
Department of Entomology, COI'llcli University, personal communication). Other 
adult staphylinids included the genera A/lotylus, O:cyLelus, Lithocharis, NeohYP1lus. 
Hnd members of the subfamily Aleocharinae. Adult female M. muscaedom,esticae 
and adult F. uegeta1ls were numerous and categorized hy species. Numbers of 
pseudoscorpions and anthocol'ids (adults and nymphs pooled) \\'crc found as well. 
Adults of the tenebrionid Alpl,i(obius diaperi"us (Panzer) were common in certain 
samples. Fly larvae included Muscinae (pooled by subfamily, but including mostly 
M. domestica. Mustina stabulans Wallenl, and Ophyra aenescens I\Veidemannl), F. 
c:onicularis, and F. femoralis. Other ny larvae, moslly minute phorids, etc., were not 
counted or ident.ified. 

There were few consistent differences between interior and exterior manure 
rows among sites, and the relative abundances of the various taxa were fairly 
similar. There was a tendency for interior rows to huve larger numbel's of 
arthropods. This may have been inlluenced by more ail' llow and drier manure in 
exterior rows, though we did not measure manure moisture specifically in this 
study. Interior and exterior rows at the three sites were pooled to examine overall 
arthropoo distlibution relative to manure zone. Numbers/zonc are shown in 'Il.ble 1. 

'Table 1.	 Numbers of ny Imvac or predator taxa (average/liwd found in accumulated 
caged layer poultry manure on three southern California facilities. 

Manlll'e Zone 

Arthropod Group Zone I Zone 2 Zone 3 

Fly Larvae 
Muscinae 123. L 56.6 26.7 
Fannia {'anieularis 743.0 209.7 93.9 
Fannia femorolis 620.9 \57.5 52.4 

Predaceous Mites 
Fuscuropoda vegelans 405.6 2\1.5 L43.7 
Macrocheles nwscaedomesticae 817.7 349.7 58.6 

Predaceous Beet:les 
Staphylinid Adults 1.7 1.4 0.4 

Staphylinid Larvae 5.0 6.0 1.4 

Histel'id Larvne 26.0 33.9 25.4 

Carcinops pumilio \7.\ 22.4 \2.9 
GnotJwn,ochus rotundalus ? _.0 7.3 7.5 
Dendrophilus punctatus 0.5 3.7 7.6 
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Substantial differences were seen in the arthropod fauna in the three manure 
zones, and each taxon was found to be unevenly distJibuted among the zones 
(P < 0.01, G-test). Larvae of F. canieL/laris (n = 62,102) and F. femoroJis (n = 59,397), 
as well as Muscinac larvae (n = 27,102) to a lesser extent, v,,'ere found most 
commonly in zone 1 (fresh deposition zone at tile top of t.he cone) and least 
commonly in zone 3 (the oldest and driest manure at, the bottom of the cone) (Fig. 
la). The fresh, moist manure was presumably most attractive for fly oviposition; 
many of t.he larvae found at the bottom of the cone were lut.e instal'S, which are 
known to seek out some\vhat drier areas for pupation (\Vest 1951). 

The predaceous mite M. muscaedomesticcl(! (n = 180,084) was also most. common in 
zone I and was quile uncommon in zOlle 3 (Fig. I b). F. vcgeLalls (0 = 117,084) 
t.ended to be most common in zone 1 but could be found in considerable numbel's 
in zones 2 and 3 as well (Fig. Ib). The dist.ribut.ion of !l1. nwscoedomestitoe agrees 
well with the findings of Willis Hnd Axtell (J968) Hnd lieden Hnd Stoffolano (1988), 
who also found this species in peripheral manure near the tol> of the cones, where 
fly eggs were common. F. urgetQns is incapable of piercing the chorion of M. 
domeslico eggs, but. cnn feed successfully on first instal' fly 11lIvae; it also is more 
susceptible to desiccation than is M. muscaedomesticae and tends to feed in 
aggregations (Willis .1l1d Axtell 1968). Willis and Axtell (1968) found F. uegetans to 
be more widely distributed and somewhat deeper in the manure cone, and our 
data SU!>l>ort this finding. 

Staphylinid (nearly all Philonthus spp.) adults (n = 386) and larvae (n = 2.102) 
were found in nearly equal numbers in zones I and 2, and only 11o/r of adult and 
lorval staphylinids were found in zonc ~~ (Fig. 2a). Aleocharinae adults were 
common only at. site 3, where iOYr of the total (11 = 173) werc recovered from zone 
3. This staphylinid subfamily often is parasitic on ny pupae (\Vhile lind Legner 
1966), which were common in this zone. Histerid larvae, in contl'ast 1.0 most other 
groups, tended to be fllirly equally distributed among the ZOnes (Fig. 2u). Ceden 
nnd Stoffolano (1988) found C. pumilio lnl'vae were uncommon near the bottom of 
the cones, but the greater species diversity and pooling of larvne of histerids in the 
present. study could cont.ribute t.o the differing results. 

The distJ'ibutioll of adult hislerids WllS particularly interesting. The three 
common species arc in separate genera, but arc nearly identical in size. Their 
distributions relative to manure zone were quite diffel"ent from each other for both 
overall and pairwise comparisons (P < 0.01, G-test) (Fig. 2b). The most. common 
species, C. pumilio (n = 8,193). could be found in considerable numbers in all three 
zones, though it generally was least common in zone 3. It \\'8S by far the most 
abundant. histerid in zone I and, to a lesser extent, in zone 2. G. roLundaLus 
(n = 2,350) was uncommon in zone I, being found in nearly equal densities in 
zones 2 and 3. The third species, D. pUl1cLatus (n = 2,073), was rarely found in 
zone 1 but was nearly as dense as the other histerid species in zone 3. where over 
64% of t.he adult.s of this species were found. As with the other taxa, the greater 
abundance of G. roLulidaLus and D. plmclaLus in zones 2 and 3 could reflect 11 

t.endency W inhabit deeper portions of the manure cone, as the relat.ive volume of 
surface manure in these samples was less. It appeared that these three histerids 
werc paltitioning the habitat. and/or resources among themselves. We have signiiicant 
biological data only for C. pumilia; based on its distribution and propensity for 
consuming fly eggs and early stage larvae (Geden et. al. 1988), it would be expected 
to have the greatest. significance for biological control. 
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The remaining arthropods which ' ...·ere counted, A. diaperinu ..., I)Seudoscorpions, 
and anthocorids, essentially all were from sites I and 2. Due to their interior 
southern California locations. these sites were gcnerally hotter and drier. and the 
manure tended to be dricr at these sites as well. For A. diaperi/lus (n = 1.872). 
76.27r were collected from 7.onc :1. 20.3% from zOlle 2. and only 3.5'ft from zone I. 
Manure in zone a received a substantial amount of spilled chicken feed, on which 
.4. di(lperillus probably fed. Anthocorids (11 = 6,989) had a similar distribution. with 
52.0% collected from zone 3. 32.4% from zone 2. and only 15.7rk from zone 1. 
Pseudoscorpions (n = 1.588) were somewhal marc evenly distributed, with 27.1 % 
from zone 1.32.4% from zone 2, and 37.9% from zone 3. Although A. dioperinus 
and anl.hocol'ids may cat fly eggs and first ins1.11l's, they tend to be spatially 
separat.cd from t.hcse prey, and they are not. considered to he primary l1y 
predators (Legncr et al. 1975). Pseudoscol'pions were generally not very numerous. 
and little is known or their biology. Theil' broader dist.ribution could rel1ect. 
phoresy on adull nies and allow them to consume ny e~gs 01' larvae. 
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ABSTRACT 

Growth of corn ellrwonn, Helicuuerpa ZCll (Boddie), lllrvnc on inbred lines of com, Xell 
ma),s L.. with different levels of resistance to leaf fceding by fnll nnnyworm, Spodoptero 
[ntj!ipcrda (J. E. Smith), and southwestern corn borer. Dilltracll gmmliosl.{f(l Dyar, was 
evaluated in a laborator)' bioassay. Diets for the bioassay were prepared from lyophilized 
whorl tissue of field grown corn plants and consisted of a mixture of lyophilized tissue, 
dis1 illcd wlilcr. agar. ~cntamicin sulfate, sorbic acid, unci ascorhic acid. Diet was Iloured into 
30-ml plastic cups that were then infested with a neonale larva. I..arvac re<Jred on the 
resislant inhrcds weighed as'.:? less than lorvae reared on susceptible inbreds after 11 d_ 
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Feeding by the com earwonn, Helicouel]Ja zea (Boddie), within the whorls of com, 
Zca mays L., plant.s damages the leaves. Wiseman et. al. (1976) rcported that 
Antigua 20 sustained significantly less leaf.feeding damagc than Cacahuacimle in 
greenhollse evaluations. Subsequent rescfll'ch indicated t.hat Antigua 20 was Hlso 
less preferred than Cacahuacintle for oviposition by corn earwonll moths and that 
an apparent association bet.ween oviposition and t.richomes on the leaves existed 
(WidslrolJ1 el 01. 1979). 

Reliable laboratory bioassays are essential for investigating the mechanisms 
and biochemical bases of insect resistance. The appropriateness of a bioassay in a 
given situation varies with the objectives of the investigator as well as the crop 
plant. and insect under investigation. Wiseman (1989) has developed and refined 
bioassays for investigating resistance of corn LO earworm. Fresh, oven-dried, or 
frccze-d"icd silks 0" other plant. tissue is added to a pinto bean diet. These 
bioassays have proven to be especially effective for assaying for resistance when 
anl:ibiosis is one of the mechanisms (\\liseman and Isenhour 1988). This type of 
bioassay should be most discriminating when antibiosis results from the presence 
of a toxin or strong antireedant. Its potential usefulness is greatly limited if the 
antibiosis results from reduced nuni.tional value of the resistant corn genot.ype 
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because the artificial diet could provide sufficient nutrients to mask differences 
among genotypes. 

Williams et nl. (1990a) developed a laboratory bioassay for resistance to fall 
armyworm, Spodoplera rrugiperda (J. E. Smith), and southwestern corn borel', 
Diatraea grandiosella Dyur, that: permitted expression of differences in levels of 
resistance among genotypes that were not expressed when lyophilized leaf tissue was 
added to a standard laboratory diet. The current investigation was undenaken to 
evaluate the response of corn eal'wOl'm larvae to corn genotypes with varying levels 
of resistance to fall armyworm and southwestern corn borer using this bioassay. 

MATERIALS AND METHODS 

Three inbred lines of corn with resistance to leaf feeding by fall armyworm and 
southwestern borel', Mp704, Mp707, and Mp708, and three susceptible inbred 
lines, Ab 24E, Tx601, and Va35, were grown at Mississippi State, Mississippi in 
1989 following standard corn production practices ('Williams et al. J989, 1990a,b). 
\-Vhen plants reached the '17 sUlge of growth (Ritchie et al. 1986), the whods were 
harvested, trimmed to 15 em in length, placed in plastic freezer bags, and frozen 
l.lt _18°C. \\lhorls were later lyophilized and ground to a fine powder using a 
laboratory mill with a I-mm mesh screen. 

The lyophilized tissue was used in laboratory bioassays to determine growth of 
corn ealWOl'm larvae on different corn genotypes. The procedures were similar to 
those described by Williams et al. (1990a). The diets were prepared by combining 
250 ml distilled water, 2400 mg agar, 12.5 mg gentamicin sulfate, 132 mg sorbic 
acid, and 528 mg ascorbic acid. The mixture was heated to 82°C while stirring; II 
g lyophilized whod tissue was then added. The mixture was then dispensed in 10
ml aliquots into aO-ml cups. 

On 8 February 1990, 20 cups of diet were prepared from each inbred line. On 
the following day, each cup was infested with a neonate corn earworm larva and 
covered with a paperboHt'd insert. cap. Cups were arranged in a completely random 
design with 20 replications, and placed in an environmental chamber maintained at: 
28°C with a photoperiod of 12:12 L:D. Larvae were weighed after 11 d. The 
experiment was repeated on 14 March following the same procedures. 

Data from the two experiments were combined for analysis of variance_ 
Signficance of differences among means was determined by Fisher's Protected 
LSD (P = 0.05). 

RESULTS AND DISCUSSION 

Com ear\\'orm larvae reared on diets of lyophilized whorl tissue of fall armyworm 
and southwestern corn borer susceptible inbred lines were significantly heavier 
than those reared on resistant lines Cfable 1). Although larval weights did not 
differ among resistant lines, larvae reared on whorl tissue of the susceptible lines 
differed significantly in weight. 

The mean weight of corn earworm larvae reared on resistant tissue was only 
12% of that of larvae reared on suscept.ible tissue. This difference is even more 
striking than the differences in fall armyworm and southwestern corn borer 
weights when similar bioassays were conducted with those insects (Williams et al. 
1990a). This appears to indicate a sensitivity of corn earworm larvae to the same 
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Table 1.	 Weights of corll eanvorm larvae reared for J L d on diets containing 
lyophilized whorl tissue of corn inbreds, 

Inbred Classification* Mean Weight (mg) + SE t 

Ab2'IE S 22,3 ± 140 a 

Tx601 S 139± ;1 b 

Va:I;> S 59 ± 36 c 

l\,lpi04 Il II ± ; d 

Mp707 Il 26 ± 19 d 

f\,'lp70R Il 12 ± 8 d 

S indicatCIl ,;u;;ccptibilily tlnd H indictltes r'c;;i;;tancc to Icaf fccdinl! by ful11u'mywor'Il1 ,ll1d :';(IUlhwest.ern 
CUi'll hor'cr. 

t Mean:,; followed hy the sUllie IcUer do nol differ at llll' /' =: 0.0;) level of significulll:e. LSD (l).On) 

= 28. 

factors affeding fall armyworm and southwestern corn borer growth in laboratory 
bioassays as well as on plnms in the field. Reduced larval growth on caJlus of fall 
armyworm and southwestern corn borer resistant hybrids has also been reported 
for corn earworm as well as fall armyworm and southwestern corn borer (Williams 
et 31. 1983, 1985, 198;), 

Growt.h of fall armyworm and southwestern COl'll borer lanlHe on plams in the 
field and on leaf tissue in laboratory bioassays has been shown to be highly 
correlated with the level of leaf feeding damage sustained by those corn genotypes 
in the field (Williams et al. 1989, L990a). It seems reasonable to infer, therefore, 
t.hat the reduced weights of corn earworm larvae fed on lyophilized leaf tissue of 
Mp704, Mp707, and Mp708 might. also be indicative of their resistance to leaf 
reeding damage in t.he field; however, stich inferences will require confirmation in 
field evaluations. 

As indicated by Wiseman (L98H), research 011 resist.ance t.o com carwonn in 
corn has been devoted primarily to resistance 1.0 ear damage rather than leaf 
damage in whorl stage COI'1l. Damage to whorl stage corn has not. been considered 
to be economically impOl'tant. Recently, howcver, the buildup of corn earworm 
populations on corn has been recognized as a serious problem for other crops as 
well as corn (Raulston et al. 1986). In the Lowe,' Rio Grande Valley of Tcxas, as 
many as two to six billion com earworm moths a year may be produced on corn 
(Raulston et at 1986), This results in damage not only to corn, but also to other 
susceptible crops, particularly cott.on, Gossypium hislulum L, 

Resistance to corn earworm in whorl stage corn could provide an excellent 
method of reducing the population buildup and, thereby, alleviating problems with 
other crops. The bioassay descl'ibed herein should prove useful to those cngaged 
in this area of research. Although in this investigation larvae were reared on lyophilized 
tissue for only 11 d, insects have been reared through pupation in other investigations. 
Therefore, this bioassay could be used to obtain information on othel' aspects of 
development in addition to IUlval growth, 
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ABSTRACT 

Data collecled from 12 field scout. training sessions, in which pnrl.icipant.s sweep-net 
sllmpled alfalfa fol' potalo IcanlOPPCI' (PLI-J), were evaluated to determine variability among 
field personnel. Relative varint.ioll (HV) muong participullts in sampling PLH averaged 47.W':;,. 
HV values per session correlated ill\'crsely with PLH abundnncc. Three conditions were 
identified for assessment of PLH activity when pnrticipants' data were complll'cd to the 
llclion threshold (AT): (1) Ihal PLH nbundance was low and 1.111 smnplcn;' counts were below 
AT. (2) th[lt PLH abundance was high and all samplers' PLH counts were ahove the AT. and 
(:1) thai PLH abundance was nenr the AT and individual variahility would lead to samplers' 
PLH counlS above and below t.he AT. The probabilities of such conditions occurring in Inc 
field were determined from analysis of 603 field sampling records drawn from Ohio IPM 
program data. field sample data below 0.5 AT. represcnling low PLH abundance, occurred 
61% of the t.ime. Field data greater than 1.5 AT. representing high PLH abundance, OCCUlTcd 
for 6~ of thc field samplings. The remaining :l:l% of the field data were wit.hin 0.5 llnd 1.5 of 
t.he AT and representcd the condition where decisions would be in question if based only on 
PLH counts laken from SWCCI) net samples. 

Key Words:	 Insecla. Emp(J(J!i;Ca (a hac. polato Icanlopper. sllmpling, alfnlfa. Homoptera, 
CicndellidllC. 

,I. Agric. Entomol. 8(1): 71-76 (JUIllHlI')' 1991) 

Sweep-net sampling of alfalfa to monitor populations of potato leulhoppcr, 
HmpoasCll [abae (Harris). is widely accepted in alfalfa pest management programs. 
In Ohio, 30 to 50 sweeps using a pendulum swing of a 41·cm diameter net is 
generally recommended to obwin an adequatc field sample of potato leafhopper 
(PLH) abundance. 

interprctation of the PLH sweep net catch v8Iies from slale to state, depending on 
the action threshold (AT) used. fn many midwestern states, recommended AT's 
range from 0.5 to 2.0 PLH per sweep adjusted for the height of alfalfa stand. A 
se<luenlial sampling plan has been adopted in Virginia (Luna et al. 1983). Refine· 
ments of the AT lIsing dynamic temperature driven models have been proposed by 
Onstad et al. (1984). 

Regardless of the sampling plan or system used to interpret the PLH catch. 
accuracy of the population estimate depends on the precision of the catch 
reported by the individual performing the task. Shufran and Raney (1989) studied 
inter-observer variation in insect scouting and concluded that development of 
action thresholds should tuke into account variation among field scouts. Variability 

, Hcceivcd for puhliculion 31 Jllllunry 19UO: accepted 23 AlIgu!'.t 1990. 

it 
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in sweep net catches of PLH has been investigated from the standpoint of population 
dispersal and environmental conditions such as temperature, wind, and precipitation. 
In many studies thaL document variability in sweep-net catches, the human 
variable was maintained at a minimum by limiting sampling to a single individual 
or by utilizing only experienced field personnel. The potential for significant errors 
in sampling due to individual persons has been noted (Saugstad et a!. 1967, 
Fleischer et al. 1982, and Fleischer and Allen 1982). 

In Ohio, an alfalfa pest management program has been operated by the Ohio 
Cooperative Extension Service since 1975. At the lime of this study, approximately 
3,000 ha of alfalfa were scouted weekly. New field SCOllts attended an initial 
orientation, and t.hereafter receive weekly individual lield supclvision by experienced 
personnel. In addition, monthly field sessions are held on a regional basis to 
facilitate group interaction and compare field obselvations. In t.he mont.hly field 
scout training sessions, participants (Held scouts and aglicultural industlY personnel) 
simultaneously sample selected field sites to compare techniques and results of 
sampling methods used. In contrast to many extension field training programs that 
rely primarily on lectures and demonstrations, the group sampling effort provides 
an opportunity for performance evaluation and quantification of the variability to 
be expected in sampling field populations. 

This study reports the results obtained by participants in the Ohio IPM field 
scout training program and analyzes individual variability in relation to PLH 
saml>1ing data obtained in pest management and survey programs. 

MATERIALS AND METHODS 

PLH sampling results reported in this study were drawn [rom 12 field tnlining 
sessiolls in which live or morc participants sampled a field site. These sessions 
were part of a series of field scout training progmms conducted monthly at three 
locations in Ohio dUling t.he 1984, 1985, lind 1986 growing seasons. The participants 
included field scouts employed in extension programs and other agricultural 
industry personnel. API>roximately two-thirds of t.he participants were engaged in 
weekly field scouting activities and about. half had more than one season of 
experience in scouting alfalfa. 

1.11 the sampling sessions, participanL'i were instructed to obtain three samples 
of JO sweeps each and record t.he number of nymphs and adults obt.ained in each 
sample. Thereafter, the average PLH count/IO sweeps was determined for each 
sampler, and a session mean count determined for the training session. 

Relative vruiation (RV) values were calculated to provide a measure of sampling 
reliability relative to the total PLH catch per training session. RV = (S8M/mean) 100, 
where SEM = standard error of the mean, and mean = the session mean of 
samplers' PLH sweep net counts (Ruesink 1980). Correlation between PLH catch 
and corresponding RV values was measured using a non-parametric rank cOITelation 
coefficient, Spearman's rho (Conover 1971). 

Purticipants' sampling results were compared to an AT based on stand height. 
The AT foJ' a sample of 10 sweeps is equal to 1 PLH pCI' inch of stand height up 
to a maximum of 20 PLH per 10 sweeps. Thus, the AT for a sweep of 20 cm (8 in.) 
alfalfa would be 8 PLH pel' 10 sweeps or 24 PLH per 30 sweeps. When a field 
exhibits PLH populations above the AT, the Jield is considered for rescue 
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t1'eatment with an insecticide, Where alfalfa is ~ 38 em (16 in.), early culting is 
generally recommended in place of treatment. 

To evaluate the impact of variability among lield personnel in PLH sampling 
on decision making, 603 field records of PLH abundance were drawn from 1985 
and 1986 Ohio Pest Management and Survey Program files and analyzed 1'01' their 
relationship to lhe AT system used in the Ohio fPM program. Thus, the frequencies of 
act.ual field cases occurring above. below, or within an action threshold range 
(AT ± 50% of AT) were determined on a large sample of lield situations, 

RESULTS AND DISCUSSION 

The mean relative variation (RV) for the l2 sCl:ision means \Vas <17.6% (Table 1). 
The RV value per session was inversely related io PLH abundance, as demonstrated by 
a negative correlation coefficient. of rho:::: 0.61 (P = 0.05). As a result, variation 
among samplers may be expected to be greater when PLI-I activity is at low levels 
which would generally represent situations of subeconomic activit}'. 

Table I.	 Poiato leanlOpper observations by multiple parties during training 
sessions. 

Stand 
Training No, of Hgl. Session Decisions 

Session Date SHlnplers* (em) meant RV+ AT§ <AT >AT 

Franklin 6/27/84 9 66 9.4 73.4 60 9 o 
Darke 7/0il/84 5 33 44.2 77.6 39 2 3 

\Vayne 7/17/84 9 41 0.8 80.8 48 9 o 
Franklin 7/25/84 5 47 47.0 28.4 60 3 2 

Darke 8/01/84 5 46 lO4.8 18.2 54 o 5 

Wayne 8/08/84 5 41 7.2 57.9 48 5 o 
Franklin 7/03/85 10 20 29.6 35.0 24 3 7 

Wayne 7/10/85 10 56 44.4 44.1 60 6 4 

Franklin 6/03/86 8 61 4.4 55.9 60 8 o 
Wayne 6/10/86 9 20 31.9 29.2 24 3 6 

Dark 6/25/86 6 61 156.5 37.8 72 o 6 

Wayne 7/08/86 10 43 14.9 32.8 51 10 o 
Average rela\.ive vOl'iation: '17.6
 
Corrcllllion** bel ween session mean Hnd HV: ·0.61
 

•	 N\lll\IHlr of pnr'lidpHnts per' Hllmpling ~C,:;!'iOll, 

+	 :\']ean PLH cutch per :m Rweeps. 
~	 HV", Bclllti\'c \'lIrimion mnong P1.H (;(111111,:;. 

Action lhrcsholll whcr'c AT per 10 ~wt:CJl':; CCIUlll,:; sllllld heh:ht of nlfalfn expresscd in incll('.~ lip to n 

maximulll of :W PLH!IO sweep.'/.. 
•"	 Spclmllull's rho. 
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Given a mean RV of 47.6% if PLH abundance is near the action threshold (AT) 
and more than one I>erson is sweep-net sampling the field site, then a high 
probability exists for obtaining PLH counts either above and below the AT. The 
potential for Questioning a count from a single field observer becomes greater 
when a count is near the AT. 

When individual PLH counts from 30-sweep samples were compared with the 
AT applicable (0 each of the group sampling sessions, variation among individuals 
resulted in differences of population assessment when PLH approached the AT. 
Evaluation of' PLH sampling during 12 field training situations identified three 
conditions common to sampling and assessment of field pest populations, as 
follows: 

1. Pest abundance is significantly below the AT and all parties arc in agreement 
on assessment. This situation occurred in 5 out of 12 sessions. 

2. Pest abundance is significantly above the AT and all part.ies are in agreement 
on assessment. This situation occurred in 2 out of 12 sessions. 

3. Pest abundance is near the accepled AT, and individual variability in 
sampling may lead to an assessment to take corrective act.ion 01' not take 
corrective action. This situation occurred in 5 out of 12 sessions. 

Conditions of Low PLH Abundance. In the first condition where PLH abundance 
was very low, a problem did not exist, and it was assumed that an alfalfa stand 
was not currently threatened by excessive PLH activity. 

Analysis of IP!''.'l program field records found that in 617r of the field cases 
(Table 2). the measure of PLH abundance was below 0.5 AT which presumably 
would represent a condition excluding the error of individual variation in sampling. 
From the standpoint of implementing a field scouting program, one may assume that a 
field scout would encounter low PLH activity in 6 of every 10 field visits. 

Table 2.	 Frequency of PLH field samples collected by TPM program field scouts 
in relation to action threshold. 

Number of Field Samples 

Relationship to AT 1985 1986 85 + 86 Percent of Total 

< 0.5 AT'	 198 171 369 61.2 

> 0.5 AT 
& < 1.5 AT 69 129 198 32.8 

> 1.5 AT	 7 29 36 6.0 

Total no.	 of samples: 274 329 603 

• Action threshold (AT) of PLH = OIlflllfa slaml hCli~ht in illch~s for 10 sweeps. 

Condition of High PLH Abundance. In the second condition where PLH 
population abundance was very high, a problem exists warranting corrective action. 
Assuming that TPM ]·ecords of PLH abundance exceeding the AT by 1.5 times 
represented this condition, 6% of the field cases were identified as having high 
PLH abundance. 
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Condition of PLJ-I Abundwu.:e Near Threshold. In the third condition where PLH 
abundance was neal' the AT, individual sampling variability of 47.6% reduced the 
I'clinbility of a sweep net PLH count as the primary factor for detennining the 
need for PLH control action. Although the sweep net COUI1l detect.s the existence 
of a questionable situation, additional factors should be considered to assess the 
need for control actions. In such a condition, factors that take precedence in a 
decision to control or not control PLH include environmental conditions, alfalfa 
stand vigor, economic parameters of stand value or expense of control, or presence 
of secondary pest popuall-ion!>. 

Assuming that n sweep net. PLH sample greater than 0.5 of the AT and less 
than 1.5 of the AT represents the third condition of field sampling, analysis of the 
rPM field records found that l'uch a condition occurred in 33% of the field cases. 
Thus, in one-third of the field PLH sweep net samples taken by Ohio field scouts, 
the need exists for considering relevant factors l:1ffecting PLH activity in addition 
to the sweep net count. 

Factors Influencing Sampler Variability. Variability among samplers in PLH 
sampling can be attributed to a numbel' of causes, viz.: (I) spatial factors of PLH 
dispersion, (2) amount of force applied in using the sweep net, and (3) expeliencing in 
identifying and counting PLH collected in a sweep net. 

The exercises in group sampling and subsequent compmison of PLH counts 
often illustrat.ed the effects of spatial variability, especially if distinct differences 
existed in the terrain and individuals varied in t.heir respective sampling paths 
t.hrough a given field. fn addition, spatial patterns somet.imes occulTed in field 
s.llmpling which lacked topographic explanation but clearly demonstrated the need 
for representative coverage of a field during the sampling process, 

The existence of an individual force factor in the use or a sweep net cannot be 
overlooked. Although the use oj' a pendulum swing is emplwsized, the force, depth 
Hnd distance that an individual applies when swinging a sweep net is virtually 
impossible to standardize. 

In sampling fol' PLH, 8n individual's [mining and expertise is critical. Detection 
of PLH nymphs accumulating at the rim of a sweep net may make the difference 
between a high versus low count. lndividuals clearly vary in the level of scrutiny 
given a sweep-net catch. The more experienced individuals tend to obtain the 
higher PLH counts. Identification of PLH was not a problem with participants that 
had both a significant level of training ~lI1d field experience. However, incorrect 
identification is a major problem fOl' the novice PLH sampler. Such individuals 
confuse aphids and plant bug nymphs with PLH and the counts multiply accordingly. 
Such results of the first time participants not having pl'ior training were omilted 
from this study. 

Given the variables associat.ed with sweep Ilet sampling of PLH on alfalfa, PLH 
counts should be regarded as a baseline for decision making with an emphasis 
applied to other factors - environmental, agronomic, and economic· when conditions 
call for their consideration. Such an approach to assessment of PLH impact 
invariably includes fuzzy parameters that mayor may not be totnlly {IUalified. 
HO\\.'ever, the sweep·net sample remains a very accurate measure to be included in 
final assessment of PLH population abundance and potential impact on the 
crop. 
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ABSTRACT 

The toxicities of two new insecticides, hydramet.hylnon and abamectin, were evaluated 
against one susceptible and seven insecticide-resistant strains of 81attella gennanica. (L.) 
Both materials proved to be potent insecticides against the susceptible strain. There was no 
difference in toxicity, based on LTfoO values, of hydramethylnon between resistant and 
susceptible strains in a feeding bioassay. Likewise. there was no significant cross-resistance 
to abamectin (based on LOw values) detected in seven resistant strains by topical application. 
However, two strains did show significant cross-resistance to ablllnectin based on LD9!. 
values. These results suggest that in German cockroaches cross-resistance to hydramethylnon 
may be rare and cross-resistance to abamectin may be limited. 

Key Words: Insecta, resistance, abamectin, hydramethylnon, German cockroach, Blattella 
gemwnica, Dictyoptera, Blattellidac. 

J. Agric. EntomoL 8(2): 77-82 (April 1991) 

Insecticide resistance is a severe problem that limits our ability to control 
cockroaches. The Cerman cockroach, Bia/lella germanica (L.) is the most important 
cockroach pest in the United States, and resistance has developed to many of the 
insecticides used to control it (Rust and Reierson 1978, Cochran 1982, 1989). One 
way to maintain control of German cockroaches is through lhe judicious use of 
new insecticides. Although cockroaches may eventually develop resistance to these 
new compounds, resistance could evolve more rapidly if cross-resistance to the 
new insecticides is present due to previous insecticide usc. 

Two new insecticides, abamectin and hydramethylnon, hold promise for the 
control of German cochoaches. These insecticides have a mechanism of action 
that is dissimilar to currently used compounds (Olsen and Snowman 1985, Hollings
haus 1987) and, therefore, may he of value for use in insecticide resistance 
management schemes (Georghiou 1983). Abamectin and hydrnmethylnon are toxic 
to German cockroaches both by topical application and by ingestion (Hollingshaus 
and Little ]984, Cochran 1990). Hydramethylnon is commercially available as bait 
(Amdro). In order to evaluate the potential for resistance to evolve to these new 
insecticides (via cross·resistance), their toxicities to one susceptible and seven 
resistant strains of German cockroach that are variously resistant to organophosphate 
(OP), carbamate, chlorinated hydrocarbon, and pyrethroid insecticides, were evaluated. 

, Received for publicotion 3 May 1990: nccepted 7 September 1990. 
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MATERIALS AND METHODS 

Insects. Eight strains of German cockroach were used: 1) CSMA, an insecticide
susceptible strain; 2) Ectiban-R, a pyrethroid-resistant strain possessing a kdr-type 
resistance mechanism (Scott and Matsumura 1981, (983); 3) Kenly, a multiresistant 
strain having piperooyl butoxide (PBO) and S,S,S,·tributylphosphorotrithioate 
(DEF) suppressible resistance to propoxur and bendioc81'b (Scott et a1. 1990); 4) 
Rutgers, a multiresistant strain having PHO suppressible bendiocarb and malathion 
resistance (Scott et al. 1990; 5) Dursban-R, a multiresistant strain having mono
oxygenase and hydrolase-mediated chlorpyrifos resistance (Siegfried et aI. 1990); 6) 
PYR, selected from the Kenly strain using pyrcthrins; 7) CHL, a chlorpyrifos. 
resistant strain supplied by B. Zeichner in 1989; and 8) Navy, a pyrethroid-resistant 
strain supplied by D. Cochran in 1989. Cockroaches were reared as described 
previously (Scott et a1. 1990), and provided with dog food and water ad libitum 

Bioassay. Formulated hydramethylnon (Amdro~, 1.56% AI in bait formulation, 
American Cyanamid, Princeton, New Jersey) t.oxicity was evaluated (as LT50'S) 
with 10 male cockroaches in 470-ml mason jars. After starving t.he cockroaches for 
48 h, a 3.6-cm wet dental wick and 0.2-0.5 g of Amdro were placed in each jar. Dog 
food was used in place of Amdro for the controls. Jars were held at 25°C and 
water was added daily. Mortality was assessed twice daily until all the Amdro-fed 
cockroaches were dead. Each test was replicated 4-15 times. Abamectin 
toxicity was evaluated (as LD50'S) against adult males by topical application in 
0.5 ~I acetone as described by Scott et al. (1990). Abamectin toxicity by feeding to 
susceptible and resistant cockroaches has recently been reported (Cochran 1990). 
Bioassay data were analyzed by standard probit analysis (Finney 1971) as adapted 
for personal computer use by Raymond (1985). 

RESULTS AND DISCUSSION 

The toxicity of hydramethylnon to susceptible and resistant cockroach strains 
is shown in Table 1. None of the resistant strains displayed significantly different 
LTfiO values (or LT95 values) (data not shown) compared with the susceptible 
(CSMA) strain. This suggests that the previous selection of these different 
resistant strains, by several insecticides, has not conferred cross·resistance to 
hydramethylnon. 

Although hydramethylnon resistance may develop if this compound becomes 
widely used, it appears that the evolution of resistance would not be commonly 
accelerated by existing cl'oss-resist.ance in the German cockroach, and that pre
existing physiological resistance mechanisms present in these strains do not affect 
hydramethylnon toxicity. \Vhile any survey of cross-resistance to new compounds 
could overlook an important mechanism, the major mechanisms of resistance in 
German cockroach are likely represented in this study. Mechanisms represented 
by these strains include: hdr-type pyrethroid and DDT resistance, monooxygenase
mediated chlorpyrifos resistance, hydrolysis-mediated chlol'pyrifos resistance, PBO 
suppressible malatllion resistance, as well as PBG and DEF suppressible resistance to 
bendiocarb and propoxur. Altered acetylcholinesterase did not appeal' to be a 
mechanism of resistance t.o organophosphate 01" carbamate insecticides in any of 
these strains (Siegfried and Scott 1990). Additionally, three othel' resistant strains 
were tested in which the mechanisms have not been studied. 
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Table I.	 Toxicity of hydramethylnon by feeding to eight strains of Gelman 
cochoach. 

Strain n Slope (± SEl LT",' (95% CIl RRt 
CSMA 150 11 (1.4) 76 (74 - 79) 

Ectiban-R 150 9.9 (0.6) 79 (77 - 83) 1.0 

Kenly GO 13 (1.2) i2 (70 -75) 0_9 

Rutgers GO II (1.0) 73 (70 - 76) 1.0 

PYR GO 11 (1.0) 72 (69 - 74) 0.9 

~a\'y GO 11 (1.0) 73 (70 -76) 1.0 

CHL GO 12 (1.1) 71 (72 - 77) 0.9 

Dursban·R 40 10 (1.1) 74 (71 - 78) 1.0 

• EX(lressed as houl'!O
 
t LTMl of resisulIlt slruin/L;I'.}O of Sllscel'lible lCSMA) sLrnin.
 

Toxicity of abameclin to the susceptible and seven insecticide-resistant strains 
is listed in Table 2. Abamcctin was highly toxic to the susceptible strain, being 
more toxic than eight of nine insecticides previously tested (Scott et al. 1990). 
None of the insecticidc-resistant strains showed LDf>O values that differcd significantly 
(based on nonoverlap of confidence intervals) from the susceptible strain when the 
different body size of each strain was taken into account (Table 2). These results 
are in agreement with those of Cochran (1990). who found no cross-resistance to 
abumectin in German cockroaches when it was incorporated into food. However, 
LDD5 values were signiJicantly greater (based on nonoverlap of confidence intervals) in 
the closely related Kenly and PYR strains compared with the susceptible strain. 
Therefore, it appears likely that the Kenly and PYR strains are unusually hetero
geneous in their response to abameetin and that these strains are cross-resistant 
t.o abamectin. The Kenly (and PYR) strains are multiresistant (Scott et al. 1990, 
Cochran 1989) and, therefore, it is difficult to determine the insecticide that 
selected for cross-resistance to abamectin. The only strains for which we have a 
reasonably complete spectrum of resistance are Kenly, Rutgers, and Dursban-R. 
Based on this very limited comparison, the only unusual feature of the Kenly 
strain is its higher level of resistance to propoxur compared with Rutgers or 
Dursban-R (Cochran 1989, Scott et at 1990, Siegried et at in 1990)_ Whether or 
not propoxur was the insecticide that selected for the cross-resistance to abamectin 
will require further study. 

A recent report has demonstrated abamectin cross-resistance in permethlin
selected house flies (Scott 1989). Based on the partial synergism of the cross
resistance with piperonyJ butoxide, the genetic location of the cross-resistance 
factors (autosomes 2 and 3) and a pre\'ious report that found no abamectin cross
resistance in hdr-resistant house nies (Roush and Wright 1986), it was concluded 
that. the mechanisms responsible for abamectin cross-resistance were most likely 
decreased cuticular penetration and increased oxidative detoxication. The results 
of my current study suggest that pyrethroid induced cross-resistance to abamectin 
is probably rare in German cockroaches. 
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Table 2. Toxicity of abamectin by topical application to eight strains of German cockroach. 

mg Body Weight 
Strain n Slnpe (± SE) LD",t (95% CL) RRt LTh,t (95% CLI RR§ (X ± SE) 

CSMA 170 2.3 (0.3) 0.56 (0.40 - 0.74) 2.9 ( 1.8  5.9) 44.6 ± 0.8 

Ectiban· R 

Kenly 

180 

150 

2.2 (0.:1) 

1.2 (0.2) 

0.89 (0.72 - 1.12) 

1.18 (0.72 - 2.00) 

1.6 

2.1 

3.5 

:10 

( 2.5

(10 

6.4) 

290 ) 

1.2 

10 • 
46.6 ± 0.8 

49.9 ± 0.9 

~ ,.. 
~ ,. 

Rutgers 

PYR 
Navy 

170 

120 

120 

2.4 (0.4) 

1.2 (0.4) 

2.0 (0.3) 

0.39 (0.28 - 0.51) 

1.29 (0.46 - 2.22) 

0.91 (0.58 - 1.27) 

0.7 

2.3 

1.6 

1.8 

30 

9.3 

( 1.2 3.6) 

(II - 1200 ) 

( 5.3 28 ) 

0.6 

10 • 
3.2 

56.6 ± l.:J 

49.8 ± 1.0 

5:1.6 ± l.:J 

e 

'" ~ 
3 
~ 

Dursban-R 150 2.4 (0.5) 0.33 (0.27 - 0.58) 0.6 1.4 ( 0.9 3.8) 0.5 49.2 ± l.l ~ 
CHL 120 1.6 (0.4) 0.51 (0.28 - 0.77) 0.9 6.0 ( 2.8 41 ) 2.1 53.1 ± 1.0 SX' 

t IJI>( insecticide per g body weigh!. Z 
9 

:j: LD~ rt'sistant strain/LD~o suscept.ible (CSMA) strain. 
~ 

§ LD",·, resistant straill/LD~:. !'usceptible strain. 
• Significantly different from CSMA (p < 0.05) based on nonoverlap of confidence intervals. <0 

~ 
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In summary, no cross-resistance was detected to hydramethylnon in seven 
insecticide-resistant strains of German cockroach, while cross-resistance to abamectin 
was found in two (closely related) of the seven strains. This suggests that these 
insecticides (especially hydramethylnon) will be useful for the continued control of 
this pest. However, it appears that pre-existing cross-resistance to abamectin 
could facilitate the development of sbamedin resistance in some populations. 
Insecticide susceptibility is a resource, and these two new insecticides will need to 
be used with care in order to delay the evolution of resistance. 

ACKNOWLEDGMENT 

r thank N. Liu for technical assistance, F. Matsumura ror providing the CSMA strain. D. 
Cochran (or providing the Navy strain. and B. Zeichner (or providing the Dursban-R and 
CHL strains. I also thank B. Siegfried, D. Cochran. and one anonymous individual for their 
review or the manuscript. This study was supported in part by a grant from the U.S. 
Department of Agriculture and Hatch grant 139414. 

REFERENCES CITED 

Cochran, D. G. 1982. Gemlan cockroach resistance. New modes or action could stalemate 
resistance. Pest. Contr. 50: 16-20. 

1989. Monitoring ror insecticide resistance in field-coUected strains of the Gennan cockroach 
(Dictyoptcra: B111UelHdae). J. Econ. Entomot. 82: 336-341. 

1990. Efficacy or abmnectin red to Gennan cockroaches (Dictyoptera: Blattcllidac) resistant to 
pyrelhroids. J. Econ. Entomo!. 83: 1243-1245. 

Finney, D. G. 1971. Probit analysis, 3rd cd. Cambridge University. London, 333 pp. 
Georghiou. G. P. 1983. Management of resistance in arthropods. pp. 769-792. In G. P. 

Gcorghiou, and T. Suito leds.], Pest resistance to pesticides. Plenum, New York, 809 
pp. 

l-IolJingshnus, J. G. 1987. Inhibition of mitochondrial electron transport. by hydramcthylnon: a 
new I.lmidinohydrazine insecticide. Pestic. Biochem. Physio!. 27: 61 - 70. 

Hollingshaus, J. G., and H. J. Little, Jr. 1984. Comparrttive t.oxicology of AC 217.300 in 
variolls species of insects. Pestie. Biochem. Physio!. 22: 337-345. 

Olsen, R. W., and A. M. Snowman. 1985. Avermectin B1nlllodulation of y-aminobutyric acid 
benzodiazepine receptor binding in mammalian brain. ,I. Neurochem. 44: 1074-1082_ 

Raymond. M. 1985. Presentation d'une programme Basic d'anlllysc log-probil pour micro
ordinateur. Cah. O.R.S.T.a.M. Ser. Entomo!' J\·tcd Parasitol. 23: 117-121. 

Roush. R. T .• and L. E. Wright. 1986. Abamectin: toxicity to hOllse nics (Diptera; Muscidae) 
resislilnt to synthetic organic insecticides. ,I. Econ. Entomol. 79: 562-564. 

Rust. M. 1<., and D. A. Heierson. 1918. Comparison of the laboratory and field efficacy of 
insecticides used for Cerman cockroach control. J. Econ. Entomol. 71: 70.1-708. 

Scott..J. G. 1989. Cross-resisl11ncc to the biological insecticide abnmectin in pyrethroid
resistant house nies. Pestic. Biochem. Physiol. 34: 27-31. 

Scott, J. C., and F. Malsumura. 1981. Characteristics or a DOT-induced case of cross
resistance to pennethrin in Btauella cennanica. Pestic. Biochem. Physiol. 16: 21-27. 

1983. Evidence for two types of toxic actions or pyrethroids on susceptible and DDT
resistant Gennan cockroaches. Pestie. Biochem. Physiol. 19: 141-150. 

Scott. J. G.. D. G. Cochran, and B. D. Siegfried. 1990. [nsecticide l.oxicity. synergism and 
resistance in the Gennan cockroach, Blatlella germa"ica (Dict)·optera: Blattellidae). J. 
Econ. Entomol. 83: 1698·1703. 



82 J. Agric. Entomol. Vol. 8, No.2 (1991) 

Siegfried, B. D" and J. G. Scott. 1990. Properties and inhibition of acetylcholinesterase in 
resistant and susceptible German cockroaches (Blaltella germanica L.). Pestic. Biochem. 
Physiol. 38: 122-129. 

Siegfried, B. D" J. G. Scott, R. T. Roush, and B. C. Zeichner. 1990. Biochemistry and 
genetics of chlorpyrifos resistance in the German cockroach, Blattella germanica (L.). 
Pcstic. Bioehem. Physio\. 38: 110-121. 



RESPONSE OF TWOSPOTTED SPIDER MITE, TETRANYCHUS
 
URTICAE KOCHI, AND FRUIT YfELD TO NEW MITICIDES
 

AND THEIR USE PATTERNS IN STRAWBERRfES'
 

James F. Price and James B. Kring:!
 
University of Florida
 

Institute of Food and Agricultural Sciences
 
Gulf Coast Research and Education Center
 

5007 60th Street East
 
Bradenton, Florida 34203
 

ABSTRACT 

Two field experiments were conducted in 1986 and 1987 to evaluate lwospotted spider 
mite. Tetronydws urticae Koch. management and fruit yield effects for two new ovicidal 
miticides and two pyrethroids compared to industry standards in strawberries. Programs 
utilizing hexythiazox (0.07 or 0.15 kg !AII/ha), clofentczine (0.28 kg JAIl/ha), and cyhcxatin 
(O.56 kg lAlllha), resulted in the lowest motile mite densities. Control of motile mites with 
nu ...nlinate at 0.09 kg (AI)/ha was sllperior to thot with fenvalerate applied at 0.23 kg (AI)/ha 
within 2 wk of the first application of nuvlliinatc. The same was true within 3 wk of the first 
application of nuvlliinatc when 0.45 kg (AI)/ha fenvalerate was used. Mite reduction with 
propargite was achieved later than were the fLrSt reductions with other compounds. Observed 
effects of methomyl insedicide and cyhexatin al}plied together were independent. Motile and 
egg fonn mites increased under fl program with methomyl (1.0 kg IAI]/ha). Miticides 
increased late season yields in one experiment but did not increase totfll seasonal yields 
significantly. The ovicidal compounds, hexythiazox and c1ofentezine, Clln be useful in future 
mite management programs. 

Key Words:	 Ovicide, hexythiazox, c1ofentezine, fenvalcrate. nuvlllinalc. propargiLC. cy· 
hexutin, methomyl, pyrel.hroid, Frogan'a X ollonosso. 

J. Ago·ie. Entomol. 8(2), 83-91 (April 1991) 

Commercial U.S. strawberry fruit were produced on 18,064 ha during 1987 
(Agricultural Statistics Board 1987), 38% f!"Om California and lL % from Florida. 
The twospoUed spider mite, Tetran)'chus urticae Koch, is a potential pest wherever 
strawberries are produced, but it is the major arthropod concern in California and 
Florida (Oatman and McMurtry 1966, Howard et al. 1985). Spider mites reed and 
live on the leaves. Reductions in fruit yield may occur from the mite's morphological 
or physiological effects on leaves and render management necessary (Sances et al. 
1979a,b, 1981, Oatman et aJ. 1981). 

The effects of the new ovicidal rniticides, hexythiazox Dnd c1ofentezine, and the 
pyrethroids, renvalerate and fluvalinate, compared to the long-used compounds, 
propargite and cyhexatin, applied under various application schedules on mites 
and fruit yield are reported herein. Because methomyl often is used to control 
insect pests in strawberries, experimentation to detect interactive and independent 
effects of melhomyl and cyhexatin miticide on mite populations and fruit yield is 
also reported. 

ACARI: Tetrnnychidac 
~ Recei'·ed for puhlication 13 October 1989; accepted 19 Septemher 1990. 
I Deceased. 
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MATERIALS AND METHODS 

Two experiments were prepared similarly in 1986 (Experiment 1) and 1987 
(Experiment 2). Rooted 'Dover' strawberry plants were set in mid-October in 
Dover, Florida, on raised beds of Scranton fine sand (3% organic matter). Soil was 
adjusted with dolomite to pH 6.5, provided 225 N, 32 p. and 187 K kg/ha fertilizer, 
and fumigated with 98% methyl bromide and 2% chloropicrin at 450 kglha. Beds 
60 em wide were spaced on 1.2-m centers and covered with 1.25-mil black plastic 
mulch. Constant daytime overhead irrigation was provided during the first 2 wk. 
Thereafter, plants were irrigated based on need. 

Plots were two rows, each with five plants spaced at 3D-em intervals. A 2.5-m or 
greater unplanted buffer separated plots in aU directions. All planr..c; were treated with 
captan (1.7 kg IAIllha) twice weekly dming fmiting and with methomyl (ExpeJiment 1 
only) at LO kg (AI)/ha five times at weekly intervals, beginning 10 January. 

Miticidal treatments were applied to avoid high mite densities that usually 
occur in March (Poe 1972). There were no significant differences among population 
densities of mites when initial treatment applications were made. Sprays were 
applied at 947 liters(ha (of mulched bed) via a hand-held sprayer, outfitted with a 
hollow cone nozzle and pressurized by C02 to ca. 2.8 kg/cm2. Plant dip treatments 
were applied in concentrations equivalent to the amount active ingredient per ha 
for the subject treatment placed in 947 liters of water. Designs for experiments 
were randomized complete blocks with four replications. 

Eleven treatments and one untreated check were evaluated in Experiment 1 
(Table 1). Hexythiazox was used at LX or 2X concentrations as a plant dip at the 
16 October planting, then applied as sprays at the two concentrations at approxi
mately 1 m intervals on 10 January, 6 February, and 6 March, before mite 
populations increased. Another program of hexythiazox IX, required spray applications 
alone, but at shorter intervals, commencing just before mite populations increased. 
Those applications were made on 20 February, 6 March and 21 March. Propargite, 
cyhexatin and fluvalinate sprays were applied on 6, 15 and 21 March after mite 
numbers began to increase. 

Fenvalerate IX and 2X were sprayed four times at ca. 1 wk intervals on 27 
February, and 6, 15 and 21 March. Clofentezine IX, 2X and 2X in combination 
with cyhexatin were applied as sprays on 6 and 21 March. 

Experiment 2 was a 3 X 2 factorial designed to detect independent and 
interactive effects on mites and strawberry yields of a miticide (factor A: /11 none, 
[21 cyhexatin applied once weekly at 0.56 kg [AII/ha, or 131 cyhexatin applied 
similarly but twice weekly) and 8n insecticide (factor B: [II none or 121 methomyl 
applied weekly at 1.0 kg [AII/ha). Treatments were applied in the weeks of 3, 10, 
17 and 24 March after mite population densities had begun to increase. Sampling 
was performed similarly in both experiments. Ten terminal leanets were sampled 
periodically at random from each plot to assess mite population densities. Samples 
were taken prior to spraying on days sprays were applied. Leaves were brushed 
with a mite brushing machine onto a rotating disc (Price et al. 1980). Motile mites 
and eggs, adhering to n marked 10% area of the plate, were counted to represent 
8n average number brushed from one leaflet. 

Ripe fruit from each plot were harvested and graded weekly 17 January to 21 
March in Experiment 1, and ]0-31 March in Experiment 2 (after the first 
treatments were applied). Marketable quality fruit were counted and weighed. 



Table 1. Miticidal treatment programs evaluated in Experiment 1. 

Date and Method of Application 

Dip Spray 
---
Oct. Jan. Feb. Feb. Feb. Mar. Mar. Mar, 

Miticide kg (Ani 16 10 6 20 27 6 15 21 
ha 

Untreated Cbeck 
Propargite 30CR 0.84 X X X 
Cyhexatin 50WP 0.56 X X X 
Hexythiazox 50WP Ix 0.07 X X X X 
Hexythiazox 50WP 2x 0.15 X X X X 
Hexythiazox 50WP Ix 0.07 X X X 
Clofentezine 42SC Ix 0.14 X X 
Clofentezine 42SC 2x 0.28 X X 
Clofentezine 42SC 2x 0.28 

+ Cyhexatin 50WP 0.56 X X 
Fenvalerate 2AEC Ix 0.23 X X X X 
Fenvalerate 2AEC 2x 0.45 X X X X 
Fluvalinate 2F 0.09 X X X 
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Analyses of variance, means and their separations were performed by SAS 
procedures (SAS Institute 1985) on original yields and on the square root of 
original (+ 0.5) motile mites and eggs. Where transformations were used, means 
were reported in the original unit. 

RESULTS AND DISCUSSION 

Experiment I 
Mite population densities in the untreated checks were 0.5 and 6.5 motile 

mites per leaflet on 20 and 27 February (data not included in tables), 
increasing to 251.25 pel' leaflet on 27 March (Table 2). All management 
programs permitted more than 15 motile mites per leaflet after 6 March. Late 
season hexythiazox, clofentezine, and cyhexatin programs provided lowest 
mite densities after 6 March. No program resulted in fewer mites than were 
found in the untreated check on 6 March. On 15 March, cyhexatin, the late 
season hexythiazox, and all of the clofentezine and fenvaJerate treatments had 
significantly fewer motile mites than did the untreated check. All treatments 
except fenvalerate IX and propargite had fewer motile mites than did the 
untreated check on 20 March and all treatments had fewer mites than did the 
untreated check on 27 March, 

Table 2, Pesticidal treatments applied to 'Dover' strawberries and treatment 
effects on numbers of motile twospotted spider mites per terminal 
strawbeny leaflet (Experiment I)*' 

Motile mites 

Treatment 6 March 15 March 20 March 27 March 

Untreated check 
Propargite 

Cyhexatin 

Hexythia7.0x Ix 

Hexythiazox 2x 

Hexythiazox lx 

(late season) 

Clofentezine Ix 

Clofentezine 2x 

Clofentezine 2x 

+ Cyhexatin 

Fenvalerate 1x 

Fenvalcrate 2x 

Fluvalinate 

23.25 abc 

31.25 ab 

39.50 a 
6.25 be 

2.25 c 

10.25 be 

23.75 abc 

11.25 bc 

13.00 abc 

10.75 be 

13.00 abc 

12.75 abc 

130.75 ab 

100.25 bcd 

67.25 bcde 
173.50 a 

112.50 abc 

29.25 e 

31.50 e 

43.00 de 

54.75 cdc 

42.25 de 

59.75 cdc 

114.50 abc 

159.25 a 

130.50 ab 

58.50 cd 

60.25 cd 

15.25 d 

39.25 cd 

72.75 c 

65.50 cd 

67.75 cd 

133.75 ab 

92.50 be 

56.75 cd 

251.25 a 

100.00 cd 

34.75 e 

116.25 c 

22.50 e 

47.50 e 

59.00 de 

59.25 de 

53.25 de 

167.00 b 

161.75 b 

55.00 de 

Values within Jl column followed by the sumc letter are not significnntly different lP:5 0.05) by 
Duncan's new multiple runge test. 
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The most effective hexythiazox program withheld first treatments until mites 
began to increase in late February t.hen required three applications at ca. 2-wk 
intervals (late season management, Table 2). Earlier treatments at longer intervals 
did not improve management with hexythiazox. 

The three c10fentezine programs reduced motile mite densities within 1 wk 
after the first application (Table 2). There was no additional advantage from the 
higher concentration nor from the inclusion of cyhexatin. 

Fenvalerate applied approximately weekly, beginning when mite densities were 
low, resulted in modest reductions in mites compared to the untreated check 
(Table 2). Both fenvalerate treatments reduced mites compared to the check on 15 
and 27 March. Only the higher concentration reduced mites on 20 March. Fluvalinate 
produced lower densities of mites by 27 March than did fenvalerate, even though 
the latter was applied an additional time. 

Propargite did not reduce motile mites below untreated check until 27 March 
(Table 2). Cyhex8tin did so one week earlier. 

Egg densities in untreated checks increased through 15 March, decreasing 
thereafter to 138 per leanet on 27 March. (Table 3). Plots managed with the 
ovicides, hexythiazox and c1ofentezine, accumulated large numbers of eggs without 
a commensurate abundance of motile forms by the last sample dale (Tables 2 and 
3). No program reduced eggs below untreated checks except the two early season 
hexythiazox programs at the 6 March and fluvalinate at the 20 March observations. 

Marketable fruit yields are shown in Table 3. Greater yields (numbers and 
grams of fruit) were produced from plots treated with hexythiazox IX emphasizing 
early season management, than from plots treated with clofentezine IX. More 
grams of fruit were produced by the former than by plots treated with cyhexatin. 
However, the number of fruit in either case was not significantly different from the 
untreated check or any other treatment. 

Experiment 2 
No interactive effects on mites or fruit yield occuned between the insecticide 

and miticide; independent effects are presented in Table 4. Mite and egg densities 
increased in factor (A) check plots through 31 and 24 March respectively, then 
declined. Cyhexatin reduced motile forms each week compared to the untreated 
check beginning 17 March. Twice weekly applications of cyhexatin resulted in 
additional reductions of motile forms in that period. Cyhexatin reduced eggs but 
additional advantages of twice weekly cyhexatin for that purpose were not evident 
until 24 March. 

Responses of motile mites and their eggs to mcthornyl are presented also in 
Table 4. Methorn}'1 treatment increased motile forms by 7 April and increased eggs 
weekly, beginning 24 March. Increases are presumed lO be effects of reductions in 
natural enemies, although such data were not recorded. 

Cyhexatin increased numbers and grams of marketable fruit at the last harvest, 
31 March. Neither cyhexatin nor methomyl affected total marketable yields. 

Results of these experiments indicate that the ovicides, hexythiazox and 
c1ofenrezine, may provide adequate mite control with few properly timed applications. 
These ovicides may be important to mite management in the fUlure. Fluvalinate 
pyrethroid may provide slightly better mite control [han fenvalel'llte pyrethroid, 
but with no improved yield. Special care should be given to mite management 
when methomyl is used for insect control in strawberries. 



Table 3. Numbers of twospotted spider mite eggs per strawberry terminal leaflet and marketable fruit yield from 10 plants 
(Experiment 1)*. 

Mite eggs Marketable fruit yield 

Treatment 6 r.,'larch 15 March 20 March 27 March No. Grams 

Untreated check 92.75 ab 363.75 abc 286.25 bed 138.00 b 326.50 ab 4795.0 ab 
Propargite 116.25 a 333.75 abc 204.50 ede 69.50 b 334.00 ab 4812.5 ab 

~ Cyhexatin 83.75 abc 199.00 e 159.50 de 49.50 b 322.50 ab 4597.5 b 
Hexylhiazox Ix 24.25 cd 421.25 ab 342.25 abc 290.50 a 378.25 a 5485.0 a ,.>

~ 

Hexythiazox 2x 15.00 d 241.75 abc 204.50 ede 264.75 a 376.75 ab 5410.0 ab e 
Hexythiazox Ix 85.00 abc 207.25 be 328.75 abc 305.25 a 341.25 ab 4985.0 ab '" "S(late season) 3 
Clofentezine Ix 9:1.50 ab 228.75 abc 382.50 ab 286.50 a 317.25 b 4577.5 b ~ 
Clofentezine 2x 88.25 ab 275.75 abc 434.50 a 313.25 a 345.75 ab 4937.5 ab 

~ Clofentezine 2x 48.00 bed 295.00 abc 249.00 bede 259.50 a 333.00 ab 4562.5 b 
!"+ Cyhexatin 
ZFenvalerate Ix 53.00 abed 333.25 abc 309.50 abc 101.00 b 351.25 ab 4900.0 ab ? 

Fenvalerate 2x 37.25 bed 436.00 a 207.50 ede 135.25 b 346.25 ab 4962.5 ab ~ 

Fluvalinate 61.50 abed 328.25 abc 118.25 e 76.25 b 334.50 .b 4780.0 ab 
'" • Vulues within a colullln followed by the same letter lIfe not significantly different (P:5 0.05) by Duncan's new multiple range test. '" 



Table 4. Numbers of twospotted spider mites and their eggs per leaflet and marketable strawberry fruit yield for lO-plant plot 
(Experiment 2)*. 

Treatment 

Applications 
Pesticide per week 

(Factor A) 
Check 
Cyhcxatin I 
Cyhexatin 2 

(Factor B) 
Check 
Methomyl 

(Facto<" A) 
Check 
Cyhexatin I 
Cyhcxatin 2 

3 March 

27.9 NSD 
26.6 
1~.0 

22.5 NSD 
22.5 

78.1 NSD 
73.0 
74.4 

IO March 

25.0 NSD 
16.4 
10.4 

17.~ NSD 
17.2 

75.3 NSD 
30.3 
31.3 

Date of observation 

17 March 24 March 

Motile Mites 

56.3 a 64.9 a 
8.6 b 1.8 b 
1.4 c 0.0 c 

26.6 NSD 16.4 NSD 
17.6 28.0 

Mite Eggs 

181.9 a 300.3 a 
19.6 b 13.9 b 
8.1 b 3.5 c 

31 March 

140.4 a 
4.8 b 
0.1 c 

38.2 NSD 
58.6 

282.5 a 
12.6 b 
1.5 c 

7 April 

95.3 a 
16.8 b 
0.9 c 

22.2 b 
53.1 a 

99.8 a 
65.0 b 

2.5 c 

Season 
total 

~ 

2l co 

'" •, 
"
;>; 

'"Z 
CO 

~ ;;. 
0: 
ro 

CO•ro 

s· 
~ 
OJ•g
~ o·
• 

(Facto'· B) 
Check 
Methomyl 

72.5 NSD 
77.8 

34.3 NSD 
56.8 

85.8 NSD 
54.0 

75.8 b 
136.0 a 

78.3 h 
t 19.5 a 

25.5 
86.0 

h 
a 



Table 4. Continued. 
'" 0 

Treatment 

Applications 
Pesticide pCI' week 3 March 10 March 

Date of observation 

17 March 24 March 31 March 7 Ap111 
Season 

t.otal 

(Factor A) 
Check 
Cyhexl:llin 
Cyhcxatin 

(Factor B) 
Check 
Methomyl 

1 
2 

22.8 NSD 
20.4 
22.5 

22.0 NSD 
21.8 

No. Marketable Fruit 

56.6 NSD 56.1 NSD 37.5 h 
52.9 64.0 49.6 a 
61.9 70.0 51.5 a 

52.8 NSD 57.~ NSD 44.8 NSD 
61.4 69.5 47.7 

173.0 NSD 
186.9 
20,1.9 

176.8 NSD 
200.3 

,... 
>
':'i 
~. 

l'l 
= S a 
!>

(Factor A) 
Check 
Cyhexatin 
Cyhexutin 

(Factor B) 
Check 
Methornyl 

1 
2 

1 

395.0 NSD 
392.5 
413.8 

394.2 NSD 
406.7 

Grams Marketable Fnlit 

93:J.7 NSD 633.7 NSD 391.:1 h 
887.5 753.7 .132.5 a 

1047.5 825.0 560,0 a 

885.0 NSD 670.8 NSD 465.8 NSD 
1027.5 804.1 523.;~ 

2353.8 NSD 
2566.3 
2846.3 

2415.8 NSD 
2761.7 

~ 
!" 
z 
0 

~ 

'" '" 

Values for paramt>lcrs <It each factor within a column followed by the same leiter are not significantly different (P.s 0.05) by Duncan'.': new multiple runge lest. 
NSD == no signille:lnt differences. 
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SEASONAL ABUNDANCE OF MAIZE AND RICE WEEVILS
 
(COLEOPTERA: CURCULIONIDAEj IN SOUTH CAROLINA!.'
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P. O. Box 22909, Savannah, Georgia 31403
 

ABSTRACT
 

Seasonal abundance of Sitophilus zeamais (SZ) and S. aryzae (SO) outside grain bins was 
monitored during 1986-88 with com-filled bait packets at three grain storage sites in southern 
South Carolina. Com was the predominant commodity stored at aU sites. SZ were abundant 
and caught year-round at all sites, whereas SO were ah'.1ndanl and caught year-round only at 
the site at which wheat was stored regularly. f\l1ost weevils were caught during weeks when 
average temperatures were at or above 20°C. Catches generally peaked in fol1, after newly
harvested grain was placed into storage. Catches fell during winter, began to rise in spring. 
peaked again during summer, and declined again in late summer. Results indicate that grain 
is susceptible to infestation by Sitophilus spp. year-round in South Carolina. 

Key \'lords: Insecta. Sitophilus zeamais, Sitophilus tlryzae, stored products, seasonal 
abundance, Coleoptera, Curculionidac. 

J. Agric. Entomol. 8(2): 93-100 (April 1991) 

The maize weevil (8Z). Silophilus zeamais Motschulsky (Coleoptera: Curculion~ 

idae), and rice weevil (80), S. oryzae (L.), are cosmopolitan pests of stored 
products. The bionomics of these weevils has been studied intensively in the 
laboratory (Longstaff 1981); however, little is known about their bionomics in the 
field. 

Seasonal flight activity of these weevils outside grain storage facilities has been 
investigated in South Carolina and in Kenya (Kirk 1965, Giles 1969, Throne and 
Cline 1989). Weevils generally fly when air temperatures exceed 20° to 23°C 
(Williams and Floyd 1970, Taylor 1971, Throne and Cline 1989). SZ and SO fly 
from late March to early November in southern South Carolina (Throne and Cline 
1989). 

During winter, weevils may emigrate from heavily-infested stored grain (Williams 
and Floyd 1970). However, we do not know if weevils migrate to or from less 
heavily-infested grain in winter or if weevils are generally active during winter. 
Studies on seasonal flight activity do not indicate whether weevils are active 
during periods of weather too cold for flight. Because bait packets may attract 
both flying and walking insects, they were used to determine the seasonal 
abundance of SZ and SO at three grain storage sites in southern South Carolina. 

Namell of products are included for the benefit of the reader and do not. imply endorsement or
 
preferential treatment by USDA.
 
Rccei\'cd for publication 9 April 1990; acccpted 19 September 1990.
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MATERIALS AND METHODS 

Weevil abundance outside grain bins was monitored over a two·yeal' period 
(1986-88), using corn-filled packets, at three grain storage sites in southem South 
Carolina. Throne and Cline (1989) described the storage sites, which were in 
Bamberg, Barnwell, and Hampton Counties (Fig. 1). 

Packets were a galvenized hardware cloth (3.2 mm mesh) pouch (19.5 by 29.5 
em) closed with a 5-cm binder clip and were similar to those descJibed by Strong 
(1970). Approx.imately 500 g of whole-kernel 'Pioneer 3320' corn, that was betw'een 
15 and 17% moisture content, were placed in each packet. Before being placed in 
packets, corn was frozen for at least two weeks to kill insects that may have 
previously infested it and was sieved over a U. S. standard no. 6 sieve (3.35 mm 
openings) t.o remove dockage. Despite the high moisture content of some samples, 
fungal growth was not a problem in this study. 

Packets were placed in small plywood shelters to protect the contents from 
direct exposure to the weather, Each packet was placed on a platform (21.5 by 
30.5 em) supported about 8 em above the gl'Ound by two 4-cm wide, wooden legs 
and tilted slightly. Preliminary tests showed that the platforms must be tilted so 
that water would not collect and ruin the samples. The wooden legs were driven 
about 10 em into the ground to secure the shelter. A roof was placed 12.7 em 
above the platform and overhung the platform by 1.3 cm on all sides. \Veevils had 
to fly to packets or crawl up the legs of shelters to enter packets. However, weevils 
could easily ny over and around packets. 

A shelter and packet were placed 0.5 m from the edge of bins in each of the 
four major compass directions at each site (i.e., four sampling locations at each of 
three sites), The corn in the packets was transferred to D.95-liter canning jars with 
copper screen/filter paper lids and fresh corn was lidded to the packets weekly 
from 20 August 1986 to 2 September 1987 (hereafter referred to as t.he fil'st year) 
at the Bamberg and Barnwell Co, sites. Weevils were sieved from the samples in 
the laboratory using a U.S. standard no. 6 sieve within 36 h after collection, and 
then sexed and identified based on genitalic characters (Halstead 1964). We did 
not begin sampling at the Hampton Co. site until 22 October 1986. Beginning 30 
September 1987 and continuing to 5 October 1988 (hereafter referred to as the 
second year), com was placed in t.he packets every 4 wk and left in the packets for 
1 wk. That is, we sampled insects for I wk each month during the second year of 
t.he study. 

Corn and a mixture of corn and wheat were stored at the Bamberg Co. site 
during parts of the first year of the study; and corn, soybeans, wheat, and mixtures 
of corn and wheat and corn and sorghum were stored during parts of the second 
year of t.he st.udy. Corn and wheat. were stored at the Barnwell Co. site throughout 
the first year of the study; and corn, wheat., and rye were stored dUl'ing part.s of 
the second year of the study. Corn, soybeans, and sunOower seeds were stored at 
the Hampton Co. site during parts of both years of the study. Commodities were 
generally placed into storage during September. Cooperators generally followed 
storage I>ractices recommended by the state extension service. Temperature data 
were from National Oceanic and Atmosphel'ic Adminislration records for Bamberg 
(Bamberg Co.), Blackville (Barnwell Co.), and Hampton (Hampton Co.) (NOAA 
1986-88). 
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Fig. 1. Location of bait traps at: A, Hampton Co.; B, Bamberg Co.; and C, Barnwell Co. (nol drawn exnclly to scale). Locntion ;;; 
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RESULTS 

The total number of SZ caught at each site and SO caught at the Barnwell Co. 
site were similar; however, few SO were caught at the Hampton and Bamberg Co. 
sites (Fig. 2). SZ were active year-round at all sites and SO were active year'·round 
at the Barnwell Co. site, although lower numbers of both species were caught 
during winter at all sites (Fig. 2). Most weevils were caught during weeks when 
average temperatures were at or above 20°C (Table L). 

There were two peaks of weevil activity each year (Fig. 2). One peak was in fall, 
after which catches generally decreased during winter. Catches increased again in 
spring and peaked during summer, before dropping again in late summer. There 
was a trend toward more females than males being caught (Table 2); however, the 
sex ratio was close to 1:1 for each species at every site. 

0-0 B.,.. ..... ". []-[] ••""••• c". .-. """'9..... , •. 

_f'" l~	 roo " ~" ,! .... ', 
11!7 

Fig. 2.	 Number of S. zeamo;s (SZ) and S. oryzae (SO) caught in bait packets 
and weekly average temperatures at grain storage sites in three counties 
in South Carolina, 1986-88. 
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Table 1.	 Percentage of total S. oryzae (SO) or S. zeamai.'i (SZ) caught in bait 
packets during a 2~yr period at three average weekly temperature ranges 
at grain storage sites in three counties in South Carolina.· 

Average weekly temperature range lOG) 

County 0-10 10-20 20-30 

S. oryzae 

Bamberg 7 17 76 

Barnwell 9 21 70 

Hampton 0 10 90 

S_ zeamais 

Bamberg 1 22 77 

Barnwell 0 6 94 

Hampton 0 42 57 

,.	 Average weekly temperntures at Bamberg and Barnwell Counties were 0° . 10°C for 14 weeks, 10"· 
2O"e for 22 weeks, and 20° - 30°C for 33 weeks. Avernge weekly lempemlurl'S ot Hampton Co. were 
0° . 100 e for 8 wl'eks, 10° - 20"C for 24 weeks, and 20"· 3O"C for 27 weeks. 

Table 2.	 Proportion males of S. oryzae and S. zeamais in bait packets at grain 
storage sites in three counties in South Carolina. 1986·88.* 

Proportion of males 

County X SEM n 95% confidence interval 

S. oryzae 
Bamberg 0.39 0.050 64 0.29 - 0.49 

Barnwell 0.45 0.016 212 0.42-0.49 

Hampton 0.54 0.073 40 0.39 - 0.69 

S. zeamais 

Bamberg 0.44 0_019 205 0.41-0.48 

Barnwell 0.42 0.023 184 0.38 - 0.47 

Hampton 0.43 0.022 160 0.39 - 0.47 

,.	 x:: mean proportion moles per hait pocket per week; SEM :: slnndord error of the mean; n :: number 
of observations. 

At the Hampton Co. site, several bushels of corn were spilled near the east 
packet during the first year and near the south packet during the second year. 
Seventy-seven percent of SZ and 75% of SO caught ot the Hampton Co, site were 
in the east packet the first year and 46% of 5Z and 67% of SO were in the south 
packet during the second year. 
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DISCUSSION 

Although SZ and SO do not fly during winter in South Carolina (Throne and 
Cline 1989), both species are active and infest corn throughout winter. We do not 
know the source of weevils in bait packets during winter. However, the grain in the 
bins at these sites was in good condition during winter (based on monthly visual 
and odor inspections), and it seems unlikely that weevils would leave these bins 
and migrate to a relatively small and exposed packet of grain outside the bin. 
More likely, weevils in the bait packets in winter came from populations that 
normally feed on seeds of uncultivated plants (Linsley 1944, Mill$, 1989) or On grain 
residues around the storage facilities. Temperatures are usually well above freezing 
through most of winter in southern South Carolina, and weevils probably wander 
in search of food on warm days and take shelter on cold days. Bins of grain may 
attract weevils from around the storage site. Once near the bins, weevils probably 
are attracted to the odor of the food baits or may be attracted by aggregation 
pheromones, produced by males already in the food packets, that are believed to 
signal presence of a suitable food or oviposition site (Walgenbach et a1. 1983). 

Probably few SO were caught during winter at the Hampton and Bamberg Co. 
sites because there were few SO at these sites during most of the year. SO were 
probably more abundant at the Barnwell Co. site because that was the only site at 
which wheat was stored regularly throughout the study. In field infestations, SO 
generally infest wheat and SZ infest corn (Coombs and Porter 1986). Corn was the 
predominant commodity stored at the other two sites, and this probably explains 
the predominance of SZ at these sites. 

The seasonal activity trend was similar to that for SZ and SO on sticky traps 
(Throne and Cline 1989) and for four species of stored-product insects, including 
the rice weevil, in grain residues on farms (Sinclair 1982). There was a peak of trap 
activity in fall, after grain was placed into stOl'age. This peak may have consisted 
of weevils brought into the storage area with the grain; however, most of the corn 
stored at these sites had low insect population levels when placed into storage (R. 
T. Arbogast and J. E. Throne, unpublished data). More likely, this fall peak was a 
result of rapid population increase in abundant grain residues and natural food 
sources during summer and subsequent migration to newly·harvested grain in bins, 
which probably was a long-range attractant to weevils feeding around the storage 
site. Catches dropped in winter, presumably due to temperatures too low for flight 
or for rapid population increase. Catches rose in spring as temperatures warmed, 
weevils feeding outside bins became mo,'e active, and alternative food sources 
became scarce. Based on our observations, grain is usually in poor condition in 
summer and weevil populations are increasing in size rapidly. Hence, by midsummer 
there were probably many weevils in the grain and many weevils were emigrating 
to find alternative food sources. Ripening corn in the field may also lure weevils 
from the bins in slimmer (Kirk 1965, Dix and All 1985). Decreased catches in late 
summel' may be due to poor reproduction during midsummer because of high 
temperatures (Hwang et al. 1983), because grain (a potential long-range attractant) 
had been removed from storage, or because altemutive food sources were abundant 

ill a previous study using sticky traps (Throne and Cline 1989), there was no 
consistent pattern among sites as to which sex was more likely to be trapped. The 
sex rat.io of both species in culture is generally close to 1:1 (e.g., Ungsunantwiwat 
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and Mills 1979). Therefore, the sex ratio of weevils in bail packets probably 
reflects the sex ratio of the weevil population. 

Results of this study indicate that small quantities of grain located near a 
storage site attract weevils. Large catches in bait packets near grain spills indicate 
that grain spills may attract weevils or serve as a breeding site. Therefol'e, even a 
small quantity of grain spilled at a storage site should be removed. Although 
weevils only fly from March to November in southern South Carolina, weevils 
infest grain year-round. Growers should not assume that cooler weather will 
alleviate the need to dispose of spilled grain. 
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ABSTRACT 

Effects of planting date on sunnower moth, HonlOcosoma. eleclelum (Hulst.), infestation at 
Belleville, Hays, Hesston, Hutchinson, and Manhattan, Kansils were determined during 1986
1988 under non-irrigated conditions. Sunflower, Heliallthus WUlUllS L., was planted on three 
dates (carly, mid-season and latel spaced at approximately 2- to 4-wk intervals from mid-May 
through mid-July. The number of sunflower moth larvae/head lind percent head damage 
caused by the larvae were recorded. The number of larvae/head and percent head damage 
were usually higher and seed yield lower in the early plantings. Planting sunflower in early 
July result.ed in lower infestation at Hays, Hesston, Hutchinson and Manhattan. At Belleville, 
infestations by the sunflower moth were minimized by planting sunflower oft.er the second 
week of June. Sunflower moth infestations may be reduced and the crop produced economi
cally by delayed planting without significant yield loss. 

Key Words: Sunflower, planting date, sunflower moth. HonlOeosoma eleclelJum, Lepi
doptera, Pyralidae. 

J. Agric. Entomol. 8(2): LOI-IOS (April 1991) 

Higher energy costs and declining water tables have forced Kansas farmers to 
look for alternative crops. Because sunflower is drought tolerant (McMullen 1985) 
it has drawn considerable interest as a potential alternative crop in Kansas 
(DePew 1983). According to Lamond et al. (1985) there is also interest in using 
sunflower 8S a double crop following wheat. Sunflower acreage in the state 
increased from 26,000 ha in 1982 to 78,000 ha in 1988. 

A large number of insect pests infest sunflower. Walker (1936) reported 66 
insect species on sunflower in Kansas. Insect pests were identified as the most 
important constraint limiting sunflower production in Kansas in the Sunflower 
Position Update Conference, 1981 (Anonymous 1981). The sunflower moth, Homo
eosoma electellum (Hulst), is the major sunflower pest in Kansas. 

Various workers (Carlson 1967, 1975), Teetes and Randolph 1968, 1969, 1971, 
Archer et a1 1983, DePew 1983, 1988) have reported that insecticides can effectively 
contl'o) this pest. However, multiple applications often are needed for effective 
management because ovipositing female moths are present in the field (or several 
weeks and larvae from freshly oviposited eggs enter the seeds a few days after 
hatching (Cadson 1967, Teetes and Randolph 1968, 1969, 1971). Chemical control 
is costly and may be ineffective if improperly timed. Consequently, alternative 
methods are being investigated for effective and economical control of this 
pest. 
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An important cultural practice is to plant the crop so that sunflower moth 
activity does not coincide with sunl10wer bloom. A number of studies have 
indicated that larval infestations can be reduced by changing planting dates. In 
Nebraska, lower infestation was reported following a 2 May compared with a 8 
June planting (Muma et aJ. 1950). According to Teetes and Randolph (1971) 
sunflower planted on 12 March or after 25 April in Texas had the lowest 
infestation of sunflower moth among six planting dates extending from 12 March 
through 15 May. In another Texas study, Mitchell et a!. (1978) reported higher 
larval infestations in sunflower planted in March and early April than sunflower 
seeded in late April through May. The 14 April-planted crop in Georgia had less 
infestation of sunflower moth than sunflower planted on 26 May (Beckham and 
Tippins 1972). 

No information has been report.ed on sunflower moth infestat.ions in Kansas in 
relation to planting date. This study was undertaken to determine the sunflower 
moth density and damage to heads of sunflower planted at different dates. 

MATERIALS AND METHODS 

The study was conducted under non-irrigated conditions at Belleville, Hays, 
Hesston, and Manhattan during 1986-1988 and at Hutchinson, Kansas during 1987
1988. These locations represent the sunflower growing areas in the state. Planting 
was done on three different dates each year from mid-May to mid-July (Table 1). 
The planting dates, from early to late, are referred to as the first, second and third 
planting. 

At Hays, one oilseed hybrid (Dahlgren 855) was planted in 8-row plots during 
1986 and 1988, and in 12-row plots during 1987. Rows were 7.2 m long and 90 em 
wide. Four oilseed hybrids (Texas Triumph 557DW, Cargill 208, Dahlgren 855, and 
Seedtec 317), which were already being evaluated in Kansas for other agronomic 
traits, were planted at all locations in 1986-1988 except Manhattan in 1986. Only 
two hybrids (Texas Triumph 557D\V and Seedtec 317) were planted at Manhattan 
in 1986 due to field space limitations. Each hybrid was planted in two 9-m rows, 76 em 
apart. Plots in the three planting dates were separated by four non-experimental 
rows. Six border rows were planted on the outer sides of the experimental plots. 
At Hays, the experiments were conducted in a randomized complete block design 
with foUl' replications. A split plot design with three replications was used at other 
locations with planting dates as the main plot and hyblids as subplots. Plots were 
thinned at growth stage V4, i.e., four-lear stage (Schneiter and Miller 1981) to 
approximately 20 cm plant spacing to obtain 58,000 plants per hu. 

At all locations except Hays, foul' sunl10wer heads were randomly cut from 
each plot at growth stage R6-7 (Table i), i.e., when nowering was complete (ray 
nowers wilting and the back of the head tuming pale yellow) (Schneiter and Miller 
198i). Heads were bagged, brought to the laboratory, stored in a cold I'oom at 4.4°C 
and processed as soon as possible. Heads were quartered, the larvae were counted 
in one randomly selected quarter and the number of larvae/head calculated. 

At Hays, Jive heads were randomly cut from the center two rows of each plot at 
gl'Owth stage R6-7. Heads were cut in half, the lalyae counted, and the number of 
larvaelhead was calculated. 
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Table 1. Sunflower planting dates and date when crop reached R6·7 growth stage
 
in Kansas, 1986-1988. 

Year and Date 

Location Planting R6-7 stage 

1986 
Belleville 29 May 

13 June 29 August 
17 July 17 September 

Hays 16 May 24 July 
12 June 19 August 
3 July 8 September' 

Hesston 2 June 12 August 
17 June 1 September 
3 July 24 September 

Manhattan 3 June 14 August 
18 June 25 August 
18 July 15 September 

1987 
Belleville 8 June 20 August 

26 June 11 September 
10 July 17 September 

Hays 19 May 31 July 
13 June 25 August 
7 July 22 September 

Hesston 5 June 12 August 
22 June 1 September 
13 July 24 September 

Hutchinson 3 June 17 August 
25 June I September 
8 July 24 September 

Manhattan 6 June 19 August 
18 June 25 August 
2 July 15 September 

1988, 
Belleville 7 June 25 August 

21 June 16 September 
8 July 29 September 

Hays 20 May 2 August 
24 June 30 August 
14 July 29 September 

Hesston 6 June 24 August 
23 June 8 September 

7 July 23 September 
Hutchinson 8 June 23 August 

24 June 12 September 
8 July 23 September 

Manhattan 9 June 26 August 
24 June 12 September 
'i July 20 September 

" not recorded. 
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Larvae were not recorded in the first planting at Belleville in 1986 because 
poor germination did not provide enough heads for sampling, and in the third 
planting at Manhattan in 1986 because samples were lost when a cold room 
malfunctioned. Head damage was visually assessed at maturity at all locations 
except Hays on five random heads in each plot based on the percent of the head 
covered with webbing and frass. 

Yield data were not recorded at Hays due to heavy lodging. In 1987 and 1988 
yield was obtained by randomly cutting, drying, and threshing five mature heads 
from each plot. Yield was calculated in 1986 from three planting dates at Hesston 
and two planting dates at Manhattan and Belleville. The yield in the 18 June 
planting at Manhattan and 29 May planting at Belleville was not recorded due to 
severe bird damage and poor and uneven germination, respectively. The seed 
yield/ha was calculated based on the plant population obtained after thinning to 
58,000 plantslha. 

Data for hybrids were pooled and analyzed as a randomized complete block 
design because of inconsistent differences in number of larvae/head between 
hybrids. Data fol' percent head damage were transfOimed by arcsin before analysis. 

Data were analyzed using a general linear model in 1986 and analysis of 
variance procedures in 1987 and 1988 (SAS Institute 1985). Mean separation was 
accomplished using the least significance difference test. For all tests, results were 
considered significant at P < 0.05. 

RESULTS 

/986 
At Hays, Hesston and Manhattan, the number of larvae/head was significantly 

higher in the first than second planting (Table 2). The number of larvae/head was 
not significantly different between the second and third planting at Belleville and 
Hesston, whereas at Hays, the second planting had a significantly higher number 
of l8Ivae/head than the third planting, 

Table 2.	 Mean number of sunflower moth larvae/head, head damaGe, and yield of 
sunflower planted on different dates in Kansas, 1986.*' T 

Head damage Yield 
Location Planting date Lalvae/head (%) (kg/ha) 

Belleville	 29 May 
13 June 8a 38a 3162 a 
17 July 1 a 18 b 1349 b 

Hays 16 May 336 a 
12 June 75 b 
3 July 2 e 

Hesston 2 June 331 a 57 a 1449 b 
17 June 4b 49 b 2235 a 
3 July Db 6c 2237 a 

Manhattan 3 June 155 a 85a 1930 a 
18 June 5b 36 b 
18 July Dc 1462 a 

•	 Means followed by the same leiter in columm within cach loclltion urc nol ~ignificlllltly different 
(P 2: 0.05, LSD; SAS Institute 1985). 
"	 not recorded.t 
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Percent head damage \I,.'as significantly higher in the second than third planting 
at Belleville, Hesston and Manhattan. At Hesston and Manhattan, the first 
planting had significant higher head damage than the second planting. 

The seed yield was significantly higher in the second than third planting at 
Belleville. At Hesston, the first planting had significantly lower yield than both the 
second and third plantings. Yield was not significantly different between the later 
two plantings. At Manhattan, no significant difference in yield was found between 
the first and third plantings, the only two dates in which yield was recorded. 

1987 
The number of larvae/head was significantly higher in the first than the latter 

two plantings at all locations except Hesston (Table 3). At Hesston, the number of 
larvae/head was significantly higher in the second than first and third plantings, 
which were not significantly different. The number of larvae/head was significantly 
different between the second and third plantings at Belleville and Hays. At 
Hutchinson and Manhattan, the second planting had significantly higher number of 
larvae/head than the third planting. 

Table 3.	 Mean number of sunnower moth larvaelhead, head damage and yield of 
sunflower planted on different dates in Kansas, 1987.*' t 

Location Planting date Larvae/head 
Head damage 

(%) 
Yield 

(kgfha) 

Belleville 

Hays 

Hesston 

Hutchinson 

Manhattan 

8 June 
26 June 
10 July 
19 May 
13 June 

7 July 
5 June 

22 June 
13 July 
3 June 

25 June 
8 July 
6 June 

18 June 
2 July 

175 a 
6b 
I b 

47 a 
3b 
Ob 

40 b 
61 a 
36 b 
28a 
19b 
7c 

49 a 
25 b 
6c 

93 a 
lib 
3b 

70 a 
52 b 
51 b 
79 a 
51 b 
26 c 
82 a 
38 b 
5c 

2074 a 
1489 b 
1145 b 

1314 c 
3979 a 
2957 b 
1335 c 
1895 b 
2448 a 
2585 a 
2784 a 
2537 a 

Means followed hy the same leLler in columns within each loclltion are not significantly different 
(P ~ 0.05, LSD; SAS Instilutc 1985). 

t .. not recorded. 

Percent head damage was significantly higher in the first than second plantings 
at all locations. Percent head damage was significantly higher in the second than 
third planting at Hutchinson and Manhattan. At Belleville and Hesston, head 
damage did not differ significantly between the later two planting dates. 
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Significantly higher yield was recorded in the first, second and third plantings 
at Belleville, Hesston and Hutchinson, respectively. Higher yield in the early 
planting in spite of higher number of larvae/head at Belleville may be due to the 
fact that very heavy infestations had destroyed and caused the heads to fall on the 
ground. The sampling fol' yield was done from the heads left in the field, i.e., with 
less infestation. The first planting resulted in the lowest yield at Hesston and 
Hutchinson. No significant difference in yield was found among planting dates at 
Manhattan. 

1988 
Significantly more larvae/head were found in the first as compared to the later 

plantings at all locations except Hesston (Table 4). The number of larvae/head was 
not significantly different in the second and third plantings at Belleville, Hays, and 
Manhattan. At Hutchinson the second planting had significantly more larvae/head 
than the third planting. At Hesston, the number of l8Ivaelhead was significantly 
higher in the second planting than in the first or third plantings. Significantly more 
lalVaelhead occurred in the first than third planting. 

Table 4.	 Mean number of sunflower moth lalVae/head, head damage and yield of 
sunflower planted on different dates in Kansas, 1988.*' t 

Location Planting date LalVae/head 
Head damage 

(%) 
Yield 

(kg/h.) 

Belleville 

Hays 

Hesston 

Hutchinson 

7 June 
21 June 
8 July 

20 M.y 
24 June 
14 July 
6 June 

23 June 
7 July 
8 June 

78. 
2b 
Ob 
3. 
Ob 
Ob 

35 b 
89. 

2c 
109. 

93. 
lOb 
1 b 

67. 
62 b 

1 b 
77. 

1741 b 
3562. 
3516. 

1051 b 
1869. 
2175. 
1502 b 

Manhattan 

23 June 
8 July 
9 June 

24 June 
7 July 

51 b 
I c 

32 a 
3b 
Ob 

40 b 
1 c 

87. 
40 b 

I c 

2142 a 
3484. 
2969. 
2886. 
3450. 

Meuns followed hy the same letter in columns within each loclltion are not significantly different 
(P ~ 0.05, LSD; SAS Institute 1985). 

t " not recorded. 

Percent head damage was significantly higher in the ru'st than second or third 
plantings at Belleville, Hutchinson and Manhattan. Significantly more head damage 
occurred in the second than third planting at Hutchinson and Manhattan. At 
Belleville, head damage was not significantly different between the second and 
third planting dates. At Hesston, the third planting had significantly less head 



ASLAM et al.: Planting Date and SunHower Moth 107 

damage than the first and second plantings, which did not differ significantly. No 
significant difference in yield \\'as noted among planting dates at Manhattan. 

DISCUSSION 

The number of larvaelhead and percent head damage were higher in the early 
or first planting at all locations in all years except at Hesston during 1987 and 
1988, where larvae/head were significantly higher in the second than first or third 
planting dates. The reason for the higher percent head damage in the early 
plant.ing at Hesston, where larval numbers were lower than in the second planting, 
may be due to the presence of the Rhyzopus hend rot disease which has a strong 
association with the sunflower moth (Rogers et al. 1978). Moth larvae are known to 
predispose heads to disease infection (Klisiewicz 1979). The presence of the 
disease makes the head unsuitable as a host and some larvae left the head before 
larval sampling. Heads affected by Rhizopus were recorded only in L988. At 
Hesston, 52% of the heads were damaged by Rhizopus in the first planting as 
compared to 16 and 4% in the second and third plantings, respectively. 

The decline in number of larvaelhead in the mid· to late June plantings 
suggests that flowering in t.he second or third planting (which occurs late August 
to early September) coincides with reduced moth activity. Similar results have 
been reported by Teetes and Randolph (1969, 19(1). In their Texas studies, late· 
planted sunflower had significantly fewer sunflower moth larvaelhead than early 
plantings. 05eto et at (1989) also reported that seed damage by banded sunflower 
moth. Cochylis hospes Walsingham, may be reduced by delayed planting. 

At Belleville, planting from mid-June to mid·July resulted in reduced sunflower 
moth infestations and head damage, and higher yield in two of the three years. At 
Hesston, planting after the lirst week of June resulted in lower infestation and 
higher yield in all three years. At Hutchinson, July planting resulted in lower 
infestations and head damage and higher yield. At Manhattan, infestations were 
reduced but yield was not affected by late planting. 

Based on the number of larvaelhead and head damage it can be concluded that 
sunflower moth infestations may be reduced by delayed planting. These results 
indicate that mid-June to early July plaming of sunflower in Kansas, as compared 
t.o normal mid-May to early June planting, will I'esult in lower moth infestation 
with no significant loss in seed yield. This practice will result in economical 
production of sunflower in the state by reducing 01' eliminating insecticide application 
costs. If it is widely adapted, moth phenology changes should be followed to see if 
lheir emergence and flight also changes in accordance with the planting date. 
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ABSTRACT 

A survey of the parasites of the egg, larval, and pupal stages of the European corn borer 
(ECB), Ostn'nia nubilalis (Hubner), was conducted in the Pee Dee and [\'lidlands regions of 
South Carolina during 1986-1987. The egg parasite survey also included 1985 and 1988. 
European com borer larvae and egg masses were collected primarily from com, Zea mays 
(L.). However, they also were collected from broadleaf dock, Rumex obtusifolius L., curly 
dock, R. crispus L., Irish potato, Solanum tuberosum L., sorghum. Sorghum bicolor (Lo), and 
wheat, Triticum aestivum L. Four parasite species were reared from ECB larvae: Lixophaga 
51'. ncar uan"abili.<; (Coquillett), /...ydella thompsoni Herting, Pristomerus Sp;lIC1tor (F.), and 
Agathis agilis (Cresson). Three species of egg parasites were recovered: 7'richogmmma 
pretiosum Riley, 'I: exiguum Pinto and Platner, and 7'. (uentesi Torre. Lixophaga sp. near 
ooriabilis wus the most abundant parasite and was collected from six of the seven counties 
surveyed. In 1986 this tllchinid was reared from 6.0 and 9.0% of second lind third generation 
ECB fifth instar lorvae, respectively. The introduced parasite L. thompso1l; was reared from 
4.3% of the first generation ECB larvae coUected from curly dock during 1986-1987. 

Key Words:	 European corn borer, Ostrillia "ubilalis (Hubner), J)ol'asitcs, biological control, 
Lepidoptera, Pyralidae. 

J. Agrie. Entomol. 8(2): 109-116 (April 1991) 

The European corn borer (ECB), Ostrinia. nubilalis (Hubner), was first detected 
in the United States near Boston, Massachusetts in 1917 (Brindley and Dicke 
1963). During the 1960's it became established throughout South Carolina (DuRant 
1969), where it is now a serious pest of several crops including corn, sorghum, and 
cotton. Up to four ECB generations per year occur in South Carolina. Diapausing 
mature larvae overwinter inside host plant material and moths emerge during April 
and May (DuRant 1969). The relatively low value of corn and sorghum, the 
difficulties encountered with insecticidal control of this pest on both corn and 
cotton (Umeozol' et aL 1985, Savinelli et al. 1986), and increasing environmental 
concerns make biological control an attractive alternative. Brindley and Dicke 
(1963) cited the lack of native parasites as a factor which has contributed to the 
success of the ECB in the United States. Attempts to establish exotic parasite 
species during the first half of this century resulted in 6 of 24 species becoming 
permanently established (Baker et a1. 1949, Brindley et a1. 1975). Recently, 
entomologists have expressed renewed interest in importing exotic ECB parasite 
species. Since the earlier attempts at biological control occurred prior to the 
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establishment of the ECB in South Carolina, little is known about the parasite 
species in this state. This study was conducted to determine the parasite species 
composition and incidence of EeB parasitism occurring at selected locations in 
the Pee Dee and Midlands regions of South Carolina. 

MATERIALS AND METHODS 

One or two fields were surveyed in each of seven counties during 1986: 
Darlington (I), Dillon (2), Marlboro (3), Lee (4), Sumter (5), Lexington (6), and 
Newberry (7) (Fig. 1). These same locations were surveyed again in 1987, except 
the Lexington and Newberry locations were omitted. For all counties except 
Darlington and Dillon the only host plant species sampled was corn, Zea mays 
(L.). In Dillon County, wheat, Triticum aestiuum L., was sampled in 1987 in 
addition to corn. Plants sampled at the Darlington location were corn (1986, 1987); 
sorghum, Sorgh"m bicolor (L.) (1987); curly dock, Rumex crispus L. (1986, 1987); 
broadleaf dock, R. obtusi[olius L. (1987); and Irish potato, Solonum tuberosum L. 
(1987). Randomly selected plants were dissected and all ECB larvae and pupae 
and parasite puparia were collected. The number of ECB's per sample varied 
greatly depending on the ECB population density. AU collections were made 
during the growing season (May· August) except for 120 diapausing ECB lalvae 
which were collected from com in Darlington County in November, 1986. These 
120 larvae were placed in 30-ml diet cups containing ca. to ml of Bio-Mix artificial 
diet #9478 (Bio-Serve Inc., Frenchtown, New Jersey) and placed in a rearing room 
at 28°C and an 18:6 LD photoperiod to break diapause (McLeod Bnd Beck 1963). 
Larvae collected during the growing season were placed on this diet and held at 
room temperature (24 - 28°C) under constant light. ECB pupae and parasite 
puparia were treated similarly, but the cups contained no diet. AU specimens were 
observed daily until moths or pamsites emerged. Dead ECB's were dissected and 
examined for parasites. Larval instars were determined by measuring head capsule 
widths using a binocular microscope equipped with an ocular micrometer. 

ECE egg masses were collected from COl'll in Dillon County in 1987, and from 
the following plants in Darlington County: corn (1985, 1987, 1988), Irish potato 
(1985, 1986), and Rumex spp. (1987, 1988). Egg masses were placed in 30-m! diet 
cups containing moistened pieces or paper towel, held in the laqol'atory as 
described above, and observed daily until eclosion or parasite emergence occw'I'ed. 

All parasite specimens were forwarded to specialists at the Biosystematics and 
Benelicial Insects Institute at Beltsville, Maryland for identification. Voucher 
specimens of ECB adults and parasite adults were placed in the Clemson 
University Insect Museum. 

RESULTS AND DISCUSSION 

1986 
Twenty-seven ECB pupae and 526 larvae were collected May - August. These 

included 19 third instal'S, 140 fOUl"t.h instal'S, und 367 fifth instal'S. Thirty-one larvae 
(5.9%) were parasitized (Table 1). Twenty-five of these larvae (1 fourth instal' and 
24 fifth instal'S), all from corn, were parasitized by Lixophaga sp. near variabilis 
(Coquillett) (Diptera: Tachinidae). This species was collected from all counties 
except Lexington, where only seven ECB larvae were found. Andreadis (1982) 
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Fig. 1. European corn borer parasite survey locations in South Carolina, 1986
1987. Locations 6 and 7 were omitted in 1987. 

Table 1. Parasites reared from European 
South Carolina counties, 1986. 

com borer (EeB) larvae fl'ol11 seven 

County (ECB No. ECB No. % Parasite 
generntions, host) J8Ivae parasites parasitism species* 

Darlington 134 10 7.5 LV 
(I, 2, 3; corn) 

Darlington 68 6 8.8 LT(5), AA(I) 
(I, curly dock) 

Dillon 87 2 2.3 LV 
(2, 3; corn) 

Lee 22 3 13.6 LV 
(2, corn) 

Lexington 20 0 0.0 
(3, corn) 

Marlboro L42 3 2.J LV 
(1, 2, 3; corn) 

Newberry 36 6 16.7 LV 
(3, corn) 

Sumter l7 5.9 LV 
(2, 3; corn) 

Total~ 526 31 5.9 
•	 LV l"Cllresents Lixophaga SJl. neM I,}{lriabilis (Coquille!). 1':1' represents Lydclla tllOmp;ulfli Hert.ing, AA 

represents Ag(llhi,~ agi/is (Cresson). 
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reported that the native parasite Lixophaga sp. was widespread in Connecticut but 
that it appeared to have no significant controlling effect on ECB populations, and 
Peail's and Lilly (1975) found low infestation levels of a species of Lixophaga in 
Massachusetts. We found parasitism of fifth instal' ECB larvae by Lixophaga sp. 
near uariabilis to be quite variable, ranging from 0.0 to 33.3% (Table 2). Much of 
this variability undoubtedly was due to the low numbers of larvae collected from 
fields containing extremely low ECB infestation levels. Although greater numbers 
of larvae would have been desirable, this was impractical because of the searching 
time required. 

Table 2. Parasitism of fifth·instar European corn borer (ECB) larvae infesting 
corn in seven South Carolina counties by Lixophaga sp. near vanabilis 
(Coquillett), 1986. 

ECB 
County generation 

Darlington 

Dillon 

Lee 

Lexington 

Marlboro 

Newberry 

Sumter 

Totals 

2 
3 

2 
3 

2 

3 

1 
2 
3 

3 

2 
3 

2 
3 

No. ECB 
larvae 

78 
18 

% 
parasitism 

5.1 
33.3 

10 
51 

0.0 
2.0 

13 23.1 

7 0.0 

11 
57 
46 

0.0 
3.5 
2.2 

28 21.4 

9 
5 

11.1 
0.0 

11 
167 
155 

0.0 
6.0 
9.0 

The remaining six parasitized larvae were first generation larvae from curly dock 
in Darlington County. Three fourth instal' lalvae and two fifth instal' larvae were 
parasitized by Lydella thompsorJi Herting (Diptel'a: Tachinidae) and one third 
instal' lmva was parasitized by Agathis agilis (Cresson) (Hymenoptera: Bl'aconidae). 
Lydella thompsoni, first imported from Europe in 1920, was once the most widely 
established and effective ECB parasite in the United States (Baker et al. 1949, 
Brindley and Dicke 1963). This tachinid gradually disappeared in the 1960's (Hill 
et al. 1978, Andreadis 1982). Burbutis et al. (1981) successfully reestablished 
L. thompsoni in Delaware in 1975-1976. Interestingly, this species was collected from 
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caged corn stalks infested with overwintering ECB larva from Charleston, Dillon, 
and Florence Counties during 1971-1972 (J. A. D., unpublished data) when it 
apparently had died out elsewhere in this country (C. W. Sabrosky, U. S. Dept. of 
Agriculture Systematic Entomology Laboratory, Beltsville, Maryland, personal 
communication). 

No parasites were reared from the 27 ECB pupae or from the 120 diapausing 
larvae. Adult tachinids emerged from 12 of L7 puparin collected from ECB tunnels 
in corn during May - August. Six of these from Newberry, one from Marlboro, and 
three from Sumter County were Lixophaga sp. near uariabilis and two from 
Sumter County were L. thompsoni. 

/987 
A total of 1110 ECB larvae including 30 second instal'S, 243 third instars, 404 

fourth instal'S, and 433 fifth instars were collected. Only 24 of these (2.2%) were 
parasitized (Table 3). Lixophaga sp. near uadabilis was reared from 1 third 
generation fourth instar larva from sorghum in Darlington County and from 12 
second generation (1 third instar and 11 fifth instar) larvae from corn in Lee 
County. 

Table 3.	 Parasites reared from European corn borer (ECB) larvae from five 
South Carolina counties, 1987. 

County (ECB No. ECB No. % Parasite 
generations, host) larvae p8l'asites parasitism species• 

Darlington 60 0 0.0 
(I, brondlear dock) 

Darlington 117 4 3.4 LT(3), AA(I) 
(I, curly dock) 

Darlington 22 1 4.6 PS 
(I, Irish potato) 

Darlington 74 1.4 LV 
(3, sorghum) 

Darlington 217 5 2.3 PS 
(I, 2, 3; corn) 

Dillon 77 0 0.0 
(I, whent) 

Dillon 297 0 0.0 
(I, 2, 3; corn) 

Lee 127 12 9.5 LV 
(I, 2; corn) 

Marlboro 90 1.1 PS 
(I. 2; corn) 

Sumter 29 0 0.0 
(I, 2; corn) 

Totals IllO 24 2.2 
•	 1..:1' rCllrescTlL<; L}lJdla tJlOm/lsoni Her1in~. AA represent!' Agathis ngili.~ (Cresson), PS rcpre!;cnls P7i.~II)mcnl.~ 

.~pill(j/fJr (F.), LV represent.s tix/Jphngfl 5p. nenr vnnnbilis (Coquillel,!). 
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Three additional parasite species were reared from first generation ECB larvae. 
Lydella thompson; was reared from 1 of 47 third instar larvae and from 2 of 60 
fourth instar lan'se infesting curly dock in Darlington County, and A. agilis was 
reared from 1 of these 47 third instar lalvae. Pnslomerus spinalor (F.) (Hymenoptera: 
Ichneumonidae) was reared from 1 of 11 second instar larvae, 2 of 47 third iostar 
larvae, and 2 of 29 fourth instar larvae infesting corn in Darlingt.on County; from 1 
of 7 fourth instar larvae infesting Irish potato in Darlington County; and from 1 of 
9 third instar larvae infesting corn in Marlboro County. In 1984 this parasite was 
reared from 2 of 95 first generation ECB larvae collected from corn in Dillon 
County (J. A. D., unpublished data). Prior to this, P. spinator had not been 
recorded as a parasite of the ECB (R. W. Carlson, U.S. Dept. of Agricultw'e 
Systematic Entomology Laboratory, Beltsville, Maryland, personal communication). 
Additional parasite species reared from the ]984 Dillon County collection but not 
recovered during the current sUl\!ey were Diadegma sp. (Hymenoptera: Ichneu
monidae), Apanteles sp. (Hymenoptera: Braconidae), and Orgilus sp. (Hymenoptera: 
Braconidae). This was the first report of ECB parasitism by OrgiLus sp. (P. M. 
Marsh, U.S. Dept of Agriculture Systematic Entomology Laboratory, Beltsville, 
Maryland, personal communication). A single colony of the gregarious braconid 
Apanteles pyralidis Muesebeck was reared from an ECB larva from Indiana in 1930 
(Baker et aL 1949). 

During 1989 two additional parasite species were reared from ECB overwintering in 
sorghum in Darlington County (J. A. D., unpublished data). One specimen of 
Spilochalcis side (Walker) (Hymenoptera: Chalcididae) emerged from a pupa and 
one specimen of Lespesia archippiuora (Riley) (Diptera: Tachinidae) emerged from 
a larva. 

Egg Parasites 
Three species of rrru..·/lOgramma (Hymenoptera: Tlichogrammatidae) were reared 

fl'om 464 ECB egg masses: T. pretiosum Riley, T. exiguum Pinto and Platner, and 
T. [uentesi Torre (Table 4). This genus is known for its great diversity of hosts 
(Ridgeway et al. 1981). TricJwgramma nubilale Ertle and Davis, which appears to 
be selective for the ECB (Curl and Burbutis 1978), was not collected. Four of 50 
first generation egg masses (8.0%) collected from Irish potato in Darlington County 
in 1986 contained eggs parasitized by T pretiosum. In 1987 T exiguum parasitized 
eggs in 13 of 106 second generation egg masses (12.3%) collected from com in 
Darlington County and in 6 of 33 second generation egg masses (17.9%) collected 
from corn in Dillon County. Five of 22 first generation egg masses (22.7%) 
collected from Rumex spp. in Darlington County in 1988 were parasitized by 
T exiguum and T [uentesi. Although parasite species were not determined for all 
egg mass collections, all appeared to be Trichogramma spp. 

This study, including the 1984 and ]989 data, revealed that at least three 
dipterous and nine hymenopterous species arc parasites of the ECB in South 
Carolina. Lixophaga sp. near variabilis was collected most frequently, being 
recorded from six of seven counties in 1986 and two of five counties in 1987. This 
species was collected only from second and third generation ECB larvae. Lydella 
t./wmpsoni was reared from ECB larvae infesting curly dock in Darlington County 
during 1986 and 1987 and from overwintering ECB larvae in Dillon and Charleston 
Counties during 1971·1972, indicating that this species is primarily a parasite of 
overwintering and first generation larvae. Pristomerus spinala,. was reared from 
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Table 4. Parasitism of European corn borer (ECB) egg masses, 1985 - 1988. 

No. egg masses % parasitism 

County (ECB generations, Avg. no. Egg Individual Parasite 
(year) host) eggs/mass masses eggs species 

Darlington 56 (1, Irish 13.9 5.4 1.2 • 
(1985) potato) 

Darlington 100 (3. corn) 25.1 4.0 0.2 • 
(1985) 

Darlington 50 (I, Irish 13.4 8.0 2.0t Trichogramma 
(1986) potato) pretiosum 

Darlington 34 (I, Rumex spp.) 15.8 8.8 2.0 • 
(1987) 

Darlington 106 (2, 3; corn) 21.9 12.3 • T. eriguum 
(1987) 

Dillon 33 (2. 3; corn) 19.5 17.9 • T. exiguum 
(1987) 

Darlington 22 (I, !?W71CX spp.) 20.9 22.7 7.8 T. exiguum 
(1988) T.. /uelltesi 

Darlington 21 (2, corn) 13.2 9.5 3.2 • 
(1988) 

Darlington '12 (3, corn) 19.6 0.0 0.0 
(1988) 

Undetermined. 
t AI>llroximale. 

first generation larvae from Dillon County in 1984 and rrom Darlington and 
Marlboro Counties in 1987, but was not collected in 1986. This study indicates that 
although several ECB parasite species occur in South Carolina their overall impact 
on ECB population levels is I'clatively insignificant. However, the permanent 
establishment of L. thompsoni is encouraging. Additional investigations are needed 
to determine the biological control potential or this and other parasites against 
ECB in South Carolina. 
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DIFLUBENZURON BOLUSES FOR FLY CONTROL
 
ON DAIRY CATTLEI.2.3
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ABSTRACT 

Four experiments were conducted in which difiubcnzuron boluses were adminisLCrcd to 
lactating dairy cows. In the first experiment, involving 56 high-producing Holstein cows in 
t\'laryland, the administrat.ion of two commerical diflubenzuron (VigilanteQP

) boluses did not 
affect milk yield or the percentage of fal. or protein in milk when compared with untreated 
control cows. In a second experiment conducted in Maryland, dinubenzuron boluses, into 
which the active ingredient. was incorporated using a flaked (EF) or powdered Cannulation 
(EP), wcrc ndministered to dairy cows fed rations containing three different foragc-to
concentrate ratios (85: 15, 50:50, or 30:70) at the rate of one bolus per cow. l"'tenure bioassays 
from cows administered either the EF or EP boluses and fed the 50:50 or 30:70 rations 
showed ~ 86% mortality of face fiies for 8 period of 12 wk postbolusing. This level of 
mortality '\'as obtained for only 8 wk in manure from cattle fed the 85: 15 ration. House fly 
mortality was < 90% for all treabnent groups 6 wk postbolusing. Two additional field trials 
using the two types of boluses were conducted in Indiana and Missouri. House fly mortality 
in manure from cows bolused in both these states was similar to that in Maryland. Mortality 
of horn flies in manure from cattle administered EF boluses in Indiana and Missouri was 
~ 86% 10 wk postbolusing. Horn fly mortality was 4770 and 49% in Indiana and Missouri, 
respectively, for cattle receiving the EP boluses. In general, there was a lower number of 
hom nies on the bolused dairy herds in Indiana and Missouri. Face fly counts on cattle in 
both slates were low. There was no indication that farms on which cattle were bolused had 
lower populations of stable nics or house flies. 

Key Words: Bolus, diflubenzuron, horn fly, Haematobia irritalls (Linnaeus), face fly, 
Musca autll11lfwlis De CeeT, stable ny, Stomoxys colcitrons (Linnaeus), house 
fly, Musca domes(jca Linnaeus, Diptcra, Muscidae 

J. Agric. Entomo!. 8(2): 117-126 (April 1991) 

Miller (1974) first reported on the activity of diflubenzuron administered as a 
feed-through compound against immature stages of the face fly, Musca autumnalis 
De Geer, and the house fly, M. domestica Linnaeus. Others (Wright 1975, Barker 
and Jones 1976) confirmed the activity of diflubenzuron against flies. Miller and 
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Miller (1978) demonstrated that diflubenzuron could be incorporated into a 
sustained-release bolus to provide an extended period of control for the face fly 
and horn fly, Haematobia irritans (Linnaeus). Since that report, diflubenzufon has 
been incorporated into various bolus formulations, both experimental and com
mercial, and evaluated for control of the face fly and horn fly on pastured cattle 
(Miller et .1. 1986, Scott et .1. 1986, Miller et .1. 1990). 

Although dairy cattle were used in some of the above trials, the trials primarily 
involved dairy heifers on pasture. Since stable nies, Stomoxys calcitrans (Linnaeus), and 
house flies may use cow manure 8S 8 breeding source, especially if it is mixed with 
bedding materials such 88 straw, it was thought that the use of diOubenzuron 
boluses should be investigated as a method to control flies on dairy farms. 

Because dairy cattle are fed and managed differently than pastured beef cattle 
and dairy heifers. the use of diflubenzuron boluses for controlling Dies around 
dairies was investigated. Evaluations included: 1) investigation of any effects 
boluses have on milk production or the major components of milk; 2) det.ennination if 
high energy rations fed to dairy cattle affect the rate of bolus erosion in the 
reticulum of the cows; and 3) measurement of the efficacy of the bolus in 
controlling developing fly larvae. A further objective was to determine if the 
administration of boluses to herds of commercial dairy cattle would lower populations 
of adult horn flies, face flies, stable flies, and house flies. 

MATERIALS AND METHODS 

Four separate bials were conducted. Two of these were conducted in Maryland, 
one in Indiana, and one in Missouri. [n Maryland one study was conducted to 
determine the effect of diflubenzuron boluses on milk production. A total of 56 
high-producing Holstein cows were randomly divided into two groups of 28 cows 
eoch. Each cow in the treated group received two 9.7% commercial diflubenzuron 
boluses (Vigilante'8l, American Cyanamid Co., Wayne, New Jersey). The boluses 
were administered to stanchioned animals with a standard balling gun. To simulate 
the stress of bolusing, the balling gun was also placed into the mouths of the 
untreated control cattle. Cattle were fed a total mixed ration consisting of corn 
silage, alfalfa haylage, alfalfa hay, and a concentrate mixture ad libitum (see Table 1 
for composition of concentrate) and were allowed access to pasture when not in 
the bam. Milk from individual cows was weighed at each milking. The percentages 
of milk fat and milk protein were determined by the Dairy Herd Improvement 
Association (DHIA) supervisor on milk samples taken during wks 6 and 11 
postbolusing. Data from this trial were analyzed by covariance analyses (SAS 
[nstitute 1985) using milk production data for 3 wk prior to the start of the trial 
and milk component data from DHIA sampling performed 3 wk prior to the start 
of the trial as the covanates. 

[n the second eXI)eriment in Maryland, a total of 30 Holstein cows were used. 
These cows were divided into three groups and were fed total mixed rations 
containing thl'ee forage-to-concentrate ratios (85: 15, 50:50. 30:70). The forage 
component of the rations consisted of 60% com silage and 40% alfalfa silage on a dry 
matter basis (see Table 1 for composition of concentTnte). 1\\'0 cows in each group 
ser.-'ed as untreated controls, four cows in each group were administred one bolus con
taining 9. i% of a flaked fonnulation of diflubcl1zuron (E Flo and four cows received 
one bolus containing 9.7% of a powdered formulation of diflubenzuron (EP). 
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Table J. Composition of concentrate. 

Percentage 
Ingredient (by weight) 

Corn, ground 43.0 
Barley 32.6 
Soybean meal 19.2 
Sodium bicarbonate 1.4 
Limestone 1.4 
Dicalcium phosphate l.0 
Salt, trace mineralized 0.7 
Magnesium oxide 0.4 
Dynamate 0.2 
Vitamin A 0 E premix 0.1 

T\\'o of the four cows in each bolus group had rumen fistulas, and every 2 wk 
after administration of the boluses, the boluses were removed from the cows via 
the fistula, weighed, and placed back into the reticulum. At the same time, a 
sample of rumen fluid was removed and a pH determination was made. Once a 
week after administration of the boluses, ca. 1 kg of Cresh feces was taken from 
each cow and frozen until bioassayed with face flies and house flies as previously 
described (Scott et 01. 1986). 

In addition to the studies in Maryland, field trials with the t.wo types of boluses 
were conducted in Indiana and Missouri. In Indiana, three commerical dairy fanns 
with each ca. L50 head of cattle were used. One herd served as an unt.reated 
control farm; on the other two farms all cattle over cu. 136 kg body weight were 
bolused. Cattle on one farm received EF boluses and cattle on the other farm 
received EP boluses. Cattle weighing between 136-249 kg received one-half of a 
bolus and cattle weighing more than 250 kg received one bolus. 

Horn, face, stable. and house fly counts were made biweekly starting 2 wk 
post.bolusing and cont.inuing through 20 wk postbolusing. Horn and face fly counts 
were made by counting these species on each of 25 randomly selected adult cows 
in each herd. Stable fly counts were made by counting the number of stable flies 
landing during a 10- lo 15-s interval on the front legs of 25 randomly selected 
cows. House ny numbers were estimated with 8 Scudder Grid placed in five 
locations on each fann. All house nies landing 011 the grid in 30 5 were counted. 

Five fresh ca. 500-ml fecal samples were collected at wks 2, 6, 10, 15, and 20 
from each of the treated herds, and one sample was collected from the control 
herd. These samples were frozen for later bioassay with house and horn nies. 

In Missouri during the third week of May, 195 Holstein and Guernsey cows 
were treated with the EP boluses and placed on ca. 30 ha of pasture. At the same 
time, 85 dairy heifers were treated with the EF boluses and pastured on 19 ha 
locat.ed a half mile to the east. Boluses were administered at the same rate as in 
Indiana. Fifty dry dairy cows pastured on 12 ha between the two test herds served 
as an untreated control herd. These herds were fed silage throughout the trial. 
Due to the lack of an adjoining feedlot facility at the control site, house and stable 
ny counts were taken at a similar facility housing untreated Charolais cattle 
approximately 16 km away. 
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Starting 2 wk postbolusing and continuing through 20 wk postbolusing, horn 
flies were counted on one side, and face nies were counted on the faces of 25 head 
of cattle. These counts were made on Holstein-bred animals that were not 
lactating. House flies on the farms were determined by the number of flies landing 
on Scudder Grids during a 30-8 interval. Three counts were taken on each fann on 
each sampling date. Stable fly numbers were estimated by counting the number of 
stable flies captured on 24 William's traps (Williams 1973) at each sampling date. 
Manure samples were collected and treated as in Indiana. 

RESULTS AND DISCUSSION 

There was no difference in milk production during the 10 wk following 
administration of the boluses in Maryland (Table 2). Also, the boluses did not 
affect the percentage of fat or protein in the milk. 

Table 2.	 Effect of diflubenzmon boluses on milk production and milk components 
from Maryland experiment.* 

Criteria	 Control Bolused 

Average daily milk 
production (kg) 30.5 30.0 

Milk Fat (%) 3.8 3.7 
Protein (%) 3.2 3.2 

• Values ill rows arc not different (P > 0.05) using GLM culculat.cd probabilities. 

Figw'e 1 shows the pattern of bolus erosion. The erosion is described as a 
logarithmic curve I'egression with the foHowing formula: y = 1430 - 270 In x, 
1'2 = 0.98, where y = estimated erosion rate, mg per day; x = time in reticulum, 
days; and r'.! = cOlTelation coefficient. Although erosion rate of the boluses was 
somewhat slower as the percentage of forage in the !'ations increased, regressions 
for each of the rations plotted separately fell within the 95% confidence range for 
the composite line. 

The rumen pH values for the cows with increasing level of concentrate in the 
ration were 6.51 (85:15), 6.61 (50:50), and 6.32 (30:70). This latter value for cows 
fed the ration containing 70% concentrate may have been lower if the concentrate 
portion of the ration had not been supplemented with buffers (Emery and Brown 
1961). 

Table 3 shows the mortality of face nies and house flies after being seeded into 
manlll'e from cows fed the three different rations. For the first 12 wk postbolusing, 
face fly mortality was ~ 90% with cows receiving the 50:50 or 30:70 forage-to
concentrate rations. However, with cows on the 85:15 ration, mortality of face flies 
dropped under 90% at 9-10 wk Jlostbolusing. The increased mortality for the two 
higher concentrate rations may be morc 0'1' an effect of the ration than a direct 
effect of the bolus treatment. Meyer et al. (1978) reported that when cows were 
fed a high concentrate ration there was an increase in mortality of face fly larvae 
seeded into the feces. 

Overall house l1y mortality was lower than face fly mortality (Table 3). This has 
been reported previously (Miller and 1\!liJ1er 1978, Miller et a1. 1990), There did not 
appear to be any consistent differences in house fly mortality in relation to type 
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Table 3. Percent corrected morta.lity of flies seeded as lan'ae into manure from 
cattle treated with diflubenzuron boluses in Maryland. 

Ration and bolus type* 

Weeks 85:15 50:50 30:70 

postbolusing EP EF EP EF EP EF 
Face Flies 

1-2 100 100 100 99+ 100 100 
3-4 99 100 100 100 100 100 
5-6 100 100 100 100 100 100 
7-8 100 83 100 100 100 86 
9-10 69 83 99+ 100 100 100 

11-12 56 76 92 99 93 96 
13-14 51 (5)t 67 (7) 57 46 94 86 
16 70 (2) 59 (4) 67 (3) 32 (4) 97 (4) 98 (4) 
17-18 97 (4) 3 (2) 91 (4) 50 (4) 85 (7) 99 (6) 
19-20 77 (4) 65 (4) 66 (3) 75 (7) 70 (6) 
21-22 100 (I) 100 (2) a (4) 89 (6) 34 (6) 
24 50 (2) a (1) 45 (I) 27 (3) 58 (3) 

House Flies 

1-2 91 98 99 87 97 98 
3-4 80 87 96 95 94 94 
5-6 57 85 95 68 82 72 
7-8 27 46 81 53 70 59 (7) 
9-10 16 44 63 82 63 31 (7) 

11-12 61 (6) 48 (7) 40 (6) 60 20 30 (7) 
13-14 57 (2) 46 (4) 37 (3) 19 (7) 43 (4) 27 (5) 
15-16 40 (4) 35 (2) 96 (I) 62 (I) 14 (2) 49 (2) 
17-18 25 (4) 41 (2) 64 (2) 62 (2) 44 (2) 
19-20 49 (2) 29 (I) 32 (2) 56 (2) a (I) 
21-22 38 (2) 25 (2) 

• NUllwrical values indicate ratio of forage to concentrate in ration. EP, EF' - experimental boluses 
containing 9.770 powdered or naked difluoem:uron, reSIJCctivcly. 

t Number of values ill IllClin. [f no parentheses, n eqlluls 8. 

of ration or bolus fonnulation. The bolus erosion curve presented in Figure 1 
suggests that house fly and face fly mortality drops below 90% when the erosion 
rate is < 400 mg Hod 300 mg per day, respectively. The house fly mortality data 
from bolused dairy cattle in fudiana and Missouri ("Table 4) is in general agreement 
with the results found in Maryland - i.e., mortality was ~ 70% during wk 10·20 of 
the experiment. The horn fly mortality followed the same trend. although mortality 
of the EF boluses at wk 10 was 86% and 95('jo for cattle in Indiana and Missouri, 
respectively. Thereafter, hom fly mortality in both states fell rather rapidly. 
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Table 4.	 Percent corrected mortality of nies seeded as larvae into manure from 
dairy cattle treated with diflubenzuron boluses. 

State and herd treatments· 

Weeks Indiana Missouri 

postbolusing EP EF EP EF 

Horn nies 

2 98 100 100 100 
6 100 99 87 99 

10 47 86 49 95 
15 52 61 37 48 
20 26 36 51 30 

House nies 

2 81 91 100 96 
6 90 86 73 89 

10 16 64 24 70 
15 22 34 16 21 
20 17 15 47 18 

• EP. EF == experimental boluses conwining 9.7'k powdered or naked dinube01;ufon. respectively. 

Adult horn Oy populations in Missowi were considerably higher than those in 
Indiana (Table 5). During the first 10 wk of the experiment, cattle treated with 
both the EP and EF boluses had lower hom fly numbers than did the untreated 
control cattle in Indiana. In Missouri, only on cattle treated \.... ith the EP boluses 
were hol'l1 ny populations lower than on the untreated control cattle. The same 
trends in horn fly numbers held for the second lO-wk period of the experiment; 
however, the differences between hom fly numbers on untreated cattle and 
bolused cattle were not statistically significant (P> 0.05). The numbers of face 
flies on cattle in both Indiana and Missouri were low. In Indiana. however, both 
bolus treatments lowered the number of face nies on the cattle during the first 10 
wk of the experiment. During the second to-wk period, the cattle that received the 
EP boluses had a lower (P < 0.05) number of face nies than the control herd. In 
Missouri, neither bolus treatment lowered the number of face nies on the cattle 
compared with the control herd. 

There was little or no evidence that. the bolus treatment lowered the number of 
stable nics or house flies on the farms (Table 6). This might not be unexpected 
since, on many dairy farms, there are alternative hl"eeding sites for these species 
such as spilled grain and silage, calf pens, etc. The boluses would affect only the 
eggs of the flies actually oviposited in cattle manure, It would appear that, for the 
boluses to have a significant effect in lowering stable and house fly populations, 
alternative breeding sites would have to be eliminated. 
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Table 5. Mean horn ny and face fly counts on untreated control dairy cattle and
 
on dairy cattle treated with diOubenzufon boluses.· 

State and herd treatmentt 

Weeks Indiana Missouri 

postbolusing C EP EF C EP EF 
Horn flies 

2 4.4 2.7 1.4 65.0 51.1 72.0 
4 3.6 2.1 2.8 112.6 23.6 107.6 
6 4.3 2.2 3.4 81.0 32.8 103.8 
8 5.0 2.0 4.8 180.0 89.6 112.0 

10 15.0 2.6 1.0 130.4 77.4 83.4 
X 6.4 a 2.3 b 2.7 b 113.8 a 54.9 b 95.8 a 

12 18.4 7.6 11.9 
13-14 12.2 8.B 4.B 344.4 67.2 83.2 
15-16 10.2 0.5 2.B 145.6 60.8 130.4 

18 0.2 0.1 0.2 195.6 99.6 258.B 
20 0* 100.8 98.0 181.6 
X 10.2 a 4.2 a 4.9a 196.6 a BI.4a 163.5 a 

Face flies 

2 5.4 1.8 1.2 3.2 3.1 1.7 
4 2.7 I.B 1.4 3.8 9.0 2.9 
6 3.0 2.3 3.2 3.8 3.6 3.9 
8 3.1 1.4 I.B 2.5 1.6 4.6 

10 4.7 0 0 0.9 0.8 1.6 
X 3.8a 1.5 b 1.5 b 2.B a 3.6 a 2.9a 

12 4.0 1.7 3.B 
13-14 1.6 0.7 1.0 6.1 6.9 4.4 
15-16 2.3 0.1 1.8 0.5 0.6 0.4 

18 7.6 5.7 1.80* 
20 0* 0.8 0.6 0.8 
X 2.6a 0.8 b 2.2 a 3.Ba 3.4 a 1.8 a 

• Within a state, menns in D row not rollowed by 8 common letler differ lit the 5% level according to 
Duncan's multiple I1Inge test. 

t C = untrealed control EP, EP = experimental boluses conlaining 9.7'k powdered or flaked diflubenzuron, 
respectively. 

; Not included in menns. 
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Table 6.	 Mean stable fly and house fly counts on untreated control dairy fanTIs 
and on dairy farms treated with diflubenzuron boluses.• 

State and herd treatmentt 
Weeks Indiana	 Missouri 

postbolusing C EP EF C EP EF 

Stable flies 

2 2.3 4.7 1.6	 14.9 1l.4 
4 0.9 1.0 1.4 18.5 45.7 93.5 
6 2.0 1.2 1.2 2.7 7.4 30.1 

8 2.6 1.7 1.4 1.0 15.1 14.3 
10 0.5 0 0 3.8 28.5 13.5 
X 1.7 a 1.7 a 1.1 a 6.5 a 22.3 b 32.6 b 

12 3.2 0.8 2.0 19.6 22.4 28.0 
14 3.0 2.7 2.1 

15-16 1.3 1.0 0.9 37.8 40.3 28.7 
18 0.1 0.2 0.4
 
20 0*
 
X 1.9 a 1.2 a 1.4 a 28.7 a 31.5 a 28.4 a
 

House flies 

2 2.4 6.2 5.2	 5.3 1.3 
4 8.8 8.8 5.0 22.0 10.3 0.6 
6 7.0 3.6 5.0 11.3 3.6 2.3 
8 8.4 8.6 8.6 8.0 7.6 1.6 

10 13.4 6.8 4.0 2.0 6.0 0.3 
X 8.0 a 6.8a 5.6a 10.8 a 6.5ab 1.2 b 

12 7.0 6.6 1.6 13.3 6.0 5.0 
14 4.2 2.6 1.2 

15-]6 1.4 2.4 2.0 13.3 26.6 8.6 
18	 1.0 13.0 3.60*
 
20
 0* 
X 4.2 a 3.9 a 1.6 a 9.2 a 15.2 a 5.7 a 

Wilhin a slUIt!, mculis in fl row not. followcd by II common lcttcr diffcr ilL thc 5'1" lcvel llccording to 
Duncan's multi pIc ronge test. 

t C = untreated control. EP, Ef = expcrimcntnl boluses containing 9.7'k j)()',\'dcred or flaked diflllbcnzlITOll, 
res[lectively. 

t Not included in mellnS. 
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ABSTRACT 

Emergence traps were used to capture adult Cuiicoides as they emerged from moist soil 
habitats in three areas of eastern Tennessee. The species in order of abundance were: 
C. spillosus Root and Hoffman (21.7%), C. stellifer Coquillett (19.3%), C. boueri Hoffman 
(16.2%), C. bigutlalus Coquillett (15.2%), C. ucnustus Hoffmsn (14.2%), C. haematopotus 
Malloch (8.1%), and C. bickleyi Wirth and Hubert (5.3%). Culicoides bickle)i, C. bigutllzlus, 
and C. spinosus appear to be spring species, with the majority of their emergence in late 
April and May. Most adults of C. stellifer and C. uenustus emerged in June and July. 
Culicoides baueri and C. haematopotus adults emerged from April through September. 

Key Words: Culicoides, emergence, Ceratopogonidae. Diplcra. 

J. Agric. Entomol. 8(2), 127-135 (Ap,il 1991) 

Seasonal abundance and larval habitats of many inland Culicoides species are 
known [rom light trap and laboratory emergence studies (Snow and Pickard 1954, 
Williams 1955, Murray 1957, Lewis 1959, Messersmith 1966, Battle and Turner 
1969, 1972, Tanner and Turner 1975, Zimmennan and Turner 1983). Use of field 
emergence data is considered to be an accurate method of monitoring seasonal 
abundance and voltinism, because it directly associates specific larval habitats 
with the Culicoides species present (Linley et al. 1970, Kline and Axtell 1976). 

Pickard and Snow (1955) and Snow et a1. (1958) reported on the Culicoides 
species and their adult host·seeking activity in the Tennessee liver basin. However, 
no attention has been directed to describing the larval habitats of Culicoides in 
Tennessee. The objective of the present study was to monitor seasonal emergence 
patterns o[ Culicoides spp. in eastern Tennessee. 

MATERIALS AND METHODS 

Adult emergence of soil·breeding Culicoides was monitored at 20 sites in 1986 
and 13 sites in 1987 in three areas: Cades Cove, Great Smoky Mountain National 
Park, Blount Co. (CCl, Rafter Cabin, Monroe Co. (RC) and Grassland Farm, 
Cumberland Co. (GF). These three areas represent two of the physiographic 
provinces of eastern Tennessee: Cumberland Plateau (GF), and Unica Mountain 
province (RC and CC). Each site consisted of a zone of habitat that had similar 
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moisture conditions as determined by visual inspection. Sites varied in area from 
1 m'! to 1.5 ha, and the distance between traps ranged from 0.25 to 20 m. At all 
sites, the ground water level was above or within 2-3 em of the surface of the 
habitat for 3 to 9 mo during the trapping season. Habitats included pond margins, 
spring and creek margins, and marsh-like depressions in pastures and woodlands. 

Emergence traps used in this study were constructed from #10 food cans, I5-em 
diam. by 17.5 em in height (3-liter volume) opened at one end. A 3.75-cm diam. 
hole was drilled in the side of the can ca. 2 em below the closed top. A 5- by 6-cm 
cellulose acetate strip covered with a thin layer of Stickem$ adhesive (Seabright 
Enterprises, Emeryville, California) on one side was then placed over the opening. 
The sticky side faced into the trap and was held in position by duct tape. Each 
trap sampled a 200 cm2 area of habitat. Traps were placed in the ground with the 
open end thrust 4 to 6 em into the soil. Where space allowed (any site area greater 
than ca. 20 m2), 10 traps were operated. Smaller sites received fewer cans. The 
numbers of traps used in this study were 184 and 132 for the 1986 and 1987 
trpaping seasons, ,'espectively (Table 1). 

Table 1.	 Number of sites and emergence traps within each area for 1986 and 
1987. 

1986 1987 

Area 

Grassland Farm (GF) 
Rafter Cabin (RC) 
Cades Cove (CC) 

# Sites 

7 
3 

10 

Total Tl'8ps 

70 
37 
77 

# Sites 

4 

3 
6 

Total Traps 

50 
30 
52 

Sites were visited weekly. The sticky strips were changed and the old strips 
were returned to the laboratory. Traps were reset into the soil within 45 cm of 
their previous positions. Emergence was monitored from mid-March to early 
October 1986 and from late April to the end of September in 1987. 

Adult Culicoides were removed from the sticky strips in the laboratory with 
Histoclearl1tl solvent (National Diagnostics, Somerville, New Jersey), rinsed for 
2 min in 95% alcohol, and slide·mounted 01' stored in 70% alcohol until identified. 
All specimens were sexed and identified with the keys in Battle and Turner (1971). 
Emergence data were adjusted to the number of adults collected per trap (200 
em'.!) for each week of the study, 

RESULTS AND DISCUSSION 

In 1986 and 1987 in all three areas, there were 2,580 specimens of Culicoides 
collected (Table 2). The species collected and percentages of the total were: 
C. spinoslts Root and Hoffman (21.7%), C. stelli[er Coquillett (19.3%), C. baueri 
Hoffman (16.2%), C. biguttatus Coquillett (15.2%), C. venustus Hoffman (14.2%), 
C. haematopolus Malloch (8.1%), and C. bickleyi Wirth and Hubert (5.3%). The male 
to female ratios were tested by chi-square and determined to be 1:1 for all species 
except C. bickleyi 1.58:1, C. spinosus 0.59:1, and C. venustus 0.52:1 (df = 1; 
P < 0.0 l). The difference between observed and expected might be partially 
explained for C. bick.leyi and C. spinosus by the fact that some emergence may 
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Table 2.	 Total Culicoides collected in each sampling area of eastern Tennessee 
(1986 and 1987 data combined). 

Species Cades Cove Rafter Grassland Farm Total 

c. baueri	 376 41 0 417 
c. bickleyi	 47 47 43 137 
c. biguttalus 38 15 340 393 
c. haematopotus 79 36 93 208 
C. spinosus	 99 161 301 561 
C. swlli{er	 215 142 141 498 
C. venuslus 121 245 0 366 
Total 975 687 918 2580 

have occurred before trapping began. However, skewed sex ratios have been 
reported in other species of Culicoides (Murray 1957, Messersmith 1966, Kline and 
Axtell 1976). All seven of these species were collected from both the CC and RC 
areas but only five from the GF area. The seasonal emergence by species, area 
and year is presented in Figures 1-4. These results represent general trends of 
emergence and are not specific habitat preferences. 

Culicoides biguttatus emerged primarily from mid-April to mid-June with a few 
emerging until early July (Fig. 1 a-b). Emergence at GF was substantially greater 
than at the other areas (86.5% of the total). The vast majority of these (95.9%) 
emerged from three sites in open sunlight. These sites can be chal'8cterized as 
seasonally wet meadows with abundant water at the surface in April and May and 
becoming drier as the summer progressed. Several marsh-type plant species were 
present, dominated by Juncus spp. Maximum emergence was 2.4 adults/200 cm2 of 
habitat in mid-May 1987 at GF. Previous light trap studies in Virginia and 
Tennessee indicated similar l'esults (Pickard and Snow 1955, Messersmith 1966, 
Zimmerman and Turner 1983). 

Culicoides spinosus emerged in large numbers from late April until late May 
with only sporadic emergence during August and September (Fig. 1 c-d). This 
species was much morc prevalent in GF and RC in 1986 than at any other time or 
place in this study. The most common sites for this species were the same Juncus 
spp. meadows described for C. biguttalus. Peak emergence for C. spinosus was 
2 wk before C. bigultalus. Adult females were collected with light traps from April 
to August in Virginia, with peak activity in June (Messersmith 1966). 

Culicoides verlUslus was more abundant at HC than CC and was absent at GF 
(Fig. 2 a-b). At RC there was a small peak of emergence in April and a larger and 
longer period of extensive emergence from June through August. This species 
most commonly emerged from those habitats that were permanently wet or wet for 
most of the summer. At CC the April peak was similar to Re, but the June 
through August peak was much lower. Light trap collections in Virginia and 
Tennessee provided similar results (pickard and Snow 1955, Zimmerman and 
Turner 1983). This emergence pattern may be an indication of multivoltinism in 
C. venustus. 

Culicoides baueri was more abundant at CC than He and absent from collections 
at GF (Table 2, Fig. 2 cod). First emergence ranged from late April until mid-May 
and lasted 14 wk in RC and 20-21 wk in ce. Emergence peaks occurred at 4-5 wk 
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intervals. A majority (58%) of the C. baueri collected were from two stable sites at 
ce. One was on the bank of a permanent stream (5 to 8 m wide) and the other 
was on the margin of a lurge spring that did not vary in volume of water Oow 
throughout the year. From light trap collection data, Pickard and Snow (1955) and 
Messersmith (1966) suggested that there were two "broods" or "peaks" of C. 
baueri. In our study, C. baueri from CC apPc8I's to be multivoltine. Voltinism may 
be cOITclated with habitat stability. 

Culieoides bickleyi emerged from latc April or early May to as late as mid
August, depending on arca and year (Fig. 3 a-b). Emergence was characterized by 
a peak in the spring that was followed by lower llumbers for the rest of the 
sampling period. Culicoides bickleyi was the lenst-collected species, and over 64% 
emerged from moist soil habitats shaded by trees. Jamnback (1965) considered C. 
bickleyi to be an early spring species whereas Tanner and Turner (1975) collected 
adults from May through July. The present data substantiate the latter findings 
and indicate additional 10\'.' emergence continuing into the summer months. 

Culicoides haematopolus adults emerged in relatively low numbers in all areas 
for an extended time (generally mid-April to September). In most years and areas 
C. haematopotus had one emergence period from late April to early June (Fig. 3 c-d), 
8 period of 2-6 wk with no emergence, then another period of emergence from 
early July through August or September. This species emerged from habitats that 
were wet all year round (spring and pond margins) as well as those that dried up 
completely in the early summer (seasonally wet meadows). Seasonal emergence of 
C. haemalopotus was very similar to previous seasonal abundance studies (Pickard 
and Snow 1955, Messersmith 1966, Tanner and Turner 1975). 

Culicoides slelli(er had its main emergence at all areas and both years (except 
GF, 1987) ca 1 rna after C. spirwsus (Fig. 4 a-b). At GF, 1987, the main emergence 
was about 2 mo after C. spinosuK Peak emergence was generally spread out over 
6·8 wk in CC and RC and 3-4 wk in GF. Culicoides stellifer emerged from all 
collection sites except for the two that dried out the earliest in the summer (early 
June). This species was collected in light traps from April or May to September 
(Pickard and Snow 1955, Messersmith 1966, Tanner and Turner 1975 und Zimmclman 
and Turner 1983). The parity data of Zimmerman and Turner (I983) clearly 
indicate that this species is multivoltine in Virginia. In Tennessee, the main 
emergence was concentrated in midsummer. 

These data reflect the variety of emergence patterns and relative abundance of 
soil-breeding Culicoides species. Culicoides baueri occur in a narrow range of stable 
habitats and emerged the entire warm season. Culicoides haematopotus also 
emerged the entire warm season but occurred in most habitats sampled. The 
species that emerged primarily in the spring from seasonally wet meadows were 
C. bigullalus and C. spinosus. Reduced or absent emergence in the summer and fall 
may well have been due to habitat drying. Culicoides stelli(er and C. uenuslus 
usually emerged in midsummer from habitats that were more resistant to seasonal 
drying. Culicoides bic:ldeyi was less frequently collected and appeared to be an 
early spring species that OCCUlTed in shaded habitats. 

Care should be taken in making comparisons between these data and those of 
others based on light trap collections (Pickard and Snow 1955, Messersmith 1966, 
Tannel' and Turner 1975, Zimmerman and Turner 1983). Patterns of voltinism for 
some species has been suggested based on rather low numbers. Also, the larvae of 
all these species are semiaquatic and are thus subject to local and seasonal 
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variat.ions in rainfall and water table levels. Some species that emerged primarily 
in the spring (e.g., C. bickleyi, C. biguttatus and C. spinosus) may emerge for longer 
or shor·ter periods of time depending 011 moisture levels. 
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ABSTRACT
 

Alfalfa weevil, Hypcra postica (Gyllcnhal), density had significant impact on yield and 
quality of harvested forage in the spring. Carry~ovcl' effects on yields and quality of 
subsequent hnJvests also were evident in one of two yearly studies. In the first study, plots 
of 'Cimmaron' alfalfa cut late (twice harvested) in the fall had higher weevil populations and 
produced lower yields in the subsequent spring than plots harvested only once in the fall 
season. Alfal£a weevil damage resulted in lower enlde protein levels and higher fiber 
contents. Fall harvest regimes in the second study had no effect on alfalfa weevil densities or 
yields of 'Pioneer 523' nnd 'Southern Special,' and differences in forage Quality were not 
significant in either of these regionally-adapted varieties. Alfalfa weevil density treatments 
imposed on each of two fall cutting regimes by differential insecticide applications in both 
years resulted in decreased yields of about 1 metric tonlha for each seasonally maintained 
increase of one weevil per stem. 

Key Words: Alfalfa weevil, Hypera postica, alfalfa, yields, harvesting, Coleoptera, Cur
culionidae. 

J. Agric. Entomol. 8(2): 137-146 (April 1991) 

Alfalfa is a perennial crop that uses carbohydrate reserves accumulated in one 
growth period to initiate growth in the next (Nelson 1925, May 1960, Smith and 
Silva 1969). As many as six harvests pel' year Me possible in the southeastern 
United States. Initial spring growth develops from reserves made in the previous 
fall (Willard 1951, Miller 1984). Late fall harvests may decrease yields in the 
following spring (Jackobs 1950, Smith 1965, Sholar et al. (983), although Tesar and 
Yager (1985) found that variable fall cutting dates did not affect yield or quality in 
the subsequent first spring harvest. 

Spring defoliation by the alfalfa weevil, Hypera postica (Gyllenhal), commonly 
reduces the first and subsequent yields and quality of the forage (Wilson et al. 
1979, Berberet 1981, Wilson and Quisenberry 1986). Koehler and Rosenthal (1975) 
used heptachlor treatments in establishing alfalfa weevil population gradients 
which resulted in a first harvest yield reduction of 20 kglha of hay for e'l,'ery 
increase of one larva/sweep. Berberet and McNew (I986) observed that yield and 
quality decreased as larval populations increased, and Hintz et aJ. (1976) reported 
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that crude protein and in vitro dry matter digestibility was reduced at high 
population levels of alfalfa weevil larvae. 

The objective of these studies was to characterize yields and forage quality 
responses to fall cutting schedules and spring alfalfa weevil populations in the 
Southeast. This is a non-traditional but expanding region for alfalfa production, 
and conditions favor plant growth and weevil activity during much of the cool 
winter season. 

MATERIALS AND METHODS 

Experiments were conducted near Clemson, se. over a 2-yl' period, using three 
regionally-adapted, low dormancy alfalfa varieties. An established 2-yr-old stand of 
'Cimarron' alfalfa which had been harvested normally during the spring and 
summer of 1986 was subdivided into plots (6.1 by 6.1 m) separated by 3.6-m wide 
alleyways. Treatments wcre applied in a 2 X 3 factorial, randomized complete 
block design WitJl four replicates, with two fall harvesting regimes and three alfalfa 
weevil control regimes. All plots were harvested on 5 September with a Carter flail 
forage harvester. Those plots receiving this as a final fall harvest treatment were 
designated ONCE CUT. Half t.he plots werc harvested again on 17 October. and 
were designated T\VICE CUT, both designations referring to the number of fall 
harvests. 

The following spring, impositions of three distinct alfalfa weevil densities were 
attempted on each cutting regime. LOW density plots were maintained by applica
tion of carbofuran (Furadan 4F) at 1.l2 kg (A.I.)/ha on 13 March followed by three 
applications of malathion at 1.12 kg (A.I.)/ha on 2, 9, and 22 April 1987. MEDIUM 
density plots were treated on 22 March with 0.56 kg (A.I.)/ha carbofuran followed 
by three applications of 0.56 kg (A.I.)/ha malathion on the same dates as for LOW 
density. HIGH density plots were untreated. All insecticides were applied using a 
C02-powered backpack sprayer at a rale of 748 liters/ha finished spray solution at 
40 psi. Carbofuran was applied to all plots at 1.12 kg (A.I.)/ha all 9 June for 
control of potato leafhopper, Empoasca fabae (Harris). 

Larval counts were taken by examining stem terminals and by counting larvae 
collected by sweep net. For direct counts, immature trifoliate leaves in the stem 
terminal were opened carefully and examined. Sweep net samples were taken as 
10 sweeps/plot alternately from the left, center and right of each plot twice weekly 
from 5 March to 28 April. After counting, larvae were redistributed in the sampled 
region of the ploL. At weekly intervals visual estimates of the percent defoliation 
wcrc made by two observers. Voucher specimens of adult and lan'81 stages were 
deposited in the Clemson University arthropod collection. 

The first spring harvest was taken all 29 April 198i, when the alfalfa was in full 
bud stage, followed by a 30- to 35-d harvest schedule. Yields were determined by 
harvesting a 0.9- by 5.2-m strip through each plot. Fresh weight of harvested 
material was recorded. A subsample of the harvested material was weighed and 
dried at 49°C for 7 cl for moisture content determination. Dry matter yield was 
calculated by multiplying harvested fresh weight by the percent dry matter of the 
forage material. 

Harvcst subsamples were ground in a Wiley mill prior to analysis for nutritive 
quality. Neutral detergent fiber (NDF) and acid detergent fiber (AD F) were 
determined as outlined by Goering and Van Soest (1970). Crude protein (CP) was 
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calculated on the basis of nitrogen content detCimined by the Kjeldahl method 
(Bremner 1965). 

Similar experiments were initiated in the fall, 1987, in equally replicated I-yr
old stands of 'Southern Special' and 'Pioneer 532' alfalfa, alternately planted for 
variety evaluations. The low dormancy characteristics of these varieties were 
similar to that of the 'Cimmaron' used in the first study. Final fall cutting dates for 
ONCE CUT and TWICE CUT treatments were 10 September and 12 October, 
respectively. Alfalfa weevil treatment regimes were establishcd on the basis of 
larvae/stem in individual plots, such that a MEDruM density was maintained at 
about one lan's/stem. Densities wcre determined by beating 10 stems per plot 
over a container and counting the number of dislodged larvse. All LOW density 
plots were treated on 9 March 1988 with carbofuran as in 1987. MEDTUM 
densities were maintained with plot by plot applications of malathion (0.56 kg 
(A.I.)/ha) as necessary to keep plot populations near one larva/stem, and HIGH 
density plots were untreated. Yield and quality data were analyzed as before, 
beginning with the spring harvest on 26 April 1988. Mean separations were 
determined by least significant difference at the 95% confidence leveL 

RESULTS AND DISCUSSION 

The two scouting techniques used for monitoring alfalfa weevil populations in 
the spring. 1987, initially resulted in differently perceivcd patterns of population 
development during the early instal' stages, although relative differcnces between 
treatments remained consistent. Direct terminal examination showed densities of 
two or more larvae/terminal from the outset of sampling (Fig. 1), but sweep net 
samples did not detect larvae for an additional week (Fig. 2). Apparently sweep 
nets did not dislodge larvae contained in the folded terminal leaves. 

Regardless of the sampling method, estimates of alfalfa weevil density were 
significantly greater (P < 0.01, LSD) during late March to early April (Julian dates 
85 - 105) in TWICE CUT harvest treatments than in ONCE CUT treatments. 
Likewise. visual ratings of damage were consistently higher in the TWICE CUT 
treatment than in ONCE CUT (Fig. 3). Visible defoliation damage was obscrved 
first on 20 March (Julian date 79), corresponding with the first notable weevil 
samples using the sweep net method. 
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Fig. 1.	 Direct counts of alfalfa weevil larvae (means ± SE) in terminals of plots 
maintl1ined as uncontrolled (HIGH) and near threshold (MEDIUM) 
alfalfa weevil densities in two fall cutting regimes, 1987. 
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Fig. 2.	 Sweep net assessments of al felfa weevils (means ± SE) at three attempted 
density levels in two fall cutting regimes, 1987. 
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Fig. 3.	 Visual ratings of defoliation resulting from uncontrolled (HIGH) weevil 
populations in two fall cutting regimes, 1987. 

In both cutting regimes, alfalfa weevil popultion densities exceeded our arbitrary 
treatment threshold levels of 1 larva/terminal or 100 lalvae/l0 sweeps in the 
untreated (HIGH) plots. Densities in the MEDIUM weevil density treatment were 
maintained near the target threshold levels and LOW weevil densities remained 
relatively weevil-free. 
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In lhe first. harvest taken on 29 April 1987, plots cut once the previous faU 
(weevil densities combined) yielded 60% more dry weight forage than plots cut 
twice (Table J). Likewise, yields in plots where alfalfa weevil was uncontrolled 
were only 28% as high as in plots where neal' complete control (LOW) was 
implemented. Mean yields (± SE) for cutting treatments were 2.69 (± 0.09) 
megagrams (Mg)/ha ror ONCE CUT and 1.68 (± 0.09) Mg/ha ror TWICE CUT. 
For weevil treatments, mean yields were 3.06 (± 0.11), 2.64 (± 0.11), and 0.85 
(± 0.11) Mg/ha ror LOW, MEDIUM, and HIGH weevil densities, respectively. 
There was no significant statistical interaction between main treatment effects on 
yield. 

Carry-over effects of both main treatments remained significant for the second 
harvest on 28 May, but disappeared in subsequent harvests (Table I). in fVIay, 
main treatment yields were 3.03 (± 0.12) and 2.29 (± 0.12) Mg/ha for ONCE and 
TWICE CUT treatments, respectively, and 3.04 (± 0.15), 2.68 (± 0.15), and 2.25 
(± 0.15) Mg/ha ror LOW, MEDIUM, and HIGH weevil densities, respectively. 
Total season dry matter yields for 1987 were I L.17 Mg/ha for the ONCE-CUT 
treatment and 9.71 Mglha for the TV/ICE-CUT treatment. Major forage quality 
parameters fOl' the first spring halvest responded to effects created by both fall 
cutting schedule and larval population treatments (Table 2). Within the fall cutting 
regime t.reatments, greater alfalfa weevil larval feeding decreascd forage quality as 
shown by lowcred crude protein and higher fiber concentrations. Significant 
differences (P < 0.05) between cutting regime treatments were found only for 
crude protein content (19.i7c for ONCE CUT and 21.6% for TWICE CUT). The 
HIGH alfalfa weevil density treatment resulted in 16.9% crude protein content, 
which dirfered significantly (P < 0.05) rrom the 22.3% and 22.7% contents of 
MEDTUM and LOW treatments, respectively. Also, the HIGH density treatment 
gave a significantly higher fiber content, with 61.7% neutral detcl'gent fiber (NDF) 
and 39.5% acid detergent fiber (ADF), compared to 52.2% NDF and 33.3% ADF 
for MEDIUM density and 50.0% NDF and 33.7% ADF for LOW weevil density. 
Effects of treatments on forage quality in subsequent hwvests were not evidenL 

In the subsequent (1987·88) studies t.here were no manifest differences in 
weevil density attributable to either cutting regime or variety. The reasons for 
differences in weevil densities between t.he two fall cutting in one year and not 
another are not clear. In 1987, differences could be the result of selective 
ovipositional preferences by a high adult population during the winter months. 
Oviposit.ional activity in South Carolina continues throughout thc winter, with peak 
activity occurring in February (Alverson and Stringer in press). In 1988, stands 
were newer, and ovipositional patterns from a less dense adult population may 
have differed due to weather patterns. Slight differences in donnuncy characteristics 
may have contributed. 

Differential population densities created by insecticide treatments remained 
more consistently distinct from each other over the spring season of 1988 (Fig. 4). 
Yield responses, as expected. declined with increasing weevil density (Table 3). 
Cutting regime had no significant effect this season on weevil populations, and 
yields in each cutting regime were similar, averaging 5.42 (± 0.28) Mg/ha and 5.01 
(± 0.28) Mg/ha ror ONCE and TW1CE CUT regimes in Pioneer 532 and 6.31 
(± 0.30) Mg/ha and 6.14 (± 0.27) Mg/ha for t.he same treatments in Southern 
Special. An average increase of one weevil per stem decreased yield in the first 
cutting by about one Mgnw. The carryover effects of fall cutting regime and 



Table 1. Effect of fall cutting schedule and alfalfa weevil population on yields of cimmaron alfalfa, 1987. 

Fall Alfalfa
 
Cutting Weevil X (+ SE) Harvest Yield (mglha)*
 

Regime	 Density 29 April 28 May 6 .July 5 August 

ONCE-CUT	 LOW 3.45 (0.17) a 3.33 (0.23) a 3.71 (0.09) a 1.85 (0.08) a 
MEDIUM 3.17 (0.16) n 3.l8 (0.32) ab 3.51 (0.06) a 1.85 (0.J2) a 
HIGH 1.44 (0.15) b 2.57 (0.05) e 3.72 (0,2 I) a 1.97 (0.13) a 

TWICE-CUT	 LOW 2.67 (0.09) e 2.74 (0.22) be 3.58 (0.35) a 2.02 (0.17) n 
MEDIUM 2.11 (0.20) e 2.19 (0.19) cd 4.11 (0.20) a 1.79 (0.12) a 
HIGH 0.27 (0.05) d 1.92 (0.08) d 3.71 (0.02) a 2.02 (0.02) a 

* ~'leans in [my eolumn followed hy the same smllil case letter are nnt significantly different at the 5'!r level by LSD. 

Table 2. Forage quality paramet.ers for first harvest, 29 April 1987. 

Fall 
Cutting 
Regime 

ONCE-CUT 

TWICE-CUT 

Alfalfa 
Weevil 
Density 

LOW 
MEDIUM 
HIGH 

LOW 
MEDIUM 
HIGH 

CP
 

219 ( 5) a
 
211 ( 6) a
 
160 ( 2) b
 

235 ( 4) a 
235 (10) 8 

177 (12) b 

X (± SE) Composition 

NDF 

513 (22) b 
525 (41) b 
630 (17) a 

488 (13) b 
521 ( 3) d 
605 (15) a 

(gjkg)* 

ADF 

342 (18) b 
353 (41) ab 
411 ( 3) a 

332 (27) b 
312 (13) b 
379 (29) a 

Means for (~nJde protein (C), neutral detergent fiber (NDlo'), llnd acid detergent fiber (ADF) in smy column followed by same small cas(> letter are not significantly 
difrcrent at the 57" level hy LSD. 
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Fig. 4.	 Alfalfa weevil densities (means ± SE) in three attempted density regimes 
imposed on two fall cutting regimes, 1988. A = 'Pioneer 532', Once Cut; 
B = 'Pioneer 532,' Twice Cut; C = 'Southcm Special,' Once Cut; 
D = 'Southern Special,' Twice Cut. 

Table 3.	 Effect of fall cutting schedule and alfalfa weevil populations on yields of 
Pioneer 532 (P532) and "Southern Special" (SS) alfalfa, 1988. 

Alfalfa	 X Harvest Yield (Mgfha)* 

Fall Cutting Weevil 26 April 26 May 

Regime Density P532 SS P532 SS 
ONCE CUT LOW 6.46 a 7.888 2.40 ab 2.70a 

MEDIUM 5.70 b 5.86 c 2.41 ab 2.22 ab 

HIGH 4.12 c 5.70 cd 2.15 b l.88 b 

TWICE CUT LOW 7.14 a 6.68 b 2.89 a 2.08 ab 

MEDIUM 4.82 c 6.77 b 2.18 b 2.42ab 

HIGH 3.07 d 4.97 d 2.09 b 2.38 ab 
• Leasl ~(lunre mennf; in [lny column followed by the slime smull case letter [Ire nOi. signiticunlly differenl 

01 the f,'l<, level by LSI), 
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spring weevil density treatments to the May harvest were less pronounced. 'There 
was no difference in yield by cutting regime or variety, but yield differences 
between high and low weevil densities were significant (P < 0.05) within each 
variety and cutting treatment regime. Again, there was no statistical interaction 
between cutting and weevil density, but the addition of the variety variable 
created a significant interaction (P = 0.02) for yields. No significant effects of 
management treatments were manifest for crude pl'Otein or fiber contents in the 
first harvest of both varieties (Table 4). 

The alfalfa weevil has significant impact on yields and quality of southern 
alfalfa. Fall harvests do not reduce the impact, and may create a more weevil
vulnerable crop in spring. Harvests in mid~to-Iate autumn may promote greater 
weevil population growth in the spring. Defoliation by the weevil at 01' above the 
treatment thesholds used in these experiments reduces yields in the first and at 
least one additional harvest. Quality parameters are reduced by defoliation, but 
carry-over effects depend on the severity of damage. 



Table 4. Forage 4uality parameter for first harvest, 26 April 1988. 

FilII Alfalfa 
X Composition (g/kg)* 

Cuttiing Weevil 'Pioneer 532' 'Southern Special' 

Regime Density CP NDF ADF CP NDF ADF 

ONCE·CUT LOW 18i b 432 a 354 a 190 a 448 a 348 a 

MEDIUM 194 ab 435 a 355 a 202 a 4558 366 a 

HIGH 193.b 461 a 3i8. 204 a 426. 317 a 

TWICE-CUT LOW 19:1 ab 441. 367 a 194 a 438 a 342 a 

MEDIUM 202 a 395. 328 a 189 a 439 a 328 a 

HIGH 204 a 428. 338 a 193 a 464 Il 361 a 

• .\'Ieanr- in ony column followed by th~ slime small case letler are not sir;nificsntly different at the Sf; level by LSD. CP", crude protein; NDF '" neutral detergent 
fiber: ,\IlF '" acid detergent fiber. 
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A LABOR-SAVING METHOD FOR REARING A CORN SAP BEETLE, 
CARPOPHILUS FREEMAN! DOBSON (COLEOPTERA:
 

NITIDULIDAE), ON PINTO BEAN-BASED DIET'"'
 

Patrick F. Dowd and Christine M. Weber
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1815 N. University Street
 
Peoria, Ulinois 61604
 

ABSTRACT 

A method for rearing Carpophilw; freemani Dobson on pinto belln-based diet. is described. 
Adults were induced to oviposit through cloth by adding acetic acid to agar squares. 
Wandering larvae were separated from diet by allowing them to segregate from conlainers 
holding the diet cups though holes nnd into plastic bags. Although relatively high mortality 
occurred from eggs through wandering larvae (ca. 50%), survival of wandering larvae to 
adults was greater than 8590. With increased density of adults in oviposition cups, nearly 
1000 adults could be produced per week from 10 cups. 

Key Words: Com sap beetJe, Catpophilus freemani, insect rearing, Nitidulidae. Coleoptera. 

J. Agric. Entomol. 8(3): 149-153 (July 1991) 

NitiduJids are cosmopolitan pests of n wide variety of products, including fresh 
fruit and vegetables and stored plant products. They are also important in that 
they vector a wide variety of microorganisms that can contribute to spoilage of 
crops, e.g. figs (Hinton 1945), or produce toxins detrimental to humans or animals 
(Windels et al. 1976, Attwal.er and Busch 1983, Lussenhop and Wicklow 1990). 
Understanding their ecology and developing control strategies require that sufficient 
quantities of the different stages of insects be readily available for appropriate 
studies. 

Methodology of nitidulid rearing varies. Although several strategies are available, 
they either do not produce insects of known ages, or are relatively laborious (e.g. 
Hall et a!. 1978). Recent success with pinto bean·based diet for rearing Carpophilus 
hemipterus (L.) (Dowd 1987) prompted testing the applicability of this method for 
other species of nitidulids. Although this method greatly speeds rearing through 
allowing the insects to oviposit through cloth and into cups containing diets for the 
larvae, the time required to transfer wandering larvae or pupae, as in other 
methods where nitidulids of known age are reared, was still the rate-limiting step. 
In an attempt to adapt the C. hemipterus method to Carpophilus freemani Dobson, 
a pest of figs (Smilanick and Ehler 1976), com (Sanford and Luclanann 1963, 
Connell 1975) and stone fruit (Moller et al. 1969), a rapid means for transferring 

Received for publication 26 Februnry 1990; accepted 19 ,Jolluary 1991. 
, The mention of finn names or trade products does not imply thai they are endorsed or recommended 
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wandering larvae was developed. This methodology and Hdditional adaptations 
required for successful rearing of C. freemani are described herein. 

MATERJALS AND METHODS 

Insects 
The C. freemani stock culture was collected from traps baited with fermenting 

banana and wheat dough at the University of Illinois River Valley Sand Field 
Research Experiment Station near Kilbourne, flIinois. Sufficient numbers of these 
insects were produced on pinto bean-based diet (Dowel 1987) to develop the 
rearing strategy described herein. Throughout the study, insects were maintained 
at 27 ± 1°C, 14:10 L:D photope,'iod, and 40 ± 10% RH. 

Ouiposition 
Agar slabs, used for oviposition squares, were formed by heating 100 ml of a 

3% agar solution to a boil and adding I g of sodium propionate (mold inhibitor) 
and 1 ml of glacial acetic acid (oviposition stimulant) immediately before dispensing. 
The hot solution was poured into a 24- by 12- by 5-cm Rubbcl'maid Servin' Saver@ 
plastic tub, and generally result.ed in a 2-mm thick slab. Ten sets of 20, 2- to 3-d
old unsexed adults were caged with pinto bean-based diet (Dowd 1987) in 29.6-ml 
cups covered with an 8- by 8-cm square of cloth (30 threads per em) held in place 
with a rubber band. Oviposition agar squares (ca. 2 by 2 cm) were cut from the 
slab, placed over the cloth, and covered by the plastic cup lid. Oviposition squares 
were changed twice a week for 8.5 weeks and the number of eggs laid was 
counted. 

Larvae 
Each agar square containing eggs (typically not more than 200 per square) was 

transferred to an open cup with pinto bean diet (one per cup), and the cups were 
placed on their sides in the same size Servin' Saver described previously (up to 
twelve cups pel' Servin' Saver). In addition, 5-mm-diam holes were punched in the 
sides of the Servin' Saver containers near the bottom with a heat.ed cork borer 
(three hQles on each side and one on each end). The container was t.hen covered 
with its lid, and placed in a 25- by 43-cm, OA-mm thick polyethylene bag, held shut 
with a rubber band. This arrangement allowed last·instar wandering larvae to exit 
the tubs on their own and collect in the plastic bag for easy transfer by shaking 
the bag. WandCl;ng larvae were removed twice a week for 8.5 weeks and counted. 

Pupation 
Wandering larvae from each day's collection from a plastic bag containing a 

Servin' Saver were placed in a 35-ml plastic Clip ca. three-fourths full of 25-mesh 
vermiculite to which I rnl of a solution of 2.5% propionic acid was added (as a 
mold inhibitor). This concentration was later reduced to 1.25% due t.o excessive 
mortality. The cups were covered with fl piece of cloth and the plastic cap. The 
cloth allowed for adequate ventilation. Adult emergence was easily observed. The 
cups were checked twice a week for emergence of adults. The adults were 
sepu1'8ted from the vermiculite by shaking the material through a 25-mesh sieve, 
and then counted. 
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RESULTS AND DISCUSSION 

One set of ovipositing adults had high mortality for unknown reasons and was 
eliminated from consideration in oviposit.ion studies, but no obvious mortality was 
detected during the course of the study in any other sets. The mean number of 
eggs from 20 adults over a 3- to 4-d period ranged around 200 for the first 10 d 
after initial setup, and then declined to around 100 eggs per group, where it 
remained for nearly 6 wk (Fig. 1). The mean total egg lay (9 cups) over the 17 
check intervals was 1000.6 ± 99.5 (S.E.). ConneIl (1956) reported that an average of 
5.4 eggs per female per day were produced at 25.4°C when reared on apricot 
pieces. The productivity of the females in the present study is thus comparable to 
that reported by Connell (assuming a 50:50 mix of males and females, 200 eggs 
from 20 adults ovcr 4 d equals five eggs pel' fcmale per day). The distribution of 
egg production over time \\o'as roughly similar to that reported by George (l978) 
where ca. one third of the total egg lay was produced in the first three weeks of 
adult lire. 

Survival of the eggs through wandering larvae was 47%. Mortality was almost 
exclusively due to poor egg hatch. A mean of 474.2 ± 48.7 (S.E.) wandering larvae 
were obtained pCI' collection date from the total number of cups. With the 
exception of the lirst two scts of adults that emerged from pupae in the cups with 
the 2.5% propionic acid solution, survival from wandering IUlvae, to adult was ca. 
88%; a mean total of 369.6 ± 34.0 (8.8.) was obtained per collection date. Time 
required to collect wandering larvae was reduced from a couple of hours (when 
over 500 larvae wCl'e present and each was individually transfcrred f!'om diet cups) 
to just a few minutes. Although quantitative data is not available, since our new 
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method reduces handling of individual larvae, larval mortality is likely to be 
reduced compared to the original method. Greater than 75% of wandering larvae 
could be removed after only two collecting periods (Table 1). The numbers of 
adults used in oviposition experimenn; could readily be increased up to 50 per cup 
with corresponding increases in egg lay. so that over LOoo new adults could be 
produced twice a week in total of 10 cups, with less than two hours of total labor 
(not including diet preparation). 

Table L Cumulative total insects collected as wandering larvae over time. 

Mean percent 
of total 

Days after transfer (± SD) 

8 17.9± 8.9 
12 77.6 ± 11.5 
15 96.2 ± 3.5 
19 99.6 ± 0.7 
21 99.9 ± 0.3 

The reason for low egg hatch is unknown. No obvious indications of pathogens 
(change in egg color, presence of mold or slime) were noted. It is possible that the 
acidic conditions in the oviposition squares may have been harmful, but these 
conditions were necessary to prevent the growth of mold and stimulate oviposition. 
It may be possible to reduce the concentl'8tion of propionic acid where aseptic 
conditions exist. Egg infertility is also a possibility, especially since adults were 
not sexed. Hall et al. (1978) also reported high mortillity of C. treemarzi when 
reared on a diet suitable for Carpophilus mulilatus Erichson, but no indications of 
mortality in different stages were given. George (1978) reported that ca. two adults 
per day were produced per female. Assuming a daily production of five eggs per 
female, this would equal a 40% overall survival rate, which is very similar to the 
ovel'811 survival rate determined in the present study. Time spent in the larval 
stage was roughly equivalent to that reported by Connell (1956) of 15 d. 

The present method provides a suitable method for rearing C. freemani in large 
numbers with relatively little effort compared to other methods used for nitidulids 
where insects of known age are obtained. The same benefits are present as 
previously reported for the original method as used for C. hemiplerus (Dowd 1987) 
in that readily available and disposable materials are used, no sterilization or 
washing of eggs is necessary, transfers are made only a few times a week, and the 
diet inferfnces with rearing of lepidopterous larvae since the diets are the same. 
Although additional steps are involved in egg transfer and emerged adult transfer, 
they are not very time consuming, and are offset by the savings in time produced 
by the new method for separating wandering larvae. Over twenty generations of C. 
freemani have been reared using this method. The method of separating wandering 
latvae should be readily applicable to other nitidulids with appropriate adjustrnents in 
size of "escape" holes. 
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ABSTRACT 

Seasonal incidence of larvae of the tobacco budwonn (Heliothis uircscens IF.]) and corn 
earwonn (Helicoverpa 1= Heliolhisl zea IBaddiel), and their parasitoids on tobacco, was 
monitored at two locations in east.ern Tennessee during 1987 and 1988. During this 2-yr 
study, most. (ca. 83%) of the field-collected larvae were Heliothis uiresccns. The remaining 
larvae were HelicouerpCl zeo. Approximately 23 (n = 2369) and 30% (n = 1016) of the larvae 
collected in 1987 and 1988. respectively, were parasitized. Parasiloid species reared from 
field-collected larvae were Cwnpoletis SOIlOre1lsis (Cameron) (Hymenoptera: Ichneumonidael. 
Cardiochiles nigriceps Vic-rcck and Microplitis croceipes (Cresson) (both Hymenoptera: Braconidae), 
Archytns mnmwmlus (Townscnd) and Winthemia ro{Opictfl (Bigot) (both Diptera: 1'achinidae), 
as well as a few unidentified tachinid species. Campo/elis !>Ollorell..,i.., was present t-hrougham 
the growing season and accounted for ca. 92% of the Lotal parasitism. Cardiochiles nigriceps 
was collected in carly lind mid-season; whereas, M. crnceipes and tachinid species were 
present in mid- and late seClson. 

I<ey Words: Tobacco, NicoliollO, parnsiloids, Heliolhis. J-ldicovelpa, Call/poletis. tohacco blld
WOllll, Lcpidoptera, NoclllidClC. 

J. Agric. Entornol. 8(3): 155-162 (July 1991) 

The tobucco budwol'ln, Helio/./1is uirescens (F.), and the corn earWOl'm, Helicouerpa 
(= Heliothis) zea. (Boddie), comprise one of tho most impol'tant insect pest 
complexes in the United States, and are significant insect pests of cultivated crops 
(e.g., tobacco) and vegetables (King et al. 1982). In I987, about 93% of the towl 
value ($1.8 billion) of tobacco in the United States was produced in the Southeast, 
where these two species, primarily Helioth':s uirescens, cause economic damage to 
tobacco (Hunt 1983), For example, ca. S7 million in damage and control costs were 
attributed to Heliothis virescens on tobacco in Georgia dwing 1987 (Jones et a1. 
1988). 

Several species have been reponed to be members of the parasitoid complex 
that impacts on populations of this pest complex on tobacco (Wene 1943. Grayson 
1944, Danks et al. J979, Johnson and Manley L982). In general, Cardiochiles 
nigriceps Viereck (Hymenoptera: Braconidae) or Campolelis sonorensis (Cameron) 
(Hymenoptera: Ichneumonidae) is the most common parasitoid of larvae of the 
Heliothis and Helicouerpa complex on tobacco throughout the tobacco-growing 
season. Several researchers have reported levels of parasitism of larvae greater 
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than 50% (Wene 1943, Grayson 1944, Johnson and Manley 1982). Johnson and 
Manley (1982) reported that many (ca. 47%) of the larvae of this complex collected 
from tobacco over a 2·yr period in South Carolina were parasitized. Although 
information related to "percent parasitism" may be difficult to interpret (Van 
Driesche 1983), data of this type provide basic information on the presence and 
seasonality of parasitoid species. 

Little information is available on the occurrence of parasitoids of Heliothis and 
Helicoverpa larvae on tobacco in Tennessee. The objectives of this 2-yl' study were 
to: 1) monitor densities of these larvae on tobacco, 2) determine the species of 
P81'8Sitoids associated with field-collected larvae, and 3) monitor the seasonal 
incidence of parasitism of Heliothis and Helicoverpa larvae on tobacco in eastern 
Tennessee. 

MATERIALS AND METHODS 

During 1987 and 1988, tobacco plots were located at hvo sites in eastern 
Tennessee, the University of Tennessee Plant Science Farm, Knoxville, and the 
University of Tennessee Tobacco Experiment Station, Greeneville. Tobacco was 
grown using standard agronomic practices as recommended by the University of 
Tennessee Extension Service. Tobacco plants, however, were not topped, haIVested, 
or treated with insecticides during the season. 

Tobacco was transplanted from seed beds into single-row plots (12.8 m long), 
which contained ca. 32 plants each. Plants were spaced 41 em apart within a row, 
and rows were spaced 107 em apart. In 1987, tobacco breeding lines and cultivars 
(entries) were transplanted at Knoxville (n = 10) and Greeneville (n = 20) on 1 
June and 4 June, respectively, as part of a tobacco breeding study (all entries were 
replicated four times). In 1988, tobacco entries also were transplanted on 3 June 
and 6 June at Greeneville (n = 20) and Knoxville (n = 8), respectively. Most 
(> 90%) of the tobacco sampled in this study was burley tobacco. 

To monitor densities of larvae, each tobacco plant in selected rows was visually 
examined each week at each location from June to October; numbers of larvae per 
plant were counted and recorded. At each location, all larvae were collected each 
week from two alternate replications (e.g., replications 1 and 3 one week, replications 
2 and 4 the next week). Collected larvae were placed individually into 40·ml plastic 
cups containing a commercial corn earworm diet (Bioserv Inc., New Jersey) and 
capped with a cardboard lid. Larvae were taken to the laboratory (ca. 28°C, 14:10 L:D, 
ca. 60% RH) and measured lengthwise to the nearest millimeter to provide 
information related to larval size, since current recommended thresholds for this 
pest complex on tobacco in Tennessee consider larval size. Head capsule measure
ments were not taken because of time constraints. Larvae were maintained in the 
laboratory until death, emergence of moth, or emergence of parasitoid. Each adult 
moth that emerged in the laboratory was identified to species. Species determination 
of a random sample of ca. 10% of all parasitized larvae was based on mandible 
examination. These data were combined to determine species composition of the 
Heliothis and Helicouerpa complex. 

Data were combined for aU tobacco entries during each year. Seasonal incidence 
of larvae and associated parasitoid species was assessed across all entries at each 
location. 
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RESULTS AND DISCUSSION 

Larvae were present on tobacco from late June to mid-October. Maximum 
densities of larvae were found from mid·August to mid-September at both 
locations in 1987 and 1988 (Fig. 1). Because nower heads are attractive to egg
laying moths, late-season densities of larvae may have been greater on the 
untopped tobacco in our study than on topped tobacco. Densities of larvae were 
greater at both locations in 1987 than in 1988 (Fig. 1). During 1987, three major 
peaks (in early July, mid-August, and mid·September) of lalval densities were 
obseJved; however, only two major peaks (in mid·August and mid- to late September) 
were recorded in 1988. The low numbers of hllvae present in 1988, primarily in 
June and July, may have been partially attributed to the low amount of rainfall 
and drought conditions. These conditions, which contributed to hardening of the 
ground surface, may have hindered emergence of adult moths from the soil. 

During this 2-yr study. lIlost (ca. 83%) of the field-collected lalvae (n = 2945) 
were Heliot.his uirescens (Fig. 2). The remainder of the larvae was Helicouerpa zea. 
Researchers in North Carolina and South Carolina reported that Heliolhis uirescens 
comprised 90-97% of this pest complex on tobacco (Roach 1976, Johnson and 
Manley 1982, Hunt 1983). In our study, Heliothis uirescens comprised ca. 80-100% 
of the larvae collected on each sampling date from mid-June to early August (Fig. 2). 
Late in the season (mid-September to mid-October), Helicouerpa zea comprised 
50% Or more of the species collected each sampling week. 

Parasitoid species reared from field-collected lan'Be were Campoletis sonQrensis, 
Cardiochiles nigriceps, Microplitis croceipes (Cresson) (Hymenoptera: Braconidae), 
Archytas marmoratus (Townsend) (Diptera: Tachinidae). and Winthemia rolopicla 
(Bigot) (Diptera: Tachinidae). Several unidentified tnchinids also emerged from 
field-collected lalvae. Campoletis sonorensis adults were reared from larvae collected 
throughout the season from late June to mid-October (Fig. 1). Cardiochiles 
nigriceps adults were also reared from l1eld-collected larvae during most of the 
growing season (late June to late September). Microplitis croceipes, A. marmoratU!i 
and other tachinid species were generally encountered late in the growing season. 

Overall parasitism of field-collected larvae was slightly higher in 1988 (30%, 
n = 1016 larvae) than in 1987 (ca. 23%, n = 2369 larvae). In a similar study on nue
cured tobacco in South Carolina in 1979 and 1980, many (ca. 47%) of the field
collected larvae were parasitized (Johnson and Manley 1982). They found that 
Cardiochiles nigriceps \\o"as the most prevalent parasitoid species. In our study, 
Campoletis sonorensis was the most commonly encountered species and account.ed 
for ca. 90·95% of all parasitism during both years (Table I). Cardiochiles nigriceps, 
M. croceipes and A. mannoratus accounted fOl" low levels during both years. 
Although other tachinids wel·e present in 1987, none emerged from field-collected 
larvae during 1988. 

During 1987 and 1988, parasitism of larvae collected at Knol\."ville and Greeneville 
was highest early in the season (when tobacco is most: susceptible to damage by 
Heliothis virescens) , lowest in mid-season, and increased moderately late in the 
season (Table 2, Fig. I). In 1988, percent parasitism was more erratic than in 1987, 
especially early in the season. These erratic parasitism levels may have result.ed 
from low numbers of 181vae found on tobacco eady in the season (Fig. IC,D). 

Lengths of larvae parasitized by Campoleti... sonorerlsis were less than those 
parnsitzed by any other species (Table 3). Lengths of lruvae at coUection time may 
have influenced the parasitoid species encountered. However, all Imvac on appropriate 
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Parasitoid	 % of Total Parasitism (n) 

Species	 1987 1988 

CampolR.tis 
sonorcnsis 

Cardiochiles 
Iligriceps 

A1icroplilis 
croceipes 

Archytas 
marmoralus 

Other 
Tachinids· 

90.07 (499) 

2.89 (16) 

1.62 (9) 

0.54 (3) 

4.87 (27) 

94.75 (289) 

4.59 (14) 

0.33 (I) 

0.33 (I) 

0.00 (0) 

100 

Z 800 
E 
(/) 

0 
0. 60:2 
0 
u 
(/) 
W 

40U 
W 
0. 
(/) 

~ 0 
20 

0 

Fig. 2. 

Table 1. 

-

• 
-

•	 Heliothis
 
virescens
 

-
....... _.. Helicoverpa
 

zeo
 j 
~ .' 

.. .oo....... -. --,., .. -- ..	 \1
 
16 23 30 7 14 21 28 4 11 18 25 8 15 23 30 7 14 

JUNE JULY AUG SEPT OCT 

Species composition of Heliothi:; viresccns and Hclicovelpa zca on tobacco 
at Knoxville and Greeneville, 1987 and 1988 (normal topping period is 
late July to eurly August; normal harvesting period is late August to 
early Sel>tember). 

Composition of parasitoid species reared from Heliothis and Helicoverpa 
larvae collected from tobacco (Knoxville and Greeneville, TN, 1987 and 
1988). 

•
 

• Primarily WintJlI!miQ ntfQpicta (conwins several unidentified specimens). 



Table 2, Percent. parasitism of Heliothis and Helicoverpa larvae collected from tobacco during early, mid- and late season at 
Knoxville and Greeneville, TN, 1987 and 1988. 

Year and Time of Season'" 

Parasitoid 1987 1988 ,... 
Species 

Campotetis 

Early Mid Late Total Early Mid Late Total > 
~".e 

sonorensis 
Cardiochiles 

65.21 (298) t 10.51 (168) 10.51 (:33) 21.06 (499) 62.50 (20) 23.15 (178) 42.33 (91) 28.44 (289) '", 8' 
nigriceps 0.66 (3) 0.69 (11) 0.64 (2) 0.68 (16) 3.1:3 (1) 1.43 (11) 0.93 (2) 1.38 (14) 3 

2-
Microplitis 

crocelpes 0.00 (0) 0.19 (3) 1.91 (6) 0.38 (9) 0.00 (0) 0.52 (1) 0.00 (0) 0.10 (1) ~ 
Archytas .'" 

nlarmoratus 
Other 

0.00 (0) 0.06 (1) 0.64 (2) 0.13 (3) 0.00 (0) 0.52 (1) 0.00 (0) 0.10 (1) Z 
? 

'" Tachinids+ 
Total 

0.00 (0) 0.19 (3) 7.64 (24) 1.14 (27) 0.00 (0) 0.00 (0) 0.00 (0) 0.00 (0) 
::; 
'" Parasitism 65.87 (301) 11.64 (186) 21.34 (67) 23.39 (554) 65.63 (21 ) 25.62 (191) 43.26 (93) 30.02 (305) 

Early =" mid-Junt' to late July; mid'" early AUR\lst to early September; late =" mid· September to mid-October. Note: tobncco was not topped or harvested (nonnal 
topping period'" late July to early Augu.<;! and nonnal harvestinK period = late August to early September). 

t Percent parasitism (number of IHrvae parasiti7.ed).
* Mainly Willthl'min mfopicta (contains several unidentified spedmens). 
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Table 3.	 Lengths of field-collected Heliot.his and Helicouerpa larvae parasitized by 
each parasitoid species, Knoxville and Greeneville, TN, 1987 and 1988. 

Lengths of Parasitized 
Larvae (mm) t 

Parasitoid 
Species 

No. of Larvae 
Parasitized· Mean (± SEl Range 

Campoletis 
sonorensis 1117 9.02 ± 0.09 2 - 19 

Cardiochiles 
nigriceps 

Microplitis 
croceipes 

Archytas 
marmoratus 

27 

8 

4 

18.15 ± 1.40 

23.63 ± 2.32 

25.00 ± 3.34 

4 - 33 

12 - 32 

18 - 34 
Other 

Tachinids 27 27.67 ± 1.31 14 - 37 

• Includes ca. 300 larvae collected from surrounding tobacco plots.
 
t Field-collected laJV8C were U1ken to the laboratOJy nnd measured lengthwise within 12 h of collection.
 

sampled plants were collected on each sampling date and represented larvae of all 
lengths. Archytas mannoratus and other tachinid species were reared from the 
largest larvae. Schmidt (1974) reported that Campoi.etis sonorensis parasitized and 
killed small larvae. Cardiochiles nigriceps also prefer to parasitize small larvae, 
but Cardiochiles nignceps larvae usually remain in the first instar and do not 
develop further until their host begins to pupate (Neunzig 1969). Microplitis 
croceipes has been shown to parasitize larger larvae than those preferred by 
Campoletis sonorensis and Cardiochiles nigriceps (Lewis and Burton 1970). Hughes 
(1975) reported that A. marmoratus is most likely to successfully parasitize late 
instar larvae. Other tachinid species, such as W ru{opicta, generally prefer to 
parasitize last instar larvae (Danks 1975). 

In conclusion, Heliothis virescens comprised ca. 83% of the larvae collected 
from tobacco at two locations in eastern Tennessee during 1987 and 198B. 
Approximately 26% of the larvae collected were parasitized. Campoletis sonorensis 
was the most commonly encountered parasitoid, accounting for ca. 92% of the total 
parasitism. Parasitism wns highest (ca. 65%) early in the growing season when 
tobacco was most susceptible to damage by larvae of this pest complex. High 
levels of parasitism by C. sonorensis early in the season may be partially attributed 
to the presence of numerous small-sized larvae and the small searching area 
provided by young tobacco plants. Because C. sonorensis incapacitates parasitized 
larvae before they cause much damage to tobacco, they are an important component 
of the natural enemy complex impacting on Heliothis and Helicouerpa spp. Further 
research is needed to gain a better understanding of the role of C. sonorensis and 
other species of parasitoids in suppression of populations of larvae of this 
economic pest complex on tobacco. 
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ABSTRACT 

feeding rates of the three lilival instars of Ligyrus subtropicus Blatchley were measured 
under simulated field temperatures. First and second inslnrs consumed raw carrot at an 
avcrngc of 0.03 g/grub/wk and 0.26 g/grub/wk respectively. Third instars consumed raw 
carrot at varying rates during the 9 rna that they naturally occur under field conditions. Mean 
monthly consumption of raw carrot· by third insisTS ronged from l.OL to 1.93 g/grub/wk. Data 
in this study show that the appearance of L. subtropicus damage in September in Florida 
sugarcane fields is partially explained by increasing populations of the large and voracious 
third instars at this time. These data further emphasize the tremendous feeding capacity of 
each L. sublopicus third instar under field conditions found in Florida sugarcane fields. 
Lastly, lhese data emphasize the importance of correct timing of nooding for grub control to 
reduce sugarcane destruction by the voracious third instal'S. 

Key Words: Insecta. sugarcane. grubs, Scarnbaeidae. Coleoptera, Ligyrns subtropicu.... 

J. Agric. Entomol. 8(3): 163·168 (July 1991) 

Sugarcane is FlOl'ida's most valuable field crop and is primarily grown in the 
Everglades area of southern Florida. Since 197], several species of Scarubaeidae 
have been noted causing significant damage to Florida sugarcane. Of these pests, 
the white grub Ligyrtls subtropicus Blatchley is the species of primary economic 
imporlance (Gordon and Anderson 1981). Currently no chemical control is known 
for these pests and flooding of sugarcane fields is sometimes used for control 
(Cherry 1984a). 

Feeding damage by L. subtropicus to the sugarcane plant is mainly through 
larval feeding on the plant roots and underground stem. Miller and Bell (1983) 
reported a study in which L. subtropicus adults were placed in buckets containing 
sugarcane plants. As the larvae developed, for each gram increase in lan'al weight, 
there was a decrease in plant root weight of ]2.8 g. Sosa (1984) showed L. 
subtropicus reduced sugar yield by 39% in a commercial sugarcane field in Florida. 
The effect of L. subtropicus third-instal' feeding on sugarcane root:shoot relationships 
has been reported by Coale and Cherry (1989a). In their study, root and stool 
(underground stem) dry matter were reduced linearly by increased grub infestation 
and root:shoot dry matter ratios decreased as the number of grubs/plant increased. 
These authors also reported on the impact of third instal' feeding of L. subtropicus 
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on sugarcane nutrition (198gb). This latter study showed that leaf nitrogen, 
phosphorus, and potassium concentrations decreased linearly as the level of grub 
infestation increased. The objective of this study was to determine larval feeding 
rates of the three different larval instal'S of L. subtropicus under simulated field 
temperatures. These data were previously unknown and will provide a better 
understanding of the seasonal feeding impact of the insect expected under field 
conditions. 

MATERIALS AND METHODS 

A thermograph was used to determine soil temperatures in Florida sugarcane 
fields at which L. subtropicus larvae would normally be expected to feed. A 
temperature sensor was placed 10 em deep beneath a sugarcane plant located in a 
sugarcane field at Belle Glade, Florida. The location of the sensor was chosen 
since this is the habitat where third instal'S, the longest enduring stage of L. 
subtropicus, are found in highest density (Cherry 1984b) and other life stages of 
the species are also commonly found. Soil temperatmes were recorded continuously 
on the thermograph from July 1986 to July 1987. The mean monthly soil temperatures 
I'anged from a low of 18.3°C in January to a high of 28°C in July with the overall 
mean yearly soil temperature being 24.5°C ± 3.3 S.D. as reported by Cherry and 
Boucias (1989). Mean monthly soil temperatures from this thermograph from July 
1986 to May 1987 were used in this study. July to May are the months during 
which larvae of L. sublropicus normally are present in sugarcane fields (Cherry 
1985) and these monthly temperature data were not reported in the Cherry and 
Boucias (1989) study. 

In feeding tests, the same general procedure was used to test the three 
different instal'S. Grubs (larvae) were collected by digging under sugarcane plants 
in commercial sugarcane fields in southern Florida from July 1987 to May 1988. To 
simulate field conditions, larval instal'S were collected and tested during months 
when each instal' naturally occurred. After collection, grubs were brought to a 
laboratory and used in a feeding test a few hours later. Only healthy appearing 
grubs were used in tests since some grubs appeared diseased or were bruised 
during collection. Feeding experiments were conducted by weighing each grub and 
then placing the grub into a metal can which was one-half filled with moist sand 
(10% W;W). Moist sand was used as a substrate, instead of the highly organic 
muck soil in which these grubs naturally occur, to ensure that no nutritional value 
could be gained from ingestion of soil. Thereafter, a piece of fresh carrot was 
weighed and placed into the container. This carrot piece had previously had the 
softer, center piece (stele) removed since this part of the carrots decomposed 
rapidly under test conditions. It. would have been preferable to directly measure 
consumption of sugarcane roots by the larvae. However, this would have been 
extremely difficult, if not impossible because of the numerous, fragile roots 
involved. Raw calTot appeared to be a readily acceptable food to the grubs and 
was easy to use in the feeding experiments. Raw carrots have been used in other 
scarab feeding studies such as Smith et al. (1975) and King et al. (1981). Smith et 
al. (1975) also note that until larval consumption of grass roots can be measured 
directly, data on carrot consumption represent the best estimate of scarabaeid 
intake available for root feeding species. Cans with carrot pieces, but no grubs 
were used as controls since carrot pieces alone normally gained weight over the 
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lest period. This weight gain was used later to more accurately calculate carrot 
consumption. Cans were then placed in a temperature cabinet and held for 7 d at 
the mean monthly soil temperature previously determined from the thermograph 
data (Table 1). At the end of the 7-d period, carrot pieces were removed, rinsed 
with water to remove sand, towel-dried, and weighed. Sand in the cans was 
examined microscopically to determine if carrol I>ieces had been shredded. rather 
than consumed. This shredding occurred infrequently with the large third instars 
and data from these grubs were discarded. Data were also not recorded if the grub 
molted or died during the 7-d test. Mortality and/or molting occurred more 
frequently with the smaller first and second instars and very infrequently with the 
larger third instars. Two days each month. a group of 25 grubs was collected from 
the fields and tested along with 3 carrot controls. The mean weight change of the 3 
controls was used to adjust carrot weight changes for each group of 25 grubs. The 
initial weight of each carrot fed to each grub was multiplied by the expected 
weight change from the mean of the 3 controls. The mean percentage of weight 
gain of the control carrots in all tests ranged from about 3 to lO%. 

Table 1.	 Consumption of raw carrot by third instar Ligyrus subtropicus under 
simulated field temperatures. 

Mean 
Mean Monthly Mean Consumption 

Month Soil Temp. ("C) Grub Wt. (g)* (gfgrubfwk) 

August 
September 
October 
November 
December 
January 
February 
March 
April 

27.7 
27.3 
26.0 
26.0 
22.8 
18.3 
20.2 
21.3 
23.3 

2.06 
2.25 
3.50 
3.46 
3.37 
3.54 
3.78 
3.74 
3.70 

l.01 
1.65 
1.20 
1.40 
1.84 
1.50 
1.20 
1.93 
1.66 

WI. - .....eight of gmbs collecled directly from the field and before the feeclin~ test. 

Specific test conditions were modified for each of the three larval instars to 
adjust for the different sizes of the instars and the mean monthly soil temperatures at 
the time the instal' was present in the field. Fifty first instars were collected during 
July 1987. Each of these lalvae was placed into 8 1- by 4-cm diameter can 
containing 8 O.I-g carrot piece and held at 28°C. Fifty second instars were also 
collected during July 1987. Each of these larvae was placed into a 1.5- by 5-cm 
diameter can containing a O.5-g carrot piece and also held at 28°C. From late 
August through April, third instars are the predominant stage of L. sLlbtropicus 
found in Florida sugarcane fields. Fifty third instars were thus collected and tested 
each month from August 1987 through April 1988. Each of these larvae was placed 
in a 2- by 6-cm diameter can containing a 3.0-g carrot piece. The third instal'S 
collected in any month were then tested at the mean monthly soil temperature for 
that month (Table I). 
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Means ± standard errors are presented for weights and carrot consumed of 
first and second instal's. Linear correlation coefficients were determined for several 
parameters related to feeding of the third instal' grubs. 

RESULTS AND DISCUSSION 

First and second instal's collected during July weighed an average ± SE of 
0.14 ± 0.04 g and 0.54 ± 0.08 g, !'espectively. Feeding data were collected on 22 
first instal's and 35 second instal's which did not die 01' molt during the 7-d feeding 
test. First and second instal's consumed raw carrot at an average ± BE of 
0.03 ± 0.03 g/grub/wk and 0.26 ± 0.05 g/grub/wk, respectively. During August 1987, 
about half of the larval population in sugarcane fields had molted into the large 
third instal's. Third instal's collected during August weighed an average 2.06 g and 
were now consuming raw carrot at an average 1.01 g/grub/wk (Table 1). \Vilson 
(1969) reported that sugarcane damage is generally greatest when third inst.ar 
grubs are abundant since this stage is extremely voracious. More specifically, Sosa 
(1984) has noted that L. subtropicus grub damage becomes noticeable during early 
September in Florida sugarcane fields. Data presented here corroborate these 
studies by showing that the appearance of L. subtropicus damage in September is 
partially explained by increasing populations of the large and voracious third 
instal's at this time. From October to April, third instal's of L. subtropicus are the 
predominant. (> 95%) stage found in Florida sugarcane fields (Cherry 1985). These 
data further emphasize the importance of correct timing of flooding to kill larvae 
of L. subtropicus (Cherry 1984a) to avoid the rapid increase in grub feeding which 
starts to take place during August and will continue for several months thereafter. 
Cherry (1984a) has shown that grub mortalit.y from flooding in Florida sugarcane is 
dependent on several variables such as duration of flooding, water temperature, 
insect stage, and gl'tlb species. Data presented in that study in conjunction with 
available weather data (Casselman 1970) on seasonal temperatures and rainfall are 
useful for selecting the most effective methods of flooding for grub control in 
Florida sugarcane. 

Feeding data during the 9-mo period from August to May when third instal'S 
are commonly found in Florida sugarcane fields are shown in Table 1. Mean 
monthly soil temperatures ranged from a low of lS.3°C in January to a high of 
27.7°C in August. Field-collected third instal'S weighed least in August and 
September. F!'Om October to May, the third instal'S ranged in mean monthly 
weight f!'Om 3.37 to 3.78 g/grub. These field data indicate continuous feeding by 
the third instal·s in Florida sugarcane fields during the entire 9-mo period since 
field collected grubs had either grown or essentially maintained weight during the 
period. These field data are corroborated by the laboratory feeding study which 
also showed third instal' feeding during the entire 9-mo period at simulated field 
temperatures. Mean monthly consumption of raw calTot ranged from 1.01 to 1.93 
g/grub/wk and no seasonal trends in feeding were apparent. Taken together, the 
preceding field and laboratory daro show that the third insrol's reed during the 
entire 9-mo period including the cooler winter months. 

Linear correlation coefficients fol' parameters related to feeding of third instal'S 
of L. subtropu:us are shown in Table 2. Smith et al. (1975) reported that consumption of 
carrot by third instal'S of the grub, Sericesthis nigrolirzeata Boisduval increased 
between 4° and ao°c. Consumption of L. subtropicus was not significantly correlated 
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Table 2.	 Linear correlation coefficients for parameters related to feeding of third 
instars of L. subtropicus. t 

Consumpt.ion Grub wt. Soil Temp. Time 

Consumption 0.05 -0.06 0-07 
Grub wt. I -0.51* 0.59* 
Soil Temp. 1 -0.74* 
Time 1 
t Coni>umption - rfiW carrot (g)/gmh/.....k. Gnlb wI. \~1.(g). Soil temp. melln monthly soil tCinperat.\lre 

(OCl. Time =months of third illf'otlll" duration. i.e. August = J. September == 2. etc. 
Significant (P < 0.05) correlutioll. 

with soil temperature in this study. However, this lack of correlat.ion between 
consumption and temperat.ure is not surprising since grubs of various ages and 
weights were used, and a more narrow temperature range (18° to 28°C) was tested 
in this study than in the Smith et al. (1975) study. The three significant con'elations 
found in Table 2 are also easily explained. Grub ''''eight increased over time since 
newly molted grubs are small and these grubs ate and generally continued to grow 
during the 9-mo period. Soil temperature decreased over time since the soil was 
warmest in August and generally decreased in the winter~spring period. Grub 
weight was negatively correlated with soil temperature because grubs gained 
weight during the 9-mo period in spite of soil temperatures decreasing during this 
period. 

As a last note, it is interesting to compare data found in this study to similar 
study of Smith et al. (1975). Smith et al. measured consumption of raw carrot by 
thil'(l·instar grubs of S. nigrolineata at different temperatures. This small scarabaeid 
causes pasture damage in southeastern Australia. The mean weight of the third 
instal'S tested ranged from 0.26 to 0.29 g and each grub consumed ca. 0.2 g of raw 
carrot/wk at 20°C. Consumption also decreased drastically in the cold winter 
months due to cold soil temperatures. In this study, third instal'S of L. suhtropicus 
were much larger than S. fligrolineata with a mean monthly weight ranging from 
2.06 to 3.78 g. As expected, third instal'S of L. subtropiclls ate much more than S. 
fligrolineata with each grub consuming a mean J.20 g of raw carrot/wk at 20°C. 
Lastly, feeding by L. sublropicus continued during the winter months since the 
grubs were not limited by cold soil temperatures. The comparison of the Smith et 
al. (1975) study with data from this study emphasizes the tremendous feeding 
C81>8ciiy of each L. subtropicus third instal' under the field conditions found in 
Florida sugarcane fields. 
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ABSTRACT 

The species composition of the tobacco budwormlbollworm complex varied considerably 
among field crops in South Carolina (rom 1986-89. All larvae collected from corn each year 
were Helicoverpa zea (Boddie), while 95·100% of those collected from peanuts and soybeans 
were Ho. zeo. Species composition was more variable on cotton, ranging from 41-94% Ha. 
zea, with the balance being Heliothis virescens (F.). Nearly 100% of the larvae collected from 
tobacco prior to flowering were Hs. uirescens. However. late-season collections yielded as high 
as 67% Ha. zea. 

Rates of parasitism on budwormlbollworm larvae were quite variable among crops and 
years. The composition was greatly influenced by the host species complex, with parasitism 
gcneraUy being higher on Hs. virescens than on fla. lea. The tachinid rues Archytas numnomtus 
(Townsend) and Lespesia aleliae (Riley) were found predominantly on larvae of Ha. zea, as 
were the braconid wasps Colesia marginiventris (Cresson) and Microplilis croceipes (Cresson). 
The braconid Cardioc/riles lligriceps Viereck was the predominant parasite of Hs. lJirescens. 

Key Words: Helicoverpa zea, Heliothis uirescens, com earwonn, tobacco budwonn, parasites, 
field crops, Lepidoptera, Noctuidac. 

J. Agrie. Enlomol. 8(3): 169-178 (July 1991) 

Corn, cotton, soybeans, and tobacco are four of the most important field crops 
grown in the southeastem United States. The budwonn/bollwOIm complex, consisting 
of Heliothis uirescens (F.) and Helicouerpa zea (Boddie) (known previously as 
Heliothis), may be the most damaging pest complex affecting agricultural crops in 
the Southeast (Hamer 1985b). Losses incurl'ed from infestations of the budworm/ 
bollworm complex. vary considerably from year to year (Southern 1983, Hamer 
1985a), but recent estimates place loss and control costs for these species at more 
than $150 million annually for the southeastern United States (Hamer 1985b). 

Both Ha. zea and Hs. uirescens are polyphagous, utilizing both cultivated crops 
and weeds as hosts (Neunzig 1963, 1969. Roach 1975, 1976). Helicouerpa zea has a 
broader crop host range than does Heliothis uirescens. feeding on corn, cotton, 
soybeans, sorghum, peanuts, tobacco, tomatoes, and other crops. Heliothis uirescens is 
most commonly encountered on cotton and tobacco, though it may also be found 
on peanuts, soybeans, and other crops. 

Heliolhis I!ifl!.~cen.<; (F.) 
HelicoUf'rpD. lI.'l1 (Boddie) 
Technical Contribution ;\0. 3032 of the South Carolina Agricultural Experiment. SUltion. Clemson 
University. 
Received for publictllion 13 June 1990; accepted 5 March 1991. 
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Although considerable research has been conducted on the budworm/bollworm 
complex (Sterling 1979, Kogan and Herzog 1980), most field research on natural 
enemies of these species has neglected to differentiate beh-veen Ha. zea and Hs. 
v;rescells, even though several studies have shown that species composition can 
vary greatly on crops such as cotton, soybeans, tobacco, and peanuts (Baumhover 
and Herzog 1979, Morgan 1979, Todd and Pitre 1979). And, although the work of 
both Neunzig {1969} and Roach (1976) have addressed this issue, recent observations 
indicate that their results may no longer I'cnect the current conditions. 

Few studies have examined the species composition of the budworm/bollworm 
complex within a given crop and the incidence of natural mortality factors for the 
two species when alone and in mixed populations. Earlier studies from this region 
(Neullzig 1969, Roach 1976) do not reneet the present (1986·89) host: and parasite 
conditions. 

The purpose of this study was to provide current information on population 
dynamics of the budworm/bollworm complex and its natural enemies in South 
Carolina. This information will have utility in pest management programs in the 
region, especially in cotton. where pest management strategies may change drasticalJy 
as a result of the boll weevil eradication program (Ridgway el a!. L985, Dickerson 
et 01. 1986). 

MATERIALS AND METHODS 

Each year (1986·89), collections of 100 Heliothis/He/icoverpa spp. larvae were 
made from fields of corn, cotton, peanuls, soybeans, and tobacco in the Pee Dee 
region of South Carolina. None of these fields were treated with insecticides, 
because it was our objective to note the species composition and pSl'asite complex 
in the absence of insecticides. Larvae of all sizes were collected. Collections were 
made either on 01' neal' Clemson University's Pee Dee Research and Education 
Center (PDREC). The agricultural landscape of the area is t.ypically crops inter· 
spersed with woodlands, and is typical of the region. Samples were taken approxi
mately monthly during peak larval infestation periods on each crop suitable as a 
host at that time. Each sample consisted of 100 larvae. Collection dates for each 
crop are present.ed in Tables 1-5. 

Lwval collections were taken to the laboratory where an initial species detenni
nation was made using the keys by Neunzig (1969). They were then placed in 
individual cups containing artificial diet (Vanderzant and Adkisson Insect \Vheat 
Germ Diet plus Vandcl'zant Vitamin Fortification - U.S. Biochemical COI·p., Cleve
land, Ohio) and reared to pupation or parasite emergence. Pupae were removed 
from the diet cups and placed in covered plastic cups containing only 8 piece of 
paper towel to await adult emergence. Following emergence, a final species 
determination was made and compared with the larval determination. Parasites 
were sent to the USDA Laboratory in Beltsville, Maryland for species-level 
determination. 

RESULTS 

There were considerable differences in the Heliotllis/Helicouerpa species compo
sition among different field crops over all collection dates (1986-89), ranging from 
100% Ha. zea on com (Table 1) to 85% Hs. uirescens on tobacco (Table 5). The 
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Table 1. Helicouelpa zea and Heliothis uirescens and their parasites on corn in 
South Carolina, 1986-89* 

Collection
 
Year Date Ha. zen (%) Hs. uire,~Cfms (%) Parasitism (%)
 

1986	 23 May 100 0 16 (Arc11)'tas marmol'Qtus) 
30 June 100 0 o 

1987 27 May 100 0	 7 (Archytas mannoratus) 
6 (Microplitis croceipes) 
3 (Cotesia marginiuentris) 
I (Campotetis flauicincla) 
I (Pristomerus spinalar) 
7 (Other Hymenoptera) 

25 (Toml) 

30 June 100 0 2 (Arch)'tns marmomlusj 

1988 29 June 100 0
 
1 August 100 0
 

1989 2 June 100 0
 
12 July 100 0
 

MEAN 100 0 6 

•	 Based on collections of 100 Jan.'ne, 
t	 6% of the larwe thnt did nol develop to the pupal stage had tochinid eggs attached to the thoracic 

region. 

Table 2.	 Helicoverpa zea and Heliothis uircscens and their parasites on cott.on in 
South Carolina, 1986-89.* 

Collection 
Year Date Ha. zea (7<,) I-Is. viresceTls (%) Pllrasitism (%) 

1986 23 July 92 8 0 

20 Aug-ust 88 12 :1 
2 
I 

(Cardiochi/es nigriceps) 
(Cotesia marginivl!fJtris) 
(Microptilis croceipes) 

6 (Total) 

1987 18 June 41 59 II 
2 
9 

(Cotesia marginiveTllris) 
(Cardiochiles 11ign'ceps) 
(Pristomerus .~pitlator) 

22 (Total) 

5 August 83 17 4 
2 

(CMdiochiles Iligriceps) 
(Microplitis croceipes) 

6 nbtal) 

:J September 52 ,18 18 (C(l((Uochiles nigriceps) 

1988 28 July 76 24 7 (Cordillochifes "ign'ceps) 

5 SepLembcr 94 6 0 

1989 30 June 72 
2 August 67 

MEAN 74 

28 
33 
26 

5 
14 

9 

(CardiocJuies nigriceps)t 
(Cardiochiles f1igriceps)'t. 

Based on collections of 100 larvae. 
t All on Hs. I)iresccn.~ (= 18%).*All on Hs. lJ;rescens (=42'k). 
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Table 3. Helicouerpa zea and Heliothis virescens and their parasites on peanuts in
 
South Carolina, 1986-89.-

Collection 
Year Date Ha. zea (%) Hs. vircscens (%) Parasitism (%) 

1986 25 August 98 2 9 
2 

(Cotesia marginilJenlris) 
(Cardiochiles nigriceps) 
(MesochonJs discilergus) 
(Mdeorns uutogmphae) 

13 (1bwl) 

10-11 September 97 3 18 
I 
9 
3 

rCotesia marginiventris) 
(Meteoms atttographae) 
(Microplitis croceipes) 
(Arch)'t.as mannomtlls) 

31 (Towl) 

1987 12 August 95 5 3 
I 
I 

(Cordiochiles nign"ceps) 
(Lespesia aleliae) 
(Microplitis croceipes) 

5 (rotal) 

1988 12 August 98 2 (Archytas mannomtus) 

1989 9 August 99 1 I nespesia aleliae) 

MEAN 97 3 10 

• Based on collections or 100 llU"Voc. 

Table 4.	 HelicolJerpa zea and Heliolhis virescens and their parasites on soybeans 
in South Carolina, 1986-89." 

Collection 
Year Date Ha. zeo (%) J-Is. viresccns (%) Parasitism (%) 

1986 23	 July 100 0 3 (Colesia marginiuentris) 

20 August 97 3 14 (Cotesio margjniuentris) 
1 (Cardiochiles nigriceps) 
3 (MesocllOrn5 discilergu.s) 
1 (Microplitis croceipes) 

19 (Tawl) 

1987 3 August 97 3	 4 (Archytas marmoratus) 
1 (Cotesja margjniJ.:entris) 
1 (Cardiochiles nigriceps) 
2 (Microplitis croceipes) 

8 (Tow1) 

1988 LO August 99 2	 (Cotesio marginiventdy 
(ArchytllS mannomtus 

3 (Total) 

1989 17 August 97 3 11 (Lespesia a/eliae) 
3 (Cotesia margirziuentris) 
4 (Metervus (/lltogmphae) 

18 (Total) 

MEAN	 98 2 10 
• Based on collections of 100 larvue. 
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Table 5.	 Helicoverpa zea and HeJiothis virescens and their parasites on tobacco in 
South Carolina, 1986-89.* 

Collection
 
Year Date Ho. zea (%) Hs. uirescens (%) Pllrasilism (%)
 

1986 5 June 99 39 
4 
I 

(Cardiochiles nigriceps) 
(Campo/elis sOllorensis) 
(Sphaerophoria contiqua) 

44 (ToIBI) 

22 ,luly 7 93 22 (Cordiochiles rligriceps) 

22 September 48 52 (Archytos mamlOrDtus) 
rCardiochiles nigriceps) 
(Microplitjs croceipes) 

3 (To'al) 

1987 11 June 
7 July 

LO August 

3 September 

o 
o 
3 
67 

.00 
100 
97 
33 

20 
50 
41 

18 
2 
2 

(Cardjochjles rligriceps) 
(Cardiochiles rligriceps) 
(Cardiochiles nign'ceps) 
(Cardiochiles njgriceps) 
(Microplitis croceipes) 
(Arch)tas marmorYltus) 

22 (Total) 

1988 31 Muy 
28 .June 
26 July 

o 
o 
o 

.00 
tOO 
tOO 

6. 
57 
57 

(CCJrdiochile.~ nigriceps) 
(Cardiochiles '1igriceps) 
(Cardiochiles tligriceps) 

24 August.t 61 39 14 
6 

(Cardiochiles tligriceps) 
(Archylas marmon/ius) 

20 (Total) 

1989 8 June 1 99 28 
2 

(Cardiochiles nigriceps) 
(Campolelis sorlOrensis) 

30 ('Iblal) 

13 July 99 29 (Cordiochiles Iligriceps) 

MEAN	 15 85 35 

.. Bused on collectioll!; of 100 1!1l'".'UC. except us nOled. 
t Based on II collection of 99 IUI"\'8e. 

species composition was quite consistent from year to year for corn, peanuts 
(Table 3), and soybeans (Table 4). There was much greater variability Cor cotton 
(Table 2) and tobacco. Final species detenninations (based on adult emergence) 
demonstrated that. there was only about 1% error resulting from preliminary 18lval 
determinations. 

Both the incidence of parasitism and the species composition of the parasite 
complex varied from crop to crop and from one collection to another. This was 
influenced in part by the species composition of the host complex. The incidence 
of parasitism ranged from a low of zero percent (1988-89) for corn (Table 1) to a 
high of 49% (1988) for tobacco (Table 5). 

The predominant parasite recovered from the host. on corn (Table 1) was 
Arch)tas marmomtus (To\\'Jlsend) (Diptern: Tachinidae). This fly was present only from 
early ,'t'horl-stage collections. One other fly. Elachiptera nigriceps (Loew) (Diptera: 
Chloropidae), was found. However, this species is known to be a scavenger. often 
found in insect Crass, and was probably a contaminant in the diet cup. 
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Hymenopterous parasites recovered from the host on com included the braconids 
Microplitis croceipes (Cresson), Cotesia marginiventris (Cresson), and Campolet.is 
j1cu.Jicincta (Ashmead), and the ichneumonid Pristomems spinator (F.). Other hymen~ 

opterous parasites from corn, that could not be positively identified due to the 
poor condition of the specimens, appeared to be Microplitis. 

l'vlost of the parasites reared from hosts collected on cotton were braconid 
wasps (Table 2). Two thirds of these were Cardiochiles nigriceps Viereck reared 
from Hs. uirescens. The parasites of Ha. zea were, in order of importance, C. 
marginiventris, P. spinator, and M. croceipes. 

The predominant parasite reared from hosts on peanuts (Table 3) was C. 
marginiuentris. Other braconid parasites included Meteoms autogrophae Muesebeck and 
Microplitis croceipes. Tachinid parasites included A. marmoratus and Lespesia 
aletiae (Riley). The ichneumonid wasp Mesochorus discitergus (Say) was also 
reared, t.hough it was probably a hyperparasite on C. marginiventris. Although Hs. 
uirescens made up only a small portion (3%) of the larvae collected from peanuts, 
more than one third of those larvae were parasitized by C. nigriceps. 

The parasite complex on hosts collected fl'om soybeans (Table 4) was very 
similar to that of peanuts, with nearly half of the parasites being C. marginiuentris. 
The greatest difference was the proport.ion of t.otal parasites comprised by L. 
aletiae (22%). Again, the hyperparasite M. discitergus was present, and C. nigriceps 
was a parasite of Hs. uiresccns. 

By far, the greatest incidence of parasitism was on hosts collected from 
tobacco (Table 5). Overall 35% of the 181'Vae collected were parasitized. More than 
95% of the parasites were C. nigriceps. Archytas marmoratus, another fly species, 
Sphaerophona cOfltiqua Macquart (Diptera: Syrphidae), and the ichneumonid 
Campoletis sonorensis (Cameron) were also recovered. 

A summary of the parasite data fol' all four years [s presented in Table 6. The 
only crop for which there was a consistent, relatively high rate of parasitism was 
tobacco. Parasitism of budworm/bollwonn lar\'ae on other crops was quite variable 
from year to year, though the 4-yr means for the other four crops were relatively 
close. 

Table 6. Percent p81'asitized Helicouerpa 
crop and by year, on field crop

zea and Heliothis 
s in South Caroli

uirescens 
na. 

larvae, by 

Crop 

Year Corn Cotton Peanuts Soybeans Tobacco MEAN 

1986 
1987 
1988 
1989 

8 
14 
0 
0 

3 
15 
4 

10 

22 
5 

Il 
8 
3 

18 

23 
33 
49 
30 

14 
20 
21 
12 

MEAN 6 9 10 10 35 17 
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DISCUSSION 

Due to differences in tolerance (or resistance) to commonly lIsed insecticides 
between Ha. zea. and H.... lJirescells, it is important to know tJle species composition of 
larvae in each crop at any given time. Incidence of parasitism and pal'asite species 
composition may also be of importance in planning pest control strategies. Routine 
observations indicated that changes in both the pest and parasite complexes had 
occurred since the work by Roach (1976), thus prompting this study. 

Certain consistences existed among the data from yeur to year. Each year, all 
larvae collected from corn and most of the larvae collected from peanuts and 
soybeans were Ha. zea. For peanuts, the range was 95-98% Ha. zea, and for 
soybeans it was 97-100% Ha. zeu. The species coml>osition in cotton was the most 
variable (with the exception of late-season tobacco collections), ranging from 41
94% Ha. zeu. Seasonal differences were apparent.. This same variability was noted 
by Hogg and Nordheim (I983). Budworm/bollworm populations in tobacco were 
nearly 100% Hs. L'ireSCells during most of the normal tobacco growing season. 
However, late collections from nowers in research plots resulted in as high as 67% 
Ha. zea. Leaving nowers on the plants is not a recommended grower practice. In 
general, during the normal growing season, the HeliothislHelicauerpa populations 
appear to be predominantly Ha. zea in corn, peanuts, and soybeans, predominantly 
Hs. uirescells in tobacco, and ca. 3:1 Ha. zea in cotton. 

These data differ considerably for some crops from the findings of Roach 
(I976), who reported that although most larvae collected from corn were Ha. zea, 
some Hs. uire,w:ens I81VllC were collected each year (0.3-0.8%). Llkewise, he collected 
mostly Ha. zea from peanuts and soybeans (96.5-98.5% and 90.6-100%), respectively. 
The 9.4% Hs. uirescens that he collected in 1972 was somewhat higher than our 
highest figure on soybeans (3%). The greatest differences between Roach's work 
and OUl' work were on cotton and tobacco. He found no more than 34.8% Ha. zea 
on cotton (11.0-34.8%), as opposed to our low of 41%, and no more than 4.9% Ha. 
zea on t.obacco (004-4.9%), while we had late-season rates as high as 67%. 

Rates of parasitism on budworm/bollworm larvae wcre quite variable among 
crops and among years. The composition of the parasite complex was greatly 
influenced by the host species complex. This was true in the study by Roach 
(1976) as well. The tachinid nies (Archytas marmoralus and Lespesia aletiae) were 
found predominantly on larvae of Ha. zea, as were Cotesia marginitJelltris and 
Microplitis croceipes. Cardiochiles nigriceps was the predominant parasite of Hs. 
uirescens. It should be noted, however, that A. marmoratus can be reared from 
both Ha. zea and Hs. uirescells, as can be Campolelis sanorensis, M. croceipes, and 
P. spinolar. 

The rate of parasitism, in general, appeared to be higher on H.... uirescens than 
on Ha. zea. This, too, was observed by Roach (1976). Consequently, the host 
complex on the various crops also influences the rate of parasitism. 

"We also found some differences from the study by Roach (1976) with respect to 
incidence of parasitism and the types of parasites found in the various crops. 
Roach found less than 1% parasitism on corn, while we found as high as 25%. 
Though most of the parasites were the tachinid Archyt.as marmoralus, we also 
found some hymenopterous parasites. We also found higher rates of parasitism on 
peanuts and soybeans. \Ve found slightly higher rates of parasitism on cotton than 
Roach but, like Roach, we found that most of the parasitism on cotton was of 
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Hs. uirescens. Like Hogg and Nordheim (1983), we found Cardiochiles nigriceps, M. 
croceipes, and P. spinator parasitizing larvae from cotton. However, we did not find 
the incidence of the latter to be as high. We also found Cotesia marginiventris to 
be a parasite, in contrast to their study. Both the rates of parasitism and species 
of parasites were similar to Roach's study with respect to tobacco, as well as to an 
earlier study by Johnson and Manley (1983). However, the rate of parasitism by 
Campoletis sonorensis was considerably lower than in the study by Johnson and 
Manley (1983). 

Whenever host larvae of all sizes are collected, it is likely that the incidence of 
parasitism will be underestimated. Some parasites (e.g. Campoletis and Cotesia) 
attack the host relatively early in the larval stage, while others (e.g. Archytas) 
attack the host later in its development. When young host larvae are removed, it 
eliminates the possibility of any further parasitism. As the percentage of young 
larvae collected increases, the degree to which the rate of parasitism is under
estimated also increases. Small host larvae were a part of all collections. However, 
by randomly checking for larvae and collecting all larvae as found, collections 
should have accurately reflected the size distribution of larvae in the fields. 

In another way, parasitism in this study might be overestimated. This is 
because none of the fields (rom which larvae were collected had been sprayed with 
insecticides. Although it was our objective to measure the incidence of parasitism 
in the absence of insecticides, this may reflect a higher incidence than under 
nonnal grower conditions, in which insecticides are used. 

The developmental stage of the plant also influences the rate of parasitism. 
This may be the result of behavioral changes in the host larvae. In whorl-stage 
corn, the Ha. zea larvae are in the whorl. Although covered by Crass, they are still 
more exposed and, therefore, more easily parasitized. There was very little 
parasitism of larvae collected from corn ears. The first generation budwonn/bollwonn 
population appeared much later in 1988 and 1989, resulting in two ear collections 
rather than one whorl and one ear collection, as in 1986 and 1987. This may 
explain the lack of observed parasitism in 1988 and 1989. 

As tobacco nowers develop, budworm/bollworm larvae are found in the flowers, 
where they are more exposed to tachinid larvae than in the buds. However, 
parasitism by tachinids was lower than in t.he earlier study by Johnson and Manley 
(1983). Cardiochiles nigriceps seems to be quite effective in searching out host 
larvae even in the buds. And, when Hs. uirescens larvae are present in other crops, 
C. nigriceps is effective in finding them there as well. 

Although the purpose of this paper is to concentrate only on parasites, it 
should be noted that the budworm/bollworm larvae collected during this study 
were also affected by insect pathogens. This was most notable in larvae collected 
from peanuts, where nearly half (46%) of the larvae died as a result of disease. 
This, too, is an important consideration with respect to pest control strategies in 
the various cropping systems. 

With more emphasis being placed on biological control of insect pests, it will 
be very important to have a thorough understanding of the pest complex on 
individual crops. As this study shows, the HeliothislHelicoverpa species complex 
differs considerably from crop to crop, and even from one part of the season to 
another. Noticeable changes have occurred since t.he study by Roach (1976). This 
greatly influences the parasite complex and its effectiveness in reducing pest 
populations. 
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The agricultural system in South Carolina, as elsewhere, is dynamic. Both the 
incidence of parasitism and the parasite complex are ever changing. \Vhile it was 
not the intent of this study to establish absolute rates of parasitism (which would 
be impossible), the information gathered herein does present a description of both 
the host complex and the parasite complex in field crops in this region for the 
period 1986-89. This information will be helpful in developing pest management 
programs for the budworm/boHwonn complex. 
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ABSTRACT 

Phytophagous scarabs were collected in blacklight traps operated at two sites in 1988 nnd 
fOUf sites in 1989 in Georgia. Over 60.000 adult scarabs were capt.ured and identified 
including 31 species from 8 genera. Adults of the genus Cyclocephala were the most 
numerous (0 > 32,000). The genus with the most species was Phyllophaga with 22 species 
collected. However, these Phylfophaga collections represented only ,1% of the total numbers 
collected at the fOUf sites in 1989. The genera Ligyrus, Eutheola, and DysC;llCttlS exhibited the 
longest flight periods extending from f\'larch to October. Adults of these genera combined 
represented 22% and 30% of the total catch for 1988 and 1989, respcctively. These survey 
data illustrate the divcrsity of the phytophagous Scarabaeidac in Georgia and the need for 
identification of white grub infestations to the generic or species level in order to maximize 
management efforts. 

Key \"'ords: Scarobaeidae. flight ncti\'il\y, blackLight trapping. 

J. Agric. Entomol. 8(3): 179-187 (July 1991) 

Members of the Family Scarabaeidae are pests of row crops, forest and shade 
trees, ornamental plantings, and turf and pasture grasses (Metcalf et al. 1951, 
Drooz 1985, Tashiro 1987). Losses are usually caused by defoliation of host plants 
by adults, damage to underground plant parts by grubs feeding in the root zone, 
or both. Crop losses attributed to immature scarabs are frequently classed as 
"white grub" damage with infrequent identification of the species responsible 
(Douce and McPherson 1989). The nocturnal habits of many scarab adults, the 
difficulty of sampling and identifying the cryptic immature stages, and the mixture 
of species normally found in white grub infestations probably account for this 
general grouping. The relative species abundance and other aspects of the biology 
and life histories of many scarab species remain incomplete (Tashiro 1987). 

Blacklight traps fire commonly used to monitor seasonal abundance and 
temporal occurrence of adult scarab populations (Lim et aJ. 1979, Foster et al. 
1986, Kard and Hain 1990). Most studies have concentrated on a single taxonomic 
group and its seasonal night pattern (Hammond 1948a, Potter 1980, Foster et a1. 
1986, White 1990). 

Coleoplera; Scarnbaeidl1e 
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Lists of scarab species collected in the southeastern United States have been 
published by Brimely (1938), Loding (1945), and Kirk (1969/1970). Cherry (1985) 
and Foster et al. (1986) also reported on the relative abundance of the nocturnal 
phytophagous scarabs in sugarcane in Florida. Forschler and Gardner (1990) 
reviewed the biology. distribution, and occurrence of Phyllophaga (Harris) in the 
southeastern United States. Distribution maps and seasonal occurrence data on 39 
selected species were compiled and summarized. They also noted that such 
distribution and occurrence data are lacking 01' incomplete fol' most southeastern 
states. This study was undertaken to determine the relative abundance of the 
phytophagolls scarabs attracted to blacklight traps in four areas of Georgia. 

MATERIALS AND METHODS 

The blacklight traps utilized in the study were constructed of sheet metal with 
bames measuring 102 by 28 em and equipped with 30-watt blaeklight bulbs 
(Insect-o-cutor Inc., Stone Mountain, Georgia). Each trap was operated continuously 
during the periods indicated. 

One trap was placed in Oglethorpe Co. in the northeastern section of the state. 
The trap was located 8 km southeast of Winterville in a field adjacent to a pasture 
containing mostly tall fescue. The soil was a Cecil sandy loam. The trap was 
operated from 5 May to 31 August in 1988 and from L March through 30 
November in 1989. In 1988, samples were removed from the trap twice daily, at 
midnight and again at dawn during May, June, and July. During the other months 
and in 1989, samples were collected only once per day. 

A second trap was located in Pike Co. in central Georgia. The trap was 
situated neal' a variety of row crops on the Georgia Agricultural Experiment 
Station Bledsoe Farm, 8 km west of Williamson. The soil was a Cecil sandy loam. 
Samples were collected three times a week from 1 June to 31 August in 1988 and 
from 1 March through 30 November in 1989. This trap was located 20 m from a 
weather station from which weather data were collected and compared with beetle 
emergence patterns. 

Bulloch Co. in eastern Georgia was the third collection site. The trap was 
located 3 km south of Statesboro on State Highway 67 in a young pine plantation. 
The soil was a Tifton loamy sand. Samples were collected once or twice weekly 
from the trap, which was operated from 1 March to 31 December in 1989. 

The fourth collection site was in Tift Co. in the southcentral section of the 
state. The trap was located 5 km northwest of Tifton on the Coastal Plain 
Experiment Station Animal Science Farm in a bermudagrass pasture. The soil was 
a Tifton loamy sand. Samples were collected once or twice weekly from the trap, 
which was operated from 1 March through 30 November in 1989. 

Samples were sorted and identified using published keys or by comparisons 
with museum sl>ccimens (Luginbill and Painter 1953, Endrodi 1985). Phyllophaga 
identifications were verified by E. G. Riley (Texas A & M University). Type 
specimens have been placed in the University of Georgia Natural History Museum 
in Athens, CA. 
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RESULTS AND DISCUSSION 

Phytophagous scarabs collected at the two sites in 1988 totalled 7,889 with 18 
species from 8 genera represented (Table 1). The predominant species captured 
was Anomala /lauipennis (0 = 5,613). Of the 5,600 A. /lauipenni.s collected in Pike 
Co., 5,528 were collected during the 2-wk period from 3 to 16 July. 

In 1989, the four traps yielded 53,350 phytophagous scarabs from 31 species 
and 8 genera (Table 2). The predominant genus collected was Cyclocephala spp. 
(n ~ 34,203). Collections of these beetles totalled 32,924 at the Pike Co. site with 
26,670 captured during the 2-wk period from 18 June to I July. 

Following Cyclocephala spp. and A. /lauipennis in occurrence, the next most 
abundant species were Ligyros gibbosus, EUlheola humilis, and Dyscinelus morular. 
These three species plus Diplotaxa liberia exhibited the longest flight periods with 
means (± SE) of 168 ± 39 d, 198 ± 22 d, 176 ± 20 d, and 191 ± 22 d, respectively. 
Each of these species first appeared in March and was caught in every month until 
October or November. Eutheola, Ligyrus, and Dyscinelus were also the only genera 
to display two distinct peaks of flight activity. 

Of the scarabs collected in 1989, A. /lavipennis exhibited the shortest flight 
period with a mean (± SE) of 26 ± 8 d. State-wide aclivity ranged from late May 
to early August. 

T\venty-one species of Phyllophaga representing 3 to 4% of the total catch were 
recovered during this study. However, no single species was captured at all four 
trapping sites. The most abundant species collected was P. prununculina (n = 506) 
with most (99%) captured in Bulloch Co. Phyllophaga hirticula was the second 
most abundant of the Phyllophoga adults captured. Of the 463 adults collected, 
458 were captured in Oglethorpe Co. The longest flight period was exhibited by P 
fosleri (79 ± 28 d). 

Six species of P1Jyllophaga were collected only in Bulloch and Tift counties on 
the coastal plain south of the fall line. Those included P glaberrima, P. paruidens, 
P. prununculina, P. lota, P. cupuliformis, P clypeata, and P. luctucosa. Nine species 
including P. hirticula, P. anxia, P. ephilida, P. crenu(ata., P. hirsuta, P. forbesi, P. 
knochii, P. Weis, and P. drakii were collected only from the two sites (Pike and 
Oglethorpe counties) above the fall line in the piedmont of the state. 

The sex of the Phyllophaga collected at all four sites was recorded in 1989. 
Eight of the species collected were represented by males only (P. cupuliformis, P. 
clypeala, P. luctuosa, P. crenulata. P. knochii, P. iUcis, P. drakii, and P. hirsuta). 
Other species captured that were predominantly male included P. fosten (96%), P. 
quercus (94%), P. ulkei (94%), P. paruidens (92%), P. Iota (85%), P. prununculina 
(82%), P. aruia (80%), P. gracilis (78%), P. ephilida (70%), and P. glaberrima (67%). 
Of the P. hirticula and P. latifrons captured, 56% and 58%, respectively, were 
males. Of the 22 species collected, only P. unifonnis was predominantly female 
(69%). 

At the Oglethorpe Co. site, 11% of the total beetles collected were captured 
between midnight and dawn. This percentage increased to 38% and 42% in June 
and July, respectively. 
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Table	 1. Phytophagous scarab beetles captured with blacklight traps at two sites 
in Georgia in 1988. 

Species/location n Flight period Peak 

Anomala [lauipennis (Burmeister) 
Pike Co. 5600 10 Jun· 9 Aug 3 Jul 9 Jul 
Oglethorpe Co. 13 19 Jun - 12 Jul 26 Jun 2 Jul 

A. innuba (Fabricius) 
Pike Co. 1 21 Jun 
Oglethorpe Co. 25 22 Jun . 12 Jul 26 Jun 2 Jul 

A. marginata (Fabricius) 
Pike Co. 10 21 Jun - 6 Jul 10 Jul . 16 Jul 
Oglethorpe Co. 65 15 Jun - 18 Jul 3 Jul . 9 Jul 

Cyc/ocephala spp. (Oliver) 
Pike Co. 116 21 Jun· 22 Jut 10 Jul . 16 JuI 
Oglethorpe Co. 25 29 Jun - 13 Jut 10 Jul . 16 Jul 

Diplotaxa liberia (Germain) 
Pike Co. 8 7 Jun - 12 Jut 5 Jun· 11 Jul 
Oglethorpe Co. 4 29 May· 11 Jul 12 Jun • 18 Jun 

Dysdnetus morator (Fabricius) 
Pike Co. 55 6 Jun· 29 Jul 10 Jul • 16 JuI 
Oglethorpe Co. 18 17 May· 18 Jut 10 Jul . 16 Jul 

Eutheola humilis (Burmeister) 
Pike Co. 60 1 Jun· 23 Aug 19 Jun ·25 Jun 
Oglethorpe Co. 651 12 May  8 Aug 6 Jun· 11 Jun 

Ligyrus gibbosus (De Geer) 
Pike Co. 233 1 Jun - 9 Aug 19 Jun . 25 Jun 
Oglethorpe Co. 662 12 May  3 Aug 28 May  3 Jun 

Phyllophaga am:.ia (LeConte) 
Oglethorpe Co. 2 14 May - 18 May 

P. ephilida (Say) 
Pike Co. 39 6 Jun 5 Aug 3 Jul . 9 JuI 
Oglethorpe Co. 34 27 Jun 6 Aug 10 Jul • 16 JuI 

P. {osteri (Burmeister) 
Oglethorpe Co. 4 22 May - 30 May 

P. gracilis (Burmeister) 
Pike Co. 1 21 Jun 
Oglethorpe Co. 48 18 Jun - 20 Jut 19 Jun ·25 Jun 

P. hirticula (Knoch) 
Oglethorpe Co. 29 May 

P. latifrorls (LeConte) 
Pike Co. 9 6 Jul - 16 Aug 17 Jul - 23 Jul 

P. quercus (Bunneister) 
Pike Co. 5 15 Jut - 19 Aug 14 Aug - 20 Aug 
Oglethorpe Co. 21 27 Jun - 26 Aug 24 Jul . 30 Jul 

P. uniformis (Blanchard) 
Pike Co. 21 Jun 
Oglethorpe Co. 21 JuI 

Sen'ca spp. (MacLeay) 
Pike Co. I 21 Jun 
Oglethorpe Co. 10 18 May· 27 Jun 22 May - 28 May 
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Table 2.	 Phytophagous scarab beetles captured with bJacklight traps at fOUf sites 
in Georgia in 1989. 

Species/location n Flight period Peak 

Annomala flauipenllis 
Pike Co. 263 5 Jun ·28 Jun 4 Jun · 10 Jun 
Oglethorpe Co. 17 4 Jun - 24 Jun 26 Jun 7 Jul 
Bulloch Co. 63 5 Jun - 7 Aug 4 Jun - 10 Jun 
Tift Co. 71 24 May· 15 Jun 4 Jun - 10 Jun 

A.	 innuba 
Pike Co. 338 5 Jun - 12 Jul 11 Jun · 17 Jun 
Oglethorpe Co. 15 27 Apr . 27 Jun 26 Jun - 1 Jul 
Bulloch Co. 94 3 Apr - 21 Aug 9 Apr· 15 Apr 
Tift Co. 0 16 Apr - 30 May 30 Apr· 6 May 

A.	 marginata 
Pike Co. 34 14 Jun - 12 Jul 19 Jun ·25 Jun 
Oglelhorpe Co. 16 23 Jun - 6 Aug 2 Jul 8 Jul 
Bulloch Co. 38 23 lVlay· 7 Aug 23 Jul ·29 Jul 
Tift Co. 7 15 Jun 7 Jul 19 Jun· 25 Jun 

Cyclocephala immaculata (Oliver) 
Pike Co. 32,924 9 Jun ·31 Jul 25 Jun 1 Jul 
Oglethorpe Co. 192 24 Jun 8 Aug 25 Jun · 1 Jul 
Bulloch Co. 14 5 Jun - 31 Aug 4 Jun · 10 Jun 
Tift Co. 417 7 Jun ·15 Jul 18 Jun - 24 Jun 

Diplotaxa liberta 
Pike Co. 170 20 Mar· I Scp 28 May· 3 Jun 
Oglethorpe Co. 39 20 Mar· 22 Oct 23 Apr· 29 Apr 
Bulloch Co. 123 3 Apr· 5 Oct 4 Jun· IQ Jun 

Dyscinetus	 morator 
Pike Co. 1,408 20 I\'1ar - 9 Oct 28 May· 3 Jun 

23 Jul ·29 Jul 
Oglethorpe Co. 169 19 Mar - 24 Sop 28 May· 3 Jun 

27 Aug· 9 Sep 
Bulloch Co. 1,502 3 Apr· 11 Oct. ,I Jun - 10 Jun 

27 Aug· 9 Sep 
Tift Co. 1,278 7 Apr· 4 Oct 21 May· 27 May 

27 Aug - 9 Sep 

Eutheola humilis 
Pike Co. 1,543 29 Mar - 18 Oct 23 Apr· 29 Apr 

1 Oct· 7 Oct 
Oglethorpe Co. 1,298 2,1 Apr· 22 OCl 21 May - 27 May 

1 Oct· 7 Oct 
Bulloch Co. 2,850 3 Apr. 16 Nov 4 Jun - 10 Jun 

27 Aug· 2 Sep 
Tift Co. 3,510 16 Apr. 13 Oct 21 May - 27 May 

27 Aug· 2 Sep 
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Table 2, Continued. 

Speciesllocation n Flight period Peak 

Ligyrns gibbosus 
Pike Co. 1,180 20 Mar· 22 Sep 14 May - 20 May 

6 Aug - 12 Aug 
Oglethorpe Co. 510 21 Apr· 22 Oct 21 May· 27 May 

20 Aug· 21 Aug 
Bulloch Co. 548 3 Apr· 11 Nov 31 Apr· 6 May 

17 Sep - 23 Sep 
Tift Co. 152 31 Apr - 27 Aug 31 Apr - 6 May 

16 JuJ - 22 Jul 

Phyllophaga anxia 
Pike Co. 15 29 Mar - 7 Jun 16 May - 22 May 
Oglethorpe Co. 25 27 Apr - 10 Jun 23 Apr - 29 Apr 

P.	 clypeata (Horn) 
Bulloch Co. 2 24 Jul 7 Aug 

P.	 crenulata (Froelich) 
Pike Co. 2 28 Apr· 17 Jul 
Oglethorpe Co. 1 17 May 

P.	 cupuli{ormis (Langston) 
Bulloch Co. 19 23 Apr - 23 May 23 Apr - 29 Apr 

P.	 drakii (Kirby) 
Pike Co. 8 May 

P.	 forbesi (Glasgow) 
Pike Co. 7 10 Jul - 26 Jul 16 Jul - 22 Ju1 

P.	 fosten' 
Pike Co. 79 29 Mar· 12 Jun 4 Jun - 10 Jun 
Oglethorpe Co. 7 30 Mar· 14 Jul 14 May· 20 May 
Bulloch Co. 128 IB Apr· 1 Aug 30 Apr - 6 May 

P.	 glaberrima (Blanchard) 
Bulloch Co. 6 6 Jun - 31 Aug 4 Jlln - 10 Jun 
Tift Co. 6 22 Jun 7 Jul 18 Jlln - 24 Jun 

P.	 hirsuta (Knoch) 
Pike Co. 19 20 Mar· B May 26 Mar - I Apr 
Oglethorpe Co. G 30 Mar - 17 May 23 Apr - 29 Apr 

P.	 hirticula 
Pike Co.	 5 24 Apr - 29 May 23 Apr - 29 Apr 
Oglethorpe Co.	 458 30 Mar - 22 Jun 23 Apr· 29 Apr 

P.	 ilicis (Knoch) 
Pike Co. 3 2 May - 9 Jun 2 May - 8 May 

P.	 knochii (Schoenherr & GyllenhaJ) 
Pike Co. 3 2 May·26 Jul 23 JlIl - 29 Jul 

P.	 latifroTls 
Pike Co. 26 14 Jun - 29 Aug 30 Jul 5 Aug 
Bulloch Co. fl 5 Jun I Aug 4 JlIn - 10 Jun 
Tift Co. 4 22 Jun I Sep 2 Jul 8 Jul 

P.	 Iota (Luginbill) 
Bulloch Co. 20 24 Jul - 5 Oct 30 Jul 5 Aug 
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Table 2. Continued. 

Species/location n Flight period Peak 

P. luctousa (Horn) 
Bulloch Co. 5 May 

P. parvidens (LeConte) 
Bulloch Co. 144 2 May· 5 Jun 4 Jun. 10 Jun 
Tift Co. 1 31 Apr 

P. prununculina (Bunneister) 
Pike Co. 2 2 Jun· 15 Jul 
Tift Co. 2 15 Jun 
Bulloch Co. 503 5 Jun· 31 Aug 4 Jun· 10 Jun 

P. quercus 
Pike Co. 10 21 Jul ·15 Sep 23 Jul ·29 Jul 
Oglethorpe Co. 10 27 Jul . 1 Sep 30 Jul 5 Aug 
Bulloch Co. 48 24 Jul - 31 Aug 30 Jul . 5 Aug 

P. ulkei (Smith) 
Pike Co. 7 17 Apr - 29 May 30 Apr· 6 May 
Oglethorpe Co. 5 30 Mar ·31 May 16 Apr - 22 Apr 
Bulloch Co. 104 3 Apr - 15 May 16 Apr· 22 Apr 

P. unifonnis 
Pike Co. 1 29 Jun 
Tift Co. 36 15 Jun - 1 Sep 18 Jun ·24 Jun 

Serica spp. 
Pike Co. 44 29 Mar - 21 Jun 28 May· 6 Jun 
Oglethorpe Co. 41 23 Apr· 23 Jun 23 Apr· 29 Apr 
Bulloch Co. 234 3 Apr - 31 Aug 23 Apr . 29 Apr 
Tift Co. 5 16 Apr· 22 Jun 11 Jun· 17 Jun 

Comparison of weather conditions with beetle emergence patterns indicated 
that temperature was important in spring emergence while rainfall was important 
in summer emergence of phytophagous scarabs in Pike Co. AU flights of Cyclocephala 
and Phyllophaga occurred 1 to 2 d following a rainfall measuring greater than 0.89 
cm within a 24-h period. Flights of Eutheola and Ligyrus were the only ones which 
did not closely follow rainfall. During the month of June, Eutheola and Lygrus 
flights were either 1 d previous to the first rain within a week or followed 4 to 5 d 
after rainfalls. 

The mean monthly rainfall in April, May, and June of 1989 was 6 em, 4 em, and 
8 em, respectively, higher than the 50-yr rainfall means from that location (Kinard 
and Tippins 1983). Beetle flights in April and May occurred 6 to 7 d following 
rainfall greater than 0.25 cm within a 24-h period. These nights, however, occurred 
only when the mean daily temperature exceeded 15.5°C. 

In summary, these data exemplify the patchy, site-specific nature of scarabaeid 
populations (Guppy and Harcowi. 1970). Our traps captured only 22 of the 70 
species of Phyllophaga reported from Georgia (Fattig 1944). Phytophagous scarab 
population densities depend on severa] factors including availability of adult Hnd 
larval food sources, local weather. soil conditions, and natural enemy pressure 
(Davis 1918, Richter 1940, Hammond 1948b, Donaldson 1981, Lentz 1985, Stone 
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and Bueno 19B?). Factors affecting blnckJight catches, including rainfall patterns, 
air and soil temperatures. and height and spacing of traps (Gaylor and Frankie 
1979, Potter 1981, Guppy 1982, Stone 1986), further confound interpretation of 
such trapping data. However, identification of the scarab pests and their temporal 
occurrence in an area is important in maximizing management efforts (Kard and 
Hain 1986). For example, in 1989 E. humilis was the most abundant species 
trapped at all three sites, but it was not the most abundant species collected 
overall. In addition, populations of a single species can build to high densities 8S 

occurred with the peak emergence of Cyclocephala during 8 2-wk period in June of 
1989 at the Pike Co. site. Phylloplwga hirticula also was the third most common 
species collected in Oglethorpe Co.• but it was 69% of the total catch during its 
peak emergence in the last three weeks of April. Likewise P. pronunculina was the 
fourth most common species collected in Bulloch Co.; however, it constituted 63% 
of all scarabs collected between 16 July and 5 August in L989. These observations 
demonstrate that those species not considered numerous by a season-long sUlVey 
may be very common during their flight period. Identifying a scarab infestation as 
"white grubs" is of little value in formulating an effective control strategy. 
Suppressive tactics must be timed with t.he life cycle of the pest species 8S well as 
environmental factors that influence activities. 
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ABSTRACT 

The biology of the predatory histedd bectle Phelislcr panamcl1sis LeConte was studied in 
the laboratory. Throughout the study, the life stages were maintained with constant light at. 
25·28°C and ,10 - 60% relative humidity. Female beetles deposited single eggs 2-7 mm deep 
in soil beneath deposits of cattle manure. Embryogenesis was completed in approximately 
2.4 d after oviposition. The two larval instars required about. 3 and 4.2 d to complete 
development.. while the pupal stage duration averagcd 9.2 d. Development from egg to adult 
avcraged 19 d. This is the first study of the life slages of a hislerid beetle using scanning 
electron microscopy in order to more clearly visualize minute external structures. 

I(ey Words: Biology, histerid beetle, Phelister panamensis. horn fly, biological control. Hae
matobia irritans, Oiplera, Muscidae, Coleoptera, Hist:eridae. 

J. Agric. Entomol. 8(3): 189-197 (July 1991) 

Native and exotic species of Histeridae that inhabit cattle dung are being 
studied to evaluate their I'ole as natural enemies of the horn fly, Haematobia 
irritans (L.). The horn fly is an important pest of cattle that costs the livestock 
industry in the United States more than $780 million annually (Drummond et a1. 
1981). Cattle irritated by these biting flies suffer loss of blood and weight, a 
decline in general health and vigor, and an increase in their susceptibility to cattle 
diseases. Control procedures currently depend on the use of insecticides. However, 
the hom fly has become resistant to many of the insecticides used for its control 
(Sparks et aJ. 1985). Therefore, alternate methods of control are being sought to 
reduce dependence on chemical insecticides to control this important pest. One 
approach to achieving this goal is to maximize use of biological methods in 
integrated pest management programs. The manipulation of native species of 
histerids and introduction of exotic species may suppress horn ny populations. 
PIle/ister parwmensis LeConte, a species native to Texas (Summerlin 1980, Blume 
1985), is under investigation to determine its potential as a biological control 
agent. Since its biology has not previously been studied, we report here the results 
of investigations on the life cycle of P. panamensis. 

Received for publication 27 August 1990; accepted 22 February 1991. 
t CUITeRt addre!l5: Dept. of Entomology, Tua!! A&M Uni"'er!!il)', College Station, Texas 77841. 

Corresponding author. 

189 



190 J. Agric. Entomol. Vol. 8, No. 3 (1991) 

MATERIALS AND METHODS 

Phelister panamensis was colonized in September 1988 from 44 adults collected in 
Kleberg County, Texas. The beetles were mken from cattle droppings less than 24-h 
old. Adults were confmed in plastic cages (8.5 em by 25 em diam) fiDed to a depth of 
ca. 1 em with sandy soil. TIle cages were maintained in grmvth chambers \-vith constant 
light at 25-28°C and 4Q..60% RH. The cages were fitted with plastic lids with a cotton 
muslin inselt to provide ventilation. Fresh cow dung (100 g) was placed on the soil 
surface in each cage and stable fly, Stomoxys colcitrons (L.), eggs (ca. lQoo) were added 
on top of the dung daily as food fol' the adult beetles and developing beetle ISIVse. The 
stable fly eggs were suspended in water and. placed on the manure with a tubber bulb 
and. pipette. Fresh dung was added every 5-7 d when aged and dJied dung became 
unsuitable for maturing fly lllIVac. The cagcs wcre cleaned ca. every -1 wk. Beetles and 
dung were removed from the cages and held in separate containers. The soil was 
carefully sifted 3-4 times to reoover Phelisli!r eggs and lazvae, and the manure was broken 
apart and meticulously inspected for adults and laIvae. Containers holding the sifred soil 
and the inspected dung were flooded with tap water. Undetected adults and dislodged 
pupae floated. to the surface and were recovered. No eggs and few larvae were 
recovered in this marmer. Adult P panamensis were then set up in similar cages with 
soil, dung, and fly eggs as above. Histerid eggs and/or larvae recovered during the 
e1eaning process were transferred to similar rearing cages. 

Oviposition sites were determined for P. panamensis by making daily obser
vations to detennine ovipositional activity as previously reported for Rister coenosus 
Erichson and Rister incertus Marseul (Summerlin ct al. 1981). Eggs were removed 
from the soil with a small moist brush, measured, and individually isolated in small 
petri dishes (50 mm by 7 mm deep) containing a moist filter paper disk. This 
holding method allowed observation of the egg and protected it from desiccation. 
Specimens at all life stages were placed in these filter paper-lined dishes for 
measurement. Measurements of the lengt.h at the widest portion of the egg were 
made with a binocular microscope with an eyepiece micrometer. Eggs were inspected 
several times daily for hatching. Measurements of newly hatched larvae were made 
as described with the width being determined at the widest portion of the head 
capsule. L8Ivae were provided 50·LOO stable fly eggs twice weekly as a food source. 
Measurements were made periodically of the length and width at each larval stage. 
The larvae were placed in the damp paper-lined petri dishes and observed how'ly 
to determine molt. Measurements were mode on newly molted laNae at each stage. 
The length and width of the pupae were made at the molt, with width measurements 
taken at the widest portion of the abdomen. Observations were made daily from 
oviposition to adult eelosion. New adults were transferred to separate cages and 
held under simil8l' conditions; each generation was kept separate. Voucher specimens 
were retained in our laboratory collection. The duration of egg incubation, larval 
instal'S, initiation of pupal cell formation, pupation and adult development were 
recorded. The specimens were prepared for electron microscopy by fixation in 4% 
glutel'oldehyde in 0..1 M phosphote buffer pH 7.4, dehydration in ethanol and 
critical point drying. After mounting on stubs, the specimens were coated with gold 
in a sputter device and subsequently viewed with a Cambridge 200 microscope at 
LO KV. Due to their fragility under vacuum used for gold sputtering and SEM 
viewing, eggs were also prepared by freeze drying in liquid nitrogen rather than 
critical point drying. 
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RESULTS AND DISCUSSION 

Adults of P. panamensis are black, oval beetles varying from 2.8·3.6 mm in body 
length and from 1.6·1.8 mm in width. Males and females are morphologically 
indistiguishable. Elytra are striate with four complete dorsal striae with apical 5th 
and sutural striae extending to ca. mid·elytra (Fig. tA). The protibia of the adult 
contains an apical spine, u row of six dentieles along the outer or lateral surface of 
the tibia, and two rows of spinules; one extending along the mid-dorsal region of 
the tibia, the other along the inner or medial surface (Fig. IB). 

Males and females mated in or under the manure to which they were attracted. 
The females lay single eggs at various angles in the soil 2·7 mm beneath the 
manure. In most instances, eggs were deposited ca. 2 mm deep. Eggs were white, 
glistening, and bluntly rounded at both ends. Viewed with a dissecting microscope, 
the eggs appeared to have a smooth chorion (Fig. 2A); when viewed with SEM (Fig. 
28), the chorion appeared to have a pattern. This apparent pattern was an artifact 
that occurs during preparation of the egg for scanning electron microscopy due to 
shrinkage of an extrachorionic membrane (Fig. 2C). The non·pattemed chorion (Ch) 
was visible between the torn edges (arrow) of the extrachorionic membrane (EM) 
(Fig. 2C). Newly deposited eggs averaged 0.43 by 1.20 mOl in width and length, 
respectively Crable 1). The incubation period for the eggs averaged 2.4 d at soil 
temperatures of 25-28°C. 

Phelister panamens':s larval development consisted of only two stages. Newly 
hatched lalvae were essentially white and non-pigmented, but the head capsule 
became fully pigmented (dark brown) within 6 h (Fig. 3A). The pronotum of first 
instal' larvae has a rectangular shape while that of the second instal' is crescent 
shaped at the posterior margin. First instars at eclosion averaged 2.2 mm in length, 
and the head capsules were a uniform 0.29 mm wide (Table I). The urogomphi of 
the larval stages are segmented, tubular-shaped structures (Figs. 3A, 4B). The 
duration of the first instal' averaged 3 d. After molting to the second instar (Fig. 
38), the head capsule measured 0.57 mill. The initial lengths of the second instal' 
ranged from 4.t·5.7 mm, increasing to ca. 6.3 mm prior to pupation. After 3-7 d, the 
maturing second instal' entered the prepupal stage as evidenced by a color change 
from pale yellow to white. The prepupal stage ranged from 3-6 d. A pupal chamber 
was constructed with either soil 01' manure particles, or sometimes a mixture of 
both. \Vhen prepupae were confined in petri dishes on moist filter paper disks, they 
shredded the paper with their mandibles and fonned chambers around themselves 
with the masticated paper. Pupation occurred within the chamber. Just prior to 
pupal eelosion, the head and thorax of the prepupa became reOexed over the 
ventral surface of the abdomen (Fig. 3C). And the prepups then became quiescent 
within the pupal chamber. Newly formed pupae were white and the head was 
depressed beneath the pronotum. The pupal abdomen was conical and the last 
segment had horn-shaped (cornifonn) appendages (Figs. 4A, 4C). The length of the 
pupal period was variable, lasting an average of 5.3 d (Table 1). As mature pupae 
shed their skins within the pupal chamber, the newly formed adult beetles were 
only slightly pigmented (yellow/orange) and soft. They became fully pigmented 
(black) and hardened within 3-4 d and emerged from the pupal chamber after 
another 3-4 d by gnawing through the chamber wall. Development.al time from 
O\'jposition to adult averaged t9 d. 
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Fig. 1.	 A. Dorsal view of adult P. panamensis. Note striations on elytra and 
distinctive protibia (anow). B. Higher magnification of' t.he protibia 
reveals the distinctive denticles along outer margin and a I·OW of spinulae 
on the median and inner surface of the tibia. The clawed tarsus is folded 
onto the upper surface of the tibia. 
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Fig. 2. A. Lateral view of P. pnnamensis egg viewed with a dissecting microscope. 
B. Lateral view of P. panamensis egg viewed with SEM. C. Higher 
magnification with SEM to show the smooth non-patterned chorion (eh) 
and the thin, fibrous extrachorionic membrane (EM) that has retracted 
(arrow) from a portion of the chorion. 



Table 1. Meflsurements and developmental times of different stages of Phelist.er panamensis reared in the laboratory at 25
28°C.*. 

Length (mm) Width (mm)t Development time (days) 

Stage Range Mean ± SD Range Mean ± SD Min. Max. Mean ± SD 

Egg 1.1 . 1.3 1.2 ± 0.08 0-43+ 2 4 2-4 ± 0.06 

1st instal' 1.4 . 4.1 2.2 ± 0.73 0.29; 3 4 3.0 ± 0.22 

2nd instal' 4.1 - 5.7 4.6 ± 0.60 0.57+ 3 7 4.2 ± 1.70 

'"Prepupa 5.7-7.1 6.3 ± 0.70 0.57+ 3 6 3.9 ± 0.83 S 
Pupa 2.3·3.3 2.8 ± 0.30 1.4·1.8 1.5±0.1:J 4 7 5.3 ± 1.06 3 

;c 

Adult 2.8·3.6 3.2 ± 0.20 1.6· 1.8 1.7 ± 0.10 17 21 19.0 ± 1.70 
~ 

• Datn rcprcscnl ohl'el"'o·ations of 21 individuals from o\'ilJOsition to adult. sn 
T ;"!easurements of width were of the wide;:t portions of the egg and udllh Ilhdomen: measurem('nts of lal"'o'3e were of the width of the hend cap;;ule: measurements of Z 

pupae "'ere of th(' widest portion;;; of the abdomen. P 
.t No variation exi!lted in width within aCcur;lL"y of measunnent. W 
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Fig. 3.	 Larval stages of P. ponamensis. Dorsal view of first (A) and second (B) 
instar Inlvac. The pronotum of the first instar is rectangular while that of 
the second instal' is crescent·shaped at. the posterior margin (B, arrow). 
The urogomphi (U) of the 1m'val stage are segmented, rod-shaped organs. 
C. Lateral view of prepupn showing I'eflexed posture of lalVa prior to 
pupation. The urogomphi are reflected upon the abdominal segments (an'Ow). 
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Fig. 4.	 A. Ventral view of mature pupa with well developed mouthparts, antennae, 
wings, legs, and genital region. B. The segmented, rod-shaped urogomphi 
of the larval stage. C. Corniform (crescent-shaped) urogomphi of the 
pupa. Note the nodular structures on the tips of the pupal wings. 
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Of the five native and three exotic species of Histeridae we have investigated, 
Pl,elisler panamensis is the smallest of these species and it has the shortest life 
cycle. The occurrence of adults of this species in cattle dung less than 24 h old and 
its short egg and larval stages could mean that both P. panamensis adults and 
larvae have an opportunity to prey on the immature stages of the horn ny. 
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DATE OF EAR TAG APPUCATION AND CONTROL OF FACE FLIES,
 
MUSCA AUTUMNALIS DeGEER', AND HORN FLIES,
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ABSTRACT 

A regional experiment conducted in five stat.es during 1985 nnd 1986 tested the hypothesis 
lhal improved face Oy (Musco au(umnalis DeGeer) control could be achieved if 10% 
pennethrin (Atroban~) ear tags were npplied to cattle in spring before overwintered face nics 
could lay their first eggs. Dates of first Dvipositions, predicted to occur at. each location when 
iO degree-days had accumulated above 12°C. ranged from earliest in Kentucky Ilnd Missouri 
on 31 ~arch 1986, to latest in Minnesota on 1 May 1986. In each state and year, one or 1\"'0 

herds were treated before the oviposit.ion date, one or two herds were treated after the 
oviposition date, nnd one to three herds were left untreated. Treating early yielded 60% face 
ny control during the rest of the fly season, whereas treating latel' yielded 42% control, but 
lhe difference bet.ween application dates was not: significant (P > 0.05). Treating cady neither 
reduced duration of horn ny, Hacmalobia irn'lflflS (L.) control, nor did it hosten Ow 
appearance of resistance, as inferred from control failures observed in selected locations 
during the 2-yr study. 

Key Words: Diptcra. phenology, pyreull'Oid, resislance, timing. Muscidae, Musca autumnalis 
OeGecr, Haemalobia inilans (L.). 

J. Agric. Entomol. 8(3): 199-207 (July 1991) 

Face flies, Musca autumnalis DeGeer, are visible at the eyes and faces of 
pastured cattle and horses in North America. When most. abundant nt any locality, 
the flies are F 1.3 descendants from an overwintered cohort of flies that emerged 
from local hibemaculae the preceding spring (Ode and Matthysse 1967, Teskey 
1969, Krafsur et al. 1985). Local emergence is relatively synchronous. but dates of 
appearance vary among locations and years, depending on weather. The breeding 
season commences with laying in fresh cattle dung pats of the median ny's fIrst 
egg batch when 70 degree·days>I2"C have accumulated after an arbitrary I January 
(Krafsur et al. 1985). 

DrfYl'E RA: MUl;eidae. 
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A common approach to summer control of face nies and horn flies, Haematobia 
irritans (L.), is to apply residual insecticides to host cattle. Although a variety of 
application methods is available, insecticidal ear tags have become the formulation 
of choice, because tags are easy to use and provide up to 6 rno control of horn 
flies (Ahrens and Cocke 1979). Performance of tags against face flies has been 
comparatively modest (Williams and Westby 1980, Knapp and Herald 1980, 1981, 
Miller et al. 1984), perhaps because face flies spend relatively less time directly on 
hosts than do hom flies. 

The present experiment was designed to test the hypothesis that efficacy of a 
commercial ear tag against face flies could be increased by applying tags before 
first reproduction by overwintered nies. A second objective was to determine if 
tagging early reduced duration of concurrent horn fly controL 

MATERIALS AND METHODS 

The experimental units were pastured cattle herds in Minnesota, Illinois, 
Maryland, Missouri and Kentucky during 1985 and 1986 (Table 1). Herds consisted 
of 15-34 steers, cows with calves, or dairy heifers located far enough from other 
herds to make immigracion as unlikely as possible. Treatments were assigned at 
random to herds in each state and year, and were no tags, 01' tags applied on one 
of h\'o dates, here designated "early" and "late:' The tagged herds received two 
10% permethrin ear tags (Atroban~. Coopers Animal Health., Kansas City, Missowi) 
per steer, cow or heifer. Calves were left untagged. 

Table l.	 Details of experimental design used to test influence of application date 
on efficacy of 10% permethrin ear tags against face fly and horn fly 
adults in five states. 

Dale of	 tagging (no. herds) Predicted 
Year State Datet Control Early Late 

1985 Kentucky 

Missouri 

Maryland 

Illinois 

Minnesota 

April 10 

April 15 

April 18 

April 19 

April 21 

· (2) 

· (1) 

- (2) 

- (I) 

- (3) 

April 5 (2) 

Aplil 15 (I) 

April 12, 15 (2) 

April 18 (I) 

April 27 (I) 

May 3 (2) 

June 20 (I) 

May 15, 16 (2) 

June 20 (I) 

June 8 (I) 

1986	 Kentucky March 31 - (I) March 13 (I) May 28 (I) 

Missouri March 31 · (I) (0) JulIO (I) 

Maryland April 21 - (I) April I (I) June 7 (I) 

l1Iinois April 6 - (I) April 10 (I) May 19 (I) 

Minnesota May I - (3) April 12 (1) May 24 (I) 
t Predicted date is day when 70 DO> 1~.C had llCCllnluluted ufter I ,'unum)' uL corresponding location. 
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Face fly phenology. The early and late tagging dates in each state and year were 
chosen to occur before and after the predicted date of median first oviposition by 
overwintered flies (Table 1). In 1985, oviposition dates were forecast for each 
locality with a degree-day (DO) model for completion of the median overwintered 
females' first gonotrophic cycle. The model, as presented in Krafsur et al. (1985). 
was 

DO, ~ L(T, - 12), 

where OD is the accumulating degree-day towl to time t, 7' is ambient minimum or 
maximum temperature in the 11h half-day, and 12 is the base temperature, ull in 
°C. Using temperature records from 1 January onward, we recalculated DD for 
each study location using the half-day sine wave method without upper threshold 
and bias correction (eqns. 5 and 7 in Allen 1976). When the accumulating sum at 
any location reached 35 DO>12' half the required 70, ovipositions were deemed 
imminent and tags were applied as soon as possible to the corresponding herd(s) 
designated for early treatment. Herds designated for late treatment received their 
tags at least 1 rna later, to allow some if not all of the F1 generation to begin 
reproduction before treatment. 

Accuracy of the DD model was evaluated by comparing observed dates of 
midpoint first oviposition with corresponding predictions at each locality. Sweep 
nets were used to collect nies early in spring, twice per week, until all were parous. 
Parity was indicated by follicular relics in lateral oviducts of dissected females 
(Miller and Treece 1968, Kaya and Moon 1978, Van Ceem et al. 1983). Median first 
oviposition dates at sites yielding enough specimens were inferred graphically from 
the trend in percent parous from 0 to 100% across the series of sampling dates 
(see Krafsur et a!. 1985, fol' examples). 

Experience in 1985 was that the requisite DO sum accumulated too quickly 
after the first occurrence of 12°C to make DO forecasting worth the effort it 
required. Accordingly, we simplified the scheduling in 1986 and applied the early 
tags as soon as possible after the first 15°e day occurred after 1 March. 

Efficacy us. tagging date. Efficacy was evaluated by counting face flies and horn 
flies on cattle during weekly visits between date of late application and cnd of the 
summer ny season in each state. On most occasions, counts of face nies per face 
and horn mes per side from 10 or more animals per herd were made between 1000 
and 1500 h on the same day from all herds in the same state. Observations were 
restricted to days without inclement weather. with air temperatures above 15°C 
(GO°F), and with winds below IG km (10 miles)jh. The I'esulting sets of counts by 
species were analyzed separately to judge the effects of tagging date on each Oy. 

The counts [rom each herd-date were averaged after }oglO(x+ 1) transformation, 
which stabilized variances. Where replicate herds in a state received the same 
treatment, i.e., Kentucky. Maryland and Minnesota (Table 1). their respective daily 
means were pooled. The resulting series of daily means from each herd, from the 
week following date of late tagging to the last date when all herds in a given state 
were observed, were avemged to obtain an overall season-long mean for each herd. 
These season-long herd means were then analyzed by analysis of vm;ance (ANOVA) to 
test the hypothesis that season-long means from the control, early-tagged and late· 
tagged herds were equal. using a randomized complete block design (each state in each 
year, for total of 10) with mndom treatment effects (tagging dates) and one missing 
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value (Missouri in 1986). Ryan's Q, a modification of Tukey's HSD procedure (with 
Kramer's adjustment for unequal sample sizes, see Day and Quinn 1989) was used 
fol' pailwise comparisons of all treatment means, with an experiment·wise Type I 
error rate of 0.05. As presented below, means from the treatment groups were 
transformed back to the arithmetic scale, before calculating percent reduction in 
density from that of the average unlreated herd. 

RESULTS AND DISCUSSION 

Face fly phenology. The DD model predicted median first ovipositions over a 
wide range of dates among localities and years (rable 1), following a trend from 
earliest in the south to latest in the north. In 1985, spring seemed exceptionally 
warm and early in all states. Predicted dates spanned 11 d in April. Predictions at 
the same localities in 1986 spanned 31 d. Overall, the earliest predictions were in 
Kentucky and Missouri (31 March 1986) and latest was in Minnesota (11 May 
1986). Between years, variation at a given locality ranged from 3 to 15 d. 

Accuracy of the DO model during 1985 was assessed in Minnesota and 
Kentucky. 'fhe predicted date in Minnesota was 21 April. The date inferred from 
twice weekly samples of nies netted from cattle, 24-36 specimens per day between 
15-26 April, was also 21 April. Weekly samples swept from dung in Kentucky 
indicated half were parous on 18 April, 8 d after the predicted date. Samples from 
the remaining states were insufficient to infer dates of field ovipositions at those 
locations. 

Tagging date us. efficacy against face flies. Application dates are su~marized in 
'T'able 1. During 1985, tags were applied before the predicted first oviposition dates 
in Kentucky, Maryland, and Illinois. Elsewhere, daily maximum temperatures 
exceeded 27°C for several days during the third week of April, driving corresponding 
DD:>12 sums past the requisite 70 OD before tags could be applied. Hence, "early" 
tags in Missouri and Minnesota may have actually been applied after median first 
face fly oviposition. During 1986, early tags were applied 2·3 wk before the 
predicted dates in all locations except Illinois. In both years, late tags were applied 
on average of 48 d (SD = 23) after the corresponding early tags were applied. 

Resulting seasonal patterns in face fly counts for the 29 herd-years in the five 
states are summarized in Figure 1. From the late tagging date onward in 1985, 
there were fewer face flies on the tagged herds than on the untagged herds in all 
st.ates. Tagging early reduced counts to a greatel' extent in Missouri and Illinois. 
During 1986, the tags reduced counts in Kentucky, Missouri and Minnesota, but 
not as markedly in Maryland, and not at all in [lJinois. Presumptive benefits of 
early tagging were less apparent in the second year. 

Using treatment assignments as originally planned, ANOVA and Ryan's Q 
indicated mean face fly counts (Table 2) were significantly lower on the average 
early herd than on the average untreated herd (F = 8.65; df = 2,17; P = 0.003). 
However, counts were nol significantly different between herds tagged early vs. 
late. When results were regrouped according to whethel' actual tagging date 
preceded predicted date of median first face fly ovipositions, the conclusions were 
the same. Similar analyses using time-weighted mean counts (to correct for 
irregular observations in some states, Fig. 1) produced the same conclusions. 
Within the range of treatment dates used in this study, efficacy of the tags against 
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Fig I.	 Seasonal patterns in face fly abundance observed on 29 herds of 
pastured cattle in five states during 2 yr. Each point represents a daily 
mean of 10-100 face counts from 10 or more animals, (+) for herds with 
no tags, (0) for herds tagged early, and (0) for herds tagged late. Arrows 
indicate tagging dates, filled for early and open for late. 
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face flies was not measurably influenced by date of application. Overall, face fly 
counts were reduced by an average of 42-60% after the late tags were applied. 

Tagging date vs. efficacy against horn flies. Concurrent seasonal patterns in horn 
fly counts are summarized in Figure 2. In 1985, there were far fewer horn flies on 
the tagged herds than on the untagged herds in all states. Control was complete 
and lasted the entire season, except in Missouri, where flies reappeared during 
early August on both the early and late tagged herds. In 1986, tags (regardless of 
tagging date) remained completely effective in Minnesota for the duration of the 
season, but failed to provide a full season of horn fly control in the remaining four 
states (Fig. 2). Using original or revised treatment assignments, ANOVA and 
Ryan's Q indicated average horn fly counts (Table 2) were significantly lower on 
both tl'eated hel'ds than on the untl'eated hel'ds (F = 32.4; df = 2,17; P < 0.001), 
but not significantly different between hel'ds tagged early vs. late. Overall, the tags 
yielded 95% 01' more reduction in horn fly density after tagging. 

Table 2.	 Mean count* of face flies and horn flies during two years on untreated 
herds and herds receiving 10% permethrin tags (two per adult animal) 
before or after date of median first oviposition by face flies in spring as 
predicted with a phenological model. t 
F£lCC nics per face ('Yo reduction) Horn flies per side (% reduction) 

Year No tags Tagged early Tagged lute No tags Tagged early Tagged late 

1985 5.6 1.7 (69) 2.8 (49) 3L5 0.1 (99) 0.3 (99) 

1986 3.6 1.9 (47) 2.4 (34) 42.5 1.7 (96) 2.1 (95) 

Mean 4.5 1.8 (60) 2.6 (42) 36.6 0.7 (98) 1.0 (97) 

• Values trunsfonned back from mellns calculat.ed in loglo (x + 1) st,;(lle. 
t For early tagged group in 1986, II =·1 herds: n:::: 5 otherwise. 

FailUl'es to control horn flies in some states and years provided an opportunity 
to examine the hypothesis that date of tagging was associated with appearance of 
resistance, Studies in Illinois (Weinzierl et al. 1990) and I(entucky (J. Cilek and F. 
Knapp, Univ. Kentucky, unpublished data) indicate that during 1986, resistance to 
pyrethroids became detectable in the tagged herds or in populations in the 
surrounding areas. Given the national prevalence of documented pyrethroid resistance 
in horn fly populations (see Weinzierl et a1. 1990 and references therein), it is not 
surprising that resistance appeared among our study herds. 

In the absence of bioassays from all herd·years, we made the provisional 
assumption that a herd's mean count above 1 horn fly per animal (= 0.3 on 
10glO[x + 1\ scale, as used in Fig. 1) during any week after tag application indicated 
that effective resistance (sensu Weinzierl et a1. 1990) was present. We also 
examined the data set using more conservative criteria for resistance, namely 
critical densities above 2 or above 5 flies per side, and by restricting the 
considered interval to the first 5 rna after tags were applied. 
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From these definitions, we constructed 2 by 2 contingency tables, classifying 
the 19 tagged herds in the two years as being tagged early us. late, and by 
resistant us. susceptible. Using the most liberal criteria, there were 2 cases with 
resistance in 1985 and 3 in 1986 among 9 cases where early tags were used; of 10 
cases where late tags were used, there was 1 case with resistance in 1985 and 3 in 
1986 (Fig. 2). Both years combined, 55.6% of the early tagged herds developed 
resistance, whereas only 40% of the late tagged herds developed resistance. 
Fisher's exact test (Bradley 1968), which calculates the probability of departure in 
either direction from equal proportions (9 of 19, or 47%) was the result of chance 
alone, indicated 8 probability of P = 0.66, easily in the realm of chance. 

With the most conservative criteria for resistance (densities exceeding 5 per 
side within 5 mo of treatment), there was 1 case (11.1%) among the 9 early herds. 
In contrast, there were 4 cases (40%) among the 10 herds where tagging was late. 
Thus, the prevalence of resistance in the early herds was actually lower than in the 
late herds, although not significantly (two-tailed, P = 0.30). However resistance was 
defined, tagging early did not influence the eventual appearance of resistance later 
in the same season. 

In summary, the results of this study suggest that modal first ovipositions by 
overwintering face mes occur from late March to early May, according to onset of 
spring warming throughout the range of our localities. However. attempts to use 
this phenological knowledge to time insecticide application and thereby to increase 
control of face nies with ear tags (and presumably other formulations) did not 
markedly improve efficacy. Insensitivity to application dates between late March 
and early July may have occurred for any of three reasons, none of which can be 
excluded at present: (1) the extent of mortality imposed by the tags was modest
regal'dless of date of application and phenological status of the target fly population 
(Krafsur 1984); (2) ovipositions by some of the founding females occurred before 
the modal first oviposition; and (3) improved contl'ol Hchicved in early treated 
herds was masked later by immigration from surrounding populations. 

Consequences of the different application dates for horn fly management were 
surprising. First, in the absence of resistance to permethrin, tagging early did not 
materially affect the duration of horn fly control as experienced during the two 
years from Minnesota in the north to Kentucky in the south. This finding may not 
prevail in locations and years with longer horn fly breeding seasons. Second, 
tagging early did not obviously hasten the onset of detectable resistance. However, 
another study of longer duration will be needed before firm conclusions can be 
reached regarding the relationships between seasonal timing of topical insecticide 
use and time to onset of resistance. 
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ABSTRACT 

Insecticide sprays Bnd paint barriers Applied to the surface of extruded polystyrene, and 
different types of insulation, were evaluated for prevention of lesser melllwonn, Alphitobius 
diapcn"nlls (Panzer), infestations. In a lahoratOly study, tetrachlOlvinphos 50 ¥lP and pirimiphos
methyl 7E on extruded polystyrene produced> 90% mortality in larval and adult lesser 
mealwonn populations 71 wk after application. These insecticide spray treatments, however, 
were not effective under conditions found in the manure pit of a high rise cage layer house. 
Our field study showed that Styrofoam SS"" and Ethafoarn 220''', were resistant. to lesser 
mealwonn infestations. Super IQ'" paint., a latex paint impregnated with chlorpyrifos, was 
also effective in protecting extruded polystyrene from infestations under field conditions. 

Key Words: Insecta, Alphitobius diaperinus, lesser mealwonn, high rise cage layer house, 
poultry house insulation damage, Coleoptera, Tenebrionidae. 

J. Agric. Emomol. 8(3): 209-217 (July 1991) 

[n high rise cage layer poultry houses, light, humidity and air quality, and 
ambient temperature are manipulated for a controlled environment to obtain 
optimal egg production. Maintenance of stable ambient ail' temperature throughout 
all seasons is facilitated by placing insulation in the ceiling and walls of the 
structure, The most common types of insulation in cage layer houses are polyurethane, 
extruded polystyrene, and fiberglass products (Vaughan 1982, Vaughan et al. 1984, 
Despins et aJ. 1987) 

The controlled environment of the cage layer house is conducive to the 
development of certain arthropod populations in the lower story (manure pit) of 
the house, with the lesser mealworm, A/phitobius diapen'nus (Panzer) (Coleoptera: 
Tenebrionidae) being the most common beetle species at some times of the year 
(pfeiffer and Axtell 1980). The lesser mealworm develops in the accumulated 
composting manure, where temperature is favorable (Armitage 1985). The larvae 
tunnel in manure and ha\'e a significant impact in house fly emergence, being 
predaceous on house fly larvae (Despins et. al. 1988). Unfortunately, this beneficial 
behavior has been overshadowed by its status as a structural insect pest in poultry 
houses. The late instars begin tunneling activity for construction of pupation cells 
thereby reducing the insulation structural integrity, and increasing insulation 
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thermal conductivity (Dale et al. 19i6. Ichinosc et a1. 1980, Safrit and Axtell 1984, 
Vaughan et al. 1984, Despins et al. 1987). 

Insulation materials commonly used in broiler houses and cage layer houses 
have been examined for resistance to lesser mealwonn infestations under laboratory 
conditions with conflicting results (Ichinose et al. 1980. Le Torc'h and Letenneur 
1983, Vaughan et al. 1984). Application of mechanical barriers onto various forms 
of insulation have been evaluated under laboratory conditions, but to date, no 
material has been completely resistant to penetration by these insects. Insecticide 
barriers have shown promise in protecting insulation under labol'atory conditions 
(Vaughan and Turner 1984). Further information on the effectiveness of the 
mechanical and chemical barriers to field populations of lesser mealworrns is 
needed. This study was conducted to compare various mechanical bnlTiers, new 
types of insulation materials and insecticide sprays under laboratory and field 
conditions to reduce lesser mealworm damage. 

MATERIALS AND METHODS 

The lesser mealworm colonies were obtained from field populations in cage 
layer houses in various locations in southwestern Virginia. They were reared on 
wood shavings in glass covered aquaria (l9·liter) and placed in a controlled 
environment room at ca. 30°C. Relative humidity was maintained at no less than 
60% by regular addition of a small amount (50-75 ml) of water. Soaked cracked 
corn was added as needed for food. 

Insecticide Residual Experiment in the Laboratory 
The insecticide treatments were applied to 0.09-mz panels of extruded poly

styrene as follows: 

(I)	 pennethrin 25 WP, 0.05% AI, Om08 g/m' (lCI Americas Inc., New Murphy 
Road, Concord Pike, Wilmington, Delaware 19897); 

(2)	 permethrin 5.7 EC, 0.05% AI, 0.0107 g/m' (ICI Americas Inc.); 
(3)	 pirimiphos-methyl 7E, 0.25% AI, 0.0534 g/m' (ICI Americas Inc.); 
(4)	 pirimiphos-methyl 7E, 0.50% AI, 0.1069 g/m' (ICI Americas Inc.); 
(5)	 tetrachlorvinphos 50 WP, 0.50% AI, 0.1032 g/m' (Shell International Chemical 

Co., Ltd., Shell Centre, London SE 1 7PG, England); 
(6)	 chlorpyriIos-impregnated paint, 0.86% Ar, 322 gm/m2 , InsectawayUl Anti-Insect 

Flat Latex Paint, (Universal Cooperatives, Inc.). 

Insecticide solutions were prepared by mixing the amount of commercial 
product to give the desired concentration in 473 ml of distilled water. From this 
solution, 2 ml were placed into a 5-ml glass test tube and sprayed evenly over one 
side of a polystyrene panel using a glass chromatography type atomizer. The chlor
pyrifos paint was applied to one side of the panel, and, as with the other treatments, 
left to air dry for 24 h before evaluation. Each treatment was replicated three times. 
Treated panels were aged at room temperature (21°C) for the length of the 71~wk 

experiment. Residual activity of the insecticides was evaluated with the method of 
Vaughan and Turner (1984). Adults and larvae were exposed to treated panels at 
specific post· treatment times from 48 h to 7l d. Ten adults and ten sixth to eighth 
instars were exposed under artificial light at room temperature for 1 h on each 
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treated surface beneath an overturned plastic petri plate (14 by 2 cm). Treated 
insects were placed in recovery glass jars (473·ml) and maintained at room 
temperature for 4B h, at which time mortality, defined as inability to right or crawl 
after being prodded with (orceps, was recorded. Data were corrected for natural 
mortality with Abbott's (1925) formula. 

Laboratory Evaluation.s of Barriers and New Types of Insulations 
Surface barrier treatments were evaluated in the laboratory for effectiveness to 

lesser mealwonn penetration. These included a polyurethane varnish (Deft DefthaneTIol 

Polyurethane Finish) and an aluminum paint, (Rustoleum'loI Silver Metallic 7715; 
Rustoleum Corp., 11 Hawthorn Parkway, Vernon Hills, Illinois 60061). Panels of 
extruded polystyrene were cut into 7.6- by 7.6- by 2.5-cm sections. A single coat of 
each material was applied to the insulation and allowed to ail' dry for 48 h. 

Three products from Dow Chemical Co. (Granville Research Center, P.O. Box 
5L5, Granville, Ohio 43023) were also tested for damage by lesser mealworm 
infestations. They were Styrofoam IB'""', Styrofoam BB'" and Ethafoam 220'""'. 
Styrofoam IB'IoI, is a low density (20.6 g/m3) polystyrene foam board with a cell size 
of 0.6 mmj this product is primarily used as a plastering or stucco base. Styrofoam 
88'101 is a polystyrene foam buoyancy billet, with a density of 25.7 g/m3 and 1.5-mm 
cell size. Ethafoam 220'""' is a polyethylene foam product typically used fol' cushion 
packaging; it is characterized by having large cell size (1.5 mm) and has the 
highest density (29.5 g/m3) of the three test materials. In comparison, the density 
and cell size of an extruded polystyrene insulation used in agricultural buildings 
such as poultry houses (e.g., Styrofoam TG'""') is 25.7 g/m3 and 0.35 mm, respectively. 
Panels of Styrofoam 18'101 and Styrofoam BBllol were cut to 7.6- by 7.6- by 2.5-cm 
and Ethafoam 220'101 panels cut to 7.6- by 7.6- by 3.B-cm. 

A panel of each treatment, replicated 10 times, was placed on the wood shaving 
litter of a lesser mea!worm colony for 21 d. Panels were observed periodically to 
ensure that they did not become buried as a result of beetle activity. Evaluation of 
beetle damage on the panels was perfonned by counting the number of penetrations 
on the surface of each panel. For comparison purposes, this number was divided 
by the total surface area of the respective treatments to yield a common measure 
(i.e., average number of holes per cm7). 

Field Evaluations of Chemical Barriers and New Types of Insulation 
Field evaluation of insecticides, paint treatments and new types of insulation 

for prevention of lesser mealworm damage was done by exposing treated panels in 
the manure pit of 8 cage layer house having a heavy natural infestation. The 
insecticide formulations, and their diluted dosages were: (1) pirimiphos-methyl 7E. 
0.25% AI; (2) pirimiphos-methyl 7E, 0.50% AI; (3) tetrachlorvinphos 50 WP, 0.25% 
AI; (4) tetrachlorvinphos 50 WP, 0.50% AI; (5) permethrin 25 WP, 0.05% AI, and 
(6) permethrin 5.7 Ee, 0.05% AI. The insecticide solutions were applied to 
extruded polystyrene panels (10.2 by 10.2 by 2.5 cm) by immersing each panel in a 
solution for 60 seconds. 

1\vo brands of insecticide-impregnated paint were also evaluated: (1) Insectawayl" 
Anti-Insect Flat Latex Paint (0.86% chlorpyrifos by weight) and (2) Super IQ" 
Paint (Biochemico Dynamic Americas Corporation), (0.90% chlorpyrifos by weight). 
A single coat of both chlorpyrifos-impregnated latex paint formulations was 
applied to the same size polystyrene panel. All panels were air dried for 24 h. 
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The experiment was aJTanged in a randomized block design, with five replications. 
Panels were placed on plastic petri dish covers (14.0 cm diam) and set on the 
surface in the trough which exists between the cones of accumulating poultry 
manure. They were inspected monthly to ensure that they had not become buried 
by accumulating manure. After 150 d exposure time, the number of surface 
penetrations in each panel of insulation was counted and the average number of 
penetrations per square centimeter of surface area was computed. 

Star.istical Analysis 
Percentage mortality data were transformed using the arcsine-square root 

function (Zar 1984). Data obtained from the insecticide residual experiment and 
laboratory test of barriers and new types of insulation were analyzed using analysis 
of variance (PROC ANOVA, SAS Institute 1987); data obtained fi'om the field t.est 
of barriers and new types of insulation were analyzed using analysis of variance 
(PROC GLM, SAS Institute 1987). Treatment means were separated using Duncan's 
(1955) multiple range test. 

RESULTS 

Insecticide Residual Experiment in the Laboratory 
Adult mortality from 1 h exposure to treated panels was 90% or greater at 48 h 

post-treatment (Table 1). Both concentrations of pirimiphos-methyl, and tetra
chlorvinphos produced greater than 95% mortality throughout the 71-wk test. 
Pefmethl'in WP treatment also resulted in 95% mortality from 2-5 wk post
treatment and was more toxic than the EC formulation of permethrin from 2-23 wk 
post-treatment. CWorpyrifos paint killed greater than 90% of the adults at 48 h 
post-treatment but less than 5% at l-wk post-treatment. Mortality gradually 
decreased to zero after 3 wk. 

Trends of insecticide toxicity to lan'ae (Table 2) were similar to those which 
occurred in the adult trial. Nearly 100% mortality was observed in the tetl'achlor
vinphos and both concentrations of pirimiphos-methyl treatments throughout the 
7l-wk test. Pel'methrin WP killed greater than 90% of the larvae, and was more 
toxic than the permethrin EC formulation, from weeks 2-4 post-application. 
ChlorpyIifos paint produced greater than 90% mortality at 48 h post-treatment, but 
dropped to about 20% at l-wk post-treatment, and to 0% at 2 wk post-treatment. 

Laboratory Evaluati.ons of Barriers and New Types of Insulations 
Styrofoam1

.. BB and Ethafoam 220'" insulations, Defthane'lol finish and Rustoleum'" 
paint had significantly fewer surface penetrations than the standard ext.ruded 
polystyrene insulation (Table 3). Styrofoam BB1M insulation was the most resistant 
to lesser mealworm damage. 

Field Evaluations of Chemical Barriers and New Types of Insulation. 
When compared to the extruded polystyrene standard, Styrofoam BBTIoI , Etha

foam 220'" insulation and Super lQ'" chlorpyrifos-impregnated paint significantly 
reduced damage by lesser mealwOlm (Table 4), The two concentrations of piJimiphos
methyl, pennethrin (WP formulation), DefthaneT/o\ finish, and Styrofoam IW'" 
insulation also had fewer surface penetrations than the standard extruded polystyrene. 
Rustoleum'loI paint, both concentrations of tetrachlorvinphos, permethrin (EC 



Table 1. Average corrected percent mort.ality* of adult le!;ser mealworm following a 1-h exposure to insecticide-treated extruded 
poly!;tyrene panels. 

Weeks post-treatment 

Treatment % AI giro' 48 h 2 3 4 5 6 23 6l 71 

Permethrin 25 WP 
Penuethrin 5.7 Ee 

0.05 
0.05 

0.0108 
0.0107 

100.0 at 
90.0 a 

76.7 a 
66.7 a 

100.0 a 
41.4 b 

100.0 a 
33.3 b 

96.6 a 
68.9 b 

96.6 a 
28.5 b 

86.7 a 
30.0 b 

7:1.3 a 
26.7 b 

30.0 b 
20.0 b 

26.7 b 
20.0 b 

Pifimiphos· 
methyl 7E 

Pirimiphos
methyl 7E 

Tetrachlorvinphos 
50 WP 

Chlorpyrifo!; paint 

0.25 

0.50 

0.50 

0.86 

0.0534 

0.1069 

0.1032 
0.322 

100.0 a 

100.0 a 

100.0 a 
93.3 u 

100.0 a 

lOO.O a 

100.0 a 
3.3 b 

100.0 a 

100.0 a 

100.0 a 
2.3 c 

100.0 a 

96.7 II 

lOO.O a 
0 c 

100.0 a 

100.0 a 

100.0 a 
-t 

100.0 a 

100.0 a 

100.0 a 

100.0 a 

lOO.O a 

100.0 a 

100.0 a 

96.7 a 

96.7 a 

100.0 a 

100.0 a 

96.7 a 

100.0 a 

100.0 a 

lOO.O a 

F~ 1.37 7.50 12.21 33.63 20.05 15.96 5,fi6 7.63 12.47 15.16 
df = 5, 12 5, 12 5, 12 5, 12 4. 10 4, 10 4. 10 4, 10 4, 10 4, 10 
p= >0.30 <0.01 <0.01 <0.01 <0.01 <0.01 <0.05 <0.01 <0.01 <0.01 

• MOJ1<1lity data com,'Cleo fOl' natural mortality using Ahhott'~ (1925) formula. 
t	 Daw tnll1sfOnJlCd berore al1!1Jysi~ (arcsine Sl\uare root x); means within colulllns f,)llowed by the same lcller are not sib'llificanlly differcnt (alplw = 0.05; DUllcan',. 

(195:JI multiple range test).
* Treatmcnt removed from evaluation. 



Table 2.	 Average corrected percent mortality* of late instar lesser mealworm following a l-h exposure to insecticide-treated 
extruded polystyrene panels. 

Weeks post-treatment 

Treatment % AI g/m'l 48 h 2 3 4 5 6 23 61 71 

Pennethrin 25 WP 0.05 Om08 100.0 at 83.3 a 100.0 a 100.0 a 96.7 a 96.7 a 96.7 a 90.0 a 16.7 b 30.0 b 
>Pennethrin 5.7 Ee 0.05 0.0107 82.8 b 83.3 a 46.7 b 46.7 b 66.7 b 50.0 a 76.7 a 66.7 b 20.0b 36.7 b ,.

Pirimiphos-	 "o 
methyl 7E 0.25 0.0534 100.0 a 100.0 a 100.0 a 100.0 a 100.0 a 100.0 a 100.0 a 100.0 a 100.0 a 100.0 a 

Pirimiphos
methyl 7E 0.50 0.1069 100.0 a 100.0 a 100.0 a 96.7 a 100.0 a 100.0 a 100.0 a 100.0 a 100.0 a 100.0 a 

Tetrachlorvinphos 
50 WP 0.50 0.01032 100.0 a 100.0 a 100.0 a 100.0 a 100.0 a 100.0 a 100.0 a 100.D a 96.7 a 96.7 a 

Chlorpyrifos paint 0.322 93.1 a 23.3 b 0 c 0 c 
0.86	 

.* 
F= 6.56 6.52 17.63 61.18 10.73 2.95 2.56 1.86 14.22 4.79 
df = 5, 12 5, 12 5. 12 5, 12 4, 10 4, 10 4, 10 4, 10 4, 10 4, 10 
p= <0.01 <0.01 <0.01 <0.01 <0.01 <0.05 <0.10 >0.10 <0.01 <0.05 

Mortality data corrected for natural monality using Abbott"s (1925) formula. 
t	 Data transformed before analY!lis (arcsine square root xl; means within columns followed by lhe same letter art' nOf signifiesnlly different (alpha· 0.05: Duncan's 

11955\ multiple range test). 
:t:	 Treatment removed from evalu8lion. 
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Tobie 3.	 Twenty.one day exposure of styrofoam panels treated with paint-like 
barriers or different formulations in lesser meaJworm colonies. 

Damage (holes/em' surface area) 

Treatment Mean· SD 

Styrofoam BB1 
'" 0.006 a 0.008 

DefthaneDl. painted on extruded polystyrene 0.081 ab 0.125 
Ethafoam 2201 

'" 0.107 ab 0.096 
RustoleumLll 

, paint on extruded polys1;yrene 0.168 ab 0.274 
Styrofoam IBLIl 0.232 e 0.274 
Extruded polystyrene 0.418 be 0.355 
•	 F = 4.15; df =5, 54; means followed by the same letter are not significantly different (alpha =0.05), 

Duncan's [1955/ multiple mnge tesL 

Table 4.	 Effectiveness of barrier paints and insecticide sprays applied on extruded 
polystyrene panels, and other insulation types to natural populations of 
lesser mealworrns in the manure pits of a high rise cage layer house for 
150 days. 

Holes/em' surface area 

Treatment	 Mean· SD 
TIOtStyrofoam BB

Ethafoam 220'''' 
Super lQTIII paint 
Pirimiphos-methyl 7E, 0.50% AI spray 
Pirimiphos·methyl 25WP, 0.25% Al spray 
Defthane TIOt finish 
Styrofoam IB"" 
InsectawayT. paint 
Permethrin 5.7EC. 0.05% AI spray 
Tetraehlorvinphos 50 wp. 0.50% AI spray 
Tetraehlorvinphos 50 WP. 0.25% AI spray 
Rustoleum11Ot paint 
Extruded polystyrene 

0.008 a	 0.008 
0.010 a	 0.010 
0.021 a	 0.041 
0.234 ab	 0.276 
0.494 ab	 0.637 
0.540 ab	 0.186 
0.574 ab	 0.468 
1.147 abc	 2.059 
1.537 abc	 1.849 
1.894 abc	 1.744 
2.508 abc	 2.648 
3.066 e	 2.377 
3.305 e	 2.095 

•	 F = 2.71; df = 13. 47; ulpha.= 0.05; means foUowed by the !lame leller ore not signilicontly different 
(Duncan 1955). 

fonnulation) and Insectaway"'" chlorpyrifos·impregnated paint, containing a lesser 
concentration of chlorpyrofos than Super IQ'''', were not as effective. 

DISCUSSION 

Under laboratory conditions, the organophosphate class of insecticides (tetra
chlOIvinphos and pirimiphos·methyl) showed extremely long acute residual activity 
against both larvae and adults, however, these results were not duplicated under 
field conditions. For example, the cblorpyrifos·impregnated paint treatment, Super 
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IQ'M paint, did not produce significant adult or larval mortality after 1 wk post
application in laboratory tests, but the paint performed well in protecting standard 
extruded polystyrene from lesser mealworm infestations under field conditions and 
provided the best results of the insecticidal treatments evaluated in the field trial. 
The alkaline environment (from dust and poultry waste) to which these treatments 
were exposed probably contributed to the decomposition of the insecticides. lt is 
obvious that conclusions based on laboratory tests alone should be made with 
care. 

The two most resistant insulation materials, Styrofoam and EthafoamHB1M 

2201101 
, could serve as an alternative choice for use in poultry house construction. 

These insulation materials should be examined further for their chemical and 
physical properties to determine factors which contribute to resistance to lesser 
mealwoi:m infestation. 

1.n summary, we observed no insecticidal, physical, or alternative insulation 
material treatment which was completely resistant to lesser mealworm damage, 
however, some treatments could be used in poultry houses to protect extruded 
polystyrene already in place from damage. Alternative insulation materials could 
be used in new poultry house construction provided they are not too costly. 
Perhaps even these costly materials, treated occasionally, could be justified in light 
of the present expense involved in replacing damaged panels. 
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J. Agric. Entomol. 8(3), 219-221 (July 1991) 

The fall armyworm, Spodoptera {rugiperda (J. E. Smith), is a pest of several 
crops, including com and sorghum, in South Carolina. The parasitoid complex of 
the fall annyworm on com has been identified in Texas, Florida, Arizona, Arkansas, 
California, Louisiana, Tennessee, Oklahoma, and Mississippi (Ashley 1979). Para
sitoids also were reported from corn in Colombia, Guatemala, Venezuela, Uruguay, 
Bolivia, Chile, Peru, Argentina, and Puerto Rico (Ashley 1979). Researchers in 
Florida, Louisiana, Tennessee, Texas, Venezuela and Colombia reported parasitoids of 
the fall armywonn in other plant host..'i, including peanuts and unidentified grasses 
(Ashley 1979). No reports nre available that identify sorghum as a plant host from 
which fall armyworm was collected and reared for determination of parasitoids. 
The single report of parasitoids of fall armyworm in South Carolina (Luginbill 
1928) listed the following species reared from faU annyworm collected from 
unidentified host plants: the sarcophagid. Ravinia (~Sarcophaga) assidua (Walker), 
and the tachinids, Spoggosia (=Phorocera) clanpennis (Macquart) and Winthemia 
quadripustulata F. Because no published records identify fall annywonn pamsitoids in 
field corn and sorghum in South Carolina, the current study was undertaken to 
obtain this information. 

Fall armyworm larvae were collected during the fall of 1984 from whorl stage 
corn and sorghum (17 October through 3 December) at the Edisto Research and 
Education Center (EREC) near Blackville, SC. The sorghum (2.4 hal had been cut 
earlier in the season, and larvae were collected from the second growth. Corn 
plants were grown from seed that germinated after 1.2 ha of corn was cut during 
September for silage. Cutting corn for silage from August to September is a 
normal practice in this region of S. C. (George Wells, Farm Manager, EREC, 
personal communication). Larvae were collected weekly and reared on plant 
material from which they were collected. Larvae were categorized as small (rust 
through fourth instar) or large (fifth and sixth instar). Larvae nnd foliage were 
placed in petri dishes (9 em) and maintained in a rearing room at 26 ± 2°C. 
60 ± 5% RH. and a photoperiod of 14:10 L:D. Larvae were monitored every 2 d. 
and dates of parasitoid emergence, pupation. and death from disease OT unknown 

, Technical Contribution No. 3085 of the South Curolintl Agricultural E:rperimcllt SlnHon. Clemson 
University. 
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causes were recorded. Pupae were held until emergence of parasitoids or verification of 
death. Adult braconids were identified by P. M. Marsh, Systematic Entomology 
Laboratory, Agricultural Research Service, U. S. Department of Agriculture, Beltsville, 
Maryland. Adult tachinids and ichneumonids were identified by the author. 

Of 611 first through fourth instar fall armyworms collected from sorghum, 
40.1% were parasitized. Of 792 first through fourth instar fall armyworms collected 
from corn, 21.1% were parasitized. No parasitoids were reared from 52 large larvae 
collected from sorghum and 78 large larvae collected from corn. At least nine 
species of solitary endOI)arasitoids, representing three families, were reared from 
small fall armyworm larvae (Table 1). Fall armyworm populations peaked in 
sorghum on 25 October at 2.4 larvae per plant, and in corn on 13 November at 4.0 
larvae per plant. Incidence of parasitism in small larvae on these peak population 
dates was 28.9% in sorghum and 14.8% in corn. 

The most commonly reared parasitoid in late-season sorghum and corn was the 
braconid, Chelonus insularis Cresson (Table l). During the fall, it was reared from 
62% of the parasitized fall annyworms collected from sorghum and 55% of the 
parasitized larvae collected from corn. Ashley et al. (1982) reported that Chelonus 
insulatis was the most prevalent parasitoid and emerged from 71% of the parasitized 
fall annyworms collected from unsprayed field corn in south Florida during the 
spring of 1980. In late-planted field corn in Florida, Chelonus texanus Cresson 
caused the highest mortality of larvae collected (6 June through 16 July) from 
under the husks of the corn ear and also from the broadleaf signal grass (Ashley et 
al. 1980). 

Table L	 Late-season parasitoids reared from collections of first through fourth 
instar fall armywonn, Spodoprera {nJgiperdQ, in South Carolina in 1984* 

Percentage parasitism 

corn sorghum 
Parasitoid (n = 792) (n = 611) 

Hymenoptera 
Braconidae 

CheLonus insularis Cresson ll.6 24.8 
Meteorus aulographae Muesebeck 1.0 l.l 
Rogas laphygmae Viereck 0.6 4.9 
Colesia marginiuenlris (Cresson) 1.4 5.6 
Homolobus lnmcalor (Say) 0.9 0.3 
(= Zele melLea Cresson) 

lchneumonidae 
Campolelis sp. 0.3 1.0 

Diptera 
Tllchinidae 

. Archytas marmoratus (Townsend) 4.2 2.0 
Winthcmia spp. 0.5 0.2 
Lespesia spp. 0.6 0.2 

Total 21.1 40.1 

• No prlrllsitoids were renred from 52 fifth And Rixth inslnr fall llnnyworms collected from sorghum and 
78 fifth and sixth insfnrs collected from corn. 
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Par8sitoid species that are important on the other lepidopterous pests in South 
Carolina agroecosystems (McCutcheon and Turnipseed 1981) were present during 
late falt. The tachinid, Archytas marmoratus (Townsend), was reared from fall 
armyworm larvae collected as late as 3 December. Of the six larvae collected on 
that date, three were parasitized, and these paT8sitoids emerged from fall annywonn 
pupal cases on 4 and 11 January 1985. The latest collections from which the 
braconid, Cotesia marginiuentris (CI'esson), was collected and reared were 1 
November from sorghum and 8 November from corn. The temperature dropped 
below O°C on 7 November 1984. In soybean, Cotesia marginiuentris is effective 
against. fourth instal' soybean looper, Pseudoplusia includens (\Valker) (McCutcheon 
and Turnipseed 1989), and A. marmoratus is an important parasitoid t.hat emerges 
from the pupae of Heliothis and Helicoverpa spp. (G. S. M., unpublished data). 

It is essential to determine the potential or parasitoids as a component of 
integrated pest management programs. One of the concerns is the overwintering 
potential of these natural enemies, which could have an impact upon decision
making in cultural practices. Late-season studies such as this may provide some 
insight into the ovenvintenng potential of these parasitoids. Also, additional 
studies should determine the parasitoid complex of fall armyworm lan'ae during 
the regular growing season in South Carolina. 
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ERRATUM 

The figure on page 133 of the April 1991 issue (Vol. 8, No.2) was cut off in 
final printing and is reprinted here. We apologize for this omission and any 
inconvenience it may have caused. 
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1989 ESA ANNUAL CONFERENCE AND CENTENNIAL CELEBRATION
 

SAN ANTONIO, TEXAS 

APPLICATION OF COMPUTER MODELS TO MEDICAL AND
 
VETERINARY ENTOMOLOGICAL PROBLEMS
 

Because of the development of inexpensive and powerful microcomputers in 
the 1980's, use of computer-generated models in entomological research has 
dramatically increased. Medical and veterinary entomological researchers have 
increased their use of computer models to describe populations and communities 
of arthropods and to predict disease outbreaks, seasonal life cycles of important 
arthropods, and to develop extensive arthropod management programs. However, 
there are a number of modeling approaches documented in the literature that have 
not been discussed which may be useful in medical and veterinary entomological 
research. 

Presented in this conference are papers which discuss different approaches to 
the development of computer models and the application of these models to 
medical and veterinary entomological research problems. 

Conference organizers 

Glen I. Garris J. Matthews Pound 
Food and Agriculture Organization of United States Department of 
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Amblyomma vanegalum Tick Agricultural Research Service 
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FOOD WEB STRUCTURE IN DUNG AND CARRION ARTHROPOD
 
ASSEMBLAGES, NULL MODELS AND MONTE 

CARLO SIMULATION: APPLICATIONS TO 
MEDICAL/VETERINARY ENTOMOLOGY'· 2 

Kenneth Schoenly 
Laboratory of Populations 

The Rockefeller University 
1230 York Avenue, Box 20 
New York, NY 10021-6399 

ABSTRACT 

A simple computer model designed to mirror predator-prey interactions in a multispecies, 
multi-trophic level context and Monte Carlo simulation were used to test specific hypotheses 
about food web structure in dung and carrion arthropod assemblages. Attention was focused 
on three different hut closely allied food web characteristics: food chain length, omnivory and 
comparbnentation. Eighteen food webs gleaned from seven published studies on dung and 
carrion arthropod communities established the statistical universe for this analysis. The null 
hypothesis tested in each of two cases, omnivol)' and compartmcntlltion, was that real food 
webs are statistically indistinguishable from food webs generated at random. Simulation 
results revealed overall less omnivory in both dung and carrion webs and a higher degree of 
functional group compartmentlltion in dung webs than carrion webs_ Analysis of published 
food webs revealed that dung webs were more complex than carrion webs in several 
properties: more links per species, more lower feeding detritivores, longer modal food chains, 
more omnivore links per species, more and larger compartments. Omnivores in both 
categories of webs were found to eat species on adjacent trophic levels more often than non
adjacent levels. In the comparlmentation analysis, predaceous beetles and coprovores in 
dung webs and necrovores and anls in carrion webs comprised the most frequently reported 
comparbnents. Among four predictions of food web theory tested in this analysis, one was 
verified in both dung and carrion webs while the remaining three predictions were only partly 
confinned in some of the 18 webs. Applications of food web theory to forensic and veterinary 
entomology are proposed. 

Key Words: Food webs, dung arthropods, camon arthropods, Monte Carlo simulation, null 
models, food web theory, community ecology, forensic entomology, veterinary 
entomology. 

J. Agric. Entomol. 8(4): 227-249 (October 1991) 

Since the first graphical portrayal of a food web by Victor Shelford in 1913, 
perhaps no other ecological concept has become more familiar to entomologists or 
has met with greater scrutiny among theoretical ecologists (Pimm 1982, Lawton 
1989, Cohen et al. in press). Quests to find and quantify regularities in food web 
structure have been episodic since Elton (1935) fIrst laid the theoretical foundation 
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in his now classic text Animal Ecology. More recently, Cohen (1978), using both 
published reports and mathematical methods, advanced the search when he 
reported a nearly invariable ratio of three prey to four predators from 24 published 
food webs. Experimental ecologists and conservation biologists now armed with 
testable hypotheses about how nature assembles large~scale ecosystems are evidence 
to the progress began by food web researchers only a few decades ago. 

This essay has three objectives. First, 8 detailed, though not comprehensive, 
review of three different but closely allied components of food web theory (food 
chain length, omnivory, compartmentation) is given. Second, predictions from this 
theory are applied to food web data from the literature on dung and carrion 
arthropod communities using a simple computer model and Monte Carlo simulation. 
Where possible, clues for addressing specific problems related to vector transmission in 
medical/veterinary entomology contexts using derived food web statistics are 
given. Third, it is hoped with the introduction of this large body of testable theory 
to an entomological forum that the dialogue between community ecologists and 
entomologists will be enhanced. 

Food Web Theory: Background and Predictions 

The Length of Food Chains 
In validating one of ecology's oldest first principles, Cohen et al. (in press) and 

Sugihara et aJ. (1989), using hundreds of published food webs, found that food 
chains are typically short, averaging only three to four links in maximum length 
from a basal species to a top predator. Energy enters the web through autotrophs 
and detritus and is transferred up links in the food chain, first by herbivores and 
detritivores and then by their predators, always with a corresponding loss of 
energy, mostly through respiration. The amount of energy loss varies between 
organisms that have high production efficiencies like invertebrate ectotherms, 
specifically herbivorous and predaceous insects, to vertebrate organisms with low 
production efficiencies like birds and mammals (Humphries 1979). Assuming low 
levels of omnivory and similar amounts of energy consumed, it follows that 
habitats with higher primary productivity or with higher fractions of invertebrate 
ectotherms should support longer food chains than less productive habitats or 
those with more vertebrate ectotherms/endotherms. Although the 'energetic con
straints hypothesis' (Lindemann 1942, Hutchinson 1959, Yodzis 1984b) still prevails 
as the most widely accepted explanation for short food chains in nature, other 
mechanisms have been proposed based on population dynamics (pimm and Lawton 
1977), body size (Warren and Lawton 1987), and dimension of the habitat (Briand 
and Cohen 1987, 1989). 

In most ecosystems of the world insects typically occupy the "criticaJ middle 
links" (Thompson 1984). However, in a collection of over 60 insect-dominated webs 
Schoenly et al. (in press) has found that insects feed higher in the food chain than was 
suspected previously (some hyperparasitoids of galls are trophic level 8 consumers!). 
Further, this result is accompanied by the suggestion that more insects may playa 
role as top predator in more places (e.g., pitcher plants, felled logs) than was 
previously believed. 

Omnivory 
Pimm and Lawton (1978) hypothesized that omnivores, i.e. species that feed at 

more than one trophic level, should more likely eat species on adjacent trophic 
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levels (e.g., on dung feeders and dung) than on non-adjacent levels (e.g., on 
predaceous mites and dung) and that omnivores should be more common in 
insect-dominated food webs (i.e. parasitoid-rich systems) and among detritivores 
than other groups. The rationale for the first prediction, also known as the 
"common sense hypothesis" (Yodzis 1984a), stems from apparent difficulties for 
omnivores to feed on widely separated trophic levels because of intrinsic physio
logical, morphological, and behaviorisl constraints. With regard to extensive omni
vory among detritivorous species, Pimm writes that "while it requires radically 
different adaptations to take a bite from a living small rodent instead of its living, 
avian predator, their carcasses must offer little difference," thus leading to an 
"easing of design restrictions involved in feeding on animals at different trophic 
levels" (1982, p. 140). However, tests of these three predictions are weak and 
inconclusive given the vertebrate-bias of many published food webs and the small 
sample of both insect and detritus·based webs tested (Pimm 1982). 

Comparlmentalion 
A widely shared view among ecologists is that members of an ecological 

community can be lumped into different groups based on shared functional 
attributes and that within-group members should interact more frequently (and 
perhaps with greater intensity) than between-group members. For instance, members 
of a group may have similar diets (e.g., sarcosaprophagous flies) and/or have the 
same predators in common (e.g., calliphorid predators). Supporters of this view 
argue that knowledge of functional groups can make possible more detailed 
comparisons of ecological communities and even larger continental biotas (e.g., 
Terborgh and Robinson 1986). Five variants of the functional group school include 
Root's (1967) "guild," May's (1974) "block," Pimm and Lawton's (1980) "compart· 
ment," Yodzis' (1982) "clique," and Cohen and Briand's (1984) "trophic species" 
(see also Sugihara 1983). The last three included alogrithms to detect or measure 
t.he degree to which functionally similar species interact. For example, Pimm and 
Lawton's (1980) statistic, el, uses a similarity coefficient to determine the degree 
to which species in a food web share predators and prey, y,-ith CI increasing as 
web compartmentation increases. In a highly compartmented web a functional 
group could be two species or members of an entire food chain. In the latter case, 
the number of within-chain links in this food chain would be greater than the 
number of links between it and other food chains in the web. Using eleven 
published food webs, Monte Carlo trials and the Cl statistic, Pirnm and Lawton 
(1980) found little evidence for the existence of compartments within single 
habitats. In the interest of brevity, only Ct and the trophic species notion of Cohen 
and Briand will be applied to the present analysis. 

METHODS 

Sources and Terminology of Food Webs 
Eighteen food webs culled from seven published studies on dung and carrion 

arthropod assemblages from different geographical regions established the statistical 
universe for this analysis (Table 1). The few food webs on dung and carrion faunas 
for study are in sharp contrast to the burgeoning vertebrate-oriented food web 
literature (Cohen 1978, Briand 1983). The arthropod faunas that colonize these 
nutrient-rich substrates are almost entirely insect species (> 95%) and the pattern 
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Table I. Thirteen food web properties and dare sources for seven dung-m1hropod and eleven carrion-arthropod communities.'" 

Description of food web S m 0 L B T Ilchll TL m.. 
'J'L 

mod omo L omn 
C, Reference 

(a) dung webs (7) 
Illinois USA (all links) 17 16 9 35 8 8 27 , , 0 0 0.1898 Mohr 194il 
lIlinois USA (common links only) 16 15 9 31 7 8 2:'l 3 , 0 U 0.1936 Mohr 19~3 

Chihuahuan Desert USA (days I-il) 28 '17 7 37 21 6 31 3 2 0 0 0.1904 Schoenl)' 198:.\ 

New York USA (day 1) (011 links) 26 25 14 70 12 13 99 5 5 R 30 0.2365 Vnlieln 1974 ,...
New York USA (day I) (e!itah. links) 26 25 , Gl 17 8 53 3 3 7 O.2il7i Valiela 1974 
New York USA (<lny 5) (all links) 35 34 18 14G 17 17 360 5 ·1 7 7·1 0.2312 Valiela 1974 > 

"New York USA (day 5) (eslab. links) 33 32 17 121 [6 16 165 4 4 4 52 0.2428 Valiela 1974 ,.
0

(b) carrion webs (1) 

'"Guanacaste. Costa Rica, toads 2fi 2I 5 4' ;, 2I 0 49 2 0 0 0.2106 Comnhy 1974 "de OSfl, Costa Rica, toad;; ~o 43 37 131 7 13 30 10] 3 3 8 28 a.1800 Comuby 1974 S 
3Central Valley, Costn Hien, dog 27 26 4 47 23 3 44 3 3 I ] O.IKll ,Jiron and Cartin 1974 :e-Aden Crater USA, rflhbits (dny 2) 18 17 , 23 [6 ] 22 3 2 " 6 0.2469 McKinncrncy 1978 

Aden Crater USA, rabbits (day 11) 8 7 3 9 ;J 2 7 3 3 0 0 U.2490 McKinncrney 1978 ~ 
Hueco Mtns USA, rabbits (dllY 9) 27 26 22 72 5 2[ .11 5 ·1 :} 32 0.234-1 McKinnemey 1978 

'"Hueco Mtns USA, rabbits (day 25) 6 ;} [ 5 5 0 5 2 2 0 0 0.3333 McKinnerney 1978 
ZWhite Sands USA, rabbits (day 8) 21 20 5 40 16 4 36 3 3 4 4 0.22fJ6 McKinnemey 1978 P 

White Sands USA, rabhits (day (9) 3 2 I 2 2 0 2 2 2 0 0 0.5556 McKinnerncy 1978 
~ 

Fl"llnklin Mtlls USA, rabhit::; (day 4) ,_., 23 12 G·l 2 [3 10 54 4 3 8 21 0.2031 Schoenl)' and Reid 1983 
~ 

Franklin Mtns USA. rabbits (day 14) [4 13 4 3D 10 3 27 3 3 5 5 0.3024 Schoenly and Heid 1983 '" '" 
S, number of unique species in web; m. number of prcdutors; II, numher of prey; L, numher of predator-prey links: H, number of basal species: T. number of top 
prcdutors; I, number of intermediate species; nelm, number of food chains; TLmax.' maximum number of trophic levels; TL mod' modnl nurnher of trophic levels; 
omll, number of olllnivores: L ' number of omnivore links; (.'1. compartmentation statistic.ornn 
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of species arrival and colonization generally follows a well-known successional 
sequence. However, given the high flux in species turnover in these types of 
successional communities (Schoenly and Reid 1987) and the correspondingly high 
degree of variability that must occur in food web structure, more than one food 
web was used to represent a single site. Where possible, data from the least and 
most species-rich times in the succession were used (Table 1) and for each version 
separate simulations were performed_ The lack of complete dietary information on 
any and all vertebrate species associated with these coprovore and necrovore 
communities unfortunately precluded an analysis of their impact on these systems. 
Predator-prey matrices and species lists on all 18 webs can be found in version 1 
of ECOWeB~ (Ecologists' Co-Operative Web Bank), a collection of 213 food webs 
compiled by Cohen (1989) and produced in machine-readable form. 

Thirteen food web properties, including seven general and trophic position 
statistics (Cohen 1978, Pimm 1982), three food chain statistics (Cohen 1978), two 
omnivory statistics (Yodzis 1984a), and the compartmentation statistic Cl (Pimm 
and Lawton 1980) were calculated for each of the 18 webs (Table 1). From each 
report, the number of unique species (8), the number of predators (m), the 
number of prey (n), and the total number of predator-prey links (L) were 
determined. Each of the authors situated dung, or a carcass and sometimes Oy 
eggs, at the base of each web. Because none of these 'feed' on any other species in 
the web, they are typically called basal species (B). Conversely, species that lack 
predators in these webs (e.g., some parasitoids, spiders, vertebrates) are called top 
predators (1l Species that function as both predator and prey are called intermediate 
species (f). Following standard methods (Cohen 1978, Pimm 1982) the lotal 
number of observed predator-prey links, L, in the food web graph were arranged in 
a food web matrix of m columns of predators and n rows of prey and stored in 
machine-readable, binary form (Fig. la,b). The presence of a 'I' at the intersection 
of a particular prey row and predator column indicated a direct feeding link 
between that predator and prey species; otherwise there is a '0'. 

A food chain is a path of links from a basal species to a top predator and the 
number of trophic levels in that chain is the number of links in it plus one. In the 
food web of Fig. 2 there are a total of 51 chains (nchn) and a maximum of five 
trophic levels (TLmaJ The shortest chains, of which there are four, are of length 
one (spp. 23-27, 24-27, 25-27, 26-27), whereas the longest chains, which arc of 
length four, total only one in number (spp. 1-10-20-5-27). The modal number of 
trophic levels (TLmod), a measure of the most frequent path length through the 
web, is four in this example (Fig. 2). 

An omnivore is any species in a food web that feeds at two or more trophic 
levels; by this definition, there can be no omnivores in a two-trophic level web. 
Following Yodzis (1984a), an omnivore link is any link in a food chain that spans 
greater than nvo trophic levels. Consider a simple food web with three species: a, 
band c, where a eats both band c and beats c. In this example, species a is the 
omnivore feeding at trophic level 3 and the a-c link is the omnivore link. Although 
lhis procedure can sometimes overestimate omnivory in a food web (S. L. Pimm, 
University of Tennessee, personal communication, May 1989), its chief advantage 
is all ability to detect unambiguously all omnivore Jinks even in large webs (> 50 
species) thal might otherwise be omitted because they were deemed too complex 
for analysis. In Figure 2 there are a total of five omnivore species (omn) and 32 
omnivore links (Lornn)' One omnivore is the top feeding reduviid bug, 8inea 
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FLOW CHART OF RANDOM FOOD WEB ALGORITHM
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Fig. 1.	 Flowchart of null model algorithm and rationale for how a statistical 
inference can be made using Monte Carlo simulation. In this hypothetical 
example, the hypothesis is whether the observed food web (shown in 1a) 
is consistent with random expectation (Ho) or is more compartmented 
(Ht) or less compartmented (tU) than random expectation. Six constraints, 
corresponding to different quantitative features of the observed web, 
detennine the general, though not specific, configuration each random 
web will take (see Ic). After onc simulation the random food web 
generator produces a web with a smaller compartmentation value (Cl = 
0.4089, see ld) then the observed web (0.4189). At tbe conclusion of 100 
such trials the observed food web is found to be less compartmented 
(le-O than 30% of the webs created by the random food web generator. 
A P value of 0.3 does not warrant rejection of the null hypothesis. In 
this example one can conclude that the observed web is no more 
compartmented than random expectation. 
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Fig, 2,	 Day nine food web of the rabbit necrovore community reported by 
McKinnerney (1978) for the Hueco Mountains, TX. This web has one 
basal "species," the carcass (#27); 17 carrion-feeding insects (5, 6, 8, 9, 
11-19, 23-26); 7 larval predators and parasiloids (2-4, 7, 20-22); a general 
fly predalor (10), and a general insect predator (I). There are also 5 lop 
predalors (1, 23-26) and 5 omnivores (I, 4, 10, 21, 22). See Table 1 for 
other food web properties. Legend: (1) Sinea complexa Caudell, (2) 
Saprinus discaidalis LeConte, (3) Saprinus pennsylvanicus Paykul, (4) 
Silpha truncata Say, (5) Silpha truncata larvae, (6) Dennestes vu/pinus 
Fabricius, (7) Necrobia rufipes (DeGeer), (8) Eleodes entricatus eognatus 
Hald, (9) Trox punctalus Aennar, (10) I'rocUlcanthella leucopagan (Wilislon), 
(11) Euxesta sp., (12) Piophila sp., (13) Musca domestica L., (14) Cochlio
myia macellaria (Fabricius), (15) C. macellaria larvae, (16) Phoenicia 
sericata (Meigen), (17) Phaenicia sericaUl larvae, (18) Oxysarcodexia 
achripyga (Wulp), (19) O. ochripyga larvae, (20) Goniochaeta plagiodes 
Townsend, (21) ftJgonomynnex desertorum Wheeler, (22) Solenopsis xyloni 
McCook, (23) Nomia tetrazonata uualdensis Cockerell, (24) Lasioglos5um 
moriUi (Cockerell), (25) Dialictus micro/epiodes (Ellis), (26) Dialictus sp., 
(27) rabbit carcass. McKinnerney (1978) did not study carrion-feeding 
vertebrates at this site, 
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complexa Caudell (species #1), which eats species 2, 3, 10, 11, and 17 other 
species. The interaction linking species 1 with species 2 on trophic level 3, for 
example, is what Pimm (1980) calls a same- or straight-chain omnivore link. 
Likewise, species 4 forms a same-chain omnivore link with 27. the carcass, and 
also reeds on dipteran larvae (spp. 15, 17, 19) (Fig. 2). In this web the percentage 
of total links that are omnivorous links is 44% (32/72). 

Recall that the compartmentation statistic, C" quantifies the degree to which 
species in a food web are organized into functional blocks. The Cl statistic, which 
varies between 0 and 1, increases if more species share the same predators and/or 
diet. Figure 3 shows two extreme departures from random expectation in a 
hypothetical case involving 12 species. [n the comparison note that both webs have 
identical m, n. L, B, T, I, and L values, yet the Cl statistic varies from TLmul omn 
0.3090 in the highly comp8ltmented web (Fig. 30) to 0.2222 in the non-compartmented 
or "reticulated" case (Fig. 3b). Figure 3a depicts three compartments, each of 
which contains species that eat the same basal species (1. 2, or 3), and the set of 
predators on each basal species only eat members of the same compartment 
Although dungpats and carcasses are commonly treated as single basal species in 
published reports, compartments could be found, for example among dung beetles 
(scarabaeids) or their predators (e.g., hydrophilids), and in carcasses among muscle 
and internal organ feeders (dipteran larvae) or their predators/parasitoids (e.g., 
histerids, braconids), skin and ligament feeders (dermestids, trogids) or their 
predators (other beetles). 

It is emphasized that alone a CI value has limited utility. Each must be 
compared with CI values calculated from webs generated at random but constrained 
in the same way as before. For mathematical details on the CI statistic including 
how it can be calculated from a predator-prey matrix (see Pimm 1982, Pl'. 159
163). Moreover, the Cl statistic gives only a global measure of compartments and 
as such reveals little about individual compartments. To investigate trends in 
compartment number and size, Cohen and Briand's (1984) procedure for detecting 
tl'ophically identical species or "trophic species" was used: "Whenever two or 
more species are preyed on by exactly the same set of predators, and prey upon 
exactly the same set of prey, we treated them as one." 

Monte Carlo Methods 
Monte Carlo simulation is one class of sampled randomization tests (Sakal and 

Rohlf 1981, p. 794) that uses random (or pseudorandom) numbers to determine 
whether an observed variate or single event is likely to warrant rejection of the 
null hypothesis. Its chief application is in situations where tests of significance are 
made on a single event for which virtually nothing is known of the expected 
distribution of that event. By varying one event at a time, this approach also 
enables researchers to determine which events are more important than others or 
how different events interact. With these advantages, it is not surprising that 
Monte Carlo simulation is one of the most powerful and broadly applicable tools 
currently available fol' studying complex system behavior (Rubinstein 1981). 

Using Monte Carlo methods and published food webs, ecologists have found, 
for example, that compared to random expectation (a) the lengths of food chains 
are short (Pimm 1980), (b) omnivol'Y, with some exceptions, is rare (Pimm 1980, 
Yodzis 1984a); and (c) there is little propensity for compartments to form inside 
single habitats (Pimm and Lawton 1980). 
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Fig. 3.	 Two hypothetical food webs with identical numbers of species (S = 11), 
predator-prey links (L = 17), trophic levels (TLrn"x = 5), omnivore links 
(Lom" = 9), and top (T = 3), middle (I = 5) and bottom species (B = 3). 
In (a) the web is highly compartmented (C, = 0.3090). There are three 
distinct compartments with different numbers of species (4, 5, 2), t\ote 
the absence of links between compartments and all omnivore links are 
same-chain links. In (b) the web is non·compartmented (Cl = 0.2222) 01' 
highly "reticulated" (Pimm and Lawton 1980). Here, no distinct compart
ments exist and all omnivore links are bet\'Veen-chain links. Modified 
from Pimm (1982, p. 143). 

The null hypothesis tested in each of two cases: omnivory and compartmentation. is 
that real food webs are 'structure·free,' that is, they are statistically indistinguish
able from webs created by a random food web generator (see Hypothesis and Nul! 
Model sections below). To make the null hypothesis biologically meaningful it 
follows that the random webs produced should also mirror biological re-aliry. 
Moreover, such webs "should differ only in those features about which one \\'isht'~ 

to draw statistical inferences" (pimm 1982, p. 125). A broader rationale for the use 
of the null model approach in biology is given by Nitecki and Hoffman (l98/). 

Using the random food web generator, two sets of simulations one each for 
omnivory and compartmentation, were performed on each of the 18 webs listed in 
T'able 1, for a total of 36 separate trials (fol' an example, see Figure 1, steps a-no 
Each simulation (Fig. It,d) yielded LOO random webs, a frequency distribution 
(Fig. Ie), a median value and probability, P, for given null hypothesis (Fig. In. For 
omnivory, each P value was calculated as the proportion of random webs with the 
same or fewer omnivore links than the real web (Pimm 1982). For compmtmentation, P 
was calculated as the fraction of random webs that exceeded the Cl value of the 
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real web (pimm and Lawton 1980). Following standard acceptance/rejection criteria 
for a two-tailed test, if this observed probability fell outside the acceptance region 
of the null hypothesis (0.025'" P", 0.975), then the null hypothesis was rejected. In 
order to draw statistical inferences about general trends in dung and carrion food 
web data (Pimm 1982), P values from dung webs were added separately from 
carrion webs using Fisher's (1953) chi-square test on proportions. This approach 
has been criticized by Cohen et a1. (1986) on the grounds that this assumes 
independence among the food web samples, an assumption easily violated when 
more than one web from a single published report is used. Therefore, in deriving 
composite chi-square statistics only one P value from each of the seven published 
reports listed in Table 1 was used, and in single report-multiple web cases the first 
P value listed in Table 2 was chosen. The median from each expected distribution 
was used as a companion test statistic for each corresponding real web. 

Hypotheses 
For the omnivory analysis (as revealed by L omn), the null and alternative 

hypotheses state: 

Ho:	 Omnivory in real food webs is indistinguishable from random expectations 
(0.025:S; P ~ 0.975). In other words, L omn in real webs is statistically 
identical to the mean L generated from random webs;omn 

HI: Real food webs have greater omnivory than expected (P> 0.975); 

H" Real food webs have less omnivol'Y than expected (P < 0.025); 

For	 compartrnentation (Cl), the null and alternative hypotheses state: 

Ho:	 Interactions in real food webs are indistinguishable from random expecta
tion (0.025"" P ", 0.975); 

Hl:	 Interactions in real food webs are more uniformly distributed than 
expected (P > 0.975); 

H2:	 Interactions in real food webs are more compartmentalized than expected 
(P < 0.025). 

The Null Model 
A null model similar to food web generators used repeatedly by Pimm (1982) 

and Cohen et al. (in press) was constructed. Each set of created random webs was 
subject to several constraints identical to each real web (Fig. Ic) and were checked 
for other features rarely found in published food webs (cannibalism, mutual 
predation). 'Webs failing these checks and constraints were rejected and the 
randomization was repented (Fig. Id). 

Following Pimm (l980a), five const.raints were incorporated in the null model 
(pig. Id): 

(i) S, the numbe!' of unique species in the web;
 
Oi) L, the number of predat.or-prey links in the web;
 
(iii)	 B, the number of basal species; 
(iv)	 T, the number of top predators; and 
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(v) the modal number of trophic levels in the web.TLmod• 

TLmod ameliorates the actions of the other four in limiting the number of 
maximum trophic levels, TL .. produced in a random web. Even with these mn 
combined actions, however, it was not possible to disentangle the effect of chain 
length on omnivory since the number of omnivore links generally increases in webs 
with longer food chains (Pimm 1982, K. S., personal obsenrations). One way to 
separate chain length effects from omnivory and from compartmentation is to 
create webs which preserve more trophic position attributes, such as TL of the

mllx
, 

real web. Consequently, in the omnivory and compartmentation simulations con
straint (v) above was replaced by two other constraints that preserved: 

(vi)	 TLmllx,the maximum number of trophic levels; and 

(vii)	 the trophic assignment of each species, that is, the number of species 
in each trophic level including the position of all top predators. 

With all constraints (i-iv, vi, vii) operating together, species orderings in any 
randomly generated web are hierarchical in the sense that a species can eat 
virtually any other species at a lower trophic level and can be eaten by virtually 
any predator above, both with equal probability. Even in random webs where 
extensive reshuffling of links occurs, the model faithfully preserves overall trophic 
categories of component species (predators and prey) and vertical trophic structure 
(fractions of top, middle and bottom species) of the real web. Restricting random 
webs in this way makes the null hypothesis harder to reject and reduces the 
degree of confounding variation brought about by multiple effects. 

RESULTS 

Food	 Chain Lengths 
Food chains in dung and carrion webs varied between two and five in maximum 

length (TL max column, Table 1). These values fall well within expected ranges 
(pimm 1982), and in several instances insects (e.g., histerids, staphylinids, reduviids, 
carabids, ants) were found at or near the upper ends of food chains (Fig. 4a·d). 

'The average number of species found on each trophic level in dung and carrion 
webs followed a classic pyramidal progression: trophic level 2 (17 spp. in dung us. 
13 spp. in carrion), TL 3 (6 us. 5), TL 4 (1 us. 0.2) and TL 5 (1 us. 0.1), with dung 
webs possessing a slightly wider base of detritus feeders than carrion webs. Owing 
to the presence of omnivorous predators at higher trophic levels (3·5), the number 
of food chains linking species to their respective trophic levels tended to rise 
towards TL in both dung and carrion webs (Fig. 4b,d). The average number of rrmx 
food chains of each length for dung and carrion webs are: TL 2 (11 us. 15), TL 3 
(34 us. 18), TL 4 (40 us. 3), TL 5 (23 us. 0.1). Closer inspection of these numbers 
reveal that the ratio of short chains « 3) to long chains was much larger in carrion 
webs, on average (ca. 10:1) than in dung webs (ca. 7:10); thus, most top predators 
in carrion webs lie at the end of short food chains. The disparity in these numbers, 
especially in total chain number (108 in dung us. 36 in carrion) was the combined 
result of dung webs possessing, on average, more species (25 us. 19), longer modal 
paths through the food web (3.4 us. 2.7, see Table 1), higher numbers of trophic 
links per species (2.8 us. 2.1, Table 1) and higher omnivore links per species (see 
Omll;L·ory on page 239). 
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Fig. 4.	 A sampling of 12 food web structures drawn from fOUf dung and four 
carrion systems listed from Table 1. Solid lines represent established 
links; dashed lines are links directed from a top-feeding arthropod to a 
vertebrate (V) species (implied in some cases). Other letters denote 
various arthropod groups (see below). Each pair of dung and carrion 
webs shows the least and most complex case for each food web 
property. The upper panel, cases (a)-(d), shows maximum length food 
chains (TLmu) in four different webs. The number of chains for each 
link in the food chain are also shown in each figure (compare totals with 
nchn column in Table 1). In cases (e)·(h), the number of omnivore 
interactions for each omnivore-detritus and omnivore·animal trophic 
position is shown; cases (e) and (g) show webs with no omnivory (see 
omn column in Table 1). In cases (i}-(l), boxes denote functional compart
ments. Each compartment harbors at least two species (the species 
number is in parentheses) sharing the same predator and prey species 
(= "trophic species," see Cohen and Briand 1984). Legend: A = Acarina, 
AI' = Araneida, C = Coleoptera, Co = Coliembola, D = Diptera, Di = 

Dictyoptera. H = Hymenoptera, He = Hemiptera. L = Lepidoptera species. 
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Omnivory 
Although the number of omnivore species (omn) reported is roughly similar, on 

average, in dung (3.7) and carrion webs (3.4), omnivore links (Lornn) were three 
times more frequent in dung webs (23.3), on average, than in carrion webs (8.8) 
(Table 1). Expressed on a per species basis, the number of omnivore links per top 
predator averaged 1.7 in dung webs and 0.8 for carrion webs. By far the most 
omnivorous predators, i.e. those with the largest Lornn values, were staphylinid 
beetles (Philonthus, Hyponigrus, Aleochara and Creophilis spp.) and their prey 
included species at all lower trophic levels of the web (Fig. 4e-h). Omnivorous 
staphylinids were observed in both dung and carrion webs (Comaby 1974, Valiela 
1974, Schoenly and Reid 1983). 

Simulation was possible on only 11 of 18 webs because restrictions imposed by 
the random model in three cases limited the number of different webs that could 
be generated, and insufficient numbers of trophic levels in three other webs 
precluded any omnivory analysis (Table 2). A seventh web was too large for 
analysis. In the PI column of Table 2 a proportion larger than the expected value 
of 0.5 would indicate that a real web has a greater, though not necessarily a 
statistically significant, number of omnivore links than random chance. Although 
the average P fol' all dung (0.58) and carrion (0.69) webs exceeded 0.5, separate 
Fisher tests on the three independently reported webs in each showed that neither 
P value was statistically significant (X' ~ 9.18, df ~ 6, P = 0.164 for dung webs; 
X' =9.21, df ~ 6, P = 0.162 for carrion webs; Table 2). A pooled Fisher test 
performed on all six webs gave a similar result 0:? = 18.39, df = 12, P> 0.05). By 
comparison, the median value test showed higher omnivory in only 6 of 11 
observed cases (compare Tables 1 and 2). Although Monte Cado results clearly 
identified four webs with high omnivory (Valiela 1974, days 1 and 5, established links; 
McKinne1'l1ey 1978, day 9 Hueco Mountains site; Schoenly and Reid 1983, day 4), 
dung and carrion food webs, as a general rule, have no more omnivory than a null 
model could produce. 

Trophic positions of all omnivol'Ous links, counted separately for dung and 
carrion webs, arc indicated in Table 3. Entries in the first prey row of Table 3 are 
cases where an omnh'orous predator eats dung or carrion (positions 1-3, 1-4, 1-5), 
as well as live prey. For the sake of brevity, these trophic links will be called 
"omnivore-detritus links." Omnivores in the second and third prey rows are 
predators that eat detritivores as well as other animals at different trophic levels 
but rIOt. detritus (positions 2-4, 2-5, 3-5). Links of this type will be called "omnivore
animal links." Following Pirnm (1982) and Yodzis (1984a) two groups of omnivores 
arc distinguished here: a) the conventional sense omnivore, feeding on both plants 
and animals (01' in this case arthropods and vertebrate remains), and b) an 
omnivore that only feeds on non-basal species. 

The first prey rows of Table 3 revealed that trophic level 3 predators eat dung 
or carrion more frequently (70/83 = 84%) than trophic level 4 and 5 predators (13/ 
83 = 16%). At the 1-3 position, twice as many omnivore·carrion links (59/59 = 1.0) 
were found than omnivore-dung links (11/24 = 0.46) suggesting that a greater 
percentage of omnivores eat carrion than their trophic equivalents in dung. Thus. 
two salient points emerge: 8) higher numbers of omnivores that eat both live prey 
and detritus were found at lower trophic levels than higher ones, and b) calnon webs 
appeared to have higher fractions of detritus-feeding omnivores than dung webs. 



Table 2. Results of Monte Carlo trials performed on eighteen dung- and carrion-arthropod communities.'" 

omnivore links (Lornn) compartmentation (C,) 

Description of food web range median p, range median p, 

(a) dung webs (7) 

minois USA (all links) 0-5 2 0.12 0.1717-0.2045 0.1793 0.08 ,.. 
nIinois USA (common links only) 0-5 2 0.10 0.1732·0.2047 0.1838 0.10 :> 

Chihuahuan Desert USA (days 1-3) 0-3 1 0.10 0.0836-0.2556 0.1567 0.23 ~. 
p 

New York USA (day 1) (all links) 22-33 28 0.85 0.1974-0.2274 0.2116 0.00 '" " New York USA (day 1) (estab. links) 1-7 4 1.00 0.1907-0.2224 0.2028 0.00 S 
3 

New York USA (day 5) (all links) 65-77 71 0.89 0.2086-0.2239 0.2159 0.00 12-
New York USA (day 5) (establ. links) 34-48 41 1.00 0.2181-0.2371 0.2272 0.00 ~ 

Fisher Chi-square t 9.18, 6 dr, P > 0.05 17.20, 6 dr, P < 0.05 S" 
z 
? 

(b) carrion webs (11) ~ 

Guanacaste, Costa Rica, toads (§) 0.1499-0.1718 0.1578 0.00 

de Osa, Costa Rica, toads (**) (**) ~ 
Central Valley, Costa Rica, dog 3-9 7 0.00 0.2005-0.2459 0.2185 1.00 



Table 2. Continued. 

omnivore links (L ) compartmentation eel)omn

Description of food web range median p, range median p, 

Aden Crater USA, rabbits (day 2) (i) (i) 
Aden Crater USA, rabbits (day 11) 0-1 0.5 (i) 0.2490-0.3232 0.2754 0.73 

Hueco Mtns USA, rabbits (day 9) 11-25 18 1.00 0.1687-0.2010 0.1799 0.00 

Hueco Mtns USA, rabbits (day 25) (§) (i) 
White Sands USA, rabbits (day 8) 3-6 5 0.76 0.2182-0.2490 0.2349 0.77 

White Sands USA, rabbits (day 79) (§) (i) 
Franklin Mtns. USA, rabbits (day 4) 6-17 10 1.00 0.1415-0.1641 0.1499 1.00 
Franklin Mtns. USA, rabbits (day 14) 5-6 5.5 (+) (i) 

Fisher Chi-square t 9.21, 6 dr, P> 0.05 9.84, 8 dr, P> 0.05 
P" the fraction of random webs that have the same or fewer numbers of omnivore links (L ) than the real web. p~, the fnlCtion of Tnlldum webs thut have larger omn
values of compartmentution (e,l than the real weh; all zero P vf!lues weTe transformed to 0.01 before calculation of chi-square values. 

t calculated by taking the natural logarithm of a proportion, changing its sign and then doubling the number. This number j.<; equivulcnt. 1.0 11 chi-square value with 
two degrees of freedom. Summing all chi-square values from one food web clItcgory kg., dung webs) gives one compoRite chi-RqulIre vSllue (Fishel' 1953), 

.:j: There are only one or two ways to configure this web when the lIull model parllmeters were fixed, 
§ No omnivol)' analysis possible for n two trophic level web, 
•• The web was loo complex for analysis on present computer hardware. 
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Table 3. Observed distributions of omnivore links, L omn, in: (a) dung arthropod 
webs and (b) carrion arthropod webs. 

(a) dung webs (7) Predator trophic level 

Prey trophic level 3 4 5 

Number of omnivore links 
1 II 6 7 
2 58 65 
3 16 

Total links ~ 163 

(b) carrion webs (ll) Predator trophic level 

Prey trophic level 3 4 5 

Number of omnivore links 
1 59 0 0 
2 18 13 
3 7 

Total links = 97 

Entries along the diagonal in Table 3a-b, represent adjacent omnivore links 
(positions 1-3, 2-4, 3-5), whereas off-diagonal entries represent non-adjacent links 
(1-4, 1-5, 2-5). Pimm and Lawton (1978) assert that adjacent omnivore links should 
be more frequent than non·adjacent links for reasons stated earlier (see Omnivory 
pages 228-229). Summing the diagonal entries separately for each habitat category 
showed only a slight excess of adjacent links in dung webs (85/163 = 52%), 
whereas the same links comprised 87% (84/97) of the total number in carrion webs. 
Pooled results revealed an approximately 3:2 ratio of non·adjacent (91/260) to 
adjacent (169/260) omnivore links. A reasonable null distribution of omnivore links 
with five trophic levels would distribute a 1:1 ratio of adjacent (1-3, 2-4, 3-5; 130 
links) to non-adjacent links (1-4, 1-5, 2-5; 130 links), assuming only a single 
omnivore per food chain (expanded from Pimm 1982, p. 133), Comparisons 
revealed a 15% excess of observed links at adjacent positions over non-adjacent 
positions. Taken together it was apparent that omnivores in these 18 webs do not 
feed at adjacent and non-adjacent trophic levels with equal frequency. Omnivores 
that feed at the least common 1-4 and 1-5 positions (Table 3) were the same 
staphylinid beetles mentioned above (see also Fig. 4f). In sum, Pimm and Lawton's 
prediction was supported in dung and carrion webs; omnivores do eat species on 
adjacent trophic levels more often, although not by a substantial margin. 

Compartmentation 
In the compartmentation (Cd trials, random web simulation was possible on 

only 13 of the 18 webs. In the five remaining cases, model constraints limited, to 
one or tv.'O, the number of different random webs that could be generated, and in 
one case the web was too complex for analysis (Table 2). In the P2 column of 
Table 2 a proportion smaller than the expected value of 0.5 would indicate that a 
real web is mOl'e compartmented, although not necessarily statistically significant, 
than random expectation. Average P values for dung and carrion webs differed 
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markedly (0.06 US_ 0.58). As a group, dung webs were significantly more compart
mented than chance (X? = 17.20, df = 6, P = 0.009) and were more compartmented 
than carrion webs (x2 = 9.84, df = 8, P = 0.276). The median value test perfonned 
on each of the 13 webs indicated a higher degree of compartmentation in 10 of 
these webs when compared to median values from their corresponding expected 
distributions (compare Tables 1 and 2)_ 

Using the "trophic species" procedure of Cohen and Briand (1984) to detect 
individual compartments it was found that the average number of compartments 
was slightly higher in dung webs (mean: 4.4, range: 2·7) than in carrion webs 
(mean: 3.9, range: 1-7). Predaceous beetles and coprovores were the two most 
common type of compartment found in dung webs (see Fig. 4ij), whereas compart
ments containing necrovores and ants were the most frequently reported compart
ments in carcasses (Fig. 4k,I). Species from some of these four compartments were 
also top predators in their respective food chains (Fig. 4i-l). Other frequently 
recorded compartments included middle chain general predators in dung (see A14! 
box in Fig. 4j) and top feeding general predators in dung and carrion webs. The 
rarest compartments included intermediate feeding ants and dipteran eggs, both 
fTom carrion. 

Similarly, the average size of individual compartments, defined by the mean 
number of species per comp8ltment, was also slightly larger for dung webs (mean: 
4.9 species, range: 2-16) than carrion webs (mean: 4.6 spp., range: 2-li). Thus, 
higher overall CI values in dung webs (Table 2) were characteristic of webs with 
more and larger member compartments. Not surprisingly, in all but two cases, 
detritivores were found among the largest member compartments in each web. 
Conversely, the lower Cl values found in most carrion systems (Table 2) were 
characteristic of webs supporting higher numbers of species with unique sets of 
predators and prey. 

DISCUSSION 

Food Chain Length 
Analysis of food chain numbers and their distributions revealed striking 

differences between published dung and can"ion webs despite considerable similarity 
in taxonomic composition of these community members. (1) Dung webs are 
trophically more complex than carrion webs in several food chain properties. For 
example, dung webs, on average, have more species, more links per species and 
longer modal paths (TL,mJd) than carrion webs. (2) Dung webs were slightly broader 
near the base, with more lower feeding detritivores than carrion webs. (3) Although 
lhe number of short food chains (less than three links) far exceeded longer chains 
in both food web categories (e.g_, Fig. 2), in each there were examples of insects 
(e.g., staphylinids) taking prey on Widely different trophic levels (Valiela 1974, 
McKinnemey 1978; see Fig. 40_ In these webs, staphylinids are close to the upper limit 
in food chains ,..-here insects in other habitats are known to feed as top predators 
(e.g., hyperparasitoids in galls, plecopterans in streams; Schoenly 1990). 

lnfonnation on the length and number of food chains in a food web gives essential 
structural details not only on the number and kinds of species that occur there but 
also ecological roles of species: which species are prey, predator, herbivore, 
detritivore, parasitoid or host to other species and on what trophic 
levels are they found? Analysis of food chain lengths are also a prerequisite for 
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closer scrutiny of food chain processes, such as biomagnification. In biomagnification, 
toxic substances become more concentrated in organisms feeding at successively 
higher trophic levels; for example, the concentration factor of DDT residues was 
660 times higher in fish-eating cormorants than in plankton after DDT was 
sprayed in a Long Island estuary to control mosquitoes (Woodwell et al. 1967). 
These toxins, whether natural or man·made, moved indiscriminately through all 
connected food chains of a web. Direct spraying of dungpads with insecticides, for 
example, has been performed to control stable nies and other species (Service 
1986). Following application, an insecticide would cumulate in the tissues of six 
more arthropod species and would move along 72 more paths in an average dung 
web than an average carrion web (Table 1). However, with these data it is 
impossible to know if rates or "transit-times" of a particular insecticide would 
differ significantly in the two web categories. 

In a forensic entomology demonstration of food chain effects and biomagnification, 
Gunatilake and Goff (1989) found the equivalent of 2050 ~g of malathion in 1 g of 
larvae pooled from two calliphorid species, Chrysomya megacephala (Fabricius) 
and C. rufifacies (Macquart). The larvae were recovered from the remains of a 58
yr-old deceased male in a suspected case of suicide. Analysis of fatty tissues from 
the deceased revealed 17 mg/kg of malathion. Converting both values to mg/gm 
(larvae = 2.05 mg/g, deceased = 0.017 mg/g), a concentration factor of 121 for 
larvae is revealed. A logical next step would be to quantify concentrations of 
malathion (and other toxic substances) up the food chain in the insect enemies of 
dipteran larvae (e.g., histerids, staphylinids) and their enemies in turn (e.g., 
hemipterans and spiders?). Such experiment.<; should reveal higher concentrations 
of the toxin in these predators' tissues (Nuorteva and Nuorteva 1982). Correspond
ingly higher levels of a toxin would also be found in the tissues of insects that feed 
on both carcasses find live prey (e.g., silphid beetles). It also follows that smaller 
samples of entomological material would be required for detection of a toxin or 
poison, perhaps only a single beetle or bug, thus imparting an unexpected bonus 
for the forensic entomologist. The greatest utility of this method, however, could 
be realized in forensic pathology. In medicolegal cases where remains are found in 
very advanced stages of decomposition, analysis of entomological material for 
detection of specific toxic substances may be the only reliable option if body fluids 
and soft tissues are unavailable (Gunatilake and Goff 1989). 

Omnivory 
Four patterns emerged from the omnivOlY analysis. (1) On average, omnivore links 

(L"mn) among dung arthropods outnumbered omnivore links among carrion arthropods 
by 3:1 even though the average number of omnivorous species (omn) was virtually 
identical in both habitats (ca. 4). (2) Monte Carlo results and subsequent statistical 
tests did not wholly confirm Pimm and Lawton's (1978) prediction of higher 
omnivory in these insect-dominated webs; however, several individual webs did 
provide validation. A related prediction, namely that detritivores should be omni
vorous (Pimm and Lawton 1980), was confirmed, but only in this same subset of 
webs. (3) Omnivores that feed low in the food chain (i.e. trophic level 3 feeders) 
eat dung or carrion more often than higher feeding omnivores (i.e. trophic level 4 
and 5 feeders), and carrion webs appeared to have more detritus-feeding oarnivores 
than dung webs. (4) Omnivores eat species on adjacent trophic levels more often 
than on non~adjacent levels confhming a third prediction of Pimm and Lawton. 
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Quantifying omnivory in a food web reveals a fundamental truth about the 
intricacies of natural ecosystems: that nature is overrun with predators with 
variable diets, and the composition of these diets can include species found on 
vastly different trophic levels. Special classes of omnivores, namely keystone predators 
(Paine 1966), are omnivores that enhance species diversity in an ecological com
munity. They do so by preventing the community from converging towards 
complete competition brought about by one or more species lower down in the 
food chain, species whose activities are kept in check by keystone species. 
Removing keystone predators can spectacularly alter the species composition of an 
entire community (paine 1974, Krebs 1988). Since 1966 many examples of keystone 
species have been reported but most have been found in aquatic, mostly marine 
systems (paine 1974, Warton and Mann 1981, Estes et al. 1982, but see Caughley 
1976). Keystone predators in terrestrial ecosystems may be less common or may 
be associated with an inability to secure crucial resources in the community 
(Krebs 1988). However, it is emphasized that keystone species are not necessarily 
the most numerous nor do they constitute the greatest biomass to a community, 
but are dominant nonetheless partly due to their omnivorous habits. 

Using more dynamical-based field approaches to food web analysis, like 
experimental manipulations (Paine 1980), it is possible to identify keystone species 
that may be useful as biological control agents for managing insects of medical and 
vetelinary importance. Unquestionably, this approach must accompany, not replace, 
already existing field and laboratory experiments. In dung and canion communities top 
feeding staphylinids are among the most omnivorous of arthropods in these 
habitats, but their numbers can be quite small (Cornsby 1974, Schoenly 1983, 
Schoenly and Reid 1983; but see Valiela 1974). In the webs listed in Table 1, 
specific instances of staphylinid predation on immature stages of dung and carcass 
feeding dipterans include various muscids (Musca, Fannia spp.), sarcophagids 
(Sarcophaga, Oxysarcodexia sPP.), calliphorids (Hemilucilia, Cochliomyia spp.) and 
other dipterans of medical and veterinary significance. Experimental manipulation 
of staphylinid species (and other dipteran predators), through selective addition 
and removal, may provide new solutions for managing insect vectors that frequent 
carrion and dung. The role of staphylinids as possible keystone species, to my 
knowledge, has never before been proposed. Such "tol>-down" approaches to 
vector and pest control differ from more historical "bottom-up" (e.g., insecticide 
applications) and "middle-down" (e.g., parasitoid releases) practices. 

Forensic entomologists are reminded of the significant predation pressure 
suffered among immature dipterans by omnivorous smphylinids and other predators 
during most periods of carcass decay. For example, in the dog necrovore food web 
of Jiron and Cartin (1981) the number of potential predators on three immature 
dipterans (Phaenicia eximia \-Viedemann, Hemilucilia segmentaria Fabricius, Cochlio
myia macellaria Fabricius) included 10 species from 6 arthropod orders. Future 
studies will undoubtedly revise this figure. Conversely, in forensic cases where 
larger numbers of dipteran larvae are encountered than usual, the likelihood that 
predators had limited access or were absent from the site altogether should not be 
overlooked as possible contributing factors in medicolegal cases. 
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Compartmentation 
Four major features were uncovered in the Cl simulation trials and from 

analysis of individual compartments. (1) Overall, dung webs were significantly 
more compartmented than expected, whereas carrion webs were less compart
mented and did not differ significantly from random expectation. Results from 
dung webs did not confirm Pimm and Lawton's (l980) prediction of low within
habitat compartmenrotion; for these webs there is abundant evidence for the 
existence of functional compartments inside boundaries of single habitats. The 
degree to which species in such compartments interact, however, remains an 
unexplored topic. (2) On average, the number of compartments was slightly higher 
in dung webs (ca. 4.5) than in carrion webs (ca. 4). Predaceous beetles and 
coprovores at the tops of their respective food chains comprised the most 
frequently reported compartments. (3) Average sizes of individual compartments, 
defined by the mean number of species/compartment, were also larger in dung 
webs (ca. 5 spp.), than in carrion (ca. 4.5 spp.). In most webs, the largest sized 
compartments were either coprovore or necrovore compartments. (4) In contrast to 
(3) above, carrion webs harbor a higher number of arthropod species with unique 
sets of predators and prey. 

Cataloging compartments in dung and carrion webs could increase our under
standing of ecologically equivalent species which, in turn, may be useful in 
selecting future biological control agents. The use of "trophic species" notions to 
evaluate compartment number and size rely on both consumer (predator) and resource 
(prey) infOlmation. Eorly efforts to find appropriate biological agents in various cono'ol 
programs were mostly resource-based. For example, attempts by entomologists to 
import Afiican scarabaeids to control the Austrialian dung problem in the mid-1960's 
encountered unexpected consumer-based problems, i.e. scarab-eating toads (Water
house 1974). Gathering information on a biological agent's predators as well as its 
target prey species should be important early priorities before introduction. 

Given the finding in this report of larger-sized compartments among coprovore 
and necrovore species than other functional groups, the loss or gain of a species 
from these larger-member compartments may only minimally alter functional 
group processes compared to low species compartments. This analysis also reveals 
that searching for appropriate control agents among carrion-frequenting species 
could be more difficult given the higher number of carrion species with unique 
diets and predators. Greater attention to quantifying the degree and manner to 
which species interact in these food webs is c1eady indicated. 

Models and Food Web Data 
In this paper, Monte Carlo simulation and a simple computer model designed 

to mimic predator-prey interactions in a multispecies, multi-trophic level context 
were used to test specific hypotheses about food web structure in dung and 
carrion arthropod communities. The approach lIsed in generating random, but 
biologically constrained, food webs in this analysis has similar overall characteristics 
to both Pimm's (1980) random model and the cascade model of Cohen et al. (in 
press). While mine and Pimm's null models have tended to highlight featul'es 
showing dep81ture from real food webs, Cohen's cascade model faithfully reproduces 
several attributes of real food webs while requiring only a few input parameters 
detived from 113 published webs. The number of food web properties examined in this 
report represents only a subset of features scrutinized over the past hvo decades. 
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Models and food web data, however, do miss the mark on a number of other 
important features. For example, the vast majority of published food webs, 
including those in this analysis, contain only qualitative feeding information 
between species pairs, not "strength" of feeding. Records of interaction strength in 
food web reports do appear but they tend to be limited to limnology and marine 
biology reports (e.g. Jones 1949, Paine 1980). It follows that the chief shortcoming 
of this model- its capacity to model only binary-type interactions - is imposed, 
not by a limitation of the model, but by the quality of data available in published 
reports. 

Another aspect generally omitted from both food web models and published 
reports is how food webs change spatially and temporally. Although these concerns 
have been voiced repeatedly by food web researchers (Cohen 1978, Pimm 1982, 
DeAngelis et al. 1983, Schoenly et al. in press, Winemiller 1990), the number of 
studies specifically designed to elucidate spatial (Beaver 1985) or temporal variability 
(Kitching 1987, Warren 1989, Schoenly and Cohen in press) or both (Kitching 1987, 
\Varren 1989, Winemiller 1990) are exceptionally rare. The overall high resolution 
of species and recognizable boundaries of the dung and carcass microecosystem 
may offer more credible 'glimpses' of temporal variability and community inter
action than many other currently explored systems. This is largely due to the 
manageable number of species involved, less than 30 in many cases, and the ease 
of replication under field conditions (Schoenly and Reid 1987). Other habitat 
systems, including phytotelmata (pitcher plants and treeholes, Kitching and Pimm 
1988), kelp beds, relled logs, and host plants also appear to be excellent candidates for 
these types of analyses. More studies documenting interaction strength between 
predators and prey especially along temporal and spatial gradients are clearly 
indicated. 
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ABSTRACT 

This pal>er cxmnincs methods for modeling arthropod development. It. considers the 
design and conduct of constant temperature experiments. organization and manipulation of 
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In his classic monograph, Insects and Climate, UV81'OV (1931) stated that 
entomologists of the present day aTe no longer satisfied with merely recording 
insect outbreaks and devising methods for their control. They realize more and 
more that their chief aim and highest ambition must be to foresee and prevent 
outbreaks. Little has changed in the years since these words were written and, 
although the goals have not been totally achieved, considerable progress has been 
made. 

The ability to predict and prevent pest outbreaks presumes an understanding 
of many factors, one of which involves the timing of life·history events. Experimental, 
analytical, and modeling methods are available for predicting these phenologies. In 
fact, of all processes that impact population dynamics, few exist 1'01' which we have 
better predictive capabilities than development. 

Predicting the t.iming of life-history events is important for several reasons. An 
obvious and practical one is to assure the accurate scheduling of census samples 
and control actions. Typically, control measures are most effective against certain 
pest life stages and therefore should be timed to coincide with the occurrence of 
these stages. Poor timing could have disastrous results because the vulnerable 
(early) stages often precede those that are most destructive. The ability to predict 
the relative phenologies among pest, host, and beneficials will enhance success, 
and by adding developmental variability among individuals in these I>opulations, a 
realistic Framework can be provided For modeling age-specific mortality and 
natality. 

Models are an important tool for predicting future events - for development 
times in particular and population dynamics in general. Many pest management 
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systems rely on models of arthropod and host phenology, and there seems to be 
no end to the assemblage of new approaches contrived for this purpose. Many of 
these modeling approaches have been developed over the last 15 years. This paper 
deals with some of the critical issues involved in building phenology models for 
predictive purposes. Important experimental, analytical, and modeling methods are 
described, which should be of value to all those interested in arthropod development, 
especially students just beginning their inquiry. 

An appropriate preface involves the distinction between development and 
growth. Development is the process of cellular differentiation manifested by 
distinct life·stages. Thus, development time is the duration between life·stages. 
Growth is the increase in biomass resulting from development. This distinction is 
relevant because of the resemblance and sometimes misunderstanding between 
the two processes, and the large (and often opposing) impact nutrition has on 
them (Sharpe and Hu 1980). For example, arthropods may develop more rapidly 
but with reduced growth on certain diets, whereas the reverse may be true on 
other diets. 

PROBLEM DEFINITION 

An initial step common to all modeling problems is the identification of 
objectives (\Vagner and Willers in press). Problem definition should help detennine 
the appropriate model structure, not the familiarity of the modeler with a given 
type of mathematical equation or approach. For example, if the purpose of model 
is to analyze temperature~dependentmortality in relation to insect phenology, then 
selecting a linear degree·day model to describe development rates might not be 
appropriate because most temperature·dependcnt mortality occurs outside the 
linear portion of the rate versus temperature curve (discussed below). 

Using problem definition to determine the appropriate model structure is 
important but difficult to accomplish. After all, our experience and training are 
difficult to overcome. Furthennore, the application of a model often changes 
through rime, complicating the process of advanced planning. A decision on the model 
structure most applicable to a particular problem can be made only with prior 
knO\\'ledge of what models are available, given their strengths and weaknesses. 

DATA ACQUISITION AND ORGANIZATION 

Another step in the modeling process is data acquisition, which is perhaps the 
most important and today most neglected aspect of the entire process. Easy 
access to inexpensive, high-speed computers has encourged modeling work and 
helped bring about a proliferation of models in agriculture. Many of these models 
were developed during the JPM programs of the 1970's. Entomologists have 
sophisticated, multi-component models at their disposal that require large data 
sets for their development and use. The acquisition of reliable information 
required to build, initialize, and drive these models is a significant problem in pest 
management systems. 

Just as the quantity of information is impol'lant, so too is quality. The old 
adage of garbage in, garbage out, describes an enduring problem in model construc~ 

tion and usc. Furthermore, the progress in computer hardware and software has 
given rise to new methodologies applicable to the modeling process, such as the 
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integration of models with expert systems. Today, a great deal of emphasis is 
placed on building simulation models and knowledge-based systems in entomology, 
often stressing the engineering aspects of the work. Although knowledge of 
engineering, computer programming, and artificial intelligence is necessary in the 
development and transfer of computer-based systems in agriculture, these considera
tions sometimes overshadow the biological concerns of building the systems. We 
should not forget that decisions made with good models using unreliable data are 
just as bad as those made with poor models using trustworthy data. It is a serious 
mistake to minimize the importance of data collection, become fatigued from the 
hard work involved, or be pressured away from performing sound experimental 
work for publication's sake. These mistakes will limit our understanding of the 
biological processes under study, the choice of models available for use, and the 
performance of the chosen model (Wagner and Willers in press). 

Acknowledging that data are vital to the modeling process, we now consider the 
independent variables that influence arthropod development, the data needed to 
model the influence of these variables on the process, and how these data are 
obtained and organized. 

Independent Variables Affecting Development. Numerous independent variables 
influence arthropod development but none is more important than temperature. In 
fact, the effects of temperature are so profound that most phenology models only 
consider this one variable. Fortunately, temperature is easily monitored and 
controlled, which may explain why these models are often so dependable. Other 
biotic and abiotic variables may influence development times, such as food 
quantity and quality, insect density, humidity, rainfall, pH, and photoperiod. Food 
quality is often important enough to consider in conjunction with temperature, 
especially for arthropods that feed on several different hosts or plant parts 
(organs). Food quality should certainly be considered when designing experiments. 
For example, artificial diets are often used in rearing experiments, and the data 
subsequently used to constnlct predictive models that are applied to field populations. 
This procedure should be avoided if possible; otherwise, model results should be 
held suspect until thoroughly tested against field results. 

Population factors can also influence development times. For example, genetic 
differences among populations can have measurable effects on development. The 
offspring of parents reared in the laboratory (often for generations) are commonly 
used in experiments designed to build models. This practice should be avoided in 
favor of using the offspring of parents collected from the field. 

Data Collection. After identifying the key variables that influence development, 
the effects of each variable are normally studied independently over a range of 
values that are biologically meaningful to the organism. For example, arthropod 
development occurs within a finite temperature range that is species-specific but 
somewhat dependent on the animal's adaptation to its specific environment. 
Ideally, experiments are conducted at close temperature intervals over the range 
of temperatures that supports life. They should be conducted at closer intervals of 
temperature above and below the mid-temperture region because the response of 
mean development rate to temperature is nonlinear in these regions. By employing 
a full range of values, the influence of each variable on the process can be 
accurately defined. 

Laboratory experiments provide the best way to control the effects of independent 
variables on arthropod development and have become the standard method for 
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obtaining the nccessary data. This is certainly true in quantifying the effects of 
temperature on development Some recent approaches use field data to assign values 
to model parameters; however, most of these approaches use the linear degree-day 
model to describe development rates (Ring et al. 1983, Dennis et al. 1986, 
Hochberg et al. 1986, Kemp et al. 1986). Hudes and Shoemaker (1988) provide an 
excellent example that employs a polynomial to represent the nonlinear nature of the 
rate curve. We will restrict our comments to those approaches that rely on 
laboratory data for building predictive models. Because of the profound effects of 
temperature on developmen~ comments will also be limited to this single variable. 

Temperature may val'Y considerably within controlled-environment cabinets, so 
animals held at one location will not necessarily expel'ience thc same temperatures 
as those held at another. For this reason, temperature must be monitored closely. 
Digital equipment and thermocouples are ideal for monitoring purposes because 
observations can be taken at close intervals of time at, or very near, the rearing 
sites. Further, the temperature of each experiment should be maincained as close 
to the set point as possible (preferably to within 1°C) for the duration of 
development of all individuals. To accoml>lish this task, temperature must be 
precisely controlled. Computers provide the ideal tool for controlling temperature 
within cabinets; unfortunately, few rearing facilities have this capability. 

Data Organization. To model development time as a function of temperature, 
groups of individuals of identical initial age (cohorts) are reared at different 
constant temperatures. Because development time varies among individuals held 
under identical conditions, all members of a cohort do not complete development 
at the same time. Thus, individuals (of a particular life stage) are observed at set 
intervals of lime to determine when they complete development. Development 
OCCUI'S cont.inuously through time and is therefore a continuous random variable. 
However, for st.atistical and modeling purposes, development time is treated as a 
discrete random variable because obselvntions are taken at [lXed points in time. The 
peliod between ohselvations is the sampling intelval, which is set plioI' to conducting 
the experiments lind does not change during the course of experiments. 

The sampling interval is very important because it imposes statistical groupings 
on the data and therefore helps define the accuracy of the measurements taken. 
For example, the data from constant temperature experiments are organized into 
frequency distributions of development times (Fig. 1) or development rates 
(reciprocal of times). The sampling intelval (selected prior to conducting the 
experiments) confines the class intelvals of the distribution (the class interval can 
be no less than the sampling interval). Typically, the class interval is set equal to 
the sampling interval, as shown in Fig. 1 where both intervals are one day. Howe 
(1967) recommended that distributions have aboul 10 classes for efficient estimation 
of the mean and variance. OsUe and Mensing (1975) recommended no fewer than 5 
classes and no more than 15. Steel and Torrie (1960) proposed a general rule
that the number be large enough to ascertain the general shape of the distribution 
but not so (large) as to provide too much detail. Because the exact time of 
development for individuals is not known, the development times of all individuals 
of a given class m'e usually distributed uniformly within the class. Thus, the 
central value (or midpoint) of each class is the best estimate of the development 
times of all individuals in that class. The central values of aU classes are used to 
calculate the statistics of interest to the biologist and modeler (the mean, median, 
variance, standard deviation, etc.). 
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It should be apparent from the above discussion that the shape of the 
distribution will be adversely affected if the time interval between sampling 
observations is too large. Sampling intervals of one day are often used in rearing 
experiments, which are adequate if development takes days to complete. However, 
some life stages require less time to complete development, especially at favorable 
temperatures, and development is protracted at cool temperatures. These conditions 
may create a quandary over setting the proper sampling interval prior to experi
mentation. In this situation, hourly intclvals may be prudent for experiments 
conducted at temperatures promoting fast development, while daily intervals may 
be needed at other temperatures. These differences will have to be resolved using 
an interval common to observations from all temperatures during the modeling 
process. 

Sample Size. Another important issue in describing the effects of temperature 
on development involves the sample size of each experiment, or the number of 
insects reared at. each temperature (see Regniere 1984). Larger sample sizes are of 
greater value than smaller ones. Small sample sizes adversely affect the shape of 
distributions and thus the statistics generated from them. The problem of small 
sample sizes can be particularly acute at the temperature extremes because of 
increased mortalit.y. Because development time is the duration between life stages, 
its measurement depends on animals completing r.he transformation from one 
stage to the next. Individuals that die during the process are not considered in the 
modeling process. The problem of selective mortality at unfavorable temperatures 
may reduce the variability of distributions by excluding individuals that otherwise 
may develop slowly. 

The influence of mortality on sample sizes, and thus on the distributions, raises 
another important issue: the disposition of individuals that die prior to becoming 
adults but survive severa] early life stages. Obviously, these individuals will not be 
included in the data set describing life-cycle development, but should they be 
included in data sets of the life stages completed prior to death? In this case, 
there may be a connict. between increasing the reliability of the measurement by 
increasing the sample size (an argument for inclusion) and biasing the measurement 
toward the longer development times, if individuals that die tend to develop more 
slowly (an argument for exclusion). A reasonable solution is to include such data if 
they do not show, as a group, a bias toward the longer development times. 

Replication. Replicating the treatment (e.g., temperature) increases the accuracy 
and precision of the measurements. The effects of temperature on development 
should not be obscured by the effects of other uncontrolled or unexplained 
variables; thus, animals at all temperatures should be established concurrently 
using the offspring of a single population. Animals should be reared on the same 
food source. These experimental standards may be difficult to adhere to because 
of limited resources, such as too few cabinets for rearing across the entire 
temperature range or low production of offspring per day. Recognizing the 
difficulty in controlling all sources of variation, replication, in conjunction with 
randomization, provides an opportunity to balance out the effects of unwanted 
variables. It also helps to identify gross errors in measurement (e.g., in temperature). 

Replication provides a way to measure experimental errol' - the variation 
associated with animals treated alike. Estimating experimental error is required for 
tests of significance and confidence interval estimation. The process of replication 
should not be confused with subsampling (Milliken and Johnson 1984). According 
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to these authors, splitting insects into several containers within a temperature 
cabinet constitutes a series of subsamples, an example of pseudo-replication. The 
variance among subsamples does not estimate experimental error because it is not 
calculated from independent observations of animals treated alike. Thus. the 
cabinet is the experimental unit to which a treatment is applied (Milliken and 
Johnson 1989), not the several containers housing one or more insects in the 
cabinet. To replicate the tJ'eatment, the experiment should be I>erformed again, 
with the specific temperature regime randomly assigned to another ca binet. 

Hopefully, no differences will be found among replicate mean development 
times, and all frequency data at each temperature can be pooled (Fig. IB). Pooling 
the data will increase the class frequencies of the distributions, providing greater 
clarity with respect to the shape of the distributions. Differences found among 
replicate means at a given temperature should be evaluated. for they may 
represent the effects of an uncontrolled variable on the results. Further, if 
dissimilarities are systematic across temperatures, then the frequency data should 
not be pooled. Rather, the reason for the difference should be identified and the 
deviant means probably modeled separately. 

MODELS OF DEVELOPMENT 

The influence of temperature on the development of plants and poikilothermic 
animals, and the possible usefulness of the resulting relationship, has been 
recognized for hundreds of years (De Reaumur 1735, De Candolle 1855, Reibisch 
1902). The data collected from constant temperature experiments supply all the 
information needed to model this relationship, both in terms of an average process 
and the variability among individuals. Provided experiments arc conducted over 
the range of temperatures that supports life, a backwards "J"·shaped CUJve is 
observed when the mean or median development times are plotted against 
temperature (Fig. 2A). The general shape of this cUlve is consistent among 
arthropods. Although useful fol' descriptive purposes, the time versus temperature 
cUlve is not used for predictive purposes because development times cannot be 
integrated. 

The reciprocals of mean or median development times are used to construct 
the rate versus temperature response curve. Rates represent the proportions of 
development occurring per unit time (per hour or day). These fractions can be 
accumulated under variable temperatures until they reach unity (1.0), at which 
point the mean or median development time of the population is achieved. 

The response curve has a somewhat flattened "S"·shaped appearance (Fig. 
2B). At low temperatures. it approaches an asymptote at rates neal· zero because 
arthropods can survive for long periods with little or no development. For this 
reason, the lower threshold (the minimum temperature at which development 
occurs) is difficult to measure accurately. Development rates increase in a lineal' 
fashion in the mid-region of the curve. Above this region, the rates increase at a 
decreasing rate until the optimum temperature is reached (the temperature at 
which the rate is maximal). Past the optimum, the rates normally decrease rapidly. 
Because mortality increases rapidly at temperatures above the optimum, the 
nature of the curve is also difficult to define at high temperatures. [n order to 
define the nonlinear curve accurately at both low and high temperatures, it is 
necessary to conduct experiments at closer temperature intervals in these regions 
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compared to the mid-region (see Fig. 2). It is worth pointing out that the increase 
in mortality at high temperatures, and the differences in mortality among life 
stages exposed to these temperatures, have led some investigators to define the 
optimum as the temperature at which the greatest number of indh'iduals complete 
development in the shortest time (Davidson 1942). 

Numerous mathematical equations have been used to describe the rute versus 
temperature cUlve. Many arc empirical: they describe a particular set of rat.es over 
a range of ternpel'fitures. On the other hand, deductive models attempt to 
understand and account for the underlying physiological mechanisms responsible 
for the similar functional response obselVed among arthropod species. 1;'01' this 
reason, these models may have broader application to many data sets and species 
(see Wollkind et al. 1978 for an expanded discussion of empirical versus deductive 
models). Researchers who assemble models for predictive purposes may have little 
interest in these academic issues. More likely, they are concerned with the 
quantitative or descriptive strengths of the models. The ability of a model to 
accurately describe the response cUlVe across all temperatures that support life 
will determine how well the model predicts development in the field. They may 
also be concerned with the difficulties in parameter estimation and computational 
time, although these concerns are less important today because of the widespread 
8\'ailability and usc of computers and statistical packages such as SAS (SAS 
Institute 1985). 

Development Rales. Devclopment rate models can be classified as either linear 
01' nonlinear. A widely-used mathematical model in agriculture is degree-days 
(DDL a linear approach. It, is based on the obselVation that development rates are 
directly proportional to temperaturcs in the mid-region of the curve. These rates 
lie on a straight line when plotted against temperature, and a simple linear 
regression can be used to describe the relationship (Fig. 3A). Because the slope of 
a straight line is constant., the total number of DD's needed to completc dcvelopment 
(the thelmal requirement) is constant. The thermal requirement (or thermal constant) 
is the inverse of the slope of the regression line. 

One simple method of calculating the number of DO's occurring each day 
involves taking the difference between the average daily temperature (calculated 
as the sum of the maximum and minium divided by 2) and the lower threshold 
temperature. The I>rocedure of accumulating OD's above a threshold is repeated 
until they offset the thermal requirements for the species, whereupon development 
of the average insect is completed. The approach is called degree-day summation, 
t.hermal summation, or heat-unit accumulation. Several papers discuss the val;OUS 
DO approaches and their assumptions (Wang 1960, Pruess 1983, Highley et al. 
1986). 

Although simple, the DD approach has shortcomings. Determining the minimum 
threshold of development by extrapolating the regression line to the X-axis often 
is inaccurate. The approach is valid only in the linear region of the response curve. 
Because it does not account for the nonlinearity of the CUlve, it accumulates OD's 
too slowly at low temperatures and too quickly at high temperatUl'es. Obviously, 
the amount of errol' produced by this method will depend on the frequency and 
degree to which the temperatures driving the model fall outside of the linear 
region of the curve. The cumulative effects of this problem, combined with the fact 
that populations of most arthropod species change dramatically at the cooler and 
hotter times of the year (due partly to the adverse effects of temperature on 



260 J. ACrie. Entomol. Vol. 8, No.4 (l99l) 

0.6 

0.3 

o 

UNW (DO) YODEL 

1.2 
c. 

0.9 
o 
o 
o 

0.6 

0.3 

o 

LOGISTIC 

DAVIDSON (1942) 

E. 
00 

o 

o 

A. 
001.2 

o 
o 
o 

0.9 

W 1.2 
f--« 0.9 
ll:: 

0.6 

0.3 

B. 
~o 

POLYNOMIAl 
CUBIC _ 

OUADRATIC ---

D. 

o 
o 
o 

o 

t.lOOlflEO SlCNOIO 

S"nNNER.t al. (1914) 

o 

NORI.lAL DISTRIBUTION 
PRADHAN (1945) 
TAYLOR (1981) 

F. 

AS"t'UIJETRICAL NORUAl. 
LWB.t 01. (19M) 

0.0 l-~~~~-_~~--1 

H.G. 
1.2 

0.9 

0.6 

LOGAN el aJ. (1976)0.3 
EO. 6 

0.0 l-~_~~_EQ~._'_0 __-l~-----

10 20 3D 40 10 20 

TEMP (OC) 

HILBERT at LOGAN (I98J) 

3D 40 

Fig. 3.	 Models used to describe the development rate versus constant tempera
ture relationshil>. Data from Messenger and Flitters (1958) [or the egg 
stage of Dacus cucurbitae. 



261 WAGNER et 81.: Modeling Arthropod Development Time 

all life processes), justifies caution when using this approach. Fig. 4 illustrates the 
adverse affects of temperature on survival in areas beyond the linear mid-temperature 
region. Nevertheless, this method has been used favorably in many instances and 
will no doubt continue to be used in the future. 

1.2 

09 

0.6 
w 
~ 
0::: 03 

0.0 

t'4",4-4-4-4, /' 4- _. ... .... ....... :-'.
 
I	 I 

II.I •..I	

II.
\ /4

I .. 
I
 
I
 
I
 

..I	 I 
I	 I 
I	 .. 

I 
I 

I 

..,.. 
3612 20 

TEMP 

100 

80 Ul 
c 
::n 

60 < 
:;;
,40
 

20
 

o 

Fig. 4.	 Typical relationship between median development rate (circles) and 
survival (triangles connected by dashed line). Solid line represents a 
linear regression equation fit to seven data points. Data from Messenger 
and Flitters (1958) for the egg stage of Dacus cucurbitae. 

Nonlinear models also have been used to characterize the rate versus temperature 
curve. \Ve will discuss examples, some of which have enjoyed widespread use. 
Over the years the descriptive qualities of these models have increased tremendously, 
generally at an increased cost of mathematical complexity. 

Polynomial equations have been used to describe development times and rates. 
Although they are nonlinear with respect to the independent variable, they are 
easy to apply because they are linear with respect to the parameters. Cubic and 
quadratic equations are used most frequently. For example, Tanigoshi and Browne 
(1978) and Harcourt and Vee (L982) applied the cubic. This equation produces an 
unrealistic rise in development rates at low temperatures, as noted in Fig. 3B and 
elsewhere (Logan et al. 1976, Lamb et al. 1984). Cubics, and to a lesser degree 
quadratics, tend to undel'pl'edict development rates at the optimum, and the 
predicted maximum rates often occur at temperatures lower than the observed 
optimum. Higher-order polynomials (above fourth degree) describe data points 
very accurately, but may deviate dramatically between points or beyond the range 
of the data. When using polynomials, it is important to examine the predicted 
rates at temperatures not associated with the data. 
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Davidson (1942, 1944) selected a logistic equation, which produces a curve that 
approaches an asymptote at temperatures above the optimum and therefore does 
a poor job describing the rates at high temperatures (Fig. 3C). Nevertheless, the 
model does a good job below the optimum and has been used widely (Wagner et 
ai. 1984a). Davidson (1944) also proposed a second logistic equation above the 
optimum, but. he rejected the idea on the grounds that high temperatures produce 
harmful effects on development which prevent knowledge of the trend (of the 
curve) at these temperatures. 

Stinner et al. (1974) may have overlooked Davidson's (J 94.4) proposal when they 
implemented two logistic equations to produce a curve over the full range of 
temperatures (Fig. 3D). Although the functional forms of the Davidson and Stinner 
equations differ, their predicted values are identical up to the optimum. An 
obvious weakness of the Stinner equation is its symmetry around the optimum and 
thus failure to accurately describe the rates at high temperatures. The weakness 
was declared negligible, however, because mortality above t.he optimum rapidly 
approaches 100%. This modified sigmoid equation also has been used widely 
(Butler et"1. 1976, Wagner et al. 19843, Boyne et al. 1985). BerTy et al. (1976, 1977) 
reduced the Stinner et al. (1974) equation to linear forms (with respect to the 
parameters), simplifying parameter estimation and computational efficiency. 

Pradh"n (1945, 1946), and subsequently Taylor (198l), advanced equations that 
reproduce the normal distJibution (Fig. 3E). Although these functions are expressed 
in diffel'ent mathematical form, they produce identical Gaussian curves. The lack 
of acknowledgement by Taylor indicates that Pl'adhan's wOl'k went unnoticed, but 
this was corrected in an ensuing paper (Taylor 1982). Like the modified sigmoid 
curve of Stinner et al. (1974), these functions are symmetl'ic around the optimum. 
They also underestimate the maximum development rate and therefore are 
inaccurate at high temperatures. Recognizing these shortcomings, Lamb et a1. 
(1984) modified Taylor's equation to produce an asymmetrical normal distribution 
that does an excellent job describing development rates over the full range of 
temperatures (Fig. 3F). 

Logan et al. (1976) derived complex equations to describe the effects of 
temperature on development rates of arthropods (Fig. 3G). Their model consists of 
two components: phase I describes the interval between the base temperature and 
the optimum, charactelized by an increasing slope. Phase n describes the rates 
above the optimum, characterized by the rapid decline in rates up to the lethal 
maximum temperature. A technique of matched asymptotic expansions is used to 
derive the equation. After extensive testing, the researcher's discovered that the 
response of phase I (in equation 6) was more sigmoid-shaped than exponential. 
Modifications were made, yielding another equation (10) which does an excellent 
job describing development rates; additionally, several of its parameters are 
biologically meaningful. 

Wollkind et a1. (1978) altered the matching condition of the phase I and II 
solutions of the Logan et al. (1976) models to account for a low temperature 
threshold of development. For a similar reason, Hilbert and Logan (1983) replaced 
the phase I function (of equation 6) with an analogous form of the Holling's (1965) 
type HI response curve (Fig. 3H). This newer model better describes the low 
threshold of development. Like equation 10 of Logan et al. (1976), it provides an 
excellent description of rates over the full range of temperatures. 
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Sharpe and DeMichele (1977) built upon the work of several investigators 
(Eyring 1935, Johnson and Lewin 1946, Hilton 1955) to formulate a model that has 
great flexibility, outstanding descriptive capabilities, and a biophysical foundation. 
Their six-parameter model is made up of three primary components: the numerator 
alone describes development rates in the mid-temperature region (Fig. 5A), the 
numerator and first exponential term of the denominator describe rates at low to 
mid-temperatures (Fig. 58), and the numerator and second exponential describe 
rates at mid· to high temperatures (Fig. 5C). The six-parameter model describes 
rates over the full temperature range (Fig. 5D). Because of its modularity, the 
model can be "tailored" to specific data sets; e.g., it is capable of describing all or 
part of the response curve depending on the data. Although robust, its original 
form was poorly suited to nonlinear regression. To resolve this problem, the model 
was reformulated by Schoolfield et aJ. (1981). Later, Wagner et aI. (l984a) assembled a 
SAS computer code that determines the proper form of the model for a particular 
data set and then estimates values for the chosen model parameters. 
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Deuelopmemal Variability. Several stochastic approaches have been used with 
rate equations to predict the proportions of 8 population completing development 
at particular intervals of time. No additional data are required other than the 
frequency distributions generated from the constant temperature experiments. 
These approaches differ in several ways, including how they use the experimental 
data in the modeling process. The data are used either directly or indirectly to 
describe the distributions of development times. 

Until recently, investigators either overlooked or were unaware of the importance of 
the frequency distributions of development times and the potential role they play 
in describing developmental variability. The application of these distributions 
greatly expands the information provided by the model, f!'Om simply describing the 
mean development time of a population to describing the development times of 
proportions of individuals in the population. Such distributions also provide a 
foundation for incorporating into larger models the dynamic nature and intensity 
of various natality and mortality factors operating on the population (Bellows 
1986). 

Stinner et al. (1975) proposed an indirect approach for dealing with the 
obselVed variability in development times OCCUlTIng among individuals in a popula
tion. Their approach calculates the development times at the 1st, 25th, 50th, and 
99th percentile of each distribution obtained from constant temperatures experiments 
(the selection of these percentiles is arbitrary). The four development times from 
each distribution are converted to rates, and all rates associated with a given 
percentile class are plotted against their corresponding temperatures. The rate 
function of Stinner et al. (1974) is fitted to these four gmups of rates. Daily field 
temperatures are used to drive the rate equations independently, and the predicted 
rates are summed to unity. Thus, a rate summation approach is used to predict 
the development times for 1%, 25%, 50%, and 99% of the population under 
variable temperatures. A cumulative Beta distribution is then fitted to the foUl' 
predicted development times plotted against their respective percentiles. Results 
can be compared to field data for validation. 

The Stinner et al. (1975) approach has been used with some changes by others. 
For example, Logan et a!. (1979), Regniere et a!. (1981), Anderson et al. (1982), and 
Regniere (1982) used the Logan et aJ. (1976) rate functions in this approach. 
Gerber and Lamb (1982) also used the method, except they combined Davidson's 
(1944) logistic equation to describe development rates with a logit equation 
describing the cumulative development times. 

Others modeling stochastic development have applied the experimental distri
butions directly (Hardman 197Ga,b, Sharpe et a1. 1977, Regniere 1984). Hardman 
(l976a,b) used a degree·day model of development rates with a standardized 
cumulative probability distribution obtained from const.ant temperature studies. 
After converting development times to physiological times (measured in degree
days), the cumulative frequencies of each distribution are averaged over all 
constant temperatures resulting in a single temperature-independent distribution. 
Hardman expanded his approach using Monte Carlo techniques in conjunction 
with the cumulative distribution to determine the development times of single 
insects in the population. 

Expanding earlier work on development rates, Sharpe et al. (1977) hypothesized 
that the variability in development between individuals is determined by their 
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respective concentrations of a rate-controlling enzyme. Noting that distributions of 
development rates are usually symmetric, they proposed that this enzyme is 
symmetrically distlibuted around some genetically determined mean concentration. 
A normal 01' a quadratic probability density function was therefore used to 
describe the distributions of development rates. For simulation purposes, Sharpe 
et al. (1977) converted the distribution of rates to a distribution of times. A simple 
mathematical transformation on symmetlic distributions of rates resulted in the 
skewed distributions of times (Fig. 1). 

Searching for a way to apply these distributions under variable temperatures, 
Sharpe et al. (1977) observed that the coefficients of variation of the distlibutions 
are relatively constant ovcr all constant temperatures. By describing the develop
ment times of each distribution relati\'e to its mean (times divided by the mean 
time), the resulting nonnalized distributions generally have the same shape; i.c., 
Lhey align with one another. A single temperature-independent distribution of 
normalized (physiological) time could therefore be used to model the distributions 
at any temperature. Curry et 81. (1978a,b) provided the mathematical justification 
for this concept of temperature-independence among distributions ("same-shape" 
theory). 

Wagner et aJ. (J984b) modified the Sharpe et aJ. (I9ii) and Curry et aJ. 
(1978a,b) approach while retaining the underlying concepts. These investigators 
constructed cumulative probability distributions from frequency data of arthropod 
development times and pooled the replicate disbibutions at each temperature 
(Fig. GA). The development times at the 1st, 5th, 10th, ..., 95th, 99th. and l00th 
percentiles of each distribution are then calculated. and the 22 development times 
nre divided by the median time of the distribution (producing a normalized 
distJibution fOI" each temperature) (Fig. BB). A single empitical distribution representing 
all normalized distributions is identified as the average of all distributions, 
weighted by the total frequency of each distJibution (Fig. BC, circles). A cumulative 
Wei bull function is then fitted to this standard curve (Fig. GC, line). 

The \Veibull distribution provides excellent goodness-of· fit capabilities for 
many species (Wagner et al. 1984b). It can be combined easily with a rate equation 
to predict the proportions of a population completing development through time 
under variable temperatures (the rate equation is used to accumulate rates, which 
become the independent variable of the Weibull distribution). The details of this 
simulation approach using the Sharpe and DeMichele (1977) rate function are 
provided by \¥agner et al. (1985). The approach has been used with excellent 
results (Wagner et al. 198i, 1988, Lysyk 1989). 

Regnicrc (1984) used a logistic equation to describe the cumulative frequency 
distributions of development rates relative to the median rate. The variability 
among distributions at the different constant temperatures is examined by comparing 
the parameter estimates for steepness and skew. If no relationship is found 
bet".·een the parameter estimates and temperature, then the logistic equation is 
filled to the pooled frequency data for all temperatures. This procedure is 
conceptually very similar to those used by Sharpe et al. (1977) and co-workers. If 
the estimates change with temperature, then temperature-independence among the 
distributions cannot be assumed. Tn this case, other functions (e.g., polynomials) 
are used to describe the effects of temperature on the two-shape parameters 
within the logistic equation. Regniere (1984) int.egrated the rate function of Logan et 
81. (l9iG) \\~th an inverted fonn of his logistic equation to predict the developmental 
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progress of any portion of 8 population at a particular time. This final step is 
different from the approaches already described, which predict the proportion of a 
population completing development at a particular time. 

CONCLUSIONS 

There are well-defined and proven methods for modeling arhropod development 
time, which include procedures for designing and conducting constant temperature 
experiments and organizing and analyzing the results. Modeling choices abound. 
Numerous equations describe the rate versus temperature relationship. Some are 
simple, others complex; some only describe part of the response cUI've accurately, 
others describe the entire curve. These models are used to predict the average 
development time of a population under variable temperatures. 

Stochastic approaches call be used in conjunction with the rate equations to 
predict the proportions of a population completing development through time. 
These approaches differ in several ways: in the choice of random v8l;able that is 
modeled (development time or rate), the form of the frequency distributions used, 
and the type of function chosen (normal, quadratic, beta, logistic, Weibull). No 
difference is more importnnt, however, than the method used in obtaining the 
distribution to be modeled. This distribution is obtained either directly or indirectly 
from the experimental data. Two types of direct approaches are recognized. One 
assumes that the shape of the distributions (of relative times) is independent of 
temperature; consequently, a single standard distribution (obtained by pooling or 
averaging the data) is used to represent the variability in development times at all 
temperatures. If temperaturc·independence among the distlibutions is not obselved, 
then the second direct method models the effects of temperature on the shape 
parameters of the chosen distribution. 

The indirect approach uses several rate functions (originating from the develop· 
mcnt times at several pel'cenlilc~ along the cumulative distlibutions) to independently 
predict development times at these percentiles under variable temperatures. The 
predicted times are plotted against their associated percentiles and a cumulative 
distribution function fitted to them. 

As pest management systems rely more heavily on computers, the use of more 
elaborate and computationally demanding models will increase. These models 
should provide managers with greater information upon which to make decisions. 
Hopefully, any costs invol\'ed in using complex models (e.g., an increase in 
computational time) will be offset by improved predictability. On the other hand, 
model complexity should not exceed the stated management or research objectives. 
The greatest cost in the modeling process is data collection; but we should not 
forget that any model is only as good as the data used to build, initialize, and 
drive it. 
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ABSTRACT 

Questions arlsmg during the development of 8 site-specific model of the population 
dynamics of Boophilus microp{us (Canestrini), the southern cattle tick, on cattle in Puerto 
Rico are discussed. A model (computer program) was developed to investigate alternative 
eradication strategies applicable in the current Boophilus program in Puerto Rico and 
through simulations. identify gaps in OUf knowledge that would require additional research. 
The model calculates probabilities of survival and change of life stages using Weibull 
distribution functions for each life stage daily. Monthly average tcmperab.ucs and relative 
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Boophilus microplus (Canestrini). the southern cattle tick, is a one-host tick 
principally parasitizing cattle (Willadsen et aJ. 1984), but it also parasitizes goats, 
sheep, and deer (Strickland et a!. 1976. George 1990). This tick transmits anaplas· 
mosis and babesiosis to cattle and causes significant economic losses to the cattle 
industry (Strickland et al. 1976) in the Caribbean, Central and South America, 
Africa, and Oceanica. In 1936. an eradication program against the southern cattle 
tick began in Puerto Rico. [n L94 L, the island was released from federal quarantine. 
Because of an infestation of B. microplus found on the island municipality of 
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Vieques, eradication efforts were resumed in 1943. Systematic treatment of 
livestock was discontinued in 1952. Inspections of livestock continued until 1953, at 
which time the eradication effort was believed to be completed (Graham and 
Hourrigan 1977). 

Puerto Rico was free of B. microplus until it was collected in 1978 from a cow 
at a slaughter house in Mayaguez. At that time the U. S. Deparnnent of Agriculture, 
Animal and Plant Health Inspection Service. VeterinaJ)' Services, and the Department 
of Agriculture, Commonwealth of Puerto Rico, agreed to cooperate in an effort to 
once again eradicate B. microplus from the island. 

The eradication program is based on use of aC81'icides as whole body sprays 
applied to livestock at 21-d intervals for a period of 231 d. When the animals have 
received 10 treatments, they are inspected for ticks. If ticks are found on even a 
single animal in a herd, the eradication cycle of treatments every 21 days fol' 231 d 
is repeated. This approach has been successful but may be an inefficient use of 
manpower and resources. 

Current knowledge of the timing of oviposition, egg viability, and longevity of 
B. microplus larvae off-the-host obtained from research carried out in Puerto Rico 
(Ganis and Popham 19oo, Ganis et aJ. 1990) suggests that modification in u'eatment 
strategies could be made without loss of effectiveness and efficiency. Field trials to 
test these assumptions are impractical due to the research costs and the fact that 
the eradication program in Puerto Rico is governed by legislation that requires all 
animals infested with B. microplus be in quarantine and under treatment. The 
legislation forbids release of ticks in the quarantined area. This paper is a 
discussion of the approach used to develop a stochastic model of the population 
dynamics of B. microplus on livestock in Puerto Rico. The model is designed to 
test alternate strategies of eradication for use in the current Boophilus tick 
program in Puerto Rico. 

OFF·HOST LIFE HISTORY 

The life history of B. microplus as affected by environmental and other factors 
is presented in Fig. J. Factors listed below the dotted lines in Fig. 1 are discussed 
in more detail below. 

Engorged Females. During the egg laying proeess, females are exposed to a 
number of mortality factors including desiccation from low relative humidities and 
high temperatures (Suthel'st et al. 1988a, Short et al. 1989, Garris and Popham 
1990) and predators and diseases. High temperature and low relative humidity in 
the microclimate have the greatest impact on engorged female survival (Suthcrst 
et ai. 1988a, GalTis et ai. 1990). 

The survival of engorged females varies over time. During the summer months 
in Puerto Rico, when high temperatures and low relative humidities prevail, fewer 
females survived to lay eggs. More females survive to oviposition in shaded, 
wooded environment.<; than in open grass environments (Garris et a1. 1990). 

Eggs. In the laboratory, females lay an average of 5338 eggs, ranging from 2704 
to 7082 (Davey et al. 1980). In natural environments in Puerto Rico, females laid 
from 0 to 3500 eggs depending on location and season. Eggs were laid 2 to 7 d 
after the female detached from the host. (Garris et al. 1990). Usually, 
the area where oviposition occurs provides adequllte moisture necessary for egg 
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hatch (Fleetwood and Teel 1983, Teel 1984), The pattern of laying eggs for a period of 
about 21 days is essentially the same for all females (Davey et a1. 1980). 

The factors that directly affect the survival of eggs are primarily temperature 
and relative humidity in the microenvironment where the eggs are deposited 
(Sutherst et al. 1988a, Teel 1984, Garris et al. 1990), Moisture deficit has the 
greatest effect on egg hatch (Teel 1984). 

Observations in Puerto Rico indicate eggs that survive began to hatch in about 
20-22 d after engorged females detach from a host (Garris et al. 1990). All eggs 
were observed to hatch within a 48-h period (unpublished data). 

Larvae. The most significant factors affecting the survival of off-the-host larvae 
are high temperatures and low relative humidities encountered in the microhabitat. 
Data from studies in Puerto Rico show larvae survive best in shaded, wooded 
environments with relative humidities which seldom fall below 30% (Garris and 
Popham 1990, Garris et 01. 1990). Where microclimates are favorable, a small 
proportion of the lalvae survive for a longer period of time when allowed to ascend 
vegetation (Garris and Popham 1990). High temperatures and low relative humidities 
are survivable if lalvae can maintain body moisture levels (Needham and Teel 
1986). Boophilu.s microplus larvae have the capacity to obtain moisture by drinking 
from water droplets formed when it rains or from dew (Wilkinson 1953). 

In Puerto Rican pastures, larval longevity ranged from 34 to 130 d (Garris and 
Popham 1990, Garris et al. 1990). Approximately 50% of larvae stressed by high 
temperatures and low relative humidities die within the first 2 wk after hatch 
(Fleetwood and Teel 1983, Utech et a1. 1983, Sutherst et a1. 1988a, Garris et 81. 
1990). 

ON-HOST LIFE HISTORY 

Larvae. To complete the life cycle, lalvae must find a host and successfully 
attach and feed. There are a number of factors that affect this. The pick-up rate of 
free-living larvae from pastures is proportional to the number of potential hosts 
per hectare and to the number and density of larvae (Sutherst et al. 1978). 
Temperature and relative humidity affect the behavior of larvae causing changes in 
the pick-up rate (Sutherst et al. ]978, Garris and Popham 1990, Garris et al. 
1990). 

European breeds of cattle are more susceptible to infestation by B. microplus 
lalvae than are zebu breeds of cattle (Hewetson and Nolan 1968, Utech et a1. 1978, 
De la Vega et al. 1980, George et a1. 1985, Rechav 1987, Sutherst et al. 1988b). A 
small proportion of a herd of any breed of cattle will support more than half the 
ticks (Sutherst et al. 1979, Sutherst et a1. 1988b, Bourne et al. 1988); thus, culling 
these animals from a herd can be used to manage tick populations reducing the 
dependence on aearicides (Norton et a1. 1983, Elder et a!. 1980, 1985). 

The level of resistance of cattle to ticks after repeated exposure is linked to 
the nutritional status of the animal (O'Kelley et al. 1971, O'Kelly and Kennedy 
1981). Some supplemental feeds may lower resistance to ticks in cattle (O'Kelly 
1984). Seasonal changes in resistance to ticks are affected by locality, breed of 
animal, and previous tick experience (Daube and Wharton 1980). 

Once larvae find a potential host, their success in attaching and feeding is 
controlled by other factors (Koudstaal et a1. 1978, Daube and Kemp 1979). If ticks 
have not attached within the first few hours after climbing onto a host, the 
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unattached ticks will die from the heat generated from the body temperature of 
the host (Koudstaal et 81. 1978). The resistance status of the animal causes the 
largest proportion of larvae to be rejected by grooming by the host within the fIrst 
24 h after reaching the host (Koudstaal et al. 1978). 

Nymphs. Once the larvae have successfully attached and fed for more than 24 
h. the chance of successfully reaching the nymphal stage is improved (Roberts 
1968, Wagland 1978, 1979). Engorged larvae remain attached to the host and 
undergo molting until emergence as nymphs. Nymphs attach on the same host 
animal usually within a few centimeters of the larval feeding site. The nymph is 
primarily affected by host resistance. Nymphs are removed by grooming in 
response to higher levels of histamine created by a reaction to the salivary 
secretions of the feeding nymph (Doube and Kemp 1979). 

Adults. Nymphs, after successfully feeding, will remain on the host until they 
molt and emerge as adults. The sex ratio of adult ticks on a host is 1: 1.03 males to 
females (Davey and Cooksey 1988). One male can fertilize up to 18 females and 
will remain on the host for up to 48 d after molting (Davey 1986). This relationship 
provides suffIcient opportunity for mating to take place. Female ticks must mate 
before they complete engorgement and detach from host. 

Female engorgement may be divided into phase one, a period of engorgement 
prior to mating, and a second phase of rapid engorgement usually within the last 2 
d of feeding before detachment (Wharton and Utech 1970). In this model, we 
assumed that animal behavior, time of day, and temperature regulate the drop-off 
cycle. 

ACARICIDES 

The efficacy and residual effectiveness of crotoxyphos, coumaphos, amitraz, 
and permethrin, determined from field studies in Puerto Rico (Garris and George 
1983, 1985, Garris and Zimmerman 1985), were used to construct an acaricide 
submodel. The acaricides, coumaphos, amitraz, permethrin, and crotoxyphos, are 
registered for use against ticks on livestock, and amitraz and permethrin are 
currently used by APHIS-VS in the eradication program in Puerto Rico. Field 
efficacy data for other acaricides can be used instead of those used in these 
simulations and the data can be input by the program user. 

COMPUTER SIMULATION 

In doing a computer simulation of B. microplus populations. we wished to attain 
a better understanding of how tick numbers increase and how the environment 
and host animals affect the growth or decline of populations of different life 
stages. We wished to detennine how sensitive population numbers are to changes 
in assumptions. 

To construct a model defined by a computer language, it is first useful to 
identify and diagram the important biological relationships. The flow diagram of 
the life cycle relating the life stages (Fig. 1) aided our understanding of the 
pertinent biological relationships. 

The computer program, to accomplish simulations, was written to minimize the 
included assumptions concerning parameters of all mathematical or probability 
distribution functions. The form of the functions and their effect are included in 
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the programming, but are identified in the source code so that they may be easily 
altered. All parameter values are provided by the user in one of two ways - 8 

parameter data input file (Table 1) and input requested from the user upon 
execution (Table 2). The parameter data input file contains infonnation which 
would be changed infrequently, such 8S temperature, relative humidity, and 
probability distribution parameters. The input supplied by the user would likely 
change often and includes information such 8S herd size, pasture area, size of 
introduced infestation of ticks, and treatment parameters. The program also 
obtains a random number from the internal computer clock. 

It is assumed for all simulations that the only way ticks can occur in a given 
herd of cattle and environment is from introduction of infested animals. Simulations 
beginning with an existing established population both on the cattle and in the 
environment cannot be done with this computer model. We constructed the model 
this way using data from Garris et al. (1990), who studied the survival and 
longevity in different environments of ticks collected from cattle which had been 
infested in the laboratory with known numbers of ticks. Because we had limited 
information on host resistance in cattle in Puerto Rico, we felt it would be better 
to begin with an introduced infestation and let the populations of the life stages 
grow to a stable level for a particular environmental condition rather than 
attempting to estimate numbers of each life stage of ticks existing on the animals 
and surviving in the environments before the infested cattle are introduced. 

The number of animals in the herd is the sum of the original herd plus the 
introduced arumaIs. The initial populations of attached larvae, nymphs, and adults 
are obtained as the product of the number of introduced animals and the initial 
numbers per animal. To simplify calculations, these ticks were assumed to be 1 d 
old. 

The herd is assumed to be susceptible until the animals have been exposed to 
a threshold number of larvae input by the user. Our reasoning for this approach to 
the estimation of the effect of resistance in herd is based on limited information 
on the resistance of cattle breeds to ticks in Puerto Rico. The threshold number of 
larvae to which an animal is exposed gives the user of the computer program the 
flexibility to establish variable levels of resistance. 

For each day of the simulation the numbers of ticks which survive or change to 
the next life stage for each age cohort within a life stage are computed by calling 
subprocedures. In order to incorporate weather information, the calendar day 
when the simulation begins is determined and incremented each day of simulation 
until day 365 is reached, and then reset to 1. The calendar day is matched with the 
input weather data and the temperature and relative humidity values for the 
month are supplied to the life stage subprocedures. 

In Puerto Rico, if the daily maximum temperature at the microenvironmental 
level reached 30°C or if the relative humidity was 30% or less, engorged female 
ticks and larvae released in this environment died (Garris et al. 1990). Because of 
this, we established a threshold temperature and relative humidity value at which 
all of the populations of off·host life stages would not survive in our model. 
However, these threshold values can be changed and a different set of values 
input by the program user. 

In the subprocedures, the computer program determines whether to use a 
stochastic or deterministic process by comparing the total population of the life 
stage being considered on a given day to the threshold value established for that 
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Table I. Input parameters for simulations I, 2, 3, and 4. 

Simulation 

Parameter 1 2 3 4 

Climatic variables 

Jan. 
Jan. 

Max T* 
Min. RHt 

28 
50 

24 
90 

24 
90 

24 
90 

Feb. Max. T. 
Feb. Min. RH 

30 
27 

28 
52 

28 
52 

28 
52 

Mar. Max. T. 
Mar. Min. RH 

32 
40 

32 
29 

32 
29 

32 
29 

Apr. Max. T. 
Apr. Min. RH 

28 
46 

28 
67 

28 
67 

28 
67 

May Max. T 
May Min. RH 

29 
54 

28 
75 

28 
75 

28 
75 

Jun. Max. T 
Jun. Min. RH 

27 
68 

26 
97 

26 
97 

26 
97 

Jul. Max T 
Jul. Min. RH 

29 
43 

29 
78 

29 
78 

29 
78 

Aug. Max. T. 
Aug. Min. RH 

30 
47 

28 
62 

28 
62 

28 
62 

Sep. Max. T. 
Sep. Min. RH 

28 
53 

26 
86 

26 
86 

26 
86 

Oct. Max. T. 
Oct. Min. RH 

33 
38 

27 
90 

27 
90 

27 
90 

Nov. Max. T 
Nov. Min. RH 

27 
96 

24 
91 

24 
91 

24 
91 

Dec. Max. T 
Dec. Min. RH 

28 
42 

26 
80 

26 
80 

26 
80 

Max T. Threshold for: 
Engorged females 
Eggs 
Free larvae 

30 
30 
30 

30 
30 
30 

30 
30 
30 

30 
30 
30 

Min. RH Threshold for: 
Engorged females 
Eggs 
Free larvae 

30 
30 
30 

30 
30 
30 

30 
30 
30 

30 
30 
30 
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Table 1. Continued. 

Simulation 

Parameter 2 3 4 

Pickup function: 
a - parameter 1.00 1.00 1.00 1.00 
b . parameter 0.05 0.05 0.05 0.05 
c ~ parameter 1.00 1.00 1.00 1.00 

Mean proportion resistant animals 0.85 0.85 0.85 0.85 
Std Dev proportion resistant 0.05 0.05 0.05 0.05 
Mean proportion females 0.85 0.85 0.85 0.85 
Std Dev proportion females 0.05 0.05 0.05 0.05 

Mean size egg mass resistant animals 0.85 0.85 0.85 0.85 
St. Dev. size egg mass resistant 0.05 0.05 0.05 0.05 
Mean size egg mass susceptible animals 0.85 0.85 0.85 0.85 
Std Dev size egg mass susceptible 0.05 0.05 0.05 0.05 

Probability functions: 
Survival of attached larvae (Weibull) 
8 • parameter 0.0 0.0 0.0 0.0 
b . parameter 5.0 5.0 5.0 5.0 
c - parameter 2.5 2.5 2.5 2.5 
Max. age (days) 12 12 12 12 

Change to nymphs (Weibull) 
D • parameter 4.0 4.0 4.0 4.0 
b . parameter 1.5 1.5 1.5 1.5 
c . parameter 2.5 2.5 2.5 2.5 

Survival of nymphs (Weibull) 
a . parameter 0.0 0.0 0.0 0.0 
b . parameter 8.0 8.0 8.0 8.0 
c . parameter 2.2 2.2 2.2 2.2 
Maximum age (days) 17 17 17 17 

Change to adults (Weibull) 
8 • parameter 7.0 7.0 7.0 7.0 
b . parameter 6.0 6.0 6.0 6.0 
c - parameter 2.2 2.2 2.2 2.2 

Survival of adults (Wei bull) 
a • parameter 0.0 0.0 0.0 0.0 
b • parameter 7.0 7.0 7.0 7.0 
c - parameter 2.0 2.0 2.0 2.0 
Maximum age (days) 23 23 23 23 

Change to engorged females (Weibull) 
a • parameter 6.0 6.0 6.0 6.0 
b - parameter 5.0 5.0 5.0 5.0 
c . parameter 2.8 2.8 2.8 2.8 
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Table 1. Continued. 

Simulation 

Parameter 1 2 3 4 

Survival of engorged females (Weibull)
 
a - parameter 0.0 0.0 0.0 0.0
 
b . parameter 10.0 10.0 10.0 10.0 
c . parameter 3.0 3.0 3.0 3.0 
Maximum age (days) 23 23 23 23 

Change to eggs (Weibull)
 
8 - parameter 2.0 2.0 2.0 2.0
 
b . parameter 2.5 2.5 2.5 2.5 
c - parameter 2.2 2.2 2.2 2.2 

Survival of eggs (Weibull) 
a - parameter 0.0 0.0 0.0 0.0 
b - parameter 25.0 25.0 25.0 25.0 
c . parameter 1.5 1.5 1.5 1.5 
Maximum age (days) 146 146 146 146 

Change to free larvae (Weibull)
 
a - parameter 19.0 19.0 19.0 19.0
 
b - parameter 20.5 20.5 20.5 20.5
 
c - parameter 0.6 0.6 0.6 0.6
 

Survival of free larvae (Wei bull)
 
a - parameter 0.0 0.0 0.0 0.0
 
b . parameter 50.0 50.0 50.0 50.0 
c . parameter 2.5 2.5 2.5 2.5 
Maximum age (days) III III 111 III 

Change to attached larvae (Weibull) 
a - parameter 5.0 5.0 5.0 5.0 
b - parameter 16.0 16.0 16.0 16.0 
c - parameter 1.2 1.2 1.2 1.2 

• Maximum Temperuture. 
t Minimum Rcluti\'c Humidity. 

life stage. "Vhen the total population is larger than the threshold population, the 
program uses a deterministic method to calculate the survival of a tick population 
in the simulation process. 

The program computes t.he probability of an age cohort member dying during 
the time interval (PD), and the probability (PC) of an age cohort member changing 
to the next life stage during the time interval, using a three-parameter Wei bull 
probabili~ densi~ function (Appendi.x A. Equation A2) and user-supplied parameters. 
It then calculates the number of each age cohort of a life stage surviving the time 
interval as initial number (IN) less the products of PD X IN and PC X IN. The 
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Table	 2. [nfonnation supplied by the user of the program at execution time. 

Simulation 

2 3 4 

Number of animals in the herd 100 100 100 100 
Pasture size (hectares) 
Number of introduced animals 
Attached larvlle/introduced ani"mal 
Nymphs/introduced animal 
Adults/introduced animal 
Resistance threshold 

(Cumulative attached l8lVae/animal) 

33 
15 

5,000 
1,000 

500 

20,000 

33 
15 

5,000 
1,000 

500 

20,000 

33 
15 

5,000 
1,000 

500 

20,000 

33 
15 

5,000 
1,000 

500 

20,000 

Simulation 
Beginning date 
Number of days 

Aug. 01 
1,000 

Aug. 01 
1,000 

Aug. 01 
1,000 

Aug. 01 
1,000 

Treatment 
Beginning date 
Interval between applications (days) 
Effectiveness (percent) 
Residual effect (days) 
Number of applications 

None None May 01 
21 
98 

5 
11 

May 01 
21 
98 
5 

15 

survivors are moved to the next age cohort. The number changing to the next life 
stage is the sum of the products of PC X IN over all age cohorts. Lastly, the 
number of each life stage at the end of each time interval is obtained by summing 
all of the age groups in each life stage (Fig. 2). 

The exceptions to the above general procedure have to do with the sex ratio of 
adults, host resistance, and pickup rate of free-living larvae by the host animals. 
The program obtains the proportion of females as a normally distributed random 
variate with mean and standard deviation supplied by the user. It is assumed that 
all living attached females mate and have the opportunity of engorgement. 

Host resistance was assumed to affect the size of the egg masses produced by 
the engorged females (Garris et a!. 1990). Host immunity effects on attached larva 
and nymph survival are included when developing parameters for the survival of 
these life stages. When the threshold level for resistance to occur is reached, two 
size levels of egg masses are produced, 8 level for susceptible hosts and a level for 
resistant hosts. The levels used are obtained as normally distributed random 
variates with mean and standard deviation for each level supplied by the user. 

Pickup rate is computed using information about host density (number of host 
animals/pasture area) supplied by the user and an S-shaped function with an 
estimatable upper asymptote (Appendix B, Equation BI). Pickup rate includes 
rejection resulting from host behavior 8S influenced by host type. 

Two output files are produced, one has original parameter information and the 
total numbers of each life stage for each day. The second output file has age 
distributions of each life stage for 4 d which can be selected by the user. 
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RESULTS AND DISCUSSION 

Results of simulations using microclimate from Puerto Rico are presented in 
Figs. 3, 4, 5, and 6. The hypothetical information we used for these simulations is 
listed in Tables 1 and 2. 

Results of simulations of populations of ticks in unfavorable microclimatic 
conditions are presented in Fig. 3. In this simulation, the population of ticks died 
out because there was a lack of migration of new ticks into the population and 
because ticks were originally introduced on imported cattle during the dry season 
when their survival potential is reduced. Without new introductions of ticks on 
cattle, the population growth rate declined. In addition, the population of ticks was 
exposed to micl'oclimates of high temperatures and low relative humidities which 
naturally occur during a critical period of the year (June to October). In field 
studies, all ticks, including free-living larvae released during this period of the year 
in a grass environment in the low rainfall area of Puerto Rico, died (Garris et al. 
1990). 

Growth of a population exposed to a favorable microclimate (Fig. 4) increased 
but did not reach the carrying capacity expected for the number and resistance 
levels of the hosts established by the parameters presented in Tables 1 and 2. 
Possible failures in the model include a lack of a reasonable mathematical 
estimation of the effect of resistance on the population. Our model uses a normal 
distribution that is limited by a threshold level of towl larvae to which each animal 
was exposed before resistance becomes a factor impacting the population. Further 
reseal'ch is needed to evaluate different approaches to this problem. 

To demonstrate the usefulness of the model in developing alternative eradi
cation strategies for B. microplus in Puerto Rico, we used the parameters established 
for the simulation presented in Fig. 4 in subsequent simulations where a control 
factor was also included. 'The results of a simulation in which the cattle were 
treated at a 21·d interval for 11 applications are presented in Fig. 5. The 
simulation showed that under the conditions established by the parameters in 
Tables 1 and 2, tick populations were not eradicated. Apparently, some of the free
living ticks managed to survive and these ticks served to reinfest the cattle, 
producing new generations of ticks. In another simulation using the same parameters 
as in the simulation presented in Fig. 5 but extending the treatment period for 
four additional acaIicide applications, the generated tick populations were eradicated 
(Fig. 6). Results from other simulations not presented indicated that the four 
additional acaricide applications which extended the treatment period of 231 d by 
an extra 84 d, was the minimum required to eradicate the computer genel'ated tick 
population. 

At this point in the development of the model, it is not appropriate to 
recommend changes in current eradication procedure. Our purpose in developing 
the model was to evaluate alternative eradication strat.egies and through simulations, 
identify gaps in OUI' knowledge that require additional research. Before any change 
in a program is implemented, the effectiveness of a new procedure must be 
demonstrated in field tests. 

In this paper, we present one approach to development of a computer model. 
Different approaches could have produced a model that behaves in a similar 
manner, For example, the survival of individual ticks in our model is determined at 
random accol'ding to an assumed probability distribution which has zero survival 
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Fig. 4. The results of simulation 2 using the data input in Table 2, which 
describes the growth of a simulated population of free-living and 
attached on-host ticks, respectively, exposed to favorable micro
climates. 



285 

EGGS 

POPHAM and GARRIS: Modeling of Boophilus microplus eradication 

okL~~::1:!.l'J..L~...l'iliM....-...I],~L....o~""",~2::d~ 
a 200 400 600 800 1000 

DAYS SINCE INTRODUCTION TO HERD 

Fig. 5.	 The results of simulation 3 using the data input in Table 2, which 
describes the growth of a simulated population in favorable micro· 
climate of free· living and attached on-host ticks, respectively, and the 
effect of acaricide control measures. 

100.000.000 

80.000,000 

60,000.000 

W 
40.000.000'-' <J: 

>
[f) 

W 
20.000.000 

::J 
"-

I 
U 
<J: 0 
w 
"
0 
et: 400.000 
W 
m 
:::; 
:::> 
Z 300.000 

200.000 

100.000 

FREE 
lARVAE 

ATIACHED LARVAE 



286 

100.000. 000 

80,000,000 

60,000,000 

w 
(5 40,000,000« 
f
(/) 

w 
u.. 20.000,000
 
--'
 
:r:
 
u « 0 
w 
u.. 
0 

etc 400,000 
W 
(]) 

2' 
:::> 
Z .300,000 

200,000 

100,000 

J. Agric. Entomol. Vol. 8, No.4 (1991) 

EGGS 

FREE 
LARVAE 

ATIACHED	 LARVAE 

NYMPHS 

o """,L...;~:JJ..I'.>..LC.!'LJa,.,Jc.L:1Cb-.J/Ii,"----'---__--'-__--l 
o 200 400 600 800 1000 

DAYS SINCE INTRODUCTION TO HERD 

Fig. 6.	 The results of simulation 4 using the data input in Table 2, which 
describes the growth of a simulated population in favorable microclimate of 
free-living and attached on-host ticks, respectively, and the effect of 
acaricide control measures, 



287 POPHAM and GARRIS: Modeling of Boophilus microplus eradication 

as a possibility. To accomplish the same goal, we could have chosen to write the 
program so that all population numbers are integers or so that any time the value 
computed for population number is less than 0.5, the population number is set to 
zero. Other approaches to the development of computer generated models are 
discussed elsewhere in this conference. 
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APPENDIX A 

The Weibull function is a flexible frequency distribution which can be used liS a model of 
change of state (Dell et al. L983). The cumulative distribution function (CDF) for the 
Weibull: 

F(x) = 1- exp[-(x-a)/bjC, (Equat.ion AI) 
where °< a < x, b > 0, and c > 0 can be lIsed to summarize survival information (Pinder et 
al. 1978) and in modeling distributions of insect development times (Williams and Popham 
1983, Wagner et al. 1984, Garris el: a1. 1990). The parameter (J is the estimate of the earliest 
time when F(x) > O. The band c parameters of the Weibull distribution function define the 
scale and shape, respectively, of Ule curve (Johnson and Katz 1970). 

The probability density function (PDF), the first derivative of the CD!": 
fIx) ~ Ic/b)f(x - a)/bl'· t)expl-I(x - a)/bl"1. (Equation A2) 

may be used to obtain lhe probability of change of state during t.he time intenml x. 

REFERENCES CITED (APPENDIX AI 

Dell, T. R., J. L. Robertson, und M. T. Haverty. 1983. Estimation of cumulative change of 
state with the Weibull funct:ian. Bull. Entomal. Soc. Am. 29: 38-40. 

Garris, G. I., T. W. Popham, and R. H. Zimmennan. 1990. Boophilus microplus (Acari: 
Ixodidae): oviposition, egg viubility, and larvallangevity in grass and wooded envirorunents of 
Puerto Rico. Environ. Entomol. 19: 66-75. 

Johnson, N. L., and S. Katz. 1970. Distribution in statistics: conl'inuous univariate distributions. 
Houghton Mifflin. Boston, 372 pp. 

Pinder, J. E., III. J. G. Weiner, and M. H. Smith. 1978. The Weibull distribut.ion: a new 
method of summarizing survivorship data. Ecology 59: 175-179. 

Wagner, T. L., H. Wu, P. J. Sharpe, and R. N. Coulson. 1984. Modeling distribut.ion of insect 
development time: a literature review and applicat.ion of the Wcibull function. Ann. 
Eotomol. Soc. Am. 77: 475·487. 

Williams, L. H., and T. W. Popham. 1983. Synchronizing mass emergence of Xyletinus 
peltatus (Harris) (Coleoptera: Anobiidae) adults. Environ. Entomal. 12: 1664-1668. 

APPENDIX B 

We propose for pickup, using a function: 
P(d) = oll -exp[-rdll. (Equation Bl) 

where a is an upper asymptote, r is a parameter which detennines how rapidly the 
asymptote is approached, and d is the host density. 
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A long and arduous campaign of quarantine and eradication programs initiated 
by state and federal agencies in 1907 eliminated the vectors of bovine babesiosis, 
Boophilus annulatus (Say) and Bo. microplus (Canestl'ini), from 14 southern states 
and established a buffer zone along the Texas-Mexico border (Graham and 
Hourrigan 1977). Both tick species and the two diseuse pathogens, Babesia 
bigemilla Smith and KilboulTle, and Ba. bovis Babes, remain prevalent in nOitheastern 
Mexico (Tedaw et al. 1985). In the buffer zone, statutory authority and regulations 
governing livestock movement help prevent the reestablishment of these ticks in 
the U.S. Each month Boophilus ticks are encountered on cattle in shipment from 
Mexico, as cattle cross the Rio Grande at low water points, or as the result of a 
variety of human endeavors. Thus U.S. rangeland and cattle are under constant 
threat of reinfestation. 

Boophilus annulatus is a multivoltine, one-host. tick which attacks cattle and 
other livestock, horses, and wild ungulates (Celvidae). This t.ick is a primary vector 
of Ba. bigemina in temperate and subtropical regions. Tolerance of colder, drier 
environments enabled this tick to occupy a much greater area of the U.S. than the 
more tropical species, Bo. microplus. For this reason our modelling efforts have 
focused on Bo. annu./atus. 
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The buffer zone crosses the Tamaulipan thorn shl'ubland, a biotope which has 
undergone conversion from grassland savanna (Archer et al. 1988). Similar vegetation 
associations and meteorological influences of this biotope cross the south Texas 
plains and neighboring Mexican states of Tamaulipas and Nuevo Leon, and play 
important roles in the ecology of Bo. annulatus. Understanding the ecology of Bo. 
annulatus in this biotope is fundamental to surveillance and eradication activities 
along the buffer zone. 

Aspects of the population dynamics of Bo. an.nulatus essential to surveillance 
and eradication include not only the overall length of the off~host phase of the life 
cycle, but also its component parts: preoviposition, oviposition, incubation, and 
larval longevity. Abiotic factors, especially temperature and relative humidity, are 
principal regulators of these parameters. The duration of quarantine is set to 
encompass the maximum off-host survival period from the date eradication 
procedures are initiated. Two general procedures nre used: systematic dipping of 
cattle in an approved acaricide at 2-wk intervals, or dipping and removal of all 
cattle (pasture vacation). A table of quarantine periods was derived from ecological 
studies of Bo. annuLatus conducted from 1900 to 1912 in areas ecologically 
different from the south Texas plains. Modifications were made to this table in the 
1970's to lengthen quarantine periods due to difficulties in eliminating ticks. By its 
nature, the table cannot be sensitive to changes in seasonal weather conditions or 
to the heterogeneity of rangeland vegetation communities which may lengthen or 
shorten tick longevity. Modelling the off-host phase of the life cycle based upon 
microclimate associations of dominant vegetation commllllities has been investigated 
to offer insight into the ecological factors effecting tick survival and to develop 
tools for the application of knowledge under realtime environmental conditions. 

The influence of three rangeland vegetation communities on Bo. annuLat.us was 
evaluated by introducing engorged female ticks into simulated microenvironmental 
temperature and relative-humidity regimes from each community and monitoring 
the development and sun'ival of each tick's progeny (P.D.T., D. R. Ring, Dept. of 
Entomology, Texas A&M Research and Extension Center, Corpus Christi, Texas, 
and M. T. Longnecker, Dept. of Statistics, Texas A&M University, College Station, 
Texas, unpublished data). The three vegetation communities were uncanopied 
buffelgrass, mesquite-canopied buffelgrass and mixed-brush canopied buffelgrass. 
Covariate analyses performed on preoviposition and incubation using degree days 
and on larval life using saturation deficit days revealed significant differences 
between release dates of the ticks, and between vegetation communities. The 
covariate, saturation deficit days, was calculated as the cumulative saturation deficit 
above 4 mm Hg. Differences among parameters by release dates reflected the 
influence of seasonal meteorological conditions. For example, winter temperatures 
greatly extended preoviposition and incubation periods with hatch from over
wintering cohorts emerging during a comparatively narrow period in spring. The 
influence of vegetation community was most pronounced during spring and 
summer when canopy attenuated the effects of soiaI' radiation and evapotranspiration. 
Success of oviposition, hatch and length of larval life were considerably greater in 
canopied compared to uncanopied habitats. Subtle effects on incubation time and 
hatch between canopied communities could be ascribed to differences in seasonal 
phenology of vegetation communities. Mesquite defoliates during winter and is 
usually associated with less dense grass cover beneath the canopy in comparison 
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to some mixed-brush species which may not defoliate and whose thorns and 
physical stature allow grasses to grow around basal stems, building a more 
protective thermal shield. 

Deterministic models for a parameter were selected from covariate analyses 
with the choice for best model based on the lowest root mean square error 
(RMSE) in days. Cubic models for preoviposition and incubation were driven by 
degree days using thresholds of 9°C and 37°C. Cubic models for larval life and 
tot.al off-host period are driven by saturation-deficit days using a threshold of 
4 mm Hg. Thresholds were estimated from data inspection procedures (Ring and 
Hurris 1984) which used the lowest RMSE as the threshold selection criteria. The 
suggestion (Hitchcock 1955) that the amount of desiccation experienced by eggs 
could influence length of larval life was upheld by a cubic model of Bo. annulatus 
larval life using the saturation deficit experienced by the eggs as the covariate. 
The model was highly significant (P < 0.0001) with excellent fit to the data (r2 

exceeding 0.91 in all three vegetation types) but accounted for less variation as 
indicated by RMSE values two to four times higher than the same model using 
saturation deficit experienced by the larvae. The term for saturation deficit 
experienced by eggs was significant (P < 0.01). The cubic model containing separate 
covariates for saturation deficit experienced by eggs and larvae produced the 
lowest RMSE. 

The thennal summation (degree day) modelling approach assumes that the 
development of an organism is linear over the range of temperatures at which 
development occurs. This assumption may provide satisfactory estimates of life 
events depending on the organism, the goal of the model, and the extent to which 
the organism experiences prolonged exposures to temperatures in the extremes of 
the temperature range. The nssumption of linearity for development in poikilo
thermic organisms is generally valid only over a portion of developmental tempera
tures (Sharpe and DeMichele 1977). Toward the low and high tempel'8tures 
developmental rates become non-linear. Development rates at low temperatures 
were a particular concern for attempting to predict incubation periods of 80. 
amwlatus during winter, when low temperatures resulted in incubation periods up 
to five times longer than those in any other season. 

Based upon theoretical associations of temperature and enzyme kinetics of 
poikilothermic organisms, Sharpe and DeMichele (1977) developed a biophysical 
model to describe developmental rates over the full range of developmental 
temperatures. Schoolfield et al. (1981) improved parameter estimation for the 
biophysical model through non-linear regression techniques and \Vagner et al. 
(I984b) provided a SAS (Statistical Analysis System, Cary, North Carolina) 
computer program to simplify application of the model. 

Strey et al. (1991) evaluated developmental rates and frequency distributions of 
emergence for 80. annulatus under constant temperatures. Embryonic development 
occurred from 9 to 42°C with developmental rates at 3° intervals exhibiting a 
sigmoid curve. Developmental rates from 12-36Q C were subjected to evaluation 
and model fitting (Wagner et al. 1984b). A six-parameter biophysical model best 
desctibed these developmental rates with regions characterized by low-temperature 
(TL = 284.7°K or 11.7°C) and high-temperature (TH = 307.7°K or 34.7°C) enzyme 
inactivation and a central linear region (RH025 = 0.049 day-I) of no temperature 
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inhibition, Emergence data available for temperatures from 17-36°C were subjected to 
a second computer program (Wagner et al. 1984a) to construct cumulative probability 
distributions of tick development, normalize these distributions by their median 
developmental time, identify a single representative distribution, and fit a th..I'ee
parameter Weibull function to that singla distribution (Strey et a1. 1991). The 
products of these efforts are expected to provide a better understanding of 
ecological relationships regulating temporal characteristics of Bo. annulatus populations. 

Rangeland quarantined for Bo. annulatus infestation is circumscribed by two 
additional quarantine zones (called "adjacent quarantine" and "check-premise 
quarantine") which provide for containment of the infested area through inspection 
of livestock and horses. The total land area may involve thousands of hectares. 
Spatial distribution of heterogenous tick habitats within and across these zones is 
an impOltant epidemiologic consideration related to timing swveillance and eradication 
activities. Integration of predictive models of events in the off-host phase of the 
tick life cycle with spatial distribution of tick habitat-type would improve the 
definition of periods of quarantine and surveillance opportunities. 

Fleetwood (1985) found signatures of vegetation communities from aerial 
infrared photographs of south Texas rangeland vegetation to be a reliable means 
of identifying tick habitat type. Hydrologic, topographic, and physiographic features 
important in defining and maintaining the physical integrity of quarantine boundaries 
can also be obtained from these images. A classification system for vegetation 
communities was established and tested on apriol'i infrared images at four levels of 
resolution (scales of 1/5,000, 1/10,000, 1/20,000 and 1/58,000) (P.D.T., unpublished 
data). Results showed photointerpretation from this source to be highly accurate 
through the 1/20,000 scale for defining spatial distributions of tick habitat-types. 
Tick models driven by realtime microclimate data from critical vegetation com~ 

munities could therefore provide both temporal and spatial characteristics of tick 
populations on a scale appropriate to areas quarantined for Bo. annulatus. The 
problem that remains is linking results of model determinations with spatial 
attributes of tick habitat~types across quarantine zones in a manner that will 
provide meaningful epidemiologic interpretations. 

Models for development and survival of Bo. annulatus are being applied to the 
heterogeneity of south Texas rangeland through the use of a Geographic Infonnation 
System. Geographic Information Systems (GIS) are computer-based data managers 
allowing multiple attributes of spatially oriented data to be indexed, processed and 
stored from many sources (maps, photographs, etc,), then examined and evaluated 
for criteria of newly defined theme(s} of interest which may be portrayed as visual 
or tabulated products (Burrough 1988). The GIS can also communicate with 
mathematical models, independent data bases, evaluation functions and statistical 
analysis systems, thus opening the environment to the application of Artificial 
Intelligence (AD, resulting in Intelligent GIS (IGIS) (Graham et al. 1989, Coulson 
et a1. 1991). The application of models through GIS is particularly appropriate in 
the Boophilus problem since the greatest proportion of the tick life cycle is 
completed in association with well~defined habitats. Lessard et al. (1990) have 
demonstrated the use of a GIS to study the epidemiology of cattle diseases in 
Africa caused by Theileria parva (Theiler) and transmitted by the tick, Rhipicephalus 
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appendiculatus Neumann. This application has been directed at the continent, a 
scale and resolution far more coarse than that encompassing a Boophilus quarantine. 

We are presently using a GIS called Geographic Resources Analysis Support 
System (GRASS) developed by the U.S. Army Corps of Engineers (CERL, 
Champaign, Illinois) running on a SUN 386i Computer Workstation to integl'8te 
our models of B. annulatus with rangeland landscape characteristics. Figure 1 
illustrates the concept with which this integration is being achieved. Microclimate 
temperature and humidity profiles from important vegetation communities drive 
the calculations of tick development and survival. Results are depicted across the 
distribution of tick habitat-types defined from maps and aerial data of the 
landscape and across each of the three quarantine zones. The status of each 
pasture by quarantine zone with respect to tick development and survival can be 
continuously updated from realtime microenvironmental data and linked to animal 
census and tick surveillance data sets to provide interpreters with critical ecological 
and epidemiological information. 

VEOE~noN COhlMLNTlE8 

INTERPRETATIONS: 
ECOLOGICAL AND 
EPIDEMIOLOGICAL 

~ 

Fig. 1.	 Overview of a geographic information system to integrate tick develop
ment and survival models with spatially oriented landscape and quarantine 
data, and to analyze interrelationships among specific data themes for 
ecological and epidemiological goals. 

One of the most difficult problems with Bo. annulatus has been understanding 
whether white-tailed deer and cattle, both hosts of this tick, sufficiently interact on 
south Texas rangeland to maintain tick populations. Rangeland vegetation and 
other landscape features provide the resources with which hosts fulfill their 
physiological needs. Their utilization of the landscape influences the distribution 
and population dynamics of cattle fever ticks. The application of tick modelling 
and GIS is an important fundamental step in approaching this question and 
provides a research tool for integrating host-animal behavior on rangeland through 
innovative modelling and computer techniques. 
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ABSTRACT 

This paper describes the usc of an age-class spreadsheet model to study the dynamics of 
bovine babesiosis and its use to estimotc the risk of babesiosis outbreaks from naturally- and 
artificially-induced nuctuations in tick burdens. The model is driven by weekly tick count 
data. The inoculation rate, e.g., doily probability of infection of any animal in the herd, was 
used as an index of enzootic stability. The model is especially useful for estimating patterns 
of tick burdens associated with enzootic stability and instability. Babesiosis outbreaks (due 
to enzootic instnbility) were associated with simulated daily inCestuI.ions of approximately two 
to five engorged female ticks. Below this range, Babesia bovis Bubes parasites disappeared, 
while above it. most cattle were infected during the period of calfhood resistance. Substitution of 
weekly tick counts from herds rcsiding in enzootically stable areas of Brazil and Paraguay 
yielded inoculation rates that exceeded thc minimal rCQuiremcnts for enzootic stability. 
despite widely varying tick burdens. Levels of tick control that. could lead to enzoot.ic 
instability were then simulated for these herds and the response of tick burdens nnd 
inoculation rates evaluated. 

Key Words:	 Bovine babesiosis, Babesia bouis. Boophilus microplus, Acari, Ixodidae, tick, 
comput.er model, 8prendshcet. 

J. Agric. Entomo!' 8(4): 297-308 (October 1991) 

Bovine babesiosis is an obstacle to the development of the livestock industry 
throughout the world. The disease occurs in temperate (Britain, Netherlands, 
Switzerland) as well as tropical regions. Losses due to babesiosis occur through 
weight loss, reduced milk production and morta1i~. In some cases, losses attributed 
to babesiosis are inseparable from those caused by the tick vector alone. Bovine 
babesiosis is caused by Babesia spp., a group of tick-borne intraerythrocytic 
protozoa transmitted by several one-, two-, and three-host ticks (Friedhoff and 
Smith 1981). This paper will focus primarily on the role of Babesia bouis Babes 
and its one-host tick vector, Boophilus m£croplu.s Canestrini, in the epidemiology of 
the disease in cattle. 

An important epidemiologic concept in bovine babesiosis is that of "enzootic 
stability," where most cattle receive a primary infection during the fIrst 9 mo of 
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age. Primary infections in this age group are less severe than in older cattle, and 
the resultant babesial carrier status confers resistance to clinical disease from 
subsequent exposures (Mahoney and Ross 1972, Ross and Mahoney 1974). Losses 
attributable to babesiosis are due to ecological or management factors which upset 
this host-parasite equilibrium, thus leading to "enzootic instability." Enzootic 
instability may be defined to occur whenever more than 25% of cattle experience a 
primary Babesia infection between the ages of 9 and 60 mo (Smith 1984). Most 
cattle have lost their calfllood resistance to severe disease by 9 mo of age 
(Mahoney and Ross 1972), and few cattle remain in the herd beyond 60 mo of 
age. 

Enzootic stability is dependent upon the babesial inoculation rate, e.g., the 
daily probability of infection of any animal in the herd. The risk of babesiosis 
among susceptible cattle can be calculated from the inoculation rate using the 
equation 

[11 

where P = the proportion of susceptible cattle likely to contract infection within t 
days when exposed to inoculation rate h. Susccptibles may be newborns, adult 
animals which have previously escaped infection, 01' cattle introduced from tick
free regions. 

The "zone of risk" may be defined as that range of babesial inoculation rates 
over which the greatest immunological and ecological instability occurs (Smith 1983). 
Based on the above criteria, enzootic instability is associated with inoculation 
rates of from 0.0002 to 0.005 (Smith 1983, 1984). The highest incidence of 
babesiosis exists at an inoculation rate of 0.001 where 60% of cattle receive a 
primary infection between 9 and 60 mo of age. At an inoculation rate of 0.005 
approximately 75% of calves are infected by 9 mo of age. Others have defined the 
minimum daily inoculation rate for enzootic stability to be 0.01 (Mahoney et al. 
1981), This assures infection of at least 93% of calves within 9 mo of birth. 

The dynamics of Babesia bovis transmission by Boophilus microplus is dependent 
upon a number of variables affecting the three major components of the life cycle: 
tick vector, babesial pmusite and bovine host. Disease transmission may be 
interrupted at several points (Smith 1984). Most cattle producers practice an 
integrated approach to babesiosis control which includes tick control by chemical 
means and with tick·resistant cattle, premunization with infective blood, and 
treatment of clinically-ill cattle. Because of the role of the tick in maintaining herd 
immunity to babesiosis, cattle producers are usually reluctant to eradicate ticks, 
prefening instead to reduce tick burdens to an "acceptable" level. What constitutes 
an acceptable tick burden has not been well·defined. Furthermore, tick burdens 
are difficult to monitor. Thus, it is important to know how robust or tolerant this 
vectol'·parasite-host system is to fluctuating tick burdens. 

Smith (1983, 1984) described a life cycle model of bovine babesiosis incorporating 
the major components of the babesial life cycle, and in which tick and bovine 
infection rates were mutually dependent. A major deficiency of this model was the 
long period between each iteration or update, which was based on a 3 rno 
generation time for the tick vector. This did not allow accurate estimates of the 
response of babesial inoculation rates to fluctuating tick burdens. This paper 
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describes an age-class spreadshcet model in which itcrations, or updates, have 
been reduced from 3 mo to 1 wk to permit studies of the I'esponse of the 
inoculation rate to fluctuating tick burdens. 

MATERIALS AND METHODS 

A portion of the spreadsheet-based age-class model, which is designed to 
accept simulated or actual tick count data, is depicted in Figure 1. Quantitative 
aspccts of Babesia bouis and Boophilus microplus ecology have been reviewed by 
Smith (1983, 1984) and are summarized below: 

The herd infection rate (I) is defined as the proportion of cattle carrying a 
babesial infection and represents a balance between the rate of acquisition (h or 
inoculation rate) and loss (r 01' recovery rate) of infection. At equilibrium I = hI 
(h+r) (Ross and Mahoney 1974). The inoculation rate is defined as the daily 
probability of infection of any animal in the herd. Its valuc is determined by the 
tick burden and the proportion of ticks infected with babesiae. The value of h can 
be estimated by rearranging equation (11 and substituting serologic prevalence 
data for different age groups of cattle into the equation 

h ~ (-lnll-PD/t 211

where P = serologic prevalence among animals with un uvcrage age of t days, 
corrected for time required following infection for a detectable antibody response 
to develop (Mahoney and Mine 1971, Friedhoff and Smith 1981, Teclaw et al. 
1985), 

In the absence of reexposure, babesial infections (I) al'c lost from the herd at a 
constant rate (r) described by the equation 

131 

The value of r can be estimated by rearranging equation 131 to yield 

r = (-lnIIJ)/t 

where I = infection rate in cattle and t = the average duration of infection in days. 
Values of r have been estimated at 0.0032 for Babesia bouis and 0.0256 for Babesia 
bigemina Smith and Kilborne (Mahoney 1969, Smith 1983, 1984), The proportion of 
cattle actually infected with babesiae and a potential reservoir of infection for ticks 
is calculated during each weekly iteration of the model from the equation 

I, + I = (h/[h + rD -«(h/lh + rD - I,)(e'[h + "dl 151 

where d = the time interval between iterations or updates in days (in this case 7 d) 
and It + I and II = the infection rate during the current nnd preceding intervals, 
respect..ively (Smith 1983). The spreadsheet version of this formula is described in 
the legend of Figure 1. 



300	 J. Agric. Entomol. Vol. 8, No.4 (L99l) 

A I B lei DIE F G 

I-----:I;-I.B~~!~.~.~ ..~.!.!.!~ ..~~~!~ ..:!':.~.!.~ 1 Y.!.~. Upd t·~ _L __ , _._j , l. 
1-----:20-1. T.._ ····1 _1.. Tick B~be3i8'is ~ Bovine Bpbesiesis:. 

I----::~. ....j ·_························1····· ·······I·-i3·:;~;·~····I·····~::J;··-i·······~~~~:···_i··· ..~!;: :. 
5 ·····y.~!.:i.~~i~·~·· ..·_- "':::1 :=::::::::::=:::::::::::l~~!:h.l: ..-:·:(8:f:::J~~:::~~I~:]:::::::~Er:·~r:····{i?· 1: 

1-----:60-1 i 1 j 2.00i Oi O.0034~ 01 

I-----:Io-I "~c~~~.t~~l{f~~l~im~[tjlt~[itJ-!.i:=j!!h;o~fi~~~~. 
11 P,..opodion Pa,..u;t~mie (pp) =: 0.3: 6! 8.40! 0: oi 0.021751 

I-f-==~I2~~.···········:::H~~!:~~:~~~~:~i:.~~:?~!~:i:(~~~[:!.]:~:#:~~~:i::::=:ij::::::::::\I:§~:!. _ gJ. ····· .. ····0·[: 9.§~:!::~:?I 
I 3 n!!~.~.. !~.~!~.~.~~.~ ..~.~~!..~Q ..~L.9..:~~.~.!.~.~~.t .!3! ..~.9..:~g.! _ _g.!.1 2.59£-41. ~:.~.f.g.!.?.t 

1--714:;-j· InHi.lllncidl'ncl'(I):1 0.60875321 9! 8.00; 0: 2.31£-410.020331 
I---;"I~,;-j ..·....····i~\i·~1·Ti·~k··B~~d~~-(H,.·~r .........._··........5' IO'!- 74~ .. 0 ~::04E-4i 0021641 

:~i;\;;;i~;~~i~\i~~;;!:(0;r~ -ooo5,~ :~i-:t :~~\ I: :~:=~1:~1~~:: O~O~~;~! 
I-I-==~IB~~ · · ····_· ·· - j. _ .. '!-'13 1 ' 560; ':02E-S' -e 1'9£:'5" 0'0'241 

....... _._............ _... --' ' • , - 1 
19 

1--2:::0~ 
J I, 

Th.u tK:ks --' -; -.  - ... -
J 
I 

21 _1... _ J:..::=::r _ :J:: _ ! _ : ::::::::::~=t 
~~ _..... ....:::~=:r~~:::~~:~~t·~·~~!1~::::::=:[:: _..j... ::! _... .J !: 
2425 ·.. ··· ..·-T Tr.lnsmiH.d babHiu h.rfo··············.. ·····_j ·· ..··... ·;....·······..·! 

..!. _ _1.I 

26 : _ _1. ·Th·~Tthfoy·-;~~i·~.ci··h;~-;l· "T 1' 
27 -._..... ...··T··..·.. 

........~ -
.. 

·.··t
r··..·· 

·.. 1· _· 
·· ··T
•• ··i-··· 

·.._.. 
1..•• 

. j · •..·..···1· 
·_ ·1 ..···_·· • !. 

Fig. 1.	 A portion of the Microsoft Works spreadsheet-based age-class model of 
Babesia bouis transmission between cattle and ticks. Each spreadsheet 
row represents one weekly iteration of the model. Columns are used to 
hold values for key variables of the model, which are calculated by 
formulae in each spreadsheet cell. Representative spreadsheet formulae 
for calculating the sporozite rate (s), inoculation rate (h), and infection 
rate (1) are: 

sporozoite rate (cell EI6): (G8)($B$1l)($B$13)
 
inoculation rate (cell F13): 2(DI6)(E16)
 
infection rate (cell G8): (F6/(F6+$B$10))-(1F6/(F6+$B$10)j-G7)
 
(EXPI- (F6 + $B$10) (7) J)
 

The "$" preceding cell references indicates absolute, or fixed, cell 
references that do not change in successive spreadsheet rows. The 
representative tick burden is based on uncontrolled tick populations in 
Brazil (Figure 2). Modeling equations and their derivation are described 
in the text. 

Female ticks arc susceptible to babesial infection only during the last 24 h of 
their 21-d parasitic phase, corresponding to the period of rapid engorgement. 
Infection is transmitted vertically to their larval offspring who then transmit 
infection to cattle within 3 d of attaching to the host. The tick infection rate, or 
sporozoite rate (5), defined as the proportion of larvae that harbor infective 
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babesiaI parasites, reflects the herd infection rate (l) and is modulated by the 
proportion of cattle parasitemic (Pp) and the filial infection rate (j), the proportion 
of infected progeny derived from female ticks which have engorged on infective 
cattle. The relationship among these variables is described by the equation 

s ~ (f)(I)(pp) 16] 

where f = filial infection rate, I = herd infection rate and pp = proportion of I with 
sufficiently high parasitemia to infect ticks. The spreadsheet version of this 
formula is described in the legend of Figure 1. 

The inoculation rate resulting from exposure of cattle to the next generation of 
infected ticks is directly related to the tick burden and sporozoite rate. The 
relationship among the tick burden (M), sporozoite rate (s), and inoculation rate 
(h) is expressed as 

h = 2(M)(s) [71 

where M = the number of engorged females/animal/day. assuming a 1:1 sex ratio. 
The spreadsheet version of this formula is described in the legend of Figure 1. 
The number of ticks completing engorgement may not accurately reOect the 
number that initially attached, as significant mortality may occur among larvae (L) 
within the first 24 h of attachment. This is reflected in the following equation, 
which is used to estimate the number of engorged ticks resulting from exposure of 
cattle to L larvae: 

M=aU 181 

where a = limiting factor (a renection of breed resistance) and c = competition 
coefficient (renecting the crowding effect). Values for a and c have been estimated 
for various breeds of cattle by Sutherst et al (1973). This equation is used only 
when simulated rather than actual tick burdens are used in the model. The host
finding success (P) must also be included when simulated tick burdens are used in 
the model. It is defined as the number of larvae per engorged female which 
subsequently find a host, e.g. 

p = LIM 191 

and reflects the favorability of a habitat for nonparasitic stages of the tick, and the 
relative abundance of hosts. It can be estimated for any tick burden from the 
preceeding variables through the equation 

p = (e(lnl~1Jal/c:)/M 

which was derived by rearranging equation 181 to solve for L and substitution into 
equation 191. 

The age class model was developed using a M,:croso{t Works spreadsheet 
(Microsoft 1988) on an Epson laptop microcomputer (Epson America Inc., Thrrance, 
California). It was initialized by assuming that at infestations of 5 engorged 
femalesld (M = 5), the inoculation rate (h) is 0.005 and the tick infection rate (s) is 

1101 
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0.0005 (Friedhoff and Smith 1981). For each simulation weekly tick count data was 
entered for an entire year and the model run until the yearly pattern for the 
inoculation rate reached equilibrium. Results were evaluated graphically and 
corresponding data read from the spreadsheet. The model was initially run under 
steady state conditions (stable tick burdens) to test consistency with estimates 
derived from the earlier life cycle model (Smith 1983, 1984). Actual tick count data 
[rom enzootically stable areas of Brazil and Paraguay were then substituted to 
evaluate the response of the inoculation rate to naturally fluctuating tick burdens. 
Mean yearly tick counts and inoculation rates, and their ranges, were estimated 
and compared with theoretical values for enzootic stability. Finally, different levels 
of tick control were simulated at both sites until the mean yearly inoculation 
rate = 0.001, corresponding to the highest risk of babesiosis among cattle aged 9 
mo Lo 5 yr. Corresponding weekly and mean tick burdens were analyzed. 

RESULTS 

Relationship between lick burdens (M) and inoculation rates (r) under steady 
state conditions. There was perfect agreement between the age·class and life cycle 
models. Simulated steady state tick burdens of 2.0i and 5 engorged females/day/ 
animal resulted in bovine inoculation rates (ll) of 0.0002 and 0.005, respectively, 
representing the lower and upper limits of the zone of enzootic instability. At tick 
burdens greater than 5 engorged females/day/animal at least 75% of calves are 
infected (and therefore immunized) by 9 mo of age, during the period of calfhood 
immunity (Mahoney and Ross 1972). Average daily tick burdens had to be 
incl'eased to 8 to achieve the minimal inoculation rate of 0.01 specified by 
Mahoney et al (1981) for enzootic stability. 

The critical tick burden (M) for maintenance of Babesia bouis in a herd is 
approximately 1.95 engorged females/d, equivalent to 3.90 tick bites/d, assuming a 
1:1 female: male sex ratio. Below this level Babesia bouis disappeared from the 
bovine and tick populations. 

Response of inoculation rates to fluctuating lieh burdens. Climatic fluctuations 
throughout the year may have profound effects upon the tick life cycle. The age
class model was used to predict the likely effect of naturally-fluctuating tick 
burdens upon babesial inoculation rates. Representative tick count data were 
derived from Brazil and Paraguay. Results are summarized in 'Table 1 and 
depict.ed in Figures 2 and 3. The 3-wk delay between inoculation rates and tick 
burden in Figures 2 and 3 is due to the fact that larvae transmit the infection but 
do not drop from the host until 3 wk later. 

Reseachers at the National Center for Animal Research (CNPGC, Campo 
Grande, Brazil) enumerated Boophilus microplus tick burdens on several breeds of 
cattle at 2-wk intervals over a 1·yr period. Ticks that would have detached within 
the next 24 h (engorged females) were counted on each animal. TO tick control 
practices were used and the area is considered to be enzooticaUy stable (Madruga 
et 81. 1984, Smith et al. 1984). The Nelore (Brahman) cattle consistently carried 
the lowest tick population, whose numbers sometimes fell within the zone of 
enzootic instability (2·5 engorged females/day/animal). Temporal changes in the 
inoculation rate were simulated for these cattJe (Figure 2) and results are summarized 
in Table 1. Weekly tick counts were estimated by interpolation. Despite the 
marked seasonal variations in tick counts, the inoculation rate remained above 
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Table 1.	 Descriptive statistics for tick burdens and inoculation rates on research 
farms in Brazil and Paraguay evaluated with the age-class model. 
Uncontrolled tick populations represent raw data from the t\vo sites. 
The levels of tick control were chosen to achieve a simulated mean 
inoculation rate of 0.001 in each herd, which represents the highest level 
of enzootic instability. 

Campo Grande, Brazil Surubi-Y, Paraguay 

Uncontrolled 69% Control Uncontrolled 83% Control 

Statistic M h M h M h M h 

Mean 10.0 0.0123 3.1 0.0011 18.7 0.0262 3.2 0.0011 
Min 0.8 0.0009 0.2 0.0001 3.8 0.0030 0.7 0.0002 
Max 49.2 0.0605 15.3 0.0050 38.0 0.0515 6.5 0.0023 

M'" tick burden expresl;ed as number of engorged females dropping from each animal daily. 
h '" inoculation rute, the daily probability of babesia! infection of lilly animal in the herd. 

.= 
~} " 

M 
0 
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Week of Ihe Year 

Fig. 2.	 \Veekly tick burdens and simulated Babesia bovis inoculation rates 
among Nelore cattle in Campo Grande, Brazil. The simulation was 
created and graphed with the age-class spreadsheet model described in 
Figure 1. Data are summarized in Table L The 3-wk delay between 
inoculation rates and tick burden is due to the fact that larvae transmit 
the infection but do not drop from the host until 3 wk lateI'. 
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Fig. 3.	 Weekly tick burdens and simulated Babesia bouis inoculation rates 
among cattle in Surubi-Y, Paraguay. The simulation was created and 
graphed with the age·class spreadsheet model described in Figure 1. 
Data are summarized in Table 1. The 3-wk delay between inoculation 
rates and tick burden is due to the fact that larvae transmit the 
infection but do not drop from the host until 3 wk later. 

above 0.005 throughout the year with the exception of one week, where it fell to 
0.0009. The average inoculation rate throughout the year was 0.0123 (range 
0.0009· 0.06(5). The average tick burden was 10 engorged ticks/d (range ~ 0.8 . 49.2). 

Similar data is presented in Figure 3 which depicts actual tick counts and 
simulated inoculation rates on a government research fann in Paraguay in the absence 
of tick control measures. Tick burdens were enumerated monthly by researchers of the 
Ministry of Agriculture and Livestock (MAG) at Surubi·Y, Paraguay (IICA 1985). 
Weekly data was estimated by interpolation. Despite widely fluctuating tick burdens 
the mean inoculation rate of 0.0262 (range = 0.003 - 0.0515) was well above the minimum 
required for enzootic stability. The mean daily tick burden was 18.7 (range = 3.8 - 38). 

The effect of tick control upon enzootic stabt:lity. Field studies have shown that 
strategic dipping and pasture spelling plus dipping can reduce tick burdens below 
that required to maintain enzootic stability (Johnston et al. 1981, Mahoney et al. 
1981). Levels of tick control achieved with these strategies ranged from 61% to 
96%. The age-class model was used to determine what level of tick control in the 
Brazilian and Paraguayan study herds (Figures 2 and 3) could lead to enzootic 
instability. Several levels of simulated tick control were applied uniformly through
out the year to each tick population until the mean inoculation rate approximated 
o.(Xn, that associated with the greatest degree of enzootic instability. The effects 
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Fig. 4.	 Weekly tick burdens and simulated Babesia bOUI:S inoculation rates 
among Nelore cattle in Campo Grande, Brazil (Figure 2) under simulated 
tick control of 69%. This level of control, resulting in an average 
inoculation rate (h) of 0.001 (dashed line), resulted in the greatest 
degree of enzootic instability. Incidence of infection among 9- to 60-mo· 
old cattle would be approximately 60%. Data are summarized in Table 
1. 

of the corresponding levels of tick control are depicted in Figures 4 and 5 and 
summarized in Table 1. The highest level of enzootic instability occulTed with 69% 
control of the Brazilian tick population and 83% control of the Paraguayan tick 
population. Despite the occasional increase in tick burdens beyond the minimum 
required for enzootic stability (M = 5), the inoculation rates never exceed 0.005. 
The differences in levels of control required and ranges of tick burdens and 
inoculation rales renect the unique ecology of each geographic site. 

DISCUSSION 

This paper describes the use of an age-class spreadsheet model to study the 
dynamics of bovine babesiosis and to estimate the risk of babesiosis outbreaks 
from naturally- and artificially-induced nuciations in tick burdens. The inoculation 
rate, e.g., daily probability of infection of any animal in the herd, was used as an 
index of enzootic stability. The model is especially useful for estimating patterns 
of tick burdens associated with enzootic stability and instability. 

Serologic studies indicated that the Brazilian cattle in this study resided in an 
area of enzootic stability (Madruga et al. 1984, Smith et al. 1984). Although 
comparable serologic studies were not conducted in Paraguay, the high tick 
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Fig. 5.	 Weekly tick burdens and simulated Babesia bouis inoculation rates 
among cattle in Surubi·Y, Paraguay (Figure 3) under simulated tick 
control of 83%. This level of control, resulting in an average inoculation 
rate (h) of 0.001 (dashed line), resulted in the greatest degree of enzootic 
instability, Incidence of infection among 9· to GO-mo-old cattle would be 
approximately 60%. Data are summaril.ed in Table 1. 

burdens suggest that this region was also cnzQotically stable. Simulated inoculation 
rates in both Brazil and Paraguay were well above the minimum threshold needed 
for enzootic stability despite periodic fluctuations of Boophilus tick burdens below 
that theoretically required to maintain enzootic stability. The greatest risk of 
babesiosis in these regions exists for cattle introduced from tick-free zones or 
where tick-infested cattle from these regions arc introduced into tick-free areas. 

A variety of tick control (dipping) strategies are employed to control Boophilus 
spp. (Sutherst et aL 1979, Johnston et aL 1981). "Economic threshold dipping" is 
practiced where tick populations fluctuate seasonally, sometimes dropping below 
levels required to maintain enzootic stability. Here the objective is to avoid 
interfering with naturally-acquired cal.tbood immunity to babesiosis by dipping 
cattle only when tick numbers exceed an arbitrarily determined level. This is 
usually based on the producer's perception of what level of infestation is economically 
important and, as such, is subject to considerable variability. "Planned dippings" 
are timed to coincide with other management operations such as vaccinations, 
castrations and pasture rotation schemes. In this way cattle roundups can be 
planned for certain times of the year without having to monitor tick burdens 
closely. "Timed dippings" are scheduled at regular intervals during periods of 
heaviest tick bmdens. Monthly clippings are recommended for the cont.rol of 
Boophilus spp, based on the 3·wk parasitic phase and the duration of the 
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acaricide's residual effect, usually 1 wk. "Strategic dipping" is based upon detailed 
knowledge of the time of emergence of ovelwintering non-parasitic stages. The 
objective is to reduce the need for periodic dippings throughout the year by 
intensive control of the first overwintering parasitic generation. "Pasture spelling 
plus dipping" takes advantage of the relatively short sUivival of Boophilus laNae in 
the pasture. Cattle are dipped when they are moved between pastures. 

In light of the low tick burdens required to maintain enzootic stability, neither 
economic threshold, planned, or timed dipping strategies are likely to predispose 
the Brazilian or Paraguayan cattle in this study to babesiosis outbreaks. The levels 
of sustained tick control simulated in this study are easily achieved with strategic 
dipping or pasture spelling plus dipping which should not be practiced in the 
absence of concurrent immunoprophylactic measures (Mahoney et al. 1981, Johnston 
et al. 1981). The effect of simulated tick control upon the inoculation rate was 
intended to demonstrate the utility of the age-class model for predicting the 
likelihood of babesiosis outbreaks. Since tick control procedures would normally 
be instituted at selected times rather than uniformly over the year, actual tick 
burdens would provide a more accurate estimate of inoculation mtes. 

The age-class model and field studies (Cardozo et al. 1981, Smith et al. 1984) 
suggest that babesiosis can be eradicated without eradicating the tick vector. As 
no commerically available vaccine for babesiosis is available, it is important to 
anticipate the possible effects of low or fluctuating populations of ticks caused by 
tick control programs. Continued close communication and collaboration among 
modelers, bench and field researchers, and disease control personnel should lead 
to improved understanding and control of bovine babesiosis and other vector
borne hemoparasites. 
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ABSTRACT 

The remote ident.ific8tion of tick habitats using geographic informations systems (GIS) 
and slltcllite and airplane imagery is a novel application of these technologies. The papers 
and research reviewed in this paper renect the preliminary nature of this work and the 
limited number of tick species presently studied. Satellite imagery can be used to remotely 
identify probable tick habitats just as GIS and expert models have been used to display 
regional distributions. The former has 8 place in the improvement in the tactical planning of 
control programs, while the latter is of more value in strategic activities. The present 
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future questions even if their present answers leave something to be desired. 
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The optimum microclimates for the survival and multiplication of various ticks 
have been defined through field and laboratory studies by workers in a number of 
countries. This basic knowledge of what happens at the one square meter scale, or 
less, has to be applied in the control of these same ticks over kilometers of 
variable countryside. Unfortunately there is not an unlimited number of field
based graduate students to characterize this extended possible habitat meter by 
meter. Remote sensing offers the possibility of mapping potential tick habitats 
extensively. 

The digital data of satellite images are derived from the reflected or emitted 
energy from the ground, water, or vegetation in various wavelengths. The signal 
strength measured at the different wavelengths depends on the nature of the 
ground material as well 8S its structure and water content. It is possible to "see" 
the same object over a wide range of wavelengths, and therefore more can be 
observed and measured than if one were just looking down from space or from a 
high-flying airplane. LANDSTAT-TM uses seven wavelength 'bands,' three in the 
visible spectrum, three in the reOected infrared, and one in the thennal infrared region; 
the non·thennal bands have 8 30·m resolution. LANDSAT·MSS utilizes two visible 
and two infrared bands with an 80-m resolution. The French SPOT satellite has 
two systems; the panchromatic (510-730 nm) mode with 10-m resolution and 
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a multispectral three-band mode with a 20-m resolution. For a longer but still brief 
description of remote sensing technologies, see Hugh-Jones (l991). 

This review will present some of the successes and many of the problems 
involved in this work. As more and more studies of vector habitats ure done using 
remote sensing and geographic information systems (GIS) they are expected to be 
more accurate, productive, and useful. 

EMPIRICAL/PRAGMATIC APPROACHES 

The basis for these studies has been that if a habitat is consistently infested 
with ticks, that tick species is clearly well adapted to survive in it. By defining that 
habitat and then correctly remotely recognizing it one should be able to map that 
habitat, and other similarly infested habitats, and thus display the tick's potential 
distribution. Likewise, by recognizing and defining habitats from which it is absent 
one might map the "tick·fl'ee" areas. 

This was first attempted on the Amblyomma uariegatum (Fabricius), on the 
Caribbean island of St. Lucia using historic LANDSAT-MSS imagery (Hugh-Jones 
and O'Neil 1986). Here the major infestation was in the northern end of the island 
and concentrated in the dry, rough grazing characterized by Prosopis juli{lora de 
Candolle. This mesquite habitat is broadly similar to the mesquite-buffelgrass 
habitat of A. maculatum (Koch) in Texas (Fleetwood and Teel 1983). A comparison 
of the classified image with published island vegetation maps demonstrated that 
the mesquite (tick) habitat was being expanded by the islanders as a result of land 
and grazing mismanagement along roads and tracks, and about isolated houses 
and small holdings. This obuse of grazing follows from weak land titles on the 
island and the threat of losing it to suddenly emerging claimants if the quality is 
improved. 

Contemporary LANDSAT·TM imagery was used in Guadeloupe to identify 
A. variegatum habitats remotely on known infested farms. Discriminant analysis of 
the plant composition, grazing cover, soil character and depth, slope, and rainfall 
indicated that there were a limited number of tick habitats, (1) lightly infested 
"dry meadows," (2) heavily infested "dry scrub" and "rocky grasslands," (3) and 
moderately infested "fond" or karst and "foothills." The dry scrub was largely on 
the margins of agricultural land and adjoining woodlands. The rocky grasslands 
were frequently within the meadow grazing. Botanically the foothills habitat could 
be split depending on whether the annual rainfall was above or below 2000 mm. 
The high altitude grazing above 500 m has an annual rainfall in excess of 4000 mm 
and was essentially tick free as a result of the cooler temperatures and excessive 
rainfall for this tick. In those parts of the LANDSAT-TM image not obscured by 
clouds, the visible farms in the unsupervised classified image could be separated 
remotely into the four tick habitats characteristic of that island using principal 
component analysis of the spectral classes found within the grazing areas (Hugh
Jones et a1. 1988); in an 'unsupervised' classification, the various classes are 
derived mathematically from the image data itself while in a 'supervised' classifi
cation, the computer is instructed ('trained') as to the nature of representative 
areas and extrapolates this information to the rest of the image. 

Divisive clustering analysis (DOCTA) (Macnaughton-Smith 1965, Tipper 1979, 
Garvin 1984) was applied to the band values and two indices reflecting the 
vegetation biomass and moisture found in a 5 by 5 pixel array centered on each 
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farm visible in the original unclassified image of both islands, Basse Terre and 
Grande Terre, of Guadeloupe, This clustered the various grazing sites by the 
variances of the band values (large or small) and by biomass and moisture. Herds 
in grazing sitcs with large variances in the band values, that is the vegetation was 
very heterogeneous, had more ticks than those in homogeneous or low variance 
sites. \Vithin the heterogeneous sites, those with vegetation and moisture indices 
had more ticks than those with low values. That is, the more mixed the vegetation 
the more likely there were A. uariegatum ticks. Similarly, humid places with mixed 
grazing and bushes had more A. uariegatum than dry open grassland. 

An alternative, and possibly more convenient;. methodology for the latter 
approach would be to use fractals. The whole image could be analyzed and then 
have the obviously tick-impossible areas (forests, lakes or seas. etc., depending on 
the tick species involved) masked out. The DOCTA method necessitates prior 
knowledge and can be applied only to preselected areas. Meltzer (1990) has 
indicated how fractals might be used to monitor pasture changes and thus tick 
exposure. The inverse fractal value might be used for those tick species prcferring 
homogeneous habitats. 

Daniel and Kolar (1990) working with Landsat-MSS imagery of Ixodes ricinus 
(Linnaeus) were able to differentiate successfully a known heavily tick-infested 
area from a nearby very lightly-infested area in Czechoslovakia. While that was not 
unexpected, of more import was their demonstration of the possibility that, all else 
being equal, specific weighted mixtures of simple remotely-classified habitats 
("coniferous forest," "leaved forest," and "mixed forest") in fairly large areas 
might indicate different tick-infestation potentials, at least for this tick species. 
The Czech workers were using MSS imagery with 80-m resolution and four bands. 
TM imagery uses six bands (the seventh thermal band is usually ignored in 
classifying landcover) with a 30·m resolution and therefore there can be u greater 
differentiation in the landcover classes. This raises the point that if this application of 
technology has value in predicting the potential for an area to have and support a 
hypothetical tick species, what is the optimum "quilt" mixture of cover c1asses/ 
habitats for any specific tick density and at which analytical resolution? Teel and 
his colleagues (1990) have explored the use of airborne color infrared photography 
in remotely displaying tick habitat. This method is both quick and relatively 
cheap, though in analog form. For limited areas it is recommended, as the various 
sites can be readily visualized and located on the ground, and the photography is 
at the convenience of the researcher. For mathematical analyses the photograph 
has to be digitized. With extensive areas the cost will approach that of satellite 
imagery, which is already in digital format. 

While these techniques appear to be useful they must be repeated by other 
workers. A majo!' pl'Oblern is to find areas with undislUl'bed tick populations. 
Inefficient tick control programs abound, which make it vcry difficult to determine 
the true tick density of an area, though they have little short term effect on the 
simple identification of "presence" or "absence." While it may be academically 
valuable to be able remotely to predict with various levels of confidence the tick 
density and survival within differcnt habitats. all that may be needed in practice 
may be "high," "medium," "low" and "absent." Similarly, while the sensitivity and 
specificity of the remote tests may be very good, the positive and negative 
predictive values, as any epidemiologist knows, may be poor. 
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The accurate display of habitats with a varied but characteristic mosaic of 
vegetation classes, in marginal grazing for example, is very different from that of 
simple homogeneous blocks of agricultural crops or of woods and forests. While 
the trained eye and brain can readily perceive the differences in variety and 
spatial distribution between the one mixture and another, either in the field or on 
the computer tenninal, we must develop the methodology to display them simply 
for those who must apply that information. And as onc "habitat" gradually 
converts into another, where can one accurately place a single boundary line when 
in fact it may be a diffuse conversion zone? In addition, pixels that overlay an 
abrupt transition, say at a fence line between short grass grazing and a wood, will 
be classified as a third class, probably "bushes" which can truly exist elsewhere in 
the image, but is false lit those pasture margins. By improving the resolution, for 
example from 30 m to 10 ro, the errol' will be reduced but it increases the dataset 
and the cost by a factor of nine. 

Ticks are not randomly distributed through any habitat. As larvae, nymphs and 
adults they make use of their different hosts for food, shelter, and transport. They 
live in two habitats, one relatively fixed and defined by the microclimate restraints 
of their independent stages and the other within the pelages of their various flying 
and walking hosts, which have their own preferred habitats. Thus, further problems to 
be solved in the utilization of remote sensing and GIS will include the effects of 
spatial distribution and clustering of the various sub-habitats, both real and 
abstract (i.e. class pixels in remote sensing), on overall tick numbers; see Kirshna 
Iyer (1949) for an introduction to the botanical applications. How randomly or non
randomly do these sub·habitats have to distributed to affect tick numbers, and is 
there a critical threshold distance betv.'een them? If there is a heterogeneity effect, 
as indicated by th DOCTA results, what is the optimum resolution to measure and 
display that degree of heterogeneity while still having rapid computer analysis and 
modest datasets? Not everybody has, needs, or wants a CRAY computer. Tick 
control programs do not need information accurate to the nearest meter, but is the 
optimum tactical resolution 50 01, 100 01, 200 m or 500 m? We are still in a very 
empirical research stage but the digital data, both in raster and vector form, allows 
more of us to ask spatial questions at our desktop computers for later testing in 
the field. 

EXPERT MODELS AND LOW RESOLUTION 

SPOT and LANDSAT-TM imagery have resolutions in the 10 to 30 m range. 
Advanced very high resolution radiometer (AVHRR) data from the TIROS series 
of satellites has 1.1-km resolution data available on a daily basis (Hugh-Jones 
1989, 1991). The frequency of this imagery, allowing the removal of clouds, and its 
2700-km swath, compared to 80 km and 185 km with LANDSAT and SPOT, have 
made it attractive to researchers in this field. It allows one to visualize and analyze 
very large areas of the world on a daily basis, and it is relatively cheap. Its true 
value to entomologists is still unclear though it will certainly have applications. 
Lessard and coworkers used AYHRR imagery in their study of distributions of 
Rhipicephalus appendiculatus Neumann in Africa (Lessard et a1. 1990, Perry et al. 
1990). Because of severe local constraints on data availability, only weekly Global 
Area Cover (GAC) 4-km imagery, instead of daily Local Area Cover (LAC) l.1-km 
imagery could be obtained (P. Lessard, VA-MD Regional College of Veterinary 
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Medicine, personal communication). Daily GAe is derived by averaging the flrst 
four out of five pixels in every third LAC scan line (the fifth pixel is ignored). This 
single subset of average values is used to represent a 3 by 5 pixel block of 
approximately 16 km2 • The weekly composite is obtained by picking the GAC 
pixels with the highest nonnalized difference vegetation index (NDVn values 
during that week. This data sorting automatically minimizes the number of pixels 
of clouds; 21·d composites will have less than 2% cloud. Ten-day, 14-d, 21-d, and 
monthly composites are similarly constructed from the daily GAC. This study 
utilized the monthly maximum NDVT values. While presenting an adequate 
regional picture, GAC is an imprecise representation of events at the local 
level. 

These data were then utilized in a master African GIS data assembly complising 
cattle distribution, African buffalo (Syncercus caffer ISparrmanJ), vegetation based 
on NDVI values, climate, Sutherst and Maywald's (1985) CLIMEX model, known 
and expert opinion distributions of R. appendiculalus and related tick species, and 
known distributions of Theileria parua (Theiler) related diseases and antibodies. 
Point data were interpolated either by hand or mathematically. These data were 
then fitted to a grid of 290 columns and 310 rows dividing the African continent 
into 43,644 cells with a resolution of approximately 25 km2• 

This was a courageous attempt to merge and display the probable distribution 
of this tick and its controlling factors throughout Africa. Its obvious sb'ength was 
that it provides an holistic picture of this African tick and theileriosis. Regional 
policy makers can relate it to their experience of this continent and its special 
geography, constraints, and livestock activities. It also allows a cell by cell 
comparison of the various components, not so much to measure agreement but to 
highlight anomalies and deficiencies. Scientific knowledge advances not from 
answers but from questions. 

The problem with this study was the uneven confidence within any single 
dataset compounded by the resolution. For example, the quality of the climate 
data for Africa is variable at best, as are the cattle and buffalo distributions and 
annual numbers, and so-called "expert opinion." What may be relied upon in one 
area may be only cautiously accepted in another, but all were treated equally. In 
addition, NDVI is a poor predictor of phytomass below 20% vegetation cover, a 
not uncommon situation in Africa with deserts and over-grazing. NDVI is affected 
by the angle of the sun, which varies at different times of the year; off-nadir 
viewing; atmospheric moisture, which affects reflectance measurements especially 
above the moister tropics and local area comparisons between "wet" and "dry" 
seasons; canopy morphology, such that areas of equal biomass but different plant 
communities do not reflect solar energy equally; and soil characteristics. Thus, 
comparisons between diverse habitats, different latitudes and seasons are open to 
abuse. These uncertainties must raise questions as to which parts of the display 
might be accepted and which have to be regarded with very skeptical caution. 
Unfortunately the team had to accept all data equally to achieve its objectives 
whatever their personal reservations. If the information at the individual 25-km2 

level is ignored and the more general picture is viewed, the story it tells within any 
endemic area is probably acceptable, although the results of the cell by cell 
comparisons have yet to be published. Here the tick and its related diseases are in 
some sort of balance with their hosts. It is at the margins where conditions are 
unstable and there are costly epidemics that one needs the best possible information 
for disease and tick control. If nothing else is achieved by this and similar studies 
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it is that the use of remote sensing and GIS data in epidemiological and 
entomological studies urgently need better field work ond quality data. 

CONCLUSIONS 

This research using remote sensing and GIS is in its infancy. Those involved in 
it are very aware that it demands more field work and ground studies, not less. 
The daydream of being able to predict accurately tick and other vector and 
parasite distributions without leaving one's computer terminal will never be more 
than a childish wish. The advantage is that it helps to pin-point those areas in the 
field which should be visited and with maximum cost and time efficiency. When 
the computer, in analyzing the image and GIS data, informs one that 8 condition 
exists somewhere, it is vital that predictions be confirmed by ground studies 
("ground-truthing") or "ground-pounding" in student parlance. It is interesting to 
note that everyone involved in remote sensing finds themselves doing more field 
work than before. 

Now that recent software and hardware allow the full integration of raster and 
vector information, the realization that satellite imagery is but one or more 
datasets within a larger geographic information system will pass from being an 
academic comment to utility. This must improve the predictability both of where 
vectors mayor may not be as well as of probable densities. 

It is still in a very empirical stage. This research must move from being data
driven to become problem-driven. As control agencies recognize the many benefits 
and become involved they will focus the research and development components 
toward efficient applications. At some point, and hopefully soon, researchers will 
have to produce strategic and tactical "Riskmaps" of disease vectors. Like all 
applied research, these will have an immediate impact on basic and objective 
research by revealing fundamental problems needing resolution. 
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cattle, pastured, 199
 
Cecidomyiidae, 17
 

Ceratopogonidae, 127
 
Cllilo parteflus, 41
 
CicadcUidllc, 71
 
c1ofen~zine. 83
 
cockroach, German, i7
 
COLEOPTERA, 59, 93, 137. 149, 163, 179,
 

189. 209
 
community ecology, 227
 
computer model, 297
 
control strategies, 271
 
control, biological, 59, 109, 189
 
com, 67, 93
 
com carwonn, 67, 155, 169
 
com sap heetle, 149
 
crops, field, 169
 

Culicoides, 127
 
CurcuHonidae, 93, 137
 

cyhexatin. 83
 
cyromllzine, 51
 

damage, insulation, 209
 
dum age, poultry house insulation, 209
 
date, planting, 101
 

deltamethrin, 29
 
development, arthropod, 251
 
Diatmea gramHusel/a, 67
 
DICTYOPTERA, 77
 

diet, 149
 
tlinulJCllzuroll,7. 117
 
DWTERA, 7, 17,51,59, 117, 189, 199
 
distrihutions, 251
 
disulfoton, 17
 
dung arthropods, 227
 

e/lr tag. 199
 

e/llwonn, corn, 67, 155, 169
 
ecology, 271. 291
 
ecology, community, 227
 
electron microscopy, scanning, 189
 
emergence, 127
 
Empoasca {oboe, 71
 

entomology, forensic, 227
 
entomology, veterinary. 227
 
epidemiology, 291
 
Eupelmidae, 51
 
Europenn com borer, 109
 

face ny, 117. 199
 
Fannia, 59
 
fcnvalerate. 83
 
field crops, 169
 
ny, 59
 
ny, face, 117, 199
 
fly, filth. 59
 
fly, horn, i, 117, 189. 199
 
flight activity, 179
 
fluvalinate, 83
 
fly, Hessian, 17
 
fly, house, 51, 117
 
fly, stable, 117
 
food web theory, 227
 
food webs. 227
 
forensic entomology, 227
 
Fragaria X ananassa, 83
 

geographic infonnation systems. 291, 309
 
German cockroach. 77
 
GIS, 291, 309
 
grasshopper. 29
 
grubs. 163
 

IHlbitnts. tick, 309
 
Haematobia irrirans, 7, 117, 189, 199
 
harvesting, 137
 

Helicouerpa, 155
 
Helicouerpa zea, 67, 169
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Helio/his, 155
 
Heliolhis lJireSCf'M. 169
 
hexythiazox, 83
 
high rise cage layer house, 209
 
histerid beetle. 189
 
Hisle-ridoc, 189
 
Homoeosoma electelfum, LO 1
 
HOMOPTERA, 71
 
hom ny, Ili, 189, 199
 
host-plant resistance. 67
 
house ny, 117
 

hydramethylnon. 17
 
HYMENOPTERA, 51
 
H)'fWm postica. 137
 

imagery, airplane, 309
 
inrormation systems, geographic, 291, 309
 
INSECTA, 71, n, 93, 163, 209, 219
 
insecticide resistance, 7
 
imlCcticides, 17, 29
 
instructions, author, 1, 1<1i
 

insulation, 209
 
Ixodidae. 271, 291, 297
 

LnrYadex, 51
 
Icalbopper, potato, 71
 
LEPIDOPTERA, 41, 67, 101, 109, 155, 169,219
 
lesser menlwonn. 209
 
UC)'rus subtropicus. 163
 

management, insecticide resistance, 7
 
management, pest. 17
 
Mayetia/a destrnctor. 17
 
mClllworm, lesser, 209
 
MdmlOplus sanguiJlipes. 29
 
mcthomyl, 83
 
microplots, 41
 

microscopy, scanning electron, 189
 

mite, 83
 
mite. two-spoIled spider, 83
 
miticide, 83
 
model, computer, 297
 
model, population, 271
 

modelling, 291
 

models, 251
 

models, null, 227
 
MOille Carlo simulation, 227
 
moth, sunflower, 101
 
Alu.~c(l, 59
 
Mu.~c{1 autumnalis Dc Gcer, 117, 199
 
Mw;ca dameslica Linnaeus, 51, 117
 
Muscidae, 7,117, 189, 199
 

Nitoliana, 155
 
>litiduJidae, 149
 

Noctuidae, 67, 155. 169, 219
 
notes, scientific, 147
 
null models, 227
 

ORTHOPTERA, 29
 
Ostn'nia nubifalis (Hubner), 109
 

ovicide, 83
 

parnsites, 109, 169
 
parnsitoids, 51, 155, 219
 
pennethrio, 7
 
pest management, 17
 

Phelister pllnamensis, 189
 
phenology, 199, 251
 
pinto bean, 149
 
planting date, 101
 

population model, 271
 

potato leafhopper, 71
 
poultry, 51
 
poultry house insulation damage, 209
 

predators, 59
 
products, stored, 93
 
propllrgite, 83
 
Pseudoscorpionidul!, 59
 

Pteromalidlle, 51
 
Pyrlllidae, 41, 101, 109
 

pyrethroid, 83, 199
 

rates, 251
 
rearing, insect., 149
 
remote sensing, 309
 
resistance, 77, 199
 
resistance screening, 41
 

resistance, host-plant.. 67
 

!Iampling, 71
 
satellites, 309
 
Scarnbueidae, 163, 179
 
screening, rapid resistance, 41
 

seasonal abundance, 93
 
seedlings, 41
 

sensing, remote, 309
 
!Iimulation, Monte Carlo, 227
 
SilophiJus of)'Zae, 93
 
Silophilus zcamais, 93
 
sorghum, 41
 
southern catlle tick, 271
 
Spodopt.era frugipcrda, 67, 219
 
!Iprendsheet, 297
 
stable fly, 117
 
slem borer, 41
 
stirofos, ;
 
Stomox)'s calcilralls (Linnaeus), Iii
 
stored products, 93
 
strategies, control, 271
 
strawberries, 8.1
 

8ugarcane, 163
 
sunflower, tOi
 
sunflower moth, lOt
 
synergism. 29
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tag. ear, 199 
temperature, 29, 251 
'I'enebrionidae, 209 
lelrncnlorvinphos. 7 
Telmnychidac. 83 
11!lmnychus urlicae. 83 
theory, food web, 227 

tick. 291, 297 
tick, cattle fever, 291 
tick habitats, 309 
tick, southern cattle. 271 
liming, 199 
tobucco, lSfl 
tobacco budworm, 155, IG!) 
trHpping, blacklight, 179 
t......o-l;potted spider mite, BJ 

veterinary entomology, 227 

.....ebs, food. 2V 
weevil, 93, 137 
weevil, aJralfa, l3i 
weevil. maize. 93 
weevil, rice, 93 
wheat, 17 
wheal, winter, 17 

yicld~, 137 
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