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ABSTR{CT

The main objective ofthe thesis research was to expenmentally investigate the effect

of low temperatures, co, concentrations, and rerative humidities on thepopulation dltramics

of two ofcanada's most common and economica y important stored-product insect species,

Cryptolestes fernryineus (Stephens) and Tribolitun ctrstctneltût (Herbst), in isolation

(intraspecific) and in combination (interspecific) with each other.

An experimental unit was designed and fabricated to conduct the tests in a controlled

temperatr-rre chamber. The data for adult survivar ofeach species in single and mixed-species

combination were corlected in the laboratory for various combinations of temperature (15,

20, and25'C), CO, level (ambient, 2, 5, and l0%), relative hurnidity (50 and 70%), and

exposure time (2 to 8 wk). The food source for all the treatments was hard red spring r.vheat

No l cv 'Ac Banie'rvith 5% dockage added to it. The adult popuration densities for all

single-species and mixed-species combinations ofeach species were I 000 and 2000 insects/

kg, respectively.

The data ofadult survival obtained from all the experimental tests were appropriately

transformed using logarithmic, square root, or arcsin transformations for analyses ofvariance

(ANovA) using the general linear model (GLM) of sAS (2000). procedures REG and

MIXED were used to fit data into predictive equations for each species and to compare adûlt

srrrvival in various treatments.

All the variables: moisture content, temperature, CO, concentration, species

combination, and time of exposure significantly affected the adult survival of both the

species in single as well as mixed-species combinations. The adult survivals ofboth species,



singly and together were significantly higher at a higher relative humidity (wet grain at 15%

moisture content, wet basis) compared with a lower humidity (dry grain at 12%o moisture

content, wet basis) in all treatments at various temperature and co, levels. For both species

and their combinations, the temperature had a significant and positive correlation effect on

the adult survival at constant co, levels and a neigative correlation with increasing co,

levels at constant temperature. simìlarl¡ the co, concentration had a significant and

negative correlation with adult survival i.e. it decreased with increasing co, levels. The

species eifect, being alone or in combination witl.r other species, also affected adult survival

Cryptolestes ferrttgitrcus had ad.ominant and popr"rlation-suppressing effect on I' c(tstanelrtl

adults in mixed-specìes combinations in both dry and wet wheat. Seed germination was

alfected signifìcantly in mixed-species combinations ofboth the species and single-species

controls of I castdnewn ât 25 "C.

The adult survival at all treatments for various species combinations was compared

with adrrlt survival at ideal conditions of 30'c and 7 0%o relative humidity. All the variables:

temperature, cor level, and relative humidity are stress conditions resulting in lower adult

populations compared with ideal conditions. Regression analysis was performed for the

entire data, and two models one for each species, were fìtted to predict the adult populations

for all the ranges ofvariables in this study over an exposure time of g wk.
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r. INTRODUCTION

A stored gain burk is a man-made ecologicar system in which qualitative and

quantitative deterioration resurts from interactions among physicar, chemicar, and biologicar

variables. Insects, mites, and fungi are the main agents that contaminate and destroy t.rle

stored grain. Stored-product pests are major contdbutors to post-harvest food l0sses ranging

from 9%o in the USA to about 50% in some parts of the developing nations (Sin}ra 1995).

Monetary costs in canada related to stored grain and oirseeds a¡e estimated aL 162ro 4-..5

M$/yr (white 1 993) due to stored-product pests and rnicroorganisms (prevention and cont¡ol

losses) and do not include the potential ross of markets in highly competitive ir.rtemational

markets.

More than I00 species of insects ar.rd over 350 species of mites have been recorcred

in stored products witrr 54 species from stored flour worldwide (white 1995). only a few

species cause serious damage to grains; the rest are fungus feeders, scavengers, predators,

and prrasires. Many insecr species are cosmopoìitan in nature and are found in different

regions ofthe rvorld. Evolutionary adaptations in morphology, physiorogy and behavior by

insects, in addition to movement ofgrain by transportation across the worrd have faciritated

their widespread presence. Successful exploitation of relativery dryhuman food by stored-

product insects is due to their original and present reservoirs, range oftolerance for physical

factors (temperature and rerative hLrmidity) in thei¡ environment, range offood habits, rate

ofreproduction and related population cha¡acteristics, adult survival in absence offood. and

morphological adaptations (White 1995).



Qualitative or quantitative (or both) rosses in stored grains are due to a number of

factors, out of which the th¡ee major factors are (Sode et al. 1995):

1) selection ofcultivars susceptible to insect attack or shattering;

2) delayed harvestrng after crop maturity _ resulting in shattering, spillage, and damaged

kemels; and

3) improper care during the operations from harvesting to milling.

Delayed harvesting and improper care during vanous operations from harvesting to

milling can be attended in various ways. For the purpose and scope of my researcl.r,

emphasis is on tl.re insect infestation and interactions in the stored grain.

Grain infested with insects can have nutrient loss (change in vitamins, lipids,

proteins' and carbohydrates), fur.rctionar property losses (germinabirity, milring and baking

characteristics), and aesthetic changes (discororation, caking, odors) (white 1995). Aesthetic

changes can downgrade the grain and lower its marketing value. Sim¡arly, nutrient losses

(like proteíns) can render tl.re grain unsuitable for its intended use such as high-protein whear

for baking breads or low-prorein wheat for noddles and flat breads. The canada Grain Act

(1994) defines a 'zero tolerance' for grain reeding insects in export grains and therefore the

stored grain must be free of insects. All these factors make it essential that insect

populations be controlled or eliminated fiom the stored grain.

Grain spoilage can be monitored by periodic grain sampling and isolating the insects

by sifting (Loschiavo 1975) or using the Berlese funnel (Sinha et al. 1962). Another rnethod

to measure the grain spoilage is the use of permanently or temporarily insta ed electricar

sensors (sound, temperature, insect movement) praced at strategic points in the storage



structure Elevated carbon dioxide concent¡ations in the intergranular air in grain bins are

also an indicator ofbiological activity (molds, insects, mites, or grain respiration) causing

grain spoilage (Muir et al. 1985).

Disinfestation using insecticides that are grain protectants or fumigants has been

successful in controlling populations ofinsects and thus reducing the deterioration ofstored

grain A widespread increase in resistance to chemicals by insects, chemical residues in

grain and concems about human health and the environments(champ and Dy,te r976,Baiìey

and Banks 1980, White and Loschiavo 19g5, Bond 19g7, Conway 1987).

controlred atmospheres, a technique that involves artenng the normar compositio'

of atmospheric gases in the storage stmcture to make it inimical to insect pests, does not have

the perils associated with chemicalry-based methods. A considerable amount of work

(AliNiazee 1971, Bailey and Banks 1980, Jay 1980, Annis 1986, white et al. 1988,

Rameshbabu et al l99r) has been conducted on the use oferevated carbon dioxide (cor)

levels lor achieving the highest insecr monality in the shonest time.

In the canadian prairies, tl.re msty grain beetle, Cryptorestes ferrzrgine,s (Stephens)

and tlre red flour beetre, Triborium castaneum (Herbst) are the two most common and

economically important insect species round in stored grain on the farm (Sinha and watters

1985, Madrid et al. r990 ) Both species have been found together in stored grain on the

ca'adian prairies (white and Loschiavo r 9g5, Madrid et ar. 1990), considerable work has

been done on these two species at higher temperâture ranges, as lvell as in the area of

bioenergetics. The aspect ofpopuration fluctuations d,e to interaction between these two

species at low cor concentrations of 2-to% and temperatures of 15 to 25.c has not been



investigated' These temperature ranges are generalry observed in stored grain i' the

Canadian prairies in autumn (except at harvest when grain temperatures might reach 35 "C).

The low co, concentrations of2 to 10% are biologically producible concentrations observed

due to respiration by grains, insects, molds and microorganisms (Muir et al. lgg5,sinhaet

al. 1 986). The aspect ofinterspecific and intraspecific competition for these two species has

not been investigated for cool temperatures (15 to 25 "c) and row co, concentrations (2 to

l0%") and the knowledge gained will assist in understanding trre biology ofthese insects.

A number of ecological and pest management models have been developed.

similarly, a number of moisture, gas, heat transfer models have been developed whicrr

simulate tlie field conditions and predict the conditions that are rikely to occur in burk grain.

Essenrially, all the models are approximations of the reâr system. Alr these models are

influenced by the insect popurations that alter the barance oftemperature, co,, and moisture

by their biological activity For a pest management nodel, a' insect population dynamics

model is a necessity The pest management models however, are not extensively available

because ofthe lack ofbasic biologicar data for manypest species especiallynear unfavorable

conditions (Throne 1995). The ¡ole ofcannibalism and predation in these two beetles as a

population regr"rlator (Lloyd r 967) has not been investigated at tl.re proposed test temperatures

and co' levers in the present study. Incorporating the resurts of the present study into an

integrated, comprehensive simulation model will improve detection of insect populations.



2. OBJECTIVES

The objectives of my research involving laboratory experiments with trre two mosl

common and economicalry important beetle species of c. fernryinetts and r. castct,ettrt

were:

i) to measr-rre effect of suboptimâr temperatures (15, 20, and 25"c) on adult survivar and

reproduction;

ii) to measure the effect ofsublethar co, concentrations (2, 5, a.d 10%) on ad'lt survivar

and reproduction;

iii) to measure the effect of two relative humidities (50 and 7 0%) i.e. in dry [12%wer basis

(wb)l and damp (15% wb) grains on adult survival and reproduction;

iv) to investigâte tl.re effect of predation or cannibalisnr in trre interspecies (mixed)

combination, on the overall adult survivar of two insect species reared singly and

together at various combinations oftemperature, co, concentrations, and moisture

contents;

v) to measure the effects on germination from insect damage at row temperatures and co,

levels in dry and damp grains (12 and 15o/o rnoisture content wb, respectively);

vi) to develop equations on the basis ofexperimental data to describe and predict the ailult

survival for two species in single and mixed populations; and

vii) to analyze the stress erfect ofmoisture content, suboptimal temperatures, sublethal co,

levels, and species combinafion compared to ideal conditions.



3. REVIEW OF LITERA.TURE

3.1 Nlajor Stored-product Insect pests

westem canada is the major grain producing region in canada with a continentar

climate consisting of a mid-ratitude humid zone and a semi-arid zone. The stored grain on

famrs in westem canada is often infested by two major granìvorous pests: the rusty grain

beetle, Crvptolestes ferrugíneus, 
^nd 

the red flour b eetle, Triboliunt castanetun andnûmero's

fungus-feeding insects. These are the most comnon and economicalry important stored-

product insects on Canadian prairie farms (Madrid et al. 1990).

My research focuses on the adult stage of both C. ferrttginetts and. T. castctneunt.

Both species are cosmopolitan and differ i. terms ofrange offood habits, range oftorerance

for physical factors, and rates ofreproductio. and popuration characteristics (Howe I965).

Adulr' C. ferntginetts have a d.ry mass of 0.1 mg and z ctßta.neL Tt has a dry mass of L0 mg

(white and Sinha 1987). A few important characteristics ofboth the species are higrrrighted

in Table 3.1 white ( 1995) has summarized the estirnates of optimar and minimal conditions

for insect pests of stored-products.

3.1.1 Cryptolesrcs ferrugi ttcus

Cryptolestes fe*ugineus has awide geographical distribution, occuning both in the

temperate and tropical zones ofthe worrd. It is known to infest oilseeds, brans and cowpeas

in tropical and subtropical regions ofAfrica, and it is â most common pest in southem parts

of canada and the northem USA in North America. Cryptorestes ferrttgirrcus became a

major pest of sto¡ed grain in wesrem canada during the years rg39-r944 (R efi 1949). It



Table 3.1 Physical
C0St teLult

parameters lor Cryptolestes ferrugineus+ (Stephens) awl, Tribolit

Species

Herbslì**

Minimnm+** Optirnurn Minimum
temp. lor Range RH (%)

developmenl ('C)
oviposition

('c)

Dev. Rate of
tir¡e increase
(d)t (every 4

rvk)

Clinatic
Plasticity

Index
(¡p)

i.
fernryinetts
Cold hardy
and tolerant of
low relative
humidity

2. Tribolium
c0staneum
Cold
susceptible
and tolerant of
low relative
humidity

32-35

t8 32-35 20-30 10

57060211018

100

T Time from egg to adult stage.
Source: Sinha and Watters ( 1985)
Source: IJowe (1965)
Source: Fields and White (1997)



is cold hardy, tolerates low relative humidities and when acclimatized can survive at _15 "c

for several rveeks (Fields 1992) but proronged exposure at -5'c can ki it. It is a germ

feeder, relying on broken or damaged seed coat (bran layer) and cannot penetrate sound grain

(Rilett 1949).

The adults of c/e nttgineus are fTattened and red brownish in coror and 1 .5 _ 2.5 mm

long (Fig. 3.1a). Large populations can build up quickly rvhen grain is harvested warm,

causing grain heating and spo age. I'sect-infested grain is rikely to cake, become moldy and

nrusty, sprout and undergo loss in gemrination, miling and baking quality. Typicar damage

to a grain ken.rel can be recognized by the presence of a distrnct burrowing hole in the germ

area made by the emerging adurr. Large popurations can generate enough heat and moisture

to create hot spots in bulk grain under favorable conditions even in cold weather. The adults

of species exhibit positive geotropism (tendency to move down) in bi's ar.rd arso mo'es

towards a¡eas of high moisturc content (m.c.) (Loschiavo 19g3) or high co, concentration

(white et al l993) The ability to accrimatize to low temperatures enables it to survive

severe winters in canada. Ir has a crimatic prasticity index (1p ) of 570, which ranks it

amongst the highest for stored-product insects. onry T. castane*n, another cosmopolitan,

primary pest in the Canadian prairies has a higher plasticity index at 700 and a tolerance to

a wider range of humidity than C. ferrugineus (Sinha and Watters I 9g5) (Table 3. 1).

smith (1985) reported detection of msty grain beetles in saniples of 46% of trre

railcars that rvere beir.rg roaded at primary erevators in southem Manitoba. Cryptolestes

ferngineus, was detected in residues of empty granaries in 35% or 296 farms in westem

canada (Smith and Barker \987). cryptotestes ferntginetts was fbund in 45% of farm





granaries filled rvith cereals in Manitoba within a ferv months after harvest in one year bur

at low rates the previous year (Madrid et al. r990). cryptorestes ferrtginetts is known to

infest rye, wheat, pulse, cocoa, rice, bran, cereal products, pulse products, com, barley, and

millet The surveys and repotls indicate that the ìnsect species is endemic and a serious threat

to maintaining the insecr-free, high quality of canadian grain (Madrid et al, i990).

3.1.2 Tríboliun castuneunt

climatically, T. castaneurn is o'e of the lvorrd's most welr-adapted and successful

insect pests ofstored grain. The red flour beetre is a strong flier and shorvs distinct dispersar

behavior. It is a well estabrished, major pest in the canadian prairies since 1955 (McKay

1955). It is cold susceptible but can survive at very low relative rrumidities (mi'imum r%)

and hence prevails in semiarid regions such as Eglpt a.d Sudan and also in middle latitude

humid regions of Westem Europe, fomer USSR, China and Japan (S inha and Watters I 9g5).

The adults are 2.3 - 4.5 mm long and reddish in color (Fig. 3.1b) The last tli¡ee

antennâl segÌnents of the adLllt of tl-Le red flour beetle are abruptry larger as opposed to a

gradual increase in that of the sibring species, Triboritun confttsuttt J. du val. Larvae have

two pointed proj ections (urogomphi) on the end ofthe abdomen. The adults thrive on broken

kemels, dockage, and flour. The adults reproduce faster when some fine material and chaff

is present in bulk-stored cereal. The red flour beetle cannot feed on undamaged, dry grain

witlr less than 12%o moisture conte't (wb). rt prefers grain dust, broken grain and mirled

stocks Grain with large numbers ofthese insects has a pungent, undesirable odor. Adults

and laruae are omnivorous and cannibaristic, particularly in crowded situations, rvhere they

feed on specific eggs and pupae. Heavily infested flour tums grafsh and contains cast skins

l0



ând frass ln some cases, the flour may tum pink, giving out a disagreeabre taste ancr odor

caused by benzoquinone secretion ofthe adults. Germ destruction of the infested wheat by

these beetles causes rapid gemination loss. under optimum environmentar conditions (33

"C and 70T" RH) it can feed and multiply welr on dockage-free wheat (Sinha and watters

1985). Sinha and warters (1985) stated that out of 1,019 inspections of canadian flourmills

over many years, 69% reported insect infestation. The red flo,r beetle rvas the most common

species occurrin g ít 25o/o ofa the reports. Trrey also reported predominance ofred flour

beetle over all insect species in feed mills and warehouses in Canada.

3.2 Methods of Insect Control

The common metl.rod of co'tro ing insects in stored grain is usi'g chemica y_based

control techniques like contact insecticides, grain protectants, a'd fr-rmigants. chemically_

based techniques, though fast and effective for insect control, are being discouraged because

they pose environmental hazards like depretion of the ozone layer (i.e. the fumigant methyl

bromide), leave chemicar residues in grain, targeted insects are developing insecticide

resistance (champ and Dye 1976), and consumers are demanding pesticide-free food. use

of fumigants and contact insecticides also results in toxic and potentially carcinogenic

residues in the treated product (Bairey and Banks 19g0). stored product pests are deveroping

resistance to pesticides throughout the world (white and Loschiavo 19g5, Subrama'vam and

Hagstmm 1996).

Use of physical control methods Iike sun dryrng, controlled atmospheres (CA),

admixture of rock and ash, winnowing, sieving, thermal disinfestation, coorìng, and

1l



rûadiation to control pests in stored-products r.vere in use before or in conjunction with the

use ofsynthetic chemicals (Banks and Fields r995). controlred atmosphere is a techniq,e

to elimìnate or control infestation bymanipulating trre naturarstorage gases (introducingco,

or N, fron an extemal source) CO,, Or, and N, for lethal effect on the insect populations

(Banks and Fields 1995). controlled atmosphere technology has limitatrons such as rrigh

initial cost of air-tight storage structures or making the existing structur-es air-tight and the

cost of the generation and transportation ofgas to a site (Annis 1gg6). Insect moÍarity is

delayed i' cAs compared to chemicar methods but cAs do not adversery affect the

lunctional characteristics of grains and they help in maintaining seed germinatìon and

viability, and prevenr mold growth (White and Jayas 1993).

3.3 Factors Affecting Insect Mortâlity in CAs

3.3.1 Identification of factors

The effectiveness ofcAs in controIing insect popurations is dependent on various

biotic and abiotic factors. Biotic factors inclucre species, life stage, and size and distribution

ofinfestation, predation, parasitism, success in life cycre etc; and abiotic factors are gaseous

composition, relative humidity, temperature, food_type, length ofexposure, and gas pressure

(Jayas et al. 1991). The population dl,namics of insects in stored grain is regulated by

varìous density-depe'dent [or biotic (for example: high mortality of immature stages or

cannibarism in Triboriunt spp., linited food, combinatio'r of food and predation)l and

density-independent Ior abiotic (for example: temperatì-,.e, gaseous composition)] factors

(white 1995). The effect ofmost impofiant abiotic and biotic factors on popuration dyramics

12



ofstored-grain insects is briefly reviewed in the following secrions.

3.3.2 Temperature

Temperature plays a major role in determining actual rate of increase and longevity

of insect pests (White 1995). Stored-product insects have awide range oftolerance forthe

physical factors of the environment such as temperature and relative humidity. Someinsect

species may be susceptible to particular temperatures while others may be more tolerant.

Several researchers (Howe 1965, Sinìa and watters 19g5, and white 1995) have

summarized the estimates of optimal and minimal conditions lor various insects of stored_

products.

Insects of stored-p.odLrcts multiply over a naffow range of temperature (Howe r 965,

white 1995). Differe'ce of about 5 " c above the optimum for popuration increase, can cause

mortality in insects (Table 3.2). Fields (r992) crassified the response of stored-products

insects in three temperature zones: optimum, where the species have tr.re greatest rate of

development and multiprication; suboptimum, where temperatures are above or berow the

optimum zone but species stil comprete their life cycre; a'd lethar, where temperatures are

above or below the suboptimum zone and cause mortality over time. The range of

temperatures in which stored-product insects can normaly survive lies between g to 4r "c
(sinha and watters 1985) and generalry development a'd murtiprication is optimar near

3 0'c and 50-70% relative humidity (Howe 1965), canadian grain is ge'era y stored berow

20'c except immediately after harvest when it can reach tenperatures of 30"c or more

(Kawamoto et al. 1991) and can be stored for several months and up to 2 years in rarge non-

aerated grain bulks (Jayas er al. 1990).
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Table 3-2 Response of stored-product insects to temperature.

Zone Temperature Effects
range (.C)

Lethal > 62 Death in less than I min

50-62 Death in less than I h

45-50 Death in less than I d

35-42 popllations die out, mobile insects seek cooler
envlronment

Suboptimr"rm 35 Maxinum temperature for population increase

Optimum 32 1.o 35 Maximum rate of popuÌation inc¡ease

Near 25 to 32 Near-optimnm population increase
Optimum

Srlboptimum 13 to 25 Slow population increase, development slows

13 Io 20 Slowly lethal, development stops

Lethal 5 Movement stops

-10 to -5 Death in weeks, or months if acclimated

-25 to -15 Death in less than t h
Source: Banks and Fields (1995) with modifications

t4



Both C. ferntgineus and T. castaneu¡n require high temperatures to develop and

multiplyand have veryhigh grorvth rates at optimal conditions (Tabre 3.1). Insects requirìng

high ten.rperature to deverop have been classified as cordJrardy, moderately cord-hardy, and

cold susceptible The rusty grain beetre, c- ferntginetts is cold har-dy and torerant of row

relative humidities, whereas the red flour beetre, z co',aÍteunt, is cold susceptibre and

tolerant of low relative humidities (Table 3.1).

Fields (1992) reviewed the researcl.r on suruival of stored-prot.luct beetles at low

temperat'res under raboratory conditions. The review covers survivar ofvarious stages of

beetles in a temperature range from -g to 15 "c îor 50%o survival and relates duration of

exposure for trris survival. Kawamoto et aÌ. 1 r 
gg0) observed the effect of temperature r'om

l5 1o 35 "C or.r egg developm ent of C. ferrugineus andreported that ntonality ofeggs was

higher at 15 and lg"c rhan at 25, 30, and 32"c and that no eggs hatched at 15"c. They

developed a li'ear relationship between deveropment rate and temperature and concruded

that relative humidity had.o effect on egg mortarity and development rate. Smith (1963)

investigated the effect of temperature from 20 to 4o"c (at 70% RH) on oviposition of c
ferrugineus and reporled that oviposition increased fron 20 to 35.c and rvas reduced at

40'c' Kawamoto et al. (r989a) investigated the effect oftemperatures fiom -9 to40.c on

adult survival and fecundity of rusty grain beetres and reported trrat at -9.c, more femares

survived than nales initialy (4 to 6 wk) and mortality was ide'ticaÌ after 7 
'vk. They arso

reported that at the lower and upper thennal limit of deveropment and survivar, c
ferruginetts populatiorrs start declining sharply after 3 rvk at -9.c anci after4 rvk at 40"c and

observed that males survived longer than femares at a temperature of 35.c. Ateithe¡hish
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co, or lo'"v o' concentrations, ir.ìcreasing temperature augments the rate of mortalitv of

stored-product insects.

A review ofresearch done on survival ofvarious life stages of r. c.stanetLm at row

temperatures ( -6.5 to 1 3.5 'c) and the exposure period required for surviva.r is summarized

by Fields (1992). unlike C- fe*uginetts, T. castanelnt is a cold-susceptible species (Horve

1965) and cannot withstand rorver temperatìires for a long tìme. Fields and white (r997)

observed the survivar and murtiprication of C. fe*ugineus, Rhyzopertha doninicn, and r.

cclstaneun in temperatures declining from 25 to 0'C and concluded that T. castatlelutt was

the least cold hardy of the three species as it did not survive once tlle teÌnperatures were

below l0'c. Theyalso observed that in five nat,ra y infested granaries in Manitoba, aI z

castüneunl were dead by Febr-uary, confirmìng thàt T- casr(meL'z is unlikely to overrvinter

in the prairies of westem canada arthougrr it could survive in large, no'-aerated bulks of

grain or in heated structures. The erfect of high temperatures on the fecundity and

development of T. cctstaretmt was investigated by park and Frank (194g). They observed

oviposition rate, fecundity, and deveropment rate at trlree constânt temperature s:24,29, and,

34"C(at70fo75Yo RH) At these temperatures, trrey observed that rate ofoviposition (per

female per 72 h for a 3 0 d period) increased with increasing temperature and was 19. 1, 50.5,

and 57 '2 eggs for 24,29' and 34 "c, respectivery. The recundity and tr.re rate of deveropment

for eggs, lawae, and puþae also increased wilh temperature. Douahaye et al. (1996)

investigated the combined effect of temperature (26, 30, and 35 "C) with modified

atmospheres on T. castaneunr and found that the erfect of temperature on mortalitv was

significant at low O., concentrations (1,2, and 3%).

I6



Numerous laboratory studies (Kabir 1966, Lefkovitch l 96g, white and Sinha 1980,

Hagstrum and rhrone 1 989) have been done on interaction among various species ofbeetles.

Kabir(1966) reported laboratory interactions amon gsitophirtts oryzae (L.), R.dominica,and

T' castaneu'on sorghum and found That R. cronti,ica and. s. oryzae mutua'y inhibited

development whereas T. castaneunt benefitted by the presence of eithe¡ or both species.

Lefkovitch (1968) reported laboratory interactions among,S. onzae, Lasioclertna serricone

(F.), T. castanettn and c. ferntgi,etts at 30'c and 60%o RH. The four species in various

combinations r'vere raised on hard spring wheat or crushed wheat, and the efrect offood type

and species interactions was studied. For the species combination of c. ferntgineus and r.

castaneum' he reported that on both wheat and crushed wheat, C. ferrttgineus inhibited the

T' casta'emn population and tbat c. ferntginetß \¡¡a,s the most rikely species to persist oralr

four species white a.d Sinha (19g0) determined the imprications of infesting burk-srorecr

wheat with multiple species of insects for 60 wk at 30 + 2"C and 45 + 5% RH. One of the

several combinations of insect species was the COT ( C. ferrugineus, Oryzaephilus

surinamensis (L.), and T. castaneunt ) system and variables such as COr, O,, temperature,

grain moisture content, insect numbers, seed damage, germir.ration, dust weight and volume,

and microflora were determined. In this system, c. ferrugitteus was the dominant species,

although Z caslaneun reached popr:lation levels higher than those when it was reared alone

and o stu'itntn¿¡¡s¿s became exti'ct after 10 wk. However, contrary to trre wo¡k of

Lefkovitch (1968), c ferntgineus did not have an inhibitory effect on T. castaneunt

populatio's Hagstrum and rhrone (19g9) observed singre-species population trends ofz
castanelnt and R. dominicain the laboratory( at27"c and,Too/oRH or l4% moisture content
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on wheat) and multiple-specres populations of C/en ttginetts,T. castanetnt, and. R. tlontinic.

on farms. The average initial temperatures at two sampling locations (at 0.g and 3 m depth

in the center oftwo metar bins of 6.4m diameter) in bins were 33 and 36.3.c and decreased

by 0 7 and 0 8'c respectivery, per week over l6 wk. A popuration dyna'rics moder was

developedbased on the biotic conditions and bydeveloping equations for egg production and

development rate (temperatì-rre-deveropmentar tine) of various insect species. The

simulation moder predicted 87, 93, and 96% of crranges in mean measured densities of cr

ferntgineus, R. dontinica, and. T. castaneutn, respectively.

3.3.3 Relative humiditv

Stored-product insecrs exhibit a wide range oftolerance to n'oisture content (relative

humidity) (white r 995). crytptorestes fe,tLginetrs is a cord hardy, facultative fungivore (it

is attracted to moldy grain) and T. casîanettnt is cold suscepttble, but both are tolerant of low

relative humidities (Tabre 3. l ). Hordway ( l 932) showed that density of adults was positivery

cor¡elated witli humidities by observing the Triboritutt confustutt populations at constant

temperature of27"c and at25,50, and 75% RH. He concluded that cannibarism increasecr

witl.r decreasing moisture content, resulting in lower popuration and the converse was arso

true' Jay et al. (1971) reported the importance of RH in cAs in their experir¡ents with r
castanenn, O. surinamensis, and. T. confLtstun at four RH an. binary mixtures of O, and N,

or ternary mixtures of Or, Nr, and CO, . They observed increased mortality of all three

species with decreasing RH in binary mixtures of O, and N, (O, less than I %). Similar

results were obtained rvith temary mixtures of COr, O,, and N,; the mortality increased with

decreasing RH. They concluded tl.rat low humidities used together with modified
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atmosplleres would cause higher insect morlality for fixed exposure time than either of the

two used arone Kawamoto et al. (1ggo) reported tr.re effects of temperature and RH on egg

developnrent of C' ferrugineus and concluded that RH ctid not have a signifìcant effect on

mortality and development rate ofeggs of C. ferrugineus and excluded the effect ofRH in

their model since the species can withstand RH as low as 10%. The toxic effect of co.,

va¡ies with RH as reported by AliNiazee ( I g71 ) wrren he observed 1 00% moftality or z
castaneun adurts in 1g h exposure time to 100% co.,, at 26.7"c and 3go/,., RH whereas the

exposure tir¡e to achieve trre same mortarity lvas 30 h at ro}yo RH. Annis (1gg6)

comprehensively reviewed the data on lethal response ofstored-prod,ct insect and mite pests

to cAs above 20"c and formulated broad dosage regimes of cAs that wourd be effective

against all stages of common slored-product insects. However, the effect ofRH was not

included in the dosage regime for CAs. As reported by AliNiazee ( I 97 I ) and other

researchers (Navarro 1979, Navarro and carderon 1g73), RH affects insect mortality and

hence an allowance in the form ofgreater exposure time or increased gas concentration may

have to be made ifequiribrium RH is above 70o/o (opti.ral for growth and murtiplication).

For RH below 70%o, an adjustment is not necessary because low RH can provide an

additional factor of safety.

Tribolinn castctneLon survìves over a wider range of rerative humidities compared

to C ferruginet¡s due to priysiological differences. Rotrr ar.rd willis (r951) conducted

experiments with r. casÍaneun in dry and moist air (near 0% to 100 relative humidity) using

whole-meal wheat flour and also by starving the beetles in dry and moist air. They

concluded thar' T' castcuteun adurts sense and respond to gradieuts in moisture content and
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possess the remarkable attnbute ofretaining a relatively constant proportion ofwater in their

bodies rvlrile being starved in dry air. The adurts or rribotitun cast.uleLrr is capable of

absorbing water from unsaturated air a'd conserves trie metaboricalry produced water by

drying out the air before it is expired from the spiracles. They can also retain water that is

produced as a by-product ofrespiration. Hygroreceptors have been founcl on the antennae

of adult r costatrcum signifying the morphological adaptatior.r and sensitivity to moisture

content. water uptake by insects is efrected by various absorption sites and structures in

their bodies For exampre, a rectal uptake syste'r referrerr to as a crlpto-nephridiar comprex

is responsible in Tenebrionidae for removar of water fi-om the fecar matter leaving behind

a dry solid excreta, anar varves close off the rect,m from the atmosphere when ambient

relative humidity goes belorv 88% and open only for occasional defecation (Fradley 1994).

The moisture content of a stored procluct determines the Rlr ancr in tl.re case of grains

the RH for a particurar moisture conterlt of grain can be cletemrined fronl the sorption

relationships for a given crop (ASAE 1998a).

3.3.4 COrconcentration

Adult beetles nomralry keep their spiracres (respiratory openir.rgs aro.g the sides of

the body) closed, opening them just enough to satisfy their oxygen (O,) requirements (Jay

et a|' 197l) The frequency of opening and crosing trre spiracles is influenced by a number

of factors including concentration o f co, and o, in the environment. Melranby ( 1 934) found

thal a2o/o concentration ofco, is sufficient to produce sustained openi'g oftrre spiracles in

adult lleaxenopsylla cheopis (Rothschird) and inrarv ar renebrio ntoritor (L.),and tlie motrr

Tireola bisselliel/a (Hummel). The same effect can be achieved if the o, concentration is
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¡educed below 1%. Stored-grain insects and their lile stages are affected clifferentially by

co,; these effects can be physiorogical (A*is 19g6) and behaviorar (white et ar. 1993).

During exposure to high CO, concentrations, insect mortality is by dessication and

exhaustion of triglyceride (TG) energy reserv'es, and not by a proronged narcotic effect of

anaesthesia, or the accumulation oftoxic end_products (Donahaye 1990).

AliNiazee (1971) reported the effect of co., alone or in combinations rvith other

gases (He, N,, o,) on mortalityo f r. castcneunt. He observed that the only toxic mixture for

adultsofI castaneluTt w^s 
^80% 

COr,20% O, mixture at 26.7.C and 3g + 6% RH. Similar

results were obtained r.vith 90:10 co., and N'. and 95:5 He and o., mixtures, indicating that

at high co, concentrations, it is the specific action of co, that has trie rethal effect and

variation in o, concentration had little lnl-luence on irlsect mortality. Experiments with 2 and

4 % o, indicated littre change in the toxiciry of co,- The adults rvere trie n'ost s'sceptibre

stage followed by larvae, eggs, and pupae rvhen exposed to 100% CO., and the insect

mortalitiesincreasedrvithincreasedtemperature(15.6to26.7"c). Spratt ( l9g4) investigated

population dyramics of z caslaneun and r. cortfttnun in atmospheres containing 5-20% o,,

with or without 10"/" co2. At constant temperature (30 " c) and 70% RH conditions, trre egg

production was about 60% higher in the presence ofco, at o, concentrations of 5, 7.5, and

10%.

Most of the tdult T. castnneLun (95%) are ki ed in 5 d at 20To Co, or 1 .5 d ar 60%o

co, in the temperature range of 20 to 2g " c (Annis 1gg6). As a generar mle, increased co,

concentrations at constant temperature and RH conditions result in higher mortality with

dec¡eased exposure time and the erfìcacy of co" is reduced rvith decreasing temperature
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(Banks and Fields 1995).

Cryptolestes ferrugineus is susceptible to co, toxicity ar.rd adults are the most

tolerant life stage (shunmugam et ar. 1gg3). Adurts of cryptorestes ferrttgirteus are

probably more tolerant to co', than those of r c(ßtanelüit because insects less than 3 mm

in length can respire by difrusion alone, rvhereas rarger insects sucrr as z castcuteunr mLtst

supplement dilTusion r'vith convective ventilation of the trachea using abdominal musculature

(Hadley 1994) Elevated co, levels could stimulate the active vent ation 
'n 

Triboritn,

leading to more rapid intoxication. Adurt c fenttgittetts exhibits positive geotropism

(tendency to move downwa¡d in storage) and have a tendency to be attracted to higrr co,
levels along a gradient (white et al. r993). The positive geotropism of adurt c.Jèrrttgirteus

and behavior of co', to accì-rnì*rate at the bottom of structures (the co., gas being heavier

than air) can increase the effectiveness of cA rumigetion to co.tror this pest.

white et al. (r 995) ir.rvesrigated rhe roxic effect of co, at biologicaly producibl.-

levels (7.5 to 19.2%) at22J.2"C ancl 50 + 5% RH, on oviposition of adult Z costar.Ìeum.

cryptolestes pttsrl/zrs (Schonherr) and c. fernginels. compared to controls, T. cdstareunl,

c pttsillus, and' c. ferrttgineris, exposed to 7 .5yo co.,for I wk had the number of offspring

reduced by 43, 94, and 50%", respectively and total population at 6 wk was reducecl by 53,

84, and 19"/", respectivery. Insect deveropment was similar at 7.5 and g.6% co, with mean

mortality of 43,62, and 30% greater than controls for T. corqttsttnt, T. c.staretur. and, C.

ferngineus' respectively They arso observed that mean levels of 5.g to g.3% co, for 7 rvk

reduced populations ofI confustun by g5%, T. castaneunt by 99%o, C. pusillus by 6gyo, and.

c' ferrugineus by 54o/" on all the combined sampling dates and concr¡rded that species in
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order of increasing sensitivity to co, are c. ferrugineus, C. pttsiütts, T. confusttm, and. T.

castanelon.

Stored-product insects are sometimes exposed to elevated but nonlethal

concentrations ofco, due to various reaso,s such as inefficient or nonairtight fumigation

whicl.r may extend a co, fumigation period to a rveek or more (Alagusundaram et al. 1993),

or increased co' concentrations caused by i'sect, mord, and grain metabolism in hot spots.

It is therefore, essentiar to know the interaction between trvo species at low temperatures

(< 25"c) and lower cor concentrarions (r to r0%) so tìrat the subrethal effect of co, on

these species, can be determined and incorporated in a comprehensive simulation model that

would predict insect populations at given environmental conditions.

3.3.5 Range of diets

Stored-prod.ct insects rrave a rvide range of diets and feed on most of the dry food

products ofplant and animar origin (white 1 gg5)- Stored-grai' is the pnmary source offood

(or diet l lor meny insects bu r susceptibirity to insect in restar ion arso depends on ra*ors such

as cultivar, extent ofgrain danrage, moisture content (or RH), dockage, and r¡olds associated

with the gain (Whire 1995).

Botlt c. ferrugineus and. T. c(tsranetutr are crushed-grain feeders and cannot feed

easily on so.nd whole kerners but can reed on whore kemels with a damaged bran rayer.

cryptolestes fert-iigrireas is primarily a germ feeder wrrereas T. casranettm is an omnivorous

and cannibaristic insect thriving on the embryo ofseed, dockage, broken kemers, grain dust

and insect eggs and pupae (sinha ancl watters 1gg5). Adults of Cr;:ptolestes fe*ttgirteus

move rapidly on waûn days and ca' fly when temperature is above 23'c and hence the
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freshly harvested crop left in open piles or in poorly searecl granaries on farms is prone to

infestation by these insects.

Rilett (1949) investigated the effect of different diets on various rife stages of c
ferrugineus. The effects such as suitabirity for the larval stage, susceptibility of grain and

oilseeds to damage, and suitability of da'.raged and sound grains for development of c
ferrugineus were investigated. He observ.ed that wheat gerrn was the best larval food

compared to lvhite flour, bran, and wheat *ithout gem; and trrat whore wheat or rye is a

better diet than damaged kemels due to tr,e fact that deveropment was raster on germ than

on endosperm ofdan.raged kemels. Muke¡ i and Sinha ( 1953) investigated the efrect offood

on tlre life history of z ctßtatrcum by using rour different diets: a'owroot, barrey, rvhole

wheat flour, and refined wrreat flour at 25 to 3 r'c and 66 to 92%RH. They observed that

the number of eggs raid per female was trre highest in whole rvrreat flour fouowed by refined

wheat flo¡rr, barley, and arrowroot and 
'vas 

related to the chemical content of the diet. whole

wheat flour l.rad the maximum protein content (r2.r%) andvitamin 8,, whereas vitamin B,

was absent in arrowroot and it had a lorver protein content (0.2%). sinha ( 1969) investigated

reproduction of five cosmopolitan species of insects ( R. clomitùca , S. grattarius, C.

ferntgineus, T. casttmeun, and T. confttstrnr) on varieties of wheat, oats, and barley and

observed the resistance and sLrsceptibirity ofvarieties to specific species. sinha(1975)also

investigated the effect of dockage on deveropment and multiplication of nine species of

insects including C. ferrugittetts and, T. cnstanetun at dockage revers of 0, 5, and r 0%, He

observed thaf C. ferrugineas (number of adurrs emerging) rvas adversery affected by

increasirrg the dockage lever, i.e., the number ofad.rts emerging was higheron dockage-free
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wheat tlran on wheat with dockage. For T. cctstane,nr, it was observed that increasing

dockage level to 5% did not have an1, effect r.vhereas at a level of l0%, egg production

lelded significantly more adurts. white and Belr ( 1994), using two s trains of c.ferrttgineus

[inbred strain (SS) and outbred strain (GV)], observed trrat both st¡ains lived ronger on

ground wheat plus u'heat germ than on wrrore kemers that had seed coats over the germs

removed. Tl.re extra ene.gy required for feeding on whole kemels shortened their life span.

3,3.6 Species and stage ofdevelopment of beetles

Beetle species and the stage of developmer.rt (egg, rarv'ae, pupae, or adurt) influence

the response to cAs. Storey (1977) investigated trre effect of lorv o', atmosphere (with o,

< 1.0o/0, CO29.0 to 9.5o/o, and balance N, ) on mortality of T. c(tsÍ{uteLun and. T. cortfttstun at

l8+1and?7+l'cat50%RH. He observecr tl.rat except f-or the egg stage, z c(ßtatrcunt\vere

consistently more toleratìt than T. cortfustutt at 1 8 "C but there was little difference betrveen

speciesat2T"C. At18'C,thegeneraì orderof toleranc e for T. castttnettl77 was pupae>eggs

>larvae > adults, lvhereas for T. confusurrt it was eggs > pupae > larvae > adults. At27.c,

the order of tolerance was the same for botl.r species: pupae > eggs > adults > rarvae. Healso

observed that exposure period for trre LTo, (lethar ti're to achieve 95% mortarity) at 1g.c

was significantly longer than at 27'c. Ba'ks ancr Fierds ( 1995) have compired the exposure

times for developmental stages of 14 insect species for 95% or greater mortality at high co,

(50-70%) and low or(< r%) atmospheres at 14-17 and 2o-29"c. Many researchers (Bairey

1965, Spratt 1984, Nicolas and Sallar.rs 19g9, whire et al. 1990, Rameshbabu et al. 1991,

Shunmugam et al. i993,whiteetar. r995) have investigated the effect ofdifferent cAs for

control ofeither c ferrugineus or T. casrqnerm and rrave observed the differentiar response
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of developmental stages rvhen exposed to the same cA. For exampre, Shunmugam et ar.

(1993) investigated the effect of cA on all rire stages of c. ferrrgirtetts at 30, 40, and 60%o

CO, levels at 30'C and observed 100% morlaltty of all life stages at 60% CO, in 3 d

whereas, at 30 and 40o/o co, levels aI adurts were k led in g d compared to 4 d for all pupac,

larwae, and eggs indicating that adults were the most tolerant stage.

3.3.7 Acclimation of beefle species

Insects that are accrimated by graduar exposure to coor temperatures (20-10"c)

increase thei¡ cord-hardiness by two to ten-fold at lorver temperatures (Fieìds 1992). with

tlre exception of s. granaritts (Robinson 1926), all the beetles demonstrate increase,l cold-

hardiness when exposed to cooler temperat,res before being exposed to cord temperatures.

Augmented cold-hardi'ess by accli'.iation ca. be of importance in raboratory experiments,

so tl.rat the cold-hardiness ofa species is not underestimated d,e to inadequate accrimation.

Fields ( 1992) has mentioned several acclimation regimes ar.rd observed that the greatest cold_

tolerance could be achieved by acclimating insects at slower temperature decrines i.e.

acclimation over a ronger duration using gradurlry decrining lemperarures. creating

acclimation regimes in the laboratory close to those observed in fierd conditions (storage)

would be optimum for studies rerated to cold-hardiness. However, the constraint is that

temperature declines are slow in non-aerated burk grain and vary with crimate and storage

facilities which are difficult lo reproduce under laboratory conditions. Acclimation at coo Ier

temperatures avoids underestir¡ation of cord-hardiness of insects and gives a better

understanding of their survival at low temperatures.
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3.4 Population Regulation and Competition in Stored_grain Ecosystems

Population regulation ofinsect species in stored grain is a comprex process involving

many factors and their combinations acting in a regulatory role. There are two basic concepts

in population regulation (Price 1984): 1) tire factors extemal to the population called the

exogenous (extrinsic) population processes ; and r.¡ the factors that char.rge wìthin the

population affecting tl.re numbers and producing regulation carled trre endogenous (intnnsic)

population processes- Price ( 1984) has compiled tlie various extrinsic and intrinsic processes

that regulate the population and these a¡e combinations of varjous biotic and abiotic

processes. Lloyd (1967) has explained the mechanism ofregulation ofadult populations by

cannibalism and predation in laboratory strains of r. cttslane,rr. Investigations byvarious

researchers (LJoyd 1967, Park 1954, Niven 1967) have proved tl.rat predators ar.rd parasitoitls

act as population regulating factors.

various definitions and interpretations of the temr competition have evolved over the

years. Clements and Shelford ( 193 9) definer.lcompetition as 'the process tlefrned incl¡sively

as a more or less active demand in excess of the immediate sLrpply of material or condition

on the part of two or more organisms'. According to park (1954), competition includes

predator-prey and parasitoidìost interactions, in addition to the struggle for a common

object or resource (e.g. food). Andrewartha and Birch (r974) have defined competitron as

an occurrence whenever a valuable or necessary resource is soLrght together by a number of

animals (ofthe same kind or different kinds) when the resource is in srrort suppry. Further

they indicated that if the food or the resource is not in sl.rort supply, competition still exists

when one species seeking the resources harms or victimizes trlemselves or other species. In
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a mixed-species combination of a dults of C. ferrugineus and r. castttne,nt in a stored-grain

ecosystem, the interactions within and among the species, ca[ed intraspecific a'd

interspecific (or intraspecies and interspecies), respectively influence the population oferther

of the species and may lead to extinction, or increased rates of emigration and dispersar of

one ofthe species.

Experimental studies of interspecies competition, predation and cannibalistrc

behavior ofi'sect species have been comprehensive, tedious and complex. park (194g)

observed the interspecific con.rpetition between two flour beetles considering factors such as

fecu'dity, metamorphosis, and adult rongevíty and trre expenments invorved siftrng and

counting of lanae, pupae, and imagoes over a total period of l3g0 d (3.75 years). The

nutritive medi,m rvas replenisrred every 30 d and the medium lvas also tested for any

invading mites or inlection by otrrer species and consisted of20 replicates at two reÌative

humidities. Similarly, Park et al. (1941) experimented with granary beetles, interspecific

competition for a period of 720 d witl.r two insect densities, 13 trearments with 20 replicates

and counts of larvae, pupae and imagoes was taken every 30 d along with sexing and sex_

ratio analysis. Park et al. (1965) experimented with cannibalistic predation of flour bettles

compreher.rsively where various developmental stages and their interactions in cannibalism

were studied and the eggs were marked and checked every 4g h to verify cannibalism. Lroyd

(1967) counted eggs, stnall larvae, medium larvae, large larvae, pupae and adults in his

experiments in cannibalistic behavior involving two strains or r. castarettnt park et ar.

(1965) described can¡ibalism tn a T'iboritutt popuration as 'a can¡ibarisric orgy - an orgy

characterized by gluttony. '
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3.4.1 Intraspecies competition

The competition within the same species is called intraspecies competition and is of

two tlpes: contest competition and scrambre competitior.r (r.richolson 1g54). The temr

interference competition is now used in place ofcontest competition as contest competition

is applied to both interspecific and intraspecific competition. The interference competition

has been defined as 'any activity which either directly or indirectly rimits a competitor's

access to necessary resources or requirements (Nicholson 1954). Here, the win¡er obtains

the resource as much as is needed for survivar and reproduction whereas the roser

relinquishes the resource to its successful competitor. The result ofinterference competition

is that the pop'lation increases untir the carryrng capacity is reached and then reaches a

plateau to maintain it indefìnitely since each individual has e'ougrr food to live on (assumi.g

the food is self-generating). The second type of intraspecies competition is scramble or

exploitation competittor.r wl.rere all members have equal access to the limited resource and

a Íìee-for-all res.lts. with limited food supply, the interactions over time result in series of

population peaks unlike the interference competition (Nicholson r954). i'the laboratory,

single or multi-species experiments have rimited food suppry and thus a scramble or

exploitation competition effect is expected with a series ofpopuration peaks and troughs.

The various stages ofdeveropment ofspecies interact and compete with each other

fo¡ s'rvival (Park 1948) Popuratior.r density, sex ratio, mating status, and crowding affect

developmental stages, the deveropment rate, fecundity, and mortarity ofinsect species (park

et al. 1965, Smirh 1966, and Whire and Bell 1993, and White et al. 1995).

Park et al ( 1965) have discussed the can¡ribalistic behavior of TriboliLtnt species and
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tlre combinations ofpredations that can occur within a species. hr T. castaneum populations,

various life stages (except eggs and pupae) exhibit cannibalistic behavior. The camibalistic

combinations have been summarìzed by park et al. (1965)as:

1. adults feeding on eggs, larvae, pupae, and non-sclerotized adults or ,calrows'; 
and

2. larvae leeding on eggs, pupae, and non_sclerotized adults or .callows,.

The th¡ee combinations wherein can¡ibalistic behavior has not been obsewed are:

mature adults feeding on mature adults, larvae feeding on larvae, and larvae feeding on

mature adults. The rate of can¡ibalistic predation can vary by gender as demonstrated by

Sonleitner (1961) who showed that females were 19 times more voracious than the males.

The can¡ibalistic behavior in T. castanetu, is extensive and acts as a self-regulatory

mechanism that reduces the probability of extinction when a population rs small and

altematively reduces the probability of disastrous crowding when the population is large

(Park et al. 1965).

The cannibalism is not as widespread in c. ferrugineus populations as it is in z

cast(tneunx. There are few references (Rilett 1949, Kawamoto et al. 1990) about the

cannibalistic behaviot rn C. ferngineus and. ithasbeen inferred that ifcan¡ibalism exists at

all, it does not affect the population dynamics significantly (Kawamoto et al. 1990). fulett

(1949) in his experiments with c/e *ugineus, concluded that cannibalism may be one ofthe

reasons why development is more rapid on whole kemels than broken ones und ,ugg.rt"d

that prepupae and pupae may be cannibalized by larvae in broken kemels.

3.4.2 Interspecies competition

ln a studyinvolving interspecies popuration oftwo species, park et ar. ( 1941) set forth
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four important considerations :

I) it must be feasible to culture alr species in the same medium in a confined space,

2) the culture or reanng medium should be reproducible both in terms ofquarity and

quantity,

3) the husbandry ofeach species should be relatively simple, and

4) a niethod of taking census must exist.

The interspecies competition can only be studied when it is known how an individual

species survives by itself in the absence ofthe competition. Hence, for all the environmental

conditions single-species controls along with mixed_species are necessary.

Tlie interspecies competition is exploitation and interference of two species for a

common food source with a predator-prey relationship between the two species (park 1g54).

The results ofinterspecies competition can be migration, extinction or dispersal. Extinction

of one of the species can be due to the population-depressing effect of one species on

another. The presence of a third party like an endemic pathogen or a parasite can

signifrcantly affect the population balance and survival or extinction of a species in

interspecies competition as demonstrated in a crassical experiment by park (r94g). park

(1948) experimented with two species of rriborium, T. castaneum and. T. confttsum and.

observed that T. castaneunt became extinct (or lost) g9% of the times in the presence oftàe

pathogenic coccidia, a protozoan p arasite Aderina tribolii Bhariawhereas it dropped to 33%

when the cultures were completely free o f Acletina tribolii.

The existence of competition betrveen C. ferntgineus and. T. castattet¿nt is

demonstrated by their somewhat similar feeding habits such as both species thriving on
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germs ofgrain, broken or cracked kemels, grain dust, and both species occur together in the

canadian prairies in srored grain (Madrid et al. 1990, white and Loschiavo 1995).

3'5 Models for simulating the popuration Dynamics of Stored-product Insects

The approaches for selection ofmodels for simulating population dl.namics ofinsects

vary depending on the putpose and objective of the project. For example, a model to

simulate the population dynamics using a stored-prod'ct insect as the test organism may be

usefi-rl for establishing the theory of popuration dy'amics but may not be of practicar use ir.r

pest control since many other factors (rike food t)?e, temperature, moisture content) can

affect simulation output in an ecosystem approach. Therefore, themodels for simulating the

population dynamics in stored grain are crassifred into two groups: theoreticar ecological

models and practical pest-management models (Throne 1 995).

3.5.1 Ecological models

Ecological models were developed to mathematica y describe and investigate an

ecological principle or a particular aspect of a stored-grain ecosystem such as the effect of

insect density on the râte of oviposition, or inter-species competition on a particurar food

substrate (Throne 1995). These models genera y simulate population growth under

restricted temperature and relative humidity conditions. Ecological models generalry tryto

simulate population development in a small quantity of grain and must therefore include

factors such as tl.re effects ofdensity and cannibalism o' the basic biological components of

the model.

Nìven (1967) developed the first computer-based single-species stochastic moder to
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simulate population development of T. castanetnt at 29. c and 7 O%oRH and included stage_

specific rates ofdevelopment and survival of immature stages offour genetic strains ofthe

insect. The model included age-specific mortality, density-dependent fecundity ofadults,

and rates of cannibalism by adults and larvae. Simulation results were similar to those

observed in Iaboratory experiments and tl.re moder was used to predict Iong-term population

growth of the species. Hardman (1976) compared trre results of simulations using

detenninistic, pseudostochastic, and stochastic models to determine rvhich model best

simulated the population growth of r. confusnn. Simulation resurts from both the

deterministic and pseudostochastic models compared favorabry with observed ¡esurts,

althor"rgh simulated and observed results were not statistically compared. campbell and

Sinìa (1990) developed a modei for simulating energy transfer from wheat stored at 30oc

and I 3.5o o m.c. through the various stages ol c. ferrtrgireus. The model included rares of

insect development and survival, fecundity, respiration, egestion, and biomass changes.

Simulation results closely agreed with observed population growth, respiration, and food

consumption during the population grorvth phase. simulated results differed in somecases,

such as the simulated insect population died after food was exhausted, whereas in

experiments the population continued at a low level even after the food was badly

deteriorated.

3.5.2 Pest manâgement models

Pest management moders are used as decision-making tools (or to optimize

management strategy) by the managers of stored-grain off or on farms. The models attempt

to simulate the stored-grain ecosystem and are intended to simulate pest population dynamics
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over the entire range ofenvironmentar conditions that might be encountered in grain storages

and are generally developed to optimize management strategies. pest management models

generally assume Malthusian conditions and try to determine the effects of major abiotic

factors on insect population dy,namics (Throne 1995). one of the most important vanables

affecting the insect population development is temperature and it is included in all the pest

management models The second most important vanable is grain moist're content or

relative humidity. Singre-species models are developed and prefened because trrey are the

simplest and are easier to varidate compared to a mixed-species model. other species can

be added to the models depending on occur¡ence ofseveral species in a granary whicl.r would

involve competition for food, crowding effects, dispersar, predator-prey relationships. Not

manypest-management models are available becauseofthe non-availability ofdetailed basic

biological data for insect pest species. Trre biological data for a species would invorve

complete life table studies (table rook-up function) at the full range of temperatures and

humidities at which the pest occu¡s in grain. Extensive biologicar data collection by

experiments is an arduous, time consuming job not many scientists are willing to undertake

(Throne 1995).

Pest mânagement models as decision-making toors in stored grain ecosystems were

first used in Australia on wheat infested with,srrap hihts oryzae. Hardman (197g) developed

the model to simulate population growth of the weevil and the effects of the weevil on its

environment. The model included effects of temperature (from l6 to 32"c) and grain

moisture content (10.5 To 14.5%i) on immature developme't rate; mortality; oviposition;

feeding; oxygen consumption; and production offrass, water, and carbon dioxide. This was
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the first attempt to develop a moder for a stored-grain pest that courd be used to run

simulations over a range of environmental conditions actualy encountered in grain storages.

The model rvas validated by conducting experirnents rvith weevils placed rn viars under

monitored temperature conditìons and adult censuses were conducted every 7 to 14 d for 1 12

d. Simulation resurts agreed welr with the observed data based on statistical analysis except

that the model simulated increased adult numbers towards the end of the study since it

assumed an unlimited source offood, whereas actuallythe adultpopulation decreased as the

food detenorated towards the end of the experiment. This varidated model was used to

investigate the benefits of cooling and drying grain by running simulations for g0 d at

constant temperatures from 16 to 28 "C and constant moisture contents from 10.5 to 14.5,y0.

The populations did not inc¡ease at temperatures berow 20'c and population growth

increased at temperâtures above 20"c with ir.rcreased moisture content. Airtight storage

resulted in the deatli ofall insects within 37 d and the population growth was ¡educed in bins

with 10% leakage proving that simulations were fairly reriable. Hardman's (197g) model

rvas further restructured by cuff and Hardman (19g0) by transformation to a Leslie-type

matrix, allowing simulation for heterogeneous environments and inclusion ofeffects ofthe

insect on its environment. The simulations showed that as gas-tightness increased, insect

damage decreased. Progressively, the model was modified and restructured by several

researchers (Thorpe et al. 1982, Longstaffand culf19g4, and Sinclairand Alder 1985) to

include various submodels lor protectant insecticides, aeration effects, and modifications

such as a change of time step to improve speed of simulations. In North America,

Hagstrum and rhrone ( 1989) deveroped pest management models for stored wheat using the

general modelling approach used in Austraria. They modified the moder developed by
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Throne ( 1983) to simulate effects oftemperature and moisture content on population growth

of r. casta¡teunt, C. ferntgineus, and R. clominic¿ in wheat. This was a mixed-species

model and the simulated results were compared rvith observed results. Simulated results for

all the three species compared favorably with observed insect numbers in the laboratory and

in small grain bins. simulated results showed that daily egg production forR. clomirtica,was

dependent on temperâture and moisture content but not on age of females; egg production

for the other two species was age-specific. Frinn andHagstrum (r990) expanded the above

model by including subroutines for aeration, fumigation, and protectant insecticides. similar

population dlaramics models were developed for different species by othe¡ researchers

(Gordon et al. 1988, Nuttall 1989, Kawamoto et al. l99l).
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4. NIATERIALS AND NIETHODS

4.1 Insect Species, Sex Determination, and Sex Ratio

cn'ptolestes ferrttgineus were reared in laboratory curtures on cracked wheat plus

wheat germ (19:1, wt:rvt) and r. castaneut were reared on wheat flour plus Brewer,s yeast

(19:1, wt:wÐ, all maintained at 30+ l "C and 70+ 5% RH (White and Demianyk 1995). The

cultures of c. ferntgineus and r. castaneunt had been reared in the raboratory for 9 years.

Sex determination of adults or c. ferntginetts was done on the basis of the shape of

mandibles. The male mandibre ol c. ferruginetts has a tooth-like projection on the lateral

ventral side near the base whereas the female racks this projection (Rilett 1949). Sex

detemrination of r. cnstcutertn was done by microscopically identiflng the sex of pupae

based on the fotm of the pupal genital papillae in Tenebrionidae (Halstead 1963).

Researclrers (white and Jayas 19g9) have cited the sex ratio of z castdnerrm a,s one.

Rilett (1949) and Smith (1966) experimentally arrived ar sex ratios (males : females) of0.66

and 0.7 6, respectively for c. ferrugineus (on wheat) and Kawamoto et ar. ( 19g9b) assumed

the weighted mean (0.75) for his population dynamics moder. The sex ratio for both species

was determined in the laboratory by sexing 100 adurts and pupae in tripricate for c

ferngineus and. T. ccrstaneuta, respectively. The mean sex ratios were observed to be 0,69

and i.03 for C fe*ugineus aad. T. casranetan, respectively. The sex ratios detemined in the

laboratory agreed well with previous researchers, findings.
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4.2 Food, Substrate and Dockage preparation

The resource or food for a the experiments for both the species was hard red spring

wheat (grade No. 1, cv. 'AC Barrie' cerrified) with 5% dockage (19:1 by wt) added to it.

The dockage was prepared by grinding the grain using a laboratory grinder (Model M_2,

Serial 253, Fred Stei' Laboratories, Inc., Atchison, KS) and sifting the ground grain on 0.g4

mm aperture (Sieve No. 20) screen to remove fine flour and grain on the top of the screen

was further sifted on a 2.36 mm (Sieve No. g) screen. The coarse grain particles sifted

through the 2.36 mm screen we¡e used as dockage.

4.3 Insect Density

The initial insect density for a[ the experiments was 1,000 adults per kg of each

species for single species and mixed-species experiments. The insect density selected was

arbitrary' The density of 1,000 adurts per kg was selected so that high adult popurations

would be observed over the period of sampring of g wk for given temperatures and co,

concentrations. Selecting this insect density also faciritated observing greater intra- and

interspecific interactions. Kawamoto et al. (19g9b) used an initial insect density of 1,000

insects per kg for his model to predict popurations ofva¡ious stages or c. ferrugittetLs.

4.4 Experimental Unit

4.4.1 Components

A schematic diagram ofthe experimental unit and its components are shown in Fig.

4.1 . The controlled environment chamber maintained temperature with a precision of

+0.5'c- The temperature was set in the chamber a day prior to commencement of a test for
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A - temperature controlled chamber
B - relative humidity unit
C - gas distributor
D - gas pressure regulator
E - flow controller
F - gas sampling port
G - grain-insect units (Grus)
H - CO: or air cylinder
I - flexible polyethylene tubing
J - gas sampling ports
K - exhaust assembly

Fig.4.1 Schematic diagram ofexperimental unit and its components in
temperature cont¡olled chamber.



stabilization. The tests for both dry and damp grain were carried out in the same chamber

for a test temperature and co, level. The various components ofthe experimental unit were:

compressed co, cylinders withpressure regulators, flowcontrollers, gas samplingports, RH

units, distributors, grain-insect exposure units, and exhaust assembly. The compressed co,

from cylinders passed sequentia ythrough from a gas pressure regulator, flow controller, RH

unit, distributor, grain-insect exposure unit (GIU) and exited through the exhaust assembly.

Flexible polyethylene tubing and nylon connectors were extensively used in the entire set up

and therefore teflon tape was used to tighte'all the joints for effective sealing.

4.4.2 Compressed CO, and air

The investigation into single and mixed-species interactions at various temperatures

was carried out at four co' levels of 0.03 (compressed ambient air controls),2,5, and 10%.

The compressed cor and air cyrinders (for arnbient cor) of desired composition were

obtained from a gas speciality company (praxair Inc., Mississagua, ON) in K type cylinders

(sG-109009K, Praxair Inc., Mississagua, oN). The cyrinders contained the specified co,

concentrations with the balance of ambient air.

Levels of CO, and O, were measured using a gas chromatograph (Model Sigma 38,

Perkin-Elmer corp., Norwalk, cr) with a thermar conductivity detector. The carrier gas was

helium. The inlet pressure r.vas 207 kpa, the detector temperature was r 50.c, and the oven

was set at 60'c. The gas chromatograph r.vas regularly caribrated with a series of

commercially prepared high purity mixtures of co, or o" in He of specified concentrations

(Altech Associates, Arlington Heights, IL). The variation of co, concentrations in co,

cylinders was less than +1% ofthe value. The compressed CO, ofspeciäed composition in

cylinders provided consistent co, envirorunents for all the experimental tests. The co, was
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supplied to the experimental units at a pressure ol35o kpa and. a flow rate of 150 mllmin

for all the experimental tests. The O, levels for CO, levels of 0.03, 2.0, 5.0, and 10.0% were

measured to be 21.9, 21.5, 20.9, and 19.8y", respectively using the Sigrna 38 gas

chromatograph.

The establishment of a uniform co, environment in all the Glus was confirmed by sampling

gas at gas sampling ports J (Fig. 4.1) and anaryzing it using the gas chromatograph. The

samples were taken 12 hours after the gas flow was initiated and it was observed that all the

GIUs achieved the same levels as the inlet co, levels (port F; Fig. 4.1) in this time period.

4,4.3 Gas pressure regulators and flow controllers

The K type, high pressure cyìinders stored the compressed co., and air at r5.0 Mpa.

The cylinders were placed on an equilateral triangular bottom stand with sides of500 mm

and attached to a central pole (40 mm diameter) by chains for safe storage. A pressure

regulator with two pressure gauges was fitted to the cylinder. The input pressure gauge had

a range of 0 to 24 MPa and indicated the pressure ofgas in the cylinder and the output gauge

with a range of 0 to 700 kPa indicated the pressure at which gas entered into the flow

controller. The output pressure could be adjusted and was set at 345 kpa for all experiments.

The flow controller (Model sA202-3(5)2, chromatographic Specialties Inc.,

Brockville, oN) had an adjustable flow rate range from I ml/min to 1000 ml/min and could

witlistand a maximum pressure of 1380 kpa. For all the experimental tests, the florv was

maintained at 150 mllmin. The flow controllers delivered the gas at a constant flow rate to

the RH unit.

4.4.4 Relative humiditv unit

An RH unit consisted of a glass gas washing bottre, 300 mm talr, 60 mm diamete¡
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rvith 45 mm diameter opening, a capacity of500 mL and a hexagonal base (Model 2g220-

500 KIMAX, VWR canlabs, ottawa, orrl). The bottre was provided with standard tapered

(50 to 45 mm) stopper at the top. The stopper had an inlet tube g mm in diameter reachino

45 mm above the bottom ofthe bottre and was provided with a fine porous ceramic screen

at the bottom through which the gas (compressed co, or air) bubbled into the RH solution.

The gas picked up moisture from RH solutions (sulphuric acid sorutions) and delivered it

through the outlet of the bottle (8 mm dia) to the distributor for distribution to the various

GIUs. The densrty of sulphunc acid solutions was maintained to obtain constant RH by

checking the RH ofair on a weekly basis. A¡ RH of 50 and i o%o w as targetted fordry(r2%

wb) and wet (15% wb) grain, respectively. The RH was checked at the outlet of the washing

bottle using a humidity sensor (Moder Hygro-M 1 , General Eastern Instruments r¡c-,

watertown, MA) and also by marking the initiâr height of RH solution on the washing bottle

at the start ofthe experimental test and obsewing the level ofsolution. In case ofdepletion

of level below the mark on the washing bottle, the RH solution was replenished with distilled

water to obtain the density conesponding to the desired RH (Solomon I 95 1).

4.4.5 Distributor

The purpose of the distributor was to uniformly distribute the co, gas mixtures

received ÍÌom the RH unit to all the 12 grain-insect exposure units. The distributor was

fabricated from ultra high morecular weight prastic (IrT{Mw) in the Department of

Biosystems Engineenng workshop (Fig. a.2). A sorid block of trHMW plastic with a

diameter of 90 mm and thickness of 37 mm was procured rocalry. A threaded, tapered hole

(taperdiameter from 12.7 mm to 9.5 mm) was drilled at the centerof the block. Abrasshose

bard fitting (12.7 mm diameter) witrr a 9.5 mm pipe thread was fitted on the top surface and
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Fig. 4.2 Image of distributor u'ith central brass hose bard and twelve outlets for
unifoul distribution to twelve GiUs of the experimental unit.
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the 9.5 mm opening on the bottom was pluggecl with 9.5 mm brass plug_ A flexible

polyethylene pipe of 9.5 mm diameter was fitted on the 9.5 mm tlueaded brass hose with the

other end fitted to outret of the RH unit. Twerve threaded, eqr.rally spaced tapered hores

(taper diameter of 6.35 mm to 3.2mm) were drilled along the ci¡cumference of the

dist¡ibutor and connectors were fitted to each ofthe liores with a poryethylene flexible tubing

of 915 mm length and 6.5 mm diameter (Fig. 4.2). The other ends of the flexibre tubings

were attached to the 12 inlet connectors of the GIUs.

4.4.6 Grain-insect exposure units

A grain-insect exposure unit (GIU) consisted ofan assembly of four pVC (poly vinyl

chloride) holders (or cups), covered by acryric flanges at top and bottom and was clamped

by wing nuts on threaded rods passing trrrough the crearance holes of two flanges (Fig.

a 3(a)). At any test temperature and co, concentration, there were three species

combinations (two singre-species and one mixed-species) and four sampling intervars of2

wk each over an exposure time of 8 wk. Hence in a there were (3 X 4) l2 GIUs each for dry

and lvet grains at the start of the experiment. The r 2 GIUs were clamped to a 3 ply, wooden

board 910 mm in length and 380 mm tall. The wooden board was praced perpendicular with

its ends at midpoint of two wooden planks, each 255x 10x20 mm and. screwed together to

form an experimental unit (Fig. 4.3(c)). Each experimental unit was provided rvith

individual peripheral components such as co', cylinderwith pressuregauges, flow controler,

RH unit, distributor, and exhaust assembry. Experimentar tests for both the dry and damp

grains were carried out at the same time for a constant temperature and co, conditions, by

placing two experimental units in the temperature controlled chamber.

Each PVC grain-insect horder was 50 mm high with outside and inside diameters of
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assembly (c).
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60 and 48 mm, respectively and a volume of 82 mL (enough to hol<t 70 g olgrain with 5%

dockage added to it). Thetop, bottom, and cross sectional views ofpVC holders are shorvn

inFigs.4.4(a),(b)and(c),respectively.Theimagesoftl.retopviervandviewofaninverted

PVC holder are shown in Fig. 4.4(d) and (e), respectively. Anylonscreenof g0mesh(110

7:m opening) was attached at the bottom ofeach pVC holder (Fig- 4.4(e)) by heating edges

ofnylon screen and edge ofPVC cup and heat-pressing them together. The screen allowed

the gas to pass but constrained adult insects and their developmental stages from crossing

into the next holder. The top of the PVC holder (female-end, Fig. 4.4(d)) was provided with

a groove (2.4 mm wide) and the bottom with a corresponding projecting circular ring (male-

end,Fig.4.4(e)) foraproper fit and effective seal between the holders. A compressible.o'

ring ofrubber (nitrile) fit1ed into the top groove belore othercup rvas fittedoverit. The.o,

ring wedged in the groove between the two l.rolders served to provide a leakproof joint

between the PVC holders.

The four PVC grain-insect holders represented the four replicates for both single and

mixed-species combinations. The assembly of four cups was covered at top and bottom with

acrylic flanges. The flanges were 70 x 70 x 12.5 mm, with a central tapered opening of 6.0

mm and had four clearance holes of 5 mm diameter. A nylon connector (6.3 5 mm diameter)

was frtted to the top flange of the Gru (Fig. 4.3(a)) for entry of co, gas coming from the

distnbutor. A circular piece ofnylon screen, l2mmdiameter, g0mesh(110¡zmopening)

was glued to the central opening ofthe top flange on tlie inside to restrict the insects Íiom

moving into the inlet but allowing the gas to come into the holders. A tapered r joint

(3.216.35 mm), with tapered end (3.2 mm diameter) was nìtted into a center opening of the

bottom flange and the the other end (6.35 mm drameter) rvent into one of tl.re joints of
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(a) Top vìew ofPVC holder

(d) Image of PVC holder from rop
with 'O' ring on the side

(b) Cross sectional view ofPVC holder

(c) View flom bottom ofPVC holder
(e) Image of inve¡ted PVC holder

Fig. 4.4 Various views of a PVC gr.ain-insect holder



another T joint ( 6.35 mm diameter with 3 compression fittings) and the remaining end of

the T joint was used as a gas sampling port (Fig. a.3(a)). The T joint with three compression

fittings had the central end attached to compression fitting ofthe T joint fitted to the lower

flange and the other two ends were connected with polyethylene tube (6.35 mm diameter)

with those ofthe adjacent GIU to form the exhaust assembly (Fig. 4.3(c)).

Fo'r threaded rods (type r 0-24) passed through clearance hores ofthe bottom flange

we¡e held in place by the hexagonal nuts welded at the bottom olthe clearance holes, the

rods also passed through the clearance holes of top flange. A set of four pvc holders

containing grain and insects 
'vith 

o-rings in place was placed between the four th¡eaded rods

on top ofthe bottom flange (Fig. a.3þ)). The four clearance holes of the top flange rvere

aligned with the threaded rods and tl.re flange was slid to fit on top of the upper pvc holder

and tightened with the wing nuts.

The compressed co, entered the GIU through the inlet at the top and exited after

passing through the four grain-insect holders into the exhaust assembly. The continuous

flushing maintained a consistent co, environment in all the four grain-insect holders and

also prevented change in the environment due to respiration by grain and metabolic activitv

of the insects.

4.4.7 Exhaust assembly

The gases from the outlets of l2 GIUs (a unit each lor dry and wet grain, Fig. 4.3(c))

were exhausted to the atmosphere through the exhaust assembly. The assembly consisted

ofa continuous pipe formed by connectors, T joints, and polyethylene tubing ofa GIU with

the adjacent Gru. An extension of polyethylene tubing was attached at the end to exhaust

gases out of the temperature controllecl chamber. one GIU on the extreme end of an
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experimental ì-rnit had an elbow joint (6.35 mm with 2 compression fittings) instead of a T

joint so that gases could be exhausted in one direction only. The entire set up in a

temperatìlre controlled chamber with the CO, cylinders is shorvn in Fig. 4.5,

4.5 Experimental Design

A balanced, factorìal design was used to study the interspecies and intraspecies

interactions betw een c. ferruginetts and. T. cctstane¿¿rz and othe¡ environmental factors. The

following factors with their treatments formed the factonal desisn:

Insect species

Temperature

Moisture content

CO, concentration

: C.ferrugineus, T. castanewn (single species controls).

and mixed-species

: 15,20,and25'C

: 12 and 15% (wb)

: 0.03 (ambient or control), 2,5, and,IOo/"

Total Exposure time for a treatment : 8 wk

Sampling interval : 2 wk for a total of 8 wk per treatment

The experimental tests were done at constant temperature and co', conditions, fordry

and wet grains in the temperature controlled chamber. A total of twelve experiments, each

with an observation period of 8 wk, were conducted at three temperatures and four co,

levels in the temperature controlled chamber. There were four replicates for each

combìnation of treatment.
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Fig. 4.5 Temperature controlled chamber with two experimental units and
components.



4.6 Test Procedures and Methodology

4.6.1 Grain conditioning

The ha¡d red spring No. I certified wheat, cv. 'AC Barrie'was used as food for all

the experiments was stored at 10'c inbags of 12.5 kg. The initial moisture content ofgrain

ranged from 1 0 to 1 1% rvb. The grain was conditioned by adding and mixing a carcurated

quantity of distilled water to obtain moisture contents of i 2 and 1 5% wb for dry and damp

samples, respectively. The rewetted samples were kept in a sealed container and tumbled

gently and constantly for i h after adding distilled water, to ensure uniform and complete

mixing. The samples were kept for 24 h in sealed plastic bags at ambient temperature with

occasional tumbling to ensure uniform distribution of moisture, prior to use in tests. Tl.re

initial moisture content ând the conditioned rnoishrre content were determined according to

the procedure outlined for whole wheat seeds, in the ASAE standard D3 52.2 (ASAE 199gb)

by drying triplicate sub-samples in a convection air oven at 130"C for l9 h.

4.6.2 Determination of equilibrium relative humidity (ERH)

All the experimental tests for single and mixed-species combinations at various

temperatures and co, concentrations required dry and damp grains to be at constant moisture

content. To maintain the constant moisture content during experiments, gas was conditioned

to a RH in equilibrium with moisture content. Equilibrium relative humidity was calculated

using a modified Henderson equation (ASAE 1 99ga). These values of ERH were used to

prepare RH solutions through which co, or air was passed into the grain so that the grain

neither gained or lost any moisture dunng the experiments. TheERHvaluesfordry(12%

wb) and damp ( l5% wb) wheat are given in Table 4. I .
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Table 4.1 Equilibrium relative humidities at selected temperatures for dry and wet wheat

calculated using modified Henderson equation (ASAE 199ga).

Test temperature ('C) ERH (%)

Dry grain (12% wb) Wet gain (15% wb)

15

20

25

4.6.3 Preparation of RH solution

The RH solutions were prepared using the ERH values from Table 4.r. Solomon

(1951) has explained the procedure and precautions to prepare the RH solution,sing

sulphuric acid and has tabulated the values ofdensities offìnal solutions to attain a range of

relative humidities. The RH solution for each test temperature (Table 4. l ) was prepared by

a volumetric method of adding concentrated sulphuric acid (Hrso") to distilled water and

checking the density of the solution with a hydrometer (Model 1l-520, Eimer and Amend,

New York, NY). The relative humidities produced were measured. using a vaisala, humicap,

HM 1698 probe equipped with a trrin layer porymer capacitance sensor and HMI digitar

meter (Helsinki, Finland). The measured RH values were within * 3 pg¡çe¡1¿oe points. The

probe was calibrated with standard solutions of LiCl, NaCl, and K,SOr using standãrd

procedure and a Vaisala HM 1 1 calibrator.

4.6.4 Determination of germination

The initial gemination of dry and damp (or wet) rvheat seeds'"vas determined. Arso,

the germination ofseeds after the exposure intervals of2,4,6, and g wk was determined to

68

7I

73

47

50

52
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observe tlle effect of infestation by insects in single and mixed-species combinations.

Twenty-frve seeds were taken randomly from each replicate and placed on a fìlter paper in

a petri dish, saturated with 4.5 mL of disrilled rvater (white et al. 1986). The pern dishes

with filter paper were covered, sealed in plastic bags and kept at 22 + 1 
.C for a period of 7

days after which the germination count was taken. The mean percent of germination counts

for the four replicates of25 seeds each was recorded.

4.6.5 Single and mixed-species setup

Adults of C. ferrugineus and, T. castaner¿r were obtained from 6 to g week old

laboratory cultures. The culture medium with adults and immatures was sifted and adults

ofboth species lvere separated from immature stages. The adults rvere collected by vacuum

aspiration and introduced into the grain-insect liolders. Each holder had a capacity to hold

70 g ofgrain and therefore, 70 adults ofeach species were introduced into each ofthe four

holders to make a GIU. Similarly, the mixed-species controls comprised of 70 adults of each

species i.e. a total of 140 adults with 70 g ofgrain into each offour holders (replicates).

An experiment for single and mixed-species at a constant temperature and co,

condition was 8 wk (exposure time) with sampling intervals or z wk. Therefore, l2 GIUs

comprising 8 singles-species controls (four each for c. ferruginers and. T. castanettnt) and.

4 mixed-species formed an experimental unit (Fig. 4.3(cs. Every 2 wk, 3 GIUs (two single

species and one mixed-species) were taken out and replaced with dummy GIUs with grain

to keep the flow rate consistent in all the GIUs. The GIIJs were sampled for adult count.

germination, and moisture content.

4.6.6 Grain sampling, adult, and incubation counts of insects

Al exposure time of8 wk was selected so that second generation could also emerge
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at 25'c and the sublethal effect of co, on the subsequent generation in terms of adult

numbers could be observed.

At eacl.r sampling interval of 2 wk, the insect-grain holder from each of the 3 GIUs

were carefully taken out after loosening the rving nuts on the top flange and easing out the

holders from th¡eaded rods. Each holder (a repticate) was emptied into a 2 mm aperture

(Sieve No.10) screen placed in a tray. The screen was gently shaken until adults and

immatures along with some dockage were deposited in the tray and then the grain at the top

of the screen was transferred to a glass bottle (one for each replicate). using a vacuum

aspirator, live and dead adults were aspirated from the tray, counted and discarded. The

immatures with dockage and broken grain were added to the remaining grain in the glass

bottle. The grain was sampled for moisture content and germination. The bottles with grain

were transferred for incubation to the incubation chamber maintained at 30 "c and 70% RH

for 4 wk. At the end of the incubation period, a count of live and dead adults was recorded.

The same procedure was repeated for all time intervals for dry and wet grains for various

combinations of temperature and co, levels. Survival at sampling intervals was defined as

the sum of live adults on the fìrst count (at2,4,6, and g wk) and the live adults from the

incubation count after 4 wk f¡om the corresponding sampling interval.

4.7 Statistical Analyses

4,7.1 DaLa transformation and statistical procedures

For the tests ofsignificance to be valid in the analysis ofvariance, it is necessary that

the experimental errors are independently and normally distributed with acommon variance.

whether variances are equal for untranslormed data is determined by analyzing the
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untransformed data using GLM and a regression procedure. The residuals are plotted against

the fitted or predicted values and the plot is visually assessed for randomness or lack of a

pattern. A random pattem of residuals indicates that the data are randomly distributed.

Another important test is the signífìcance of the value ofslope at a=0.05 in the output of the

regression procedure. If the slope is signihcant at o:0.05, then the data need to be

transformed.

steel and rorrie ( 1980) have explained the common t¡ansformations and the necessity

to transform the raw data. Common transformations are the square root, logarithm, and

angular or arcsin transformation. The square root ( nf ) transformation by taking the square

root of an observation, is r"rsually applied when data consists of small whole numbers such

as the number of indìviduals rvitrrin a sample (e.g. the number of prants or insects of a

species or a bacterial colony). The logarithmic transformatioÌ.r (log x)is used when data

consist ofpositive integers covering a wide range. It camrot be directly used for zero values

but can be used in the form log (x+l). The data are translormed first and then the analysis

ofvariance is done. In mean comparisons, it is essential to use means oftransformed varues

or the back transformed means instead ofraw means for true presentâtion of transformed

data.

Data for four replicates at various rreatment combinations were obtained aind

means of the lour replicates for all species combinations were anaryzed using SAS (2000)

for tests of statistical significance at a significance level ofo= 0.05 (5%). procedure REG

(regression) was used to assess the necessity for data transformatior.r. The procedure REG

was also used for litting the data of live adults from first and incubation counts fo¡ a suitable
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model consisting of main effects of time, temperature, RH, and co, levels and their

ínteractions. An ANovA, procedure GLM (General Linear Model) was performed with five

variables (time, temperature, RH, co,, and species effect) and their interactions and the

means were compared. The effect ofthree temperatures on the survival at various co, leveis

and species combination over exposure time was analyzed using the procedure MIXED and

the SLICE effect (F test) on variables.

4.7.2 Square root and arcsin transformation of experimental data

The data were obtained at various exposure times for adult count, adults from

incubation, and germination. The raw data were separately analyzed (adults from first and

incubation counts and germination percentrge) using the GLM (General Linear Model) and

regression procedures. Regression ofvariance ofresicluals and mean of predicted (or fitted

values) values was assessed by studying the siglificance of slope at o,:0.05. plots of

residuals versus the predicted values were visually assessed for lack ofpattem (Montgomery

1984). The slopes were significant at o=0.05 for incubation and germination data indicating

that variances were not equal and data needed to be transformed. However, the data from the

first count of adults did not require transformation.

The data for the incubation count were transformed r,rsing the square root

transformation before ru'ning GLM procedures and the means were back transfomred -for

presentation in the tables. Similarly, the data of germination were transformed using the

arcsin square root transformation (o."sin 
nÇ 7 1 96 ) and the means were back transformed

for presentation in tabular form.
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5. RESULTS AND DTSCUSSION

5.1 Context

Various researchers (Park 194g, Smith 1g62, Spratt 1gg4, Kawamoto et al. lggga)

have reported the effects of abiotic and biotic factors on the developmental stages (egg,

larvae, pupae, and adults) ofinsect species. The present study observed adult insect numbers

at exposure intervals of2 wk for a total observation period of g wk (first count)and adults

emerging out from immatures afler incubation for 4 wk (incubation count). The incubation

count accounted for adults emerging from the immatures and eliminated the error in counting

and damaging the developmental stages during sampling at the ends of exposure intervals.

single species controls at all combinations of temperature, co,, and moisture content were

maintained for the corresponding mixed-species combinations to quantify the ,species effect,

in terms ofinterspecies and intraspecies interactions such as competition, cannibalism and

predation.

At low temperatures and sublethal co, levels there is no insect mortality (lethal

effect) in the short tenn; however exposure at these co2 levels can cause inhibition, or

delayed egg hatch or laying (AliNiaze e et al. 1971), impede mating (Nicolas and Sillans

1989), and females to abort (Lum and Flaherty 1972). Due to this indirect effect on

populations instead ofdirect mortality ofadults, tlle fìrst count and incubation count were

separately analyzed for tests of statistical significance. The probability of adult survival

being more at low co, and temperature levels compared with lethal levels (co, > 40%), the

adult survival instead of moftality has been graphically represented for vanous treatments.

The term 'adult survival', unless specifically mentioned in the context of first or incubation

counts, connotes the sum ofadults from the fi¡st courlt at an exposure interval (2,4, 6, or g
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rvk) and the corresponding number of adults from immatures i.e. incubation count (fìrst

generation o ffspring).

5.2 ANOVA tables and procedure NIIXED of SAS

The entire data for all the treatments was combined to perform a combined analysis

of variance with necessary data transformation. An ANovA r.vas perlormed with 5-way

classfication for adr-rlts from first and incubation counts, and total adult survival. The

combined ANovA for the three adult counts (first, incubation, and total) for c ferntginetts

andr. castaneunr are given in Appendix D (Tables D1 to D6). From these tables (Appendix

D, Tables D1 to D6), it is observed that apaft from signiäcant main effects (p < 0.0001),

there were complex interactions among variables. Therefore, separate ANovAs were

perlormed on the subsers by grouping rhem on the basis of species. moisture conrenr, and

species combination. Also procedure MIXED (sAS 2000) was used to analyze signihcant

effects ofvariables across temperatures and this was necessary since variances were different

at different temperatures. The tables of type 3 tests of fixed effects from mixed model

analysis are given in Appendix D (Tables D7 ro D12) for both species in dry (12% wb) and

wet (15% wb) grain for single and mixed-species experiments.

5.3 Effect of Temperature

5.3.1 Single species controls

Temperature had a significant (p < 0.05) effect on mean adurt survival rn singre-

species controls ofboth species in dry (12% wb) and wet (15% wb) grain. Attheendofthe

observation period of 8 wk, temperature had a positive correlation with mean adult survival



i-e. mean adult survival ofboth species increased with increasing temperature (15 to 25 "c)

in both dry and rvet grain at all levels of co', with the exception of c. ferrttgineus in wet

grain at 2 and 5% levels of co, in which mean adult survival was higher at 15 " c compared

To 20 and25"c (Tables 5.1 and 5.2). However, the positive conelation of temperature rvith

mean adult survival is at a constant co., levels at the end of the observation penod and not

with reference to the initial adult population . At2,5,and 10%levelsof co,, the mean adult

survival fluctuated with exposure time interval and has been discussed under effect of co.,

in the subsequent section. In dry grain after an exposure of2 wk, mean adult survival of c

ferntgineus at tb¡ee temperatur'es was significantly different only at the 10% level ofco,

(Table 5.1, Fig. A1 (Appendix A)) whereas in wet grain at 2 wk there were no significant

differences at 2, 5, and ljy" co2levels [Table 5.2, Fig. A2 (Appendix A)]. overall, the

significant differences in mean adult survival of C. ferntginetts started with an exposure of

4 wk. For T. castaneunt in dry grain, mean adult survival increased rvith temperature from

2 wk onwards with the exception of mean adult survival at 15 and 20.c were not

significantly different (at 2 wk) but were significantly different from 25.c whereas, in wet

grain mean adult survival was significantly different at all temperatures from an exposure

interval of 2 wk. The mean adurt survival of each species rvas plotted over an exposure

period of 8 wk at tluee temperatures and four constant co, levels to observe the effecLof

three temperatures (Appendix A, Figs. Al to A4). At constant temperatures, the mean adult

survival as well as the adults from first and incubation counts declined with increasing co,

levels and decreasing moisture content and has been discussed under the effect of co,

relative humidity, and exposure time in the subsequent sections.

The adult survival data lrom the first and incubatìon counts for exposure lntewals of
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Table 5.1

Exposure T."^p C. f"rrug¡time CC) co, levels(%) cifut*tl

Mean adult survival (fìrst and incubatiol counts) and standard errors in single-species controls of cryptolestes ferrLtginettsand, Triboliuttt casÍaneum in dry (12% wb) grain ar 75,20,and 25"C ana ÃuiËnt 1o 0 3%),2, 5, urra loy,leveís of ðo, atselected time intervals.

2 15 60+1+ 59+1 55+2 26+2 67+t 67+120 t2+2 58+l 57+2 46+2 70+5 67+225 8'7 +2 60+5 51 +8 40+3 136+l 135+1

4 15 58+t 44+3 39+l 10+2 66+0 65+1 53+320 69+3 55+l 47+2 31 +2 74+1 66+1 66+125 124+1 58+6 43+6 34+5 138+6 136* 19 78+13
15 45+3 35+3 3t+2 5+2 64+1 58r1 56+0 51 +420 68+2 47+3 42+2 22+8 68+2 67+2 63+1 60+125 r07+6 5r+4 46+1 36+3 136+5 137+17 r0l+21 19+17

8 15 42+3 31 +2 33+2 2+1 65+0 52+220 59+3 42+6 38+4 18+3 6l*5 71 +225 115+12 48+2 4l+10 28r.2 193+15 t37+20
* Standard error based on n=4

óó+ 1

65+0
90+1

64+3
64+1
84+6

5l + 3

64+1
70+l

51 +
63+
68+

l+1
42+4
55 +')



Table 5.2

Exposure Tel¡.p C. ferrug¡rime /oñ.ì T' castaneunttime CC) CO" levets l%l CO, levels l%li*k)

Mean adult survival (first and incubation counts) and standard enors in single-species controls of Crytptolestes fel.ttgirreusand' Tribolitutt castaneum in wet (15% wb) grain at 15, 20, and 25"C unian.rbient (0.03%), z, 5, ai¿ 10% Ievels oî Co,
at selected time intervals.

2 15 63+3+ 70+0
20 80+l 78+1
25 125 J.2 90 + 14

t5
20
25

15

20

62+3 69+0 58+3 58+l 66+1 69+0 71 +1109+2 98+4 64+3 5l+l 74+2 66+1 64+l258+9 96+6 82+3 63+2 289+15 142+13 112+4

8 15

20
25

54 n4 68+2 60+2 33+2 65+1 67+I 10+I 62+2104+10 77+3 62+4 48+2 72+2 69+2 65+1 62+5268+8 73+4 59+4 46+3 3g2+14 169+22 117+22 83+2

f Standard error based on n:4

65+0 53+2
69+1 63+3
73+3 64+3

55+2 72+2 64!t 31 +2 62+2 67+179+2 53+3 48+1 39+l 69+1 74+5232+10 55+5 47+2 42+1 389+10 163+33

60+1 69+l 69+0
92+5 75+2 6t+0

151 +3 109+14 96+2

66+3
74+3
86+2

63+l
61 +0
q7+',

61

67+1 6l+2
66+0 63+4

107 +2 74r4



2,4,6, and' 8 wk at all temperatures were compared using procedure MrxED (sAS 2000)

and tlre tests ofeffects slices and the F values were analyzed, atthe 5%o level ofsignificance.

The data of mean adult incubation counts were transformed using the square root

transformation prior to the statistical analysis . over the observation period of g wk, the

temperature had a significant effect (p < 0.05) on adult survival from both first and

incubation counts ofborh the species.

The adults in the first count were directly exposed to different co, environments at

15, 20, and 25'c for an exposure period ofg wk. The mean survivals of adults of both

species lrom first count at all test temperatures and co, levels in dry (12% rvb) and wet

( 15 % wb) grain are shown in Tables 5.3 and 5.4, respectively. Indrygrain at ambient co,

level, mean adtrlt survival from fir st count or c. ferrugittetts at25" cwas significantly higher

than 20'c at the 8'h wk whereas mean adult survival from fi¡st count at both these

temperatures was significantly higher compared to I 5 " c over all the exposure intervals and

a similar trend was observed in wet grain with the first generation ofadults ernerging at 25 "c

from 6 wk onwards (Table 5.4, adult count > 70). ln dry grain at ambient co, conditions,

the mean adult survival f¡om first count decreased with time at all three temperatures

compared to the initial populationofTO adults. At 2, 5, and 10% levels of CO,, mean adult

survival ol c /erntgineus from the first count at 20'c was higher than 15 and 25.Gat

almost all exposure intervals in dry (r0 out 12 tests) and wet (12 out of 12 tests) grain

indicating that temperature had a significant effect on efficacy ofco, at 25.c whereas at

1 5 'c the cool temperature reduced the adult survival . For T. castane, /,¡ in dry and wet grain

at the ambient co, level, mean adult survival from the first cou't rvas higher comparecì to

C. ferrtLginetts at all temperatures with the first generation ofadults appearing at 25.c after
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Mean adult survival from first count and standard errors in sir.rgle-species conlrols of Cryp tolestes fernryitteus and,
Triboliun castaneum in dry (12% wb) grain at 15,20, and 25"C and ambient (0.03%), 2, 5, and l0% levelJof CO, at
selected time intervals

63+3
62+1
69+0

50+4
64+1
58+2

T. cttstutetntt
CO, levels (%)
25

66+ I
64+0
68+0

53+3
65+l
58+5

56+0
63+1
50+7

51 + I
63+1
5l + 1

51 + 4
60+1
51 +9

67+1 67+1
62+3 64+1
69+0 67+2

66+0 65+1
62+3 64*2
68+1 64+t

64+1 58+1
66+1 65+2
76+2 14j.5

1+1
42+4
4l+1

C. ferrupittctts
time ("C) CO, levels (%)
l.wr\., 2510

59+1 55+2 26+2
51 +1 56+2 46+2
46+2 42+7 38+3

44+3 39+l t0+2
54+l 46r 2 37+2
39+2 31 +7 26+2

35+3 30+2 5+2
43+3 41 +2 22+8
4l+2 39+8 32+2

65+0 52+2
60+5 64r.0

131 + 5 119 + t3

3l+2 33J.2 2+l
39+6 36+3 18+3
44+2 30+10 24+1

Table 5.3

60 + 1+

68+1
67+0

58 + I
62+3
65+ I

45+3
62+1
63+4

Exposure Temp
time

t5
20
25

15

20
25

i5
20
25

63

8 15 42+3
20 54+3
25 66+2

* Standard error based on n-4.



Table 5.4

Exposure Temp
time CC) Co" l"uei. rør-
lwk) _ _ CO. levels (%)

Mean adult survival from first count and standard enors in sìngle-species controls of C;7p tolestes ferrugiler¿s andTriboliwn cast(lnelun in wet (15% wb) grain at 15,20, and 25'Cãnd ånrbient (0.03%),2,S,-and l0% levelãof CO, at
selected time intervals.

2 15 63+3* 70+0 65+0 53+2
20 71 +0 6ó+1 64+1 61 +2
25 69r0 56+3 54+3 5t+2

C. ferrusitt¿tts

4 15 62+3
20 71 +1
25 70+0

6 15 54+4
20 it+l
25 72+1

8 15 55+2
20 70+1
25 83+1

+ Standard error based on n:4.

69+0
56+1
38+2

68+2
54+3
35+5

68+l
46+2
42+4

57 +3
54+ 1

4l + I

59 + 3

51 +2
32+l

58+l
50+l
36+3

33+2
47+2
29+2

62+1
42+2
36+1

60+1
68+1
69+1

66+ I
67+1
68+0

T. cnstuneunt

31 +2
39+ I
32+1

69+
68+
66+

65+ 1

68+1
8l + 2

Á)+1
68+1

157 + 7

69+0
65+ 1

63+l

69+0
64+1
64+l

67+t
65+2
76+2

66+ I
64+l

139 + 23

7l +
63+
6l *

70+
65+
67+

64+3
68*2
63+2

63+t
61 + 0
60+0

62+2
62+5
64+2

6l+2
63+4
59+3

67+l
66+0
86+1



an exposure period of 6 wk indicating that T. castanel¿rr survived better in dry grain

compared to C. ferntginetLs (Table 5.3). For T. castaneum at 2, 5, and l0% levels of co,,

mean adult survival from the first count at 20 " c was higher than (or equal to) 15 and 25 . c

at majority ofexposure intervals in dry (8 out 12 tests) grain, whereas in wet grain the mean

adult survival from fi¡st count at 25 oc was higher. h both the species, the first generation

ofadults in the ñrst count emerged only at 25 "c from an exposure perìod of 6 wk onwards

at ambient, and 2% levels of co, in dry and wer grain (Tables 5.3 and 5.4). At 25.c, the first

generatìon of adults of c. ferruginetLs were recmited only at the ambient co,, level in wer

grain whereas, for T. castaneunt they were observed in both dry and wet grain at ambient and

2o/o levels of co'. Adult of r. castanetun survives well in dry conditions compared to c,

ferrtLgineus and therefore the first generation ofadults was observed in dry grain unlike c

ferrtLgineus at 25'c. At l5 and 20"c, no adults of the first generation were produced by

either species. Kâwamoto et al. ( 1990) reported low survivalrates for eggs of c/e rrttgineus

at 15 and 19"c compared to 25'c and observed no egg-hatch at 15"c. smith (1963)

observed tlre effect of temperature (20 to 40'c) on the ovipositio n rates of c. ferrttginet.rs

and reported that the second generation ofadults did not emerge until the seventh week at

20'c. The adult survival from first count of the two single-species rvas plotted over an

exposure perìod of 8 wk at th¡ee temperatures and four constant CO, levels to observe l}le

effect of three temperatures (Appendix A, Figs. A5 to Ag). The temperature range of l5 to

25"c is below the optimum required for survival, gïowth and reproduction ofthese two

species (Fields and white 1997). A grain teÌnperature of lg'c is sufficient to stop adult

insects from lalng eggs (Fields and White 1997).

Temperature had a signifrcant (p < 0.05) and positive conelation with the incubation
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count with an increasing incubation count ofadults at higher temperatures. For both species

at 15 "c, there was no adult emergence in the incubation count over the entire observation

penod in dry (12% wb) grain except a lone adult of T. casîanettm which could be an

experimental error (Tables 5.5 and 5.6). However, in wet grain at 15 "c, there was aduit

emergence in the incubation count at 2 wk and 10y" co2level in r castanelun (but not

observed at intervals of 4, 6, and 8 wk) whereas it was observe d in C. fernrgine¿¡s from 4 wk

onwards at2 and 5% levels ofCO,. The emergence of adults in the incubation count at

higher levels of co, and an their absence at ambie't co, levels at 15 
oc can probably be

attributed to an increased rare of oviposition at higher levels of co, (up to 1 o%) as reported

by Spratt (19821). Few adults emerged at 20'c, an observation also confirmed by Kawamoto

et al. (1990) and there was a significant (p < o 05) incubation counr at 25.c with higher

incubation count at ambient co,, levels and significantly Iower incubation count at other co.,

levels of 2, 5, and 10%. The efficacyof co, in impeding the growth and multiplication and

causing mortality increases with increasing tenìperâture and decreasing relative humidity

(Nicolas and Sillans 1989) and hence at 25 " c the incubation count was higher in wet ( I 5 %

wb) grain compared to dry Q2% wb) grain. At 25 "c, generally the adurts from incubation

decreased with increasing CO, levels (Tables 5.5 and 5.6).

5.3.2 Mixed-species combination

The effect of temperature was significant (p < 0.05) on mean adult survival ofboth

species in mixed-species combination inboth dry e2% wb) and wer (15% wb) grain. For

both species in dry grain at ambient level of cor, mean adult survival decreased at l5 and

20'c with time whereas at 25'c mean adult survival increased and peaked at 6 wk before

decJining at the end of8 wk (Table 5.7) indicating that at lower temperatures of 15 a'd 20.c
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Table 5 5 Mean adult incubation count and standard emors in single-species controls of Cryptolestes ferrttgineus and Triboliunt
castaneum in dry (12'Y' wb) grain at 15,20, and 25'C and ambient (0.03%), z, s, anã 10% levels oîCo, at selected time
intervals.

Exposure l2yVii." ('cj ____rp"lcy"rrty") Æt*tl

2 15

20
25

0a0*
4+1

20+1

0+0
6+ I

59 + 8

0+0
6* 1

44+9

15

20
25

6 15

20
25

0+0
l+0

15+4

0+0
1+0

l9 + 6

0+0
4+1

l0 + 3

0+0
3+1
4+1

8 15 0+0
20 5+1
25 49+ 10

* Standard error based on n:4.

0+0
0+0
9+2

0+0
1+1

12+2

0+ 0
1+0
7+2

0+0
0*0
2+1

0+ 0
0+0
9+4

0+0
0+0
5+3

0+0
0+0
4+2

0+0
2+0

11 +1

0+0
ÕÌ )

67+1

0+0
12+3
10+6

0+0
2+1

60+5

0+0 0+0
3+ I 1+ I

69+3 22+1

0+0 0+0
2+0 1+ 1

72+18 20+9

0+0 0+0
2+0 0+0

63+14 42+14

0+0 0+0
6+ I 0 + 0

l8+8 1.1 +1

0+0
l+0

62 + l"t

1+1
2+0

15+6

0+0
0+0

1) + )

0+0
0+0

)) r- e

0+0
0+0

14 + I



Mean adult incubation count and standard erors in single-species contr:ols of C4,p tolestes ferrugin ¿¿rs and Triholiuttt
castaneum in wet (15% wb) grain at 15,20, and 25'C and ambient (0.03%),2, s, an¿ l0% levels oico, ut selected time

CO, levels (%)
0.03 m

0 + 0 2r1
3 + 0 7 +2

32+t 23+1

0+0 0+0
1+ I 0+0

5t+4 37+2

0+0 0+0
0+0 0+0

50+22 19+1

0+0 0+0
0+0 0+0

21 + 2 15 + I

T. castatteunt

0a0

44+14

0+0
1+0

80+ 13

o+o
4+2

93+21

0+0
24+4
82+4

0+0
7 +2

221 ! 15

0+0
4+2

311 + 12

0+0
2+l

13 + I

0+0
I +0

27+1

0+0 0+0
1 + 1 l0 + 5

231 +7 24+13

C. ferneineus
CO, levels (%)

0*0
5+ I

19+2

1+0
l0 + I
4l+2

1+0
11 +2
27+3

2+0
6+ I

11 + 1

0+0
0+0

16+2

0+0
0+0

10 + 1

0+0
12+1
34+12

l+1
42+4
58+ó

Table 5.6

Exposure Temp
time ("C)

0+0+
9+ I

56+ 2

1+0
23+2
39+1

5+ I
7+1

13 + I

0
2
9

0
l0
7

0
I
9

l5
20
25

15

20
25

15

20
25

0+
Jtr Í

188 +

0+
32+

196 +

68

15 0+
20 9+
25 149 +

* Standard error based on n=4.



Tal:le 5.7

Exposure Temp
time CC)

Mean adnlt survival (first and incubation counts) and standard errors in n.rixed-species combination of Crytptolestes
ferrugineus and Triboliunt castaneum in dry Q2% wb) grain at 15, 20, and 25'C and ambient (0.03%), 2,5, and 10yo
levels of CO, at selected time intervals.

2 15 62+2* 61 +2
20 65+4 56+2
25 80+2 '15+13

4 15 56+2
20 53+2
25 110+6

C. ferneineus
CO, levels (%)

15

20
25

15

20
25

48+3
34+l

146+9

44+6
65+3
63+6

54+ 1

60+5

56+2
57+3
53+3

37+3
\)+)
37+4

19+1

39+3

tandard error based on n:4

42+2 11 +4 18+6
40+2 45+4 37+3
91 +10 34+2 43+t4

26+7
43+7
38+2

5+ 1

32+4
24+2

2+O
33+5
35+3

1+1
26+2
zt i J

T. caslaneu nt

64+1 66+0
70+2 64+t
90+4 64),3

62 + I 61 + 1

6l + 3 64 + 2
8l + I 6l + I

62+2
64+l

t04 + 8

65+ I
66+2
62+6

63!2
65+1
6l+12

6t + I
66+2
84 + 10

48+3
65r'2
62+1

26+8
60+ I
56+0

51 + 9

66+1
63+2

69

58+5
6)+')
5l + 3

4'1 +2
60+ 1

54+2

31 +7
Sì + ?

50+3

JÌJ
9+4

36 + 't0

46 + ll
58+4
50+7



survival was lower and increased at the near optirnum temperature of 25.c (Table 3.2). In

wet grain at the ambient co, level, mean adult survival of c. ferruginetts declined (adult <

70) at 15 "c with time whereas it íncreased at 20 and 25'c peaking at 6 wk before declining

at 8 wk (Table 5.8). Temperature also had a significant (p < 0.05) and positive effect on

mean adult survival of rriholium cqstaneloït in wet grain at ambient level ofco, at 25.c

whereas mean adult survival declined at 15 and 20 " c over the exposure period of g wk. At

2, 5, and 10% CO., levels in dry grain, mean adult survival of C I rntgineus at 15.C was

significantly (P < 0.05) less cornpared to 20 and 25'c and decreased with exposure time and

variation of mean adult survival ar20 and,25'c was similar to single-species controls with

adult numbers significantly less compared to respective single-species controls. In

experiments with r. castaneunt in at these conditions (drygrain at 2, 5, and 10% co, levels),

temperature did not have a significant effect after up to 4 wk ofexposure time except at the

10yo coz level and the mean adult survival was significantly lower at 15 oc compared to 20

and 25'c with mean ad'lt survival generally decreasing at the end ofexposure period ofg

wk. In wet grain at the end of the observation period, mean adult s..w.al of c. ferrttgineus

at 15'c was higher than 20 and25'c for 2 and 5% levels of cor, whereas fluctuation was

observed in the mean adult survival at20 and 25"c at various exposure intervals and co,

levels. This aspect has been discussed in subsequent sections under the effect of cor,

relative humidity, and species effect. Temperature had a significant (p < 0.05) effect on mean

adult survival of r. castaneum in wet grain at 2, 5, and, lo% corlevels with adult numbers

generally decreasing with time at all test temperatures (except at The 2o/o level of co, at an

exposure interval ol6 wk where adult numbers increased) and the mean adult survival at

15'c was higher than at 20 and 25'c (Table 5.g). The mean adult s'rvival of the two

'70



Table 5'8 Mean adult survival (fìrst and incubation counts) and standard erors in nrixed-species combination ol Cryptolestes

Exposure T3mp C. fnrntgi,r"time ("C) CO. levels t%ì(wk) " õ.õl to'? 
levets (%Ì

ferrttgineus and Triboliunt casîaneum in wet (15o/" wb) graiu at 1 5, 20, and 25.C and ambient (0.03%), 2, 5, and 10o/o

2 15 55+l*
)(\ '7'7 -+ )
25 100+2

at selected time

l5
20
25

15

20
25

63*1
85+3

156+5

61 +2
88+3

165+5

69+0 66+l 58+2
18+2 73+0 64+1
82+7 69+4 60+3

70+0 58+1 43+2
89+4 56+1 46+3
79+2 71 +5 55+2

70+1 58+2 32+4
96+15 69i2 52+l
51 +4 45+1 43+2

69i1 59+3 34+4
55+2 46+2 42+1
64+2 52+3 32+3

8 15 49+2
20 17+l
25 155 r,2

+ Standard error based on n=4.

59+1 69+0
70+0 65+1
90+2 72+4

56+1
63+2
83+2

65+t
59+1
84+2

58+2
63+l
q?+1

69+0
6l + 1

63+7

69+1
65+l
8l * 6

69 + 0 67 +2
63+l 63+0
69+ I 64+2

67 + I 6l + I
58+1 56+0
66+2 59+2

69+1 57+3
58+0 53+2
65+2 57+5

65+1 67+1 56+4
53+2 53+0 49+2
63+1 53+2 49r.3



species in mixed-species experiments was plotted over the observation period of g rvk and

is presented in Appendix A (Figs. A9 to Ai2).

The temperature had a significant (p < 0.05) effect on mean adult survival from the

first count ofboth species in mixed-species combination. The first generation ofadults in

the fìrst count ofboth species emerged only at 25 "c in wet (15% wb) grain after an exposure

period of 8 wk at ambient level of co, (Tables 5.9 and 5.10, Appendix A (Figs. Ar3 to

416)). However, at the same conditions the first generation ofadults was also observed at

6 wk in z castaneum to some extent (Table 5. l0). For both species in dry grain at all co,

levels and exposure intervals, mean adult suwival from first count at 15 
.c was significantly

lower compared to 20 an 25'c whereas the mean adult survival from the first count at 20.c

was higher than that of25 'c (except at ambient co, level) suggesting that in dry grain co,

reduced survival at 25'c. In wet ( I 5% wb) grain, except at the ambient co, level, the mean

adult survival from the first count ofboth species at I 5 " c was higher compared to that at z0

and 25'c suggesting that survival at l5'c was higher due to higher moisture content

compared to dry grain. The mean adult survival lrom the first count in wet grain at 20.c

was significantly higher compared to 25'c at all co" levels except ambient suggesting lower

survival due to the effect ofCO, at higher temperature but to a lesser extent than compared

to dry grain (Tables 5.9 and 5.10). The co, effect and interaction with temperature and

moisture content is discussed in the subsequent sections.

Temperature had a significant (p < 0.05) and positive correlation with adult count

from incubation i.e. incubation count generally increased with temperature. At 15"c, no

adults emerged from the incubatíon count in dry grain for both the species whereas in wet

grain only a few adults (one or two adults at 2 and, 5%o co, level) emerged fiom c

72



Mean adult survival lìom first count and standard errors in mixed-species combination of Crytptolesfes ferrttgirrcus and
Tribolitutt castaneun in dry (12% wb) grain al 15,20, and 25"C and ambient (0.03%), z, 5, ànd 10% levels"of CO, at
selected tinre intervals-

51 + 9

66+1
60+1

47+2
60+ I
52+2

T, castaneunt

65+t
66+2
61 +6

63+2
65+ I

54+7

58+5
62+2
51 + 3

3I+7
53+2
48+4

66+0
64+l
63r2

61 + I
64+2
61 + 1

46+11 3+3
58 + 4 9 + 4
46+5 36+10

64+l
ó8+1
68+1

62+1
61 +3
68+l

62+2
64+I
68+1

61 +1
66+2
64!2

+o-J
65+2
62+1

26+7
41 +6
31 +2

26+8
60+ 1

56+0

C. ferrupineus
CO, levels (%)

5+ I
1)+t
24+1

2+0
33+5
31 + 1

l+l
26+2
23+2

56+2
56+3
52+2

37 +3
48+3
?O -r, ?

19+l

35+2

62+2* 6I r.2
64r3 55+2
66+l 48+5

0.03

Table 5.9

Exposure Temp

44+6
55 + 1

4t+2

time ("C)
(wk)

l8 + 6

36+2
31 + 9

23+3
49+l
A1 +')

11 + 4
4l+3
32+1

56+2
53 j.2
65+ I

48+3
34+1
66+2

42+2
40i2
59+1

215
20
25

415
20
25

6 15

20
25

8 15

20
25

73

* Standard error based on n:4



Table 5.10

Exposure T emp C. ferntgineus
time ("C) CO, levels (%)

Mean adult survival from first count and standard errors in mìxed-species combination of Cryptolestes fetuginerts anð,
Triboliun castanewn in wet (15% wb) grain at 15,20, and 25'C and arnbient (0.03%), 2, 5, and l0%ievels of CO, at
selected time intervals.

1**r 0.03 2 5

2 15 55+13
20 68+l
25 68+0

4 15 63+1
20 69+0
25 69+0

69+0
68+2
53+2

69+0
56+3
42 ).3

69+0
56+2
32+4

t5
20
¿J

15

20
25

6l+2
67+2
69+0

+ Standard eror based on n:4.

66+1
67+1
52+1

49+2 67+l
65+3 50r2
16+t 43+2

58+1
5l + 1

40+2

58 + 2

57+t
34+1

58+3
43+1
ìO+?

58 + 2
61 + 3

49+3

43+2
46+3
32tl

32+4
51 + 1

3li2

34+4
42+1
26+2

59+l 69+0 69+0
62*1 64+1 63 + I
7l+0 62+0 62+1

T. caslaneun

56+l
6l =r 0
69+1

65+l
59+1
73+0

58+2
63+l
87 +2

69+0
6l + I
5l+2

69+ 1

64+0
62+4

65+1
53+2
57+2

67+l
58 + 1

55+l

69+1
58+0
52j.1

67+1
53+0
49+2

67+2
62+0
58 + I

61 + I
56+0
53+2

5'7+3
53+2
50+3

56+4
¿O-Lt
44+2

1Á



ferntgineus with no emergence of adults from T. castanetLnr (Tables 5.1 I and 5.12). At20

and 25'c, the adult count from incubation in both dry and wet grain for c. ferrugineus

generally increased with temperature i,e. adult numbers were higher at 25.c compared to

20"c at constant co, levels and the variation ofadult numbers between co, levels has been

discussed under sections on the effect ofco, and species combination. At 20"c, there was

no adult emergence of r. castanelrn in dry grain at all co, levels except at the ambient co,

level (2 adults ât 2 wk exposrre interval) and this exception could be an experìmental

variation since no adults numbers were observed at other exposure intervals at the same co,

level. At 25'c, the incubation count in both the species was signifìcantly (p < 0.05) higher

compared to other temperatures. In general, total adult survival, for first and incubation

counts ofboth species in mixed-species experiments were significant)y lower (p < 0.05)

con]pared to their respective single-species controls. The main effect of temperature for both

the dry and wet grains at constant co, levels is separately illustrated for single and mixed-

species combinations in Figs. 5.1 to 5.4.

5.3,3 Interaction effect of temperature with other variables

The adult survival for single and mixed-species combination was significantly (p <

0.05) affected bythe interaction of temperature with other vanables. For all the treatments,

generally there rvas significant (P < 0.05) two way interaction of temperature wrth RH, co2,

and exposure time. The mean adult survival over all time intervals increased rvith

temperature and RH, i.e. the adult population at high moisture content was higher than at low

moisture content r.vith an increase of temperature from 15 to 25 " c. Holvever, the exception

was the mixed-species combinationof r. castareunr in drygrain (50% RH) wherepopulation

decreased at 20"c for all the co, levels except at the ambient level befo¡e increasing again
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Table 5.1 1 Mean adult incubation count and standard errors in mixed-species combination of CiTp tolestes fernryirreus and Triholitu¡
cttstaneLrm in dry (12% wb) grain at 15, 20, and 25"C and arnbient (0.03%), 2,5, and 10% levãls oiCO, at selected time
intervals.

0+0
0+0
3+ I

0+0
0+0
2+l

0+0
0+0
1J-1

CO. levels 1%¡

0+0
0+0
1+1

0+0
0+0
7 +1

0+0
0+0
0+0

0+0
0+0
4+3

0+0
0+0
1+1

0+0
0+0
0+0

0+0
0+0
0+0

0+0
0+0
0+0

0.03

0+0
2+1

22+3

0+0
0+0

13 + I

0+0
0+0

36+9

0+0
0+0

20+8

0+0 0+0
1+1 1+0
1+ 0 0+0

0+0 0È0
5 r=2 0+0
8+5 l+l

0+0 0+0
1+ 0 0+0
4+3 4+3

0+0 0+0
2+1 0+0
12+6 4+3

0+0
0+0
0+0

CO, levels (%)
0.03 2 5

0+0
1+0

2l+8

0+0
l0 + 4

0+6*
1+1

14 + 3

0+0
l+0

45+6

0+0
0+0

80+9

time CC)

0+0
5+,

l7+4

0+0
4+t
3+1

15

20
25

(wk)

4 15

20
25

76

0+0
0+0

32+11

15

20
25

+ Standard error based on n=4.

8 15

20
25



Mean adult incubation count and standard errors in mixed-species combination of C4p tolestes fetugineus anð, Tribolitun
castaneun in wet (15% wb) grain at 15,20, and 25'C and ambient (0.03%),2, 5, utiA rcy" levels of CO, at selected time

0+0 0+0 0+0 0+0
8+t 1t0 0+0 i+0

19+2 10+4 7+1 6+0

0+0 0+0 0+0 0+0
3+2 0*0 0+0 0+0

14+t 12+8 11 +1 6+2
0+0 0+0 0r0 0+0
010 0+0 0+0 0+0

11 +2 19+2 13r,2 8+3

0+0 0+0 0+0 0+0
0+0 1+1 0r0 0+0
5+l 641 4+1 5+1

T. caslaneuntExpostrre Temp C. íerrugineustime ('C) CO, levels (%)

0+0
f!')

11 + 1

0+0
0+0

23+2

0+0
1+0

12+t

(wk) ffi
0+0
6+0

16+3

0+0
4+1

3l + 5

0+0* 0+0
9+2 11 +2

32+1 29+5

0+0
0+0
6+1

1+0
1) + 1

11 + 1

l+0
3+ 1

13 + 1

Table 5.12

1+0
33 + 3

l*0
40+t4
20+1

2+r
5+ I

2l+2

15 0+0
20 16+4
25 87+4

215
2O

25

6 15 0+0
20 21 +3
25 96+6

77

15 0+0
20 11+ 5

25 79+4

* S(andard error based on n:4.











at 25"c. A signifìcant (P < 0.05) two-lvay interaction between temperature and co.,

indicated adult survival increasing with temperâture but decreasing with increasing co,

levels for both the single and mixed-species combinations (Figs. 5.5 to 5.g). A significant

(P < 0.05) two way interaction between temperature and species combination also was

observed. The adult survival increased with temperature and was higher for single species

controls compared to the mixed-species combination (Figs. 5.9 to 5.12). A three way

interaction between temperature, co, and exposure time was significant (p < 0.05) indicating

survival increased with temperature and time but decreasing with increasing co, levels.

similarly, a four way interaction of temperature with cor, moisture content, and tirne was

also significant (P < 0.05), indicating adult survival increasing with temperature and time but

decreasing with increasing co, levels with higher adult survival in wet grains (15% wb)

compared lo dry Q2% wb) grai.s for both the single and mixed-species experiments.

5.4 Effect of Exposure Time on Adult Survival

Procedure MIXED ol sAS (sAS 2000) was used to test the effect of exposure

intervals of2, 4, 6, and 8 weeks on adult survivalof two species compared to the initial adult

population of 70 adults for all the treatments. The upper and lower confidence limits (at

95%) of LSMEANS of adult survival at time intervals of 2, 4, 6, and g wk were compared

with the initial population to analyze the effect of exposure time intervals on the adult

survival. The test of effect SLIcES (F test) using the procedure MIXED rvas used to compare

mean adult survival at four exposure intervals for all co, levels and temperatures and is

shown in Tables 5.13 to 5. 16, for single and mrxed-species combinations for both the species

in dry and wet grain. The analysis sl.rowed that expos're time had significant (p < 0.05) effect
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Table 5.13 Effect of exposure time on the mean adult survival (first and incubation courfs) in single-species corñro1s of Cryptolesres
fetntgineus and Tribolium castaneun in dry (|2o/owb) grain at 15, 20, and 25.i and arirbient (0.0 3%'),2,5,and lõ% levels

Temp

cc)
Exposure

time
(wk)

15 0 '/0 70 i0 ':0 70a .ITc i|e2 60 59 55 26 67a 67c 66e4 58 44 39 10 66a 65 536453531 564585ó
84231 332655251

Z0 0 70a 70 l0 i0 70b i}d 7Of2 72a 58 51 46 70b 67d 65f

C. ferrugineus
CO, levels (%)

4 69â 55 47 37 74b 66d 66f6 68a 41 42 22 68b 67d ó3I s9 42 38 18 61 7td 6325 0 to lo 70 70 .70 70 1\) g2 87 60 51 40 136 135 904 124 58 43 34 138 136 78 g6 107 51 46 36 136 137 101

25

+ls 48 41 28 193 131_____ jlg
The means o, ujut, r ificantly clifferent
(Student's t-test, c:0.05).

T. costanewn
CO, levels (%)
25

70 li
64h
51

51

1

'70

64
64
60
Àa

70i
84
10 1

79
55
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Table 5.14

(wK) 0.03 2 5 l0
15 0 i0 tOa i0 i0

Effect ofexposure time on the mean adult suwival (first and incubation counts) in single-species controls of Crytptolestes
ferntgineus and Tt'ibolitun castatteunt inwel (15%o wb) grain at 15, 20, an<l25.C and añbient (0.03%),2,5,and 11% levels

Temp Exposure C. ferrtryinerrs
('L ) trme CO, levels (%)

2 63 70a 65 53
4 62 69a 58 58
6 54 68a 60 33
855726431
0 t0 70b 70d, 7of
2 80 78b 69d 63f
4 109 98 64d 5l
6 104 17b 62d, 48
879534839
0 70 70c '70e 70g
2 125 90 73e 64g
4 258 96 82 63g
6 268 73c 59 46

25

Themeansofadtrltsrrrvivalrepresenteduyrt-'"@
(Student's t-test, a:0.05)

CO, levels (%)
0.03 2 5 10
70a 70" 70" 70g
60 69c 69e 66g
66a 69c 71 e 63
65 6'7 c 70e 62
62 67c 6'1 e 61
70b 70d 70r 70h
92 75 d 67 f 74tt
74b 66d 64f 61
72b 69d 65f 62
69b 74d 66f 63
70 70 70 7oi
151 109 96 86
289 t42 112 91
392 169 117 83232 55 47 42 389 163 IO7 74i

T. caslonetun

92

icantly differenl



Table 5.15 Effect of exposure time on the mean adult survival (first and incubation counts) in mixed-species combinatìon of
Crytptolestes ferntgineus and Triboliun castanelutl în dry Q2To wb) grain at15,2},uri,l Z5.C and âmbient(0.03%),2,5,
and ljVo levels of CO,.

t:T.p Exposure C. fernqineus T. castatternt.("C) time CO, levels (%) CO, levets t%)

4 56 44 37 5 62a 61 63e 476 48 23 19 2 62a 48 58 318 42 11 l8 1 61 26 46 320 0 70b 70e '/0 70 70b .70d 70f 70h2 65b 56e 57 43 t0 64d 66t 66h4 s3 65e s2 32 61 64d 65f 606 34 54e 42 33 64b 65d 62 538404537266660589
25 0 70c 7Of j0 70 70 jO 70e :}i2 g}c 75f 53 38 90 64 62e 63i4 110 $r 31 24 81 61 ót 546 146 60 39 35 104 62 51 50

: 8r1 3443ry84565036
The means of u,lrlr .,
(Student's t- test, o:0.05).

l5
,E

0 70a '/0d 70 70 i\a iTc iTe n2 62a 61 d 56 26 64a 66c 65e 5l

Ô2



Table 5.16

(wK) 0.03 2 5 l0
15 O ija 70c l\f 70

Effect of exposure time on the mean adult survival (first and incubation counts) in mixed-species corrbination of
Cì)tptolestes feftugineus and, Tribolitun caslûneum inwet (1 5% wb) grain at 15,20, uÁd2s"Cand åmbient (0.03%),2,5,
and 10%o levels of CO..

Temp Exposure C.["rntgitteus('C) time@

15 0 'tja 7Oc ljf 70 .I}a 70" 70J 70h2 ss 69c 66f 58 59 69c 691 67 lt4 63a 70c 58 43 56 69c 6if 616 61 70c 58 32 65a 69c 69f 578 49 69 59 34 58 65c ffir 5620 0 lob t\d '|Oe 7Oi l}b 70 d. 70 702 77b 7gd 73C 64i 70b 65d 63 6348s8956466361 58566 8s 96 69g 52 59 65d 58 538 71 b 55 46 42 63 53 53 4925 0 70 70e 70h 70 70 jTe 70g :l}i2 100 82 69h 60 90 72e 69g 64i4 756 79e 7Ih 55 83 63e 66g 596 16s 51 45 43 84 81 65C 57

The means of udult ru
ttest, c:0.05)

6 165 51 45 43
8 155 64 e 52 7?,

0.03

T. cttslaneun
CO, levels l%l
z5 l0



on mean adult survival olboth species in single and mixed-species experiments in dry and

wet grain in various treatments.

5.5 Effect of Relative Humidity

5.5.1 Single and mixed-species controls

Grain moisture content determines the ERH of the stored-grain envi¡onment and the

RH affects the water content ofthe insect body. Insects exposed to low RH can loose water

by dessication resulting in reduced survival, or death may occur ifthe RH is too high (Bursell

1970).

In all the experimental tests with single species controls ofboth the species, the effect

of moisture content was highly significant (p < 0.05) at all the levels of co, and

temperatures. The t tests showed that the effect of moisture content on the mean adult

survival was significant (P < 0.05) at all the levels of cor. The adult survival at all

temperatures was higher at higher moisture content (15% wb) compared to low moisture

content ( l2% wb) and decreased with an increase in co, Ievels for both the species in single

and mixed-species combinations (Tables 5.17 and 5.lg). For both the species in single and

mixed-species combinations, the mean adult survival was higher at l5% (wb) compared to

12% (wb) for all levels of CO, at all temperatures (Appendix A, Figs. A17 to A2g).

The mean adult survival ofz castd.neun was significantly (p < 0.05) higher than that

of c. ferntginetts at low moisture content (12% wb) for both the single and mixed-species

combinations atallco, levels indicating higher tolerance ofz castanelun tolower humidity

except at ambient cor level inmixed-species combination (Tables 5.17 and 5.1g). However,

tlre comparison of mean adult survival of r. castaneutt in single and mixed-species

95



Effect of relative humidity on the mean adult survival (first and incubation counts) in single-species controls of
Cryptolestes ferrugineus and Triboliun cosraneltm rn dry (12%wb) and wet (l|o/owU; grain at15,20,and25.C
and ambient (0.03%),2,5, a¡d,10To levels of CO, at selected time inrervals

60 67 69 66 69 64 66
92 67 15 65 61 64 74
151 135 109 90 96 84 86
66 65 69 53 ',71. 5 1 63
74 66 66 66 64 64 61
289 136 142 78 r12 70 97
65 58 6'7 56 70 51 62
72 67 69 63 65 60 62
392 137 169 101 117 79 83
62526751 67 161
69 11 74 63 66 42 63
389 13',7 163 68 107 55 74

63 60 68 s6 69 42 63
76 68 71 64 66 58 65
30s 136 t46 84 108 72 85

T. cn,slttnetun
Ex posure Temp C. ferrugineus-

time ("C) CO, levels l%)

61
70

136
66
74

138

64
68

136

65
6l

193

66
68

l5l

26 53
46 63
40 64
10 58
37 s1
34 63
533
)) ¿R

36 46
231
18 39
28 42

10 44
31 50
35 54

(wK) 0.0j Z 5

55 65
57 69
51 13
39 58
47 64
43 82
31 60
42 62
46 59
33 64
38 48
41 47

60 63 59 70't2 80 58 18
87 125 60 90
58 62 44 69
69 109 55 98
124 258 58 96
45 54 35 68
68 1Q4 4t 77
107 268 5l 73
42 55 31 72
59 79 42 53
115 232 48 55

s1 58 42 t0
6t 93 51 76
108 221 54 79

Table 5.17

39 62
46 61

45 65

15

20
25
15

20
25
l5
20
25
15

20
25

15

20
25

96

4

6

8

Mean of
all wk



Effect of relative humidity on the mean adult survival (first and incubation counts) in mixed-species combinatio¡
of Cryptolestes ferntgineus and Tribolium cnstatteun ìn dry (120/owb) and wet (1 5% wb) grainat 15, 20, and 25.C
and ambient (0.03%),2,5, and 10% levels of CO" at selected time intervals.

15 62 55 61 69 56 66 26 58 64 59 66 69 65 69 51 6720 65 17 56 78 57 73 43 64 70 70 64 65 66 63 66 6325 80 100 75 82 53 69 38 60 90 90 64 72 62 69 63 6415 56 63 44 70 3'7 58 5 43 62 56 61. 69 63 61 41 6120 53 85 65 89 s2 s6 32 46 61 63 64 61 65 s8 60 s62s r 10 1s6 63 79 37 71 24 s5 8l 83 61 63 61 66 54 5915 48 61 23 70 19 58 2 32 62 65 48 69 58 69 31 5120 34 88 54 96 42 69 33 52 64 59 65 65 62 58 53 5325 146 165 60 51 39 45 35 43 r04 84 62 81 51 65 50 5715 42 49 11 69 18 59 1 34 6t 58 26 65 46 67 3 5620 40 77 45 ss 37 46 26 42 66 63 60 53 s8 53 g 4925 91 155 34 64 43 52 27 32 84 92 56 63 50 53 36 49

15 52 57 35 69 33 60 8 42 62 59 50 68 58 68 33 6020 48 82 55 79 47 61 33 51 65 64 63 61 ó3 58 47 552s t07 144 s8 69 43 59 31 48 90 87 61 70 56 63 50 s]

T. castanewn
CO, levels (%)

C. fernpineus
CO, levels (%)

Table 5.18

Exposure Temp
time CC)

97

4

6

8

Mean of
all wk



combination revealed that adult population was signihcantly lower when z castanet nwas

with C. ferruginei;s compared to being alone. This aspect has been dealt with in the

subsequent section.

There was signifìcant (P < 0.05) interaction between moisture content and

temperature as discussed earlier and also a significant inte¡action with co2 levels. The

significant effect of moisture content on adr-rlt survival which is also a two way interaction

effect behveen temperature and moisture content is demonstrated graphically in Figs. 5.13

to 5.16. Generally, the adult survival in single and mixed-species combinations was higher

in wet grain (15% wb) than in dry grain (12% wb) and increased rvith temperature.

5.6 Effect of CO, Concentration

5.6.1 Single species controls

The effect of co, was highly significant (P < 0.05) in all the treatments for the single

species control populations of both the species. At all temperatr-rre levels and moisture

contents (dry and lvet grains at 12 and 15%o wb, respectively), the effect ofCO, was highly

significant (P < 0.05) compared to ambient level of cor. The adult survival in dry and wet

grains for both the species at constant temperatures and four co, levels is graphically

represented in Appendix A (Figs. A29 to A32). ln single-species controls of both the species

at all temperatures, generally the adult survival decreased with increasing co, levels

compared to the ambient co, levels over the observation period as shown in Tables 5.19 and

5 20 for dry and wet grain, respectively. However, an exception was single-species control

of C.ferntginetLs and T. castaneum at 15 "C in wet grain (Table 5.20, Appendix A (Figs. A30

and 432)) in which the adult number at the z"/o cor level was higher than at the ambient

98



240

220

200

180

160

luo
!I rzo
o
d 1ooz

80

60

40

20

240

220

200

180

'160

140

120

100

80

60

40

20

240

220

200

'180

160

140

120

r00

80

60

40

20

--a- Ç'fad_2
'' o c'faw_2

240

220

200

180

160

140

120

100

80

60

40

tl-l

15

--+- cfad_1o
.O cfaw 10--a- crad_s

'o cfaw 5

l
!o
o
dz

15 20

Temperature ("C) Temperature ('C)

Fig. 5.13 The effect of2-way interaction between temperature and moisture content on the
mean adult survival (n:4) in single species control s of cryptolestes ferrztgineus
at ambient (am), 2, 5, and 10% levels of COr. Refer to Fig. 5.1 for explanation
ofcharacters in the lesend.

99



--+- cfcd_am
o cfcw_am

-!(!
o
dz

f
Eo
o
dz

160

140

120

100

80

60

40

20

160

't40

120

100

80

60

40

20

160160

140

--+- cfcd_1o
.o cfcw_10

120

100

80

60

40

20

140

120

100

80

60

40

20

20

ïemperature ("C)

25 20

Temperature ('C)

Fig. 5. l4 The effect of2-way interaction between temperature and moisture content on the
mean adult survival (n=4) in mixed-species combination of Cryptolestes
fenuginetts at ambient (am), 2,5, and l0%levelsofCOr. RefertoFig.5.l for
explanation of characters in the legend.

r00



f
!
a!

o
dz

=E(!
o
dz

330

300

270

240

210

180

'150

120

90

60

30

330

300

240

210

180

150

120

90

60

30

330

300

270

240

210

180

150

120

60

30

330

300

270

240

210

180

150

120

90

60

30

---a- tcad_s
'O tcaw 5

20

Temperature ("C)

15 20

Temærature ('C)

Fig. 5. 15 The effect of2-way interaction between temperature and moisture content on the
mean adult survival (n=4) in single species controls of rriåo lium castaneum at
ambient (am),2,5, and 10% levels of COr. Refer to Fig. 5.1 for explanation of
characters ìn the legend.

--.a- tcad_1o
O tcaw 10

101



--ia- tccd_âm
.O. tccw_am

=rJo
o
oz

=T'(!
o
oz

100

90

80

70

60

50

40

30

20

100

80

70

60

50

40

30

20

100

90

80

70

60

50

40

30

20

100

90

80

70

60

50

40

30

--.4- tccd_s
O tccw_s

15

--a- tccd_1o
'O tccw 10

20
20

Temperature ('C)

20

Temperature ('C)

Fig. 5.16 The effect of2-way interaction between temperature and moisture content on the
mean adult survival (n=4) in mixed-species combination of Tribolium
castaneum at ambient (am), 2, 5, and l0% levels of COr. Refer to Fig. 5.1 for
explanation ofcharacters in the legend.

r02



Table 5.19 Effect ofCO, on the mean adult survival (first and incubation counts) in single-species controls
of Cryptolestes ferntgineus anð, Tribolitun castanelml in dry ( 12% wb) gr ain at ambient (0.03%),
2, 5, and 10o% levels of CO, at selected time intervals.

Exposure CO, C. .ferntgineusllme levcl TemDerature ("C)
(wk) (%) 1s 20 zs

2 0.03
2

5

t0

4 0.03 58+l
2 44+3
5 39+1
l0 l0 + 2

60+1+ 72+2 87+2
59+1 58+1 60+5
55+2 5l+2 5l+8
26+2 46+2 40+3

0.03
2
5

10

0.03
2

5

l0

69+3
55+l
47+2
3'7+2

68+2
4'7 +3
42+2
,)+9

59+3
42+6
38+4
1Ò Í J

45+3
35+3
31 +2
5+?

42+3
'ì1 + ?

33+2
2!I

+ Standard error based on n-4.

Temperature (oC)

124+7
58+6
43+6
34+5

107+6
51 +4
46 +'7
36+3

115 + 12

41 +10
28+2

T- casÍatrcunt

67+
67+
66+
64+

70+5 136+1
67+2 135+1
65+0 90+1
64+1 84+6

66+0
65+1
53+3
51 + 3

74 + I 138 + 6
66+1 136+19
66+1 78+13
64 + I '70 + 1

68+2 136+5
67+2 137+17
63+1 101 +21
60+1 79+17

6l*5 193*15
'71 +2 137+20
63+1 68+1
42+4 55+2

64+I
58+1
56+0
51 + 4

65+0
\) +')
5l + I
1+1
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Table 5.20 Effect of CO, on the mean adult survival (first and incubation cor.rr.rts) in singìe-species contr.ols
of Cryptolestes ferrugineus and Triboliun costanelutl in wet (15% wb) grain at ambìent (0.03%),
2, 5, and 10% levels ofCO, at selected time intervals.

Exposure CO' C. Í"rrug
Ilme levet -famnararr ¡.- lof-\
(wk) (%) 1s 20 2s 15

2 0.03 63+3
2 70+0
5 65+0
10 53+2

Temperature (oC) Ternperature ("C)

4 0.03
2
5

t0

6 0.03
2

5

10

8 0.03
2

5

10

20 25 15 20 25

80+1
78+ 1

69+1
63+3

62+3
69r0
58 + 3

58 + I

54+4
68+2
60+2
33+2

109+2 258+9
98+4 96+6
64+3 82+3
5l + 1 63 + 2

104+10 268+8
77+3 ',73+4
62+4 59+4
48+2 46+3

79+2 232+10
53+3 55+5
48+1 47+2
39+ I 42+1

125+2
90+14
73+3
64+3

+ Standard enor based on n:4

55+2
72+2
64+l
31 +2

60+1
69+ I
69+0
66+3

6ó+ I
69+0
7l + 1

63+ 1

92+5 151 +3
15+2 109+14
67+0 96+2
14+3 86+2

74+2 289+15
66+ I 142 + 13
64+1 112+4
61 +0 97+2

12+2 392r 14
69+2 169+22
65+1 117r22
62+5 83+2

69+1 389+10
74+5 163+33
66+0 107r.2
63 + 4 74 + 4

65+l
67+1
70+ 1

62+2

62r2
67+1
67+1
61 +2



level of co,. The variation could be due to an experimental error or a biological variation

due to the age variability ofthe adults in the replicates.

The adults of both species were directly exposed to a constant co, environment

throughout the exposure time of the experiment, therefore the hrst count was analyzed,

statrstically separately for effect of co, at each temperature at 2 wk time intervals over the

observation period of 8 wk after eliminating the main effect of moisture content. At 15.c

in both dry and wet grain, mean adult survival from first count of c. ferrugineus d,ecreased

at all co, levels from 2 wk (except at rhe 2o/o co, level in wet grain) whereas for I

castaneum in dry grain, the mean adult survival f¡om the first count decreased f¡om 4 rvk at

the 5 and 10% levels of co, and from 6 wk at the 2Yo level of co, and in wet grain mean

adult survival from the fìrst count was not affected at all levels ofCO, except 10% over the

observation period (Tables 5.21 and,5.22). At 20'c in both dry and wet grain, mean adult

survival from first count of C. ferrugineus decreased with time at all co, levels from 2 wk

(except in wet grain at the ambient co, level)but the survival of r. castaneum was

unaffected at all co, levels for entire exposure period except at 2 and 4 wk onwards at 10%

level ofco, in dry and wet grain, respectively. At25"c,in dry grain, mean adult survival

fiom the fìrst count of C. ferrugineu.s decreased with increasing co, levels from 2 wk

(except at the ambient co, level) whereas in T. castaneunt the mean adult survival from{he

first count increased at the ambient and 2%o level ofco, and decreased from 4 wk onwards

at5 and l0o/o levels of cor. At 25'c in wet grain, mean adult survival fiom first count of

c. ferrugíneus decreased with increasing co, levels from 2 wk (except at ambient co,

level) whereas in T. castaneum the mean adult survival from first count increased at ambient,

2, and 5Yoco, levels and decreased at the l0% co, level over the temperature range. The
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Table 5.21 Elfect of CO, on the mean adult survival frorn first count in sir.rgle-species controls of
Cryplolestes fernrgineus and, Tribolium castaneLun in dry (12% wb) grain at ambient (0.03%),
2, 5, and 10olo levels of CO, at selected time interwals.

Exposure CO, C. f"rr,.tgin",

(wk) (%) 15 20 2s I

0.03 60+1 68+1
2 59+1 5'/ +1
5 55+2 56+2
10 26+2 46+2

0.03 58 + 1

2 44+3
5 39 + 1

10 10+2

0.03 45 * 3

2 35+3
5 30+2
l0 5+2

0.03 42 + 3

2 31 +2
5 33r.2
10 2 + 1

67+0
46+2
A1 +1
38+3

65* 1

ìcl + ?

31 tl
26+2

63+4
4I+2
39+8
\)+)

62+3
54+1
46+2
37 +2

* Slandard error based on n:4.

62+
43+
4l +
22+

5

61 +l
67+\
66+ 1

63+3

66+0
65+1
JJ - J

50+4

64+1
58+1
56+0
51 + 4

54+3 66i-2
39+6 44+2
36+3 30+10
18 + 3 24 + I

62+3
64+1
64+0
62+1

62+3
64+2
65+1
64+1

66+1
65+2
63+1
60+1

60+5
64+0
63+l
42+4

25

69-r0
61 +2
68+0
69+0

68+ 1

64+l
58+5
58+2

65+0
\) +)
51 + I
1+1

76+2
74 + 5

59+7
57+9

131 + 5
ll9 + 13

5l + 1

41 +1



Tat¡le 5.22

Exposure
time
(*k)

Effect of co, on the mean adult survival from first connt in single-species controls of
ctyptolestes fernrgineus and rribolium castanen in wet (15% wb) grain aianrbient (0.03%),
2, 5, a;nd 10% levels of CO, at selected time intervals.

CO, C. ferruginets
level Telnperature (oC)\%)ffi
0.03 63 + 3

2 70+0
5 65+0
10 53+2

0.03 62 + 3
2 69+0
5 51 +3
10 58+1

71 +0 69+0
66+1 56+3
64+1 54+3
61 +2 5t+2

0.03
2
5

l0

0.03
2

5

10

'71 + 1 10 + 0
56+ I 38+2
54 + I 4l + I
50+1 36+3

54+4
68+2
59+3
'ìì + t

+ Standard error based on n:4

Ternperature ("C)
15 20 2s

7l+1 72+t
54+3 35+5
51 +2 32+1
47+2 29+2

55+
68+
62+
31 +

T. castanetnt

60+l 68+l 69+1
69+1 68+1 66+1
69+0 64+t 64+1
64+3 68+2 63+2

66+1 6l+1 68+0
69+0 65+l ó3+l
7l+t 63+1 6l+t
63+1 61 +0 60+0

70+l 83+1
46+2 42+4
42+2 36+1
39+ I 32+1

65+l
67+1
70+ I
6) +)

62+2
66+l
67+1
6l+2

68+1
65+2
65+ 1

62+5

81 +
76 +

67+
64+

68+ I
64+t
66+0
63+4

107

151 +l
139 + 23
86+1
59+3



differential response of two species at various temperatures and co, levels indicated that in

both dry and wel graìn, C. ferrugineus was more susceptible to CO, levels compared to I

castaneum and survival of r. castanetun was reduced in dry grain after prolonged exposure

of more than 4 wk at 5 and. rjYo levels ofco, whereas in rvet grain onlythe l0% level of

co' reduced adult survival (at 25 'c). The effect of co, in ¡educing the adult survival was

higher at lower moisture content (dry grain) and higher temperature. The mean adult survival

fiom the first countofz cnsteneum at 20"c cannot be satisfactorily explained. In dryand

wet grain, tlre adult survival in the first count of r. castanerm was higher than the c

ferrugineus at all co, levels and temperatures (Tables 5.21 and 5.22 ) indicating that î'

castanelun survives due to its greater range of tolerance to humidity and that C. ferrugineus

is more susceptible to co, levels. Along with the main effect of cor, adult survival in the

fi¡st count ofboth the species was signifrcantly (p < 0.05) affected by interaction ofco, with

time of exposure as indicated in Appendix A (Figs. 433 to A36).

The effect ofco, levels on the adults from incubation was analyzed by square root

transformation ofthe number ofadults from incubation data and using the GLM procedure

ofsAS (SAS 2000). No adults emerged from the incubation count ar l5 "c in dry grain for

both the species whereas in wet grain at this temperature few adults emerged in c

ferrugirzeus at2 and 5% levels ofco, from 4 wk onwards and there was no adult emergence

in T. castaneunt in wet grain (Tables 5.23 and 5.24). The incubation count at 20 and 25 . c

was significantly (P < 0.05) aflected by co., levels and generally decreased with increasing

co, levels in both dry and wet grain. Between the two species, the adult count f¡om

incubation in T. casrareunz was higher at 25 'c compared to c. ferntgineus in dry and wet

grain wheras at20'c c. ferntglneus had higher number ofadults than z casraneLtm .
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Table 5.23 Elfect ofCO, on the mean adult survival f¡on incubatior.r count in single-species controls of C
ferntgineus and Tribolitun castcurcnn în dry (12o/owb) grain at ambient (0.03%), 2, 5, and l0%
levels of CO, at selected time intervals.

Exoosure C.Oposure CO, C. ferntgineusvv2 t!. Jet r LtELtLttLrJ 1 . CAStAneUnt
,lT: '",u:' _ Tempelalure ("C) Temperarure (oC)

2 0.03
2
5

10

(%)

4 0.03
2
5

10

6 0.03
2

5

10

8 0.03
2
5

10

15

0+0 4+1
0+0 1+0
0+0 0+0
0+0 0+0

0+0 6+ I
0+0 1+0
0+0 1* 1

0+0 0+0

20 25

20+1
15 + 4
O+,
2+1

59+8
19 + 6
12+2
9+4

44+9
l0 + 3
1+)
5+3

0+0 6+ I
0+0 4+l
0+0 1+0
0+0 0+0

0*0 5+l
0+0 3+1
0+0 2+0
0+0 0+0

+ Standard error based on n. 4

T. castanetçn

0+0 8+3
0*0 3+ 1

0+0 I + I
1+ I 2+0

0+0 12+3
0+0 2+0
0+0 1+ 1

0+0 0+0

z0 2s

49+10
4+ I

1l r I
4+2

67+1
69+3
22+1
15 + 6

0+0 2+I
0+0 2+0
0+0 0+0
0+0 0+0

0*0 1+0
0+0 6+1
0+0 0+0
0r0 0+0

70+6
12+18
?n + c)

12+2

60+5
63+14
42+14
22+8

62+11
18 + 8

17+l
14+1



Table 5.24 Effect ofCO, on the mean adult survival from incubation count in single-species controls of
Cryptolestes fenugineus and Tribolitun castanewn in wet (15% wb) grain at ambient (0.03%),
2, 5, and 10% levels ofCO, a!selected time intervals.

Exposure

llï: t,."",î' 
_ _ Tempelarure ("C) 

_ _ Temperature (.C)(wk) (%) ls 20 2s ts

2 0.03
2
5

10

4 0.03
2
5

10

6 0.03
2
5

10

8 0.03
2

5

10

0+0
0+0
0+0
0+0

0+0
1+1
1+0
0+0

z0 25 15 20 25

9+
12+

2+

56+2
34+12
19+2
13 + 1

38+2

10 + 1

1+0

0+0 32+t0
1+0 23+2
1 + 0 lt + 2
0+0 0+0

0+0 9+ 1

5+ 1 7L1
2+0 6+ I
0+0 0+0

* Standard error based on n=4.

188+9
58+6
4l ,L2
27 +1

196+7
39+1
27+3
16+2

149+9
13 + 1

l1 + 1

10 + 1

0+0 24+4
0+0 8 + 2
0+0 3 + 0
2+1 7 +2

0+0 7 +2
0+0 I + 0
0+0 I + I
0+0 0+0

82+4
44+14
32+1
23+1

221 + 15

80+ 13

51 + 4
37 +2

311+ 12

93+21
50+22
19 + I

231 +7
24+13
21,+2
15 + 1

0+0 4+2
0+0 4+2
0+0 0+0
0+0 0+0

0+0 1+ I
0 + 0 t0 + 5

0+0 0+0
0+0 0+0
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At 20 " C in dry grain, for both species, the adult count from incubation at 2, 5, and

10% levels of CO" was significantly lower compared to the ambient level of CO., with zero

incubation count at the 10% level (except at 2 wk for z castaneunt) and a similartrend was

observed in wet grain where adult numbers were higher compared to dry graìn but at the 10%

level of co, there were no adults from 4 wk onwards in both species. At 25'c also the mean

adult survival from incubation decreased with increasing co, levels and was significantly

lowe¡ than at the ambient level of co, but at this temperature adults emerged at the r0% co,

level. It is clear thatat20 and25"c, the adult emergence was inhibited or impeded by levels

ofco, greater than the ambient level. The exact mechanism ofreducing the adult numbers

could be by delaying or inhibiting egg hatch (AliNiazee et aL l971), reducing mating

frequency Q''licolas and Sillans 1989) or by reducing the oviposition (Lum et al. 1972). Lum

et al. (1972) reported that both the egg production and hatchability in Ploclia interpttnctella

(Hubner) were reduced by a single exposure to sublethal CO, levels for t h. The low

incubation count compared to ambient co, levels could also be the result of reduced

metabolic growth and development ofthe eggs (Press et al. 1973).

5.6.2 Mixed-species combination

Similar to the single-species controls, the effect of CO, was highly significant (p <

0.05) on mean adult survival in all the treatments for the mixed-species experiments ofboth

species. At all the temperature levels and moisture contents (dry and wet grains at l2 and

l5%"wb, respectively), the co, effect was highly significant compared to ambient levels of

cor. The mean adult survival decreased with increasing co, Ievels compared to the ambient

CO, in both the species as indicated in Tables 5.25 and 5.26 for dry and wet grains,

respectively and demonstrated graphically in Appendix A (Figs. A37 to A40). However, an
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T able 5'25 Effect of CO, on the mean adult survival (first and incubation colurts) in mixed-species
combination of Cryptolestes ferntgineus and Tribolitnt castaneun in dry Q2% rvb) grain at

- ambient (0.03%o), 2, 5, and l0o% levels ofCO, at selected time intervals.
Exposure CO, C. fernqineus T. castni"*,posure CO, C. ferntgineus

time level F
(wk)

2 0.03
2
5

10

4 0.03
2
5

i0

)rs20
62+2
6I+2
56+?
26+l

56+2
44+6
37 +3
5+1

Temperature (oC) femperature ("C)

6 0.03 48+3
2 23+3
5 t9+7
10 2 + 0

65+4
56+2
5t +3
43+7

8 0.03 42+2 40,1 2
2 1l+4 45+4
5 18+6 31 +3
10 l+1 26+2

80+2
75+13
53+3
38+2

ll0 + 6
63+6
37 +4
24+2

146+9
60+5
39+3
35+3

91 + 10
34+2
43+14
1'7 ,L 1

53+2
65+3
\)+)
32+4

34+1
54+1
42+2
33+5

+ Standard error based on n:4

64+1
66+0
65+ 1

51 + 9

70+2
64+1
66+2
66+ I

61 +3
64+2
65+l
60+ I

62+1
61 + I
63+2
47 +2

90+4
64+3
62+6
63r.2

62+2 64+1
48+3 65+2
58+5 62+2
3t+7 53+2

61 + 1 66 + 2
26+8 60+1
46+11 58+4
3+3 9+4

81 + 1

61 + 1

61 +12
54+2

104 + 8

62.L1
51 +3
50+3

84 + 10

56+0
50+7
36 * 10



Table5.26 Effect of CO, on the mean adult survival (first and incubation counts) inmixe¿-species
combination of Cry)ptolesles fernrgineus a.nd Triboliun costonenn in wet (15% wb) grain at
anbient (0.03%), 2, 5, and 10o% levels of CO, at selected time intervals.

Exposure CO
time level @ æ

90+2
'72L4
69+ I
64+2

83+2
63+7
66+2
59-t2

84+2
81 + 6

65+2
51 +5

59+l 70+0
69+0 65+1
69+0 63+1
6l+2 63+0

56+ I 63+2
69 + 0 6l + 1

6't +I 58+I
6l + 1 56 + 0

65+l 59+1
69+l 65+l
69+1 58+0
57+3 53+2

58+2 63+1
65+l 53+2
67+1 53+0
56+4 49+2

Ot + I
63+l
53+2
49+3

100 i. 2
82+l
69+4
60+3

156+5
79+2
71 + 5

55+2

165+5
51 + 4
45+l
43+2

55+l 77+2
69+0 78+2
66+l 73+0
58+2 64+1

63+1 85+3
70+0 89+4
58,r I 56+1
43+2 46+3

(wk) (%)

0.03
2
5

10

0.03
2
5

t0

0.03
2
5

l0

0.03
2
5

10

61 +2 88+3
70+1 96+ 15

58+2 69*2
32+4 52+1

49+2 77+7
69+ I 55+2
59+3 46+2
34+4 42+1

155+2
64+2
52+3
),!. t .)

113
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exception was the mixed-species combination oî C. ferrugineus at 20" C in dry gain and

at 15 and 20'C in wet grain and (Appendix A, Fig. 437 and 438, respecrively) where the

adult number at the 2% C}.,level was higher than at the ambient level of CO,.

The adult survival in the first count for both the species at all temperatures was

significantly (P < 0.05) affected by co, levels and the interaction effect befween co" and

exposure time. At constant temperatures, the mean adult survival from frrst count ofboth

species decreased with increasing co' levels over the observation period ofg wk in both dry

(r2% wb) andwet(15%wb) grain. Ar 15 "c in both dry and wer grain, mean adult survival

from fìrst count of c. ferntgineus decreased. at all co, levels f¡om 2 wk (excepf at Zyo co.

level in wet grain) whereas for T. castaneunt in dry grain, the mean adult survival from the

first count decreased from 4 wk at 10% Ievel of co, and from 6 wk at 2o/o and 5 % levels of

co' and in wet grain mean adult suwival lrom first count was not affected at 2 and 5% levels

ofco' but decreased at ambient and, 1o%o co, levels over the observation period (Tables

5.27 and 5.28). At 20"c in both dry and wet grain, mean adult survival from fi¡st count of

c. ferrugineus decreased with time at all co, levels from 2 wk (except in wet grain at the

ambient co, level) but the adult survival ofz castaneunt was unaffected at all co, levels

fo¡ the entire exposure period except at 4 wk onwards at the 10% level of co, in dry and

wet grain. At 25 'c, in dry grain, mean adult survival from the first count or c. ferruginetts

decreased with increasing co, levels from 2 wk (except at the ambient co, level) whereas

for T. castaneum the mean adult survival from the first count decreased fiom 2 wk at 2, 5,

and. I0o/" levels of CO, and after 8 wk at the ambient level of CO.,. At 25.C in wet grain,

mean adult survival from the first count of c. ferrugineus decreased. with increasing co,

levels from 2 wk (except at ambient co, level) and the same trend was observed in z
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Table 5.27 Effect of CO, on the mean adult survival from first count in mixed-species combinatior.r of
Cryptolestes feftugineus and. Tt'ibolium casta eutn in dry (12% ivb) grain at ambient (0.03%),
2, 5, and 10o% Ievels of CO, at selected lime intervals.

Exposure CO' C. fnrr,g¡n"ui
¿:-- - 

-

time level Tàmperature (.C)(wk) (%) ls 20 zs

0.03 62 + 2
2 61 +2
5 56+2
10 26+7

0.03
2
5

l0

6 0.03
2

5

10

8 0.03
2
5

10

64+3
55+2
56*3
41 +6

56+2
44+6
37+3
5+ 1

48+3
¿Ji-)
19+1
2+0

42+2
11 +4
18 + 6
1+1

66+1
48+5
52+2
37 +2

{? + ?

55+1
48+3
32+4

t Standard error based on li:4

Tenrperalure (oC)

65+
4l+
29+

34+1 66+2
49+l 43+2
42+2 35+2
33+5 31 +1

40+2 59+1
41 +3 32+t
36 + 2 3l + 9
26+2 23+2

64+1 68*
66+0 64+
ó5+1 66+
51 + 9 66 +

62+ I
6l + 1

63+2
47 +2

62+2
48+3
58+5
31 +7

68+l
63+2
61 +6
60+ I

68+1
6l + 1

54+7
52+2

61 +3
64+2
65+1
60+ I

64+1 68+1
65+2 62+l
62+2 51 +3
53+2 48+4

66+2 64+2
60+1 56+0
58+4 46r.5
9 + 4 36 + 10

61 + I
26r-8
46 + 11

3+3
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Table 5.28 Effect of CO, on the mean adult survival from first count in r.nixed-species combination of
Cryptolestes ferrugineus and, Tribolium caslüneum in wet ( 15% wb) grain at ambient (0.03%),
2, 5, and 10% levels ofCO, at selected time intervals.

Exposure CO, C..ferntgineus .1.. cnstuãtntposure CO' C. ferntgineus
tlme level 'f êhñÂrqr,, rÂ /or-\
(wk) (%) ls 20

Temperature ("C) Temperature ("C)

0.03
2
5

10

0.03
2
5

10

0.03
2
5

10

55 + I
69+0
66+l
58 + 2

68+1 68+0
68+2 53+2
61 +l 52!t
6l+3 49+3

69+0 69+0
56+3 42+3
51 + 1 40 + 2
46+3 32+I

63+1
69f0
58 + 1

43+2

6I+2
69+0

32+4

49+2
67+1
58+3
34+4

8 0.03
2

5

10

t Standard error based on n:4

67+2 69+0
56+2 32)-4
57+1 34+1
51 +1 31 +2

65+3 76+1
50+2 43+2
43+t 39+2
42+1 26)-2

59+1 62r_1
69+0 64+l
69+0 63+l
67+2 62+0

z0 25

56+1 61 +0
69 + 0 61 + I
67+1 58+1
61 + 1 56 + 0

65+l 59+1
69+l 64+0
69+1 58+0
57+3 53+2

58+2 63+1
65+l 53+2
61 +l 53+0
56+4 49+2

71 +0
62+0
62+1
58 + I

69+1
5l+2
55 + 1

53+2

'73!0
62+4
52+l
50+3

87 +2
57+2
49+2
44+2
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cûstaneum with the exception that mean adult survival from the first count increased at the

ambient co., level. The difrerential response of two species at various temperâtures and co,

levels indicated that in dry and wer graín, c. ferrugiÍe¿rs was more susceptible to co, levels

compared to T. co.stanelnt. The effect ofco, in reducing the adult survival was higher at

lower moisture content (dry gain) and higher temperature. Along with the main effect of

cor, adr-rlt survival in the first count ofboth the species r.vas significantly (p < 0.05) affected

bythe interaction of co, with time of exposure as demonstrated in Appendix A (Figs. A41

to 444).

carbon dioxide levels signihcantly (p < 0.05) affected the mean adult counts from

incubation at 20 and 25'c and generally decreased with increasing co, levels with time for

botlr species in dry and wet grain except at the 2%o level ofco, for c. ferrttginetts where

adult count was higher than the ambient level. No adults emerged from the incubation coìjnt

at 15 "c in dry grain fo¡ both the species whereas in wet grain lew adults emerged in c

ferrugineus at2 and 5% levels ofco, from 4 wk onwards and there was no adult emergence

in T. castaneum in wet grain (Tables 5.29 and 5.30).

At 20"C, in both dry and wet grain, for T. castatteum the adult emergence was zero

at all levels ofco, at all exposure intervals except at 2 and 4 wk intervals at the ambient

level of co, indry and wet grain, respectively (Tables 5.29 and.5.30). For c. fer,tginetts

in dry grain at this temperature (20'c), adults f¡om the incubation count decreased with

increasing co' levels with the exception that adult numbers al the 2yo level of co, rvere

higher than at the ambient level ofco, whereas in wet grain adults from incubation were

more compared to dry grain but decreased with increasing co, level with the similar

exception al the 2%o level of co". At 25'c in both dry and wet grain. the adult numbers

117



Table 5 29 Effect ofCO, on the mean adult survival from incubation count in mixed-species courbination
of Cryptolestes ferntgineus andTriboliun castaneum indry (12Yo wb) grain àt ambient (0.03%),
2, 5, and 10% levels ofCO, at selected time intervals.

Exposure CO, C. fnrrrg¡

) + 1 11 J- 1

0+0 i+l
0+0 1+1
0+0 3+1

0 + 0 13 + I
0+0 0+0
0 + 0 7 +1
0+0 2+t

0+0
0+0
0+0
0+0

0+0
0+0
0+0
0+0

0+0
0+0
0+0
0+0

0+0 36+9
0+0 0+0
0+0 0+0
0+0 2+2

0+0 20+8
0+0 0+0
0+0 4+3
0+0 0+0

:iT: 1."::l Te*p*"tu* (.C)
20 25

0+0 1+1 14+3
0+ 0 l+0 27+8
0+ 0 l+1 1+0
0+ 0 t+0 0+0

0+ 0 1+0 45+6
0+ 0 l0+4 22+5
0+ 0 5+2 8+5
0+ 0 0+0 l+1

0+0
0+0
0+0
0+0

0+ 0 0+0 80+9
0+ 0 5r.2 1'7+4
0+ 0 1+0 4+3
0+ 0 0+0 4+3

0+ 0 0+0 32+11
0+ 0 4+1 3+1
0+ 0 2+I 12+6
0+ 0 0+0 4+3

(%

0.03
2
5

l0

0.03
2
5

10

0.03
2
5

10

0.03
2

5

10

k)
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Table 5.30 Effect ofCO, on the mean adult survival from incubation count in mixed-species combi¡ation
of Cryplolestes ferrugineus and Triboliuttt castoneun in wet (15% wb) grain at ambient

_ (0.03%), 2, 5, and l0% levels of CO, at selecte4 time inrervals.
Exposure CO, C. ferrugineustime level ffir*rrrzrffi#

0.03
2
5

10

4 0.03
2
5

l0

0+0 9+2
0+0 11 +2
0+0 6+0
0+0 3+2

0+0 16+4
l+0 33+3
0+0 4+1
0+0 0+0

0.03
2
5

l0

8 0.03
2

5

10

32+1
?O+{
16 + 3

l1+ I

8'l +4
37+3
31 + 5
23+2

0+0
1+0
1+0
0+0

0a0
2+1
I +0
0+0

+ Star.rdard error based on n-4

2I+3 96+5
40+14 20+1
12+2 11 + 1

l+0 12+1

0+0 8+ 1

0+0 1+0
0r0 0+0
0+0 I + 0

0+0 3+2
0+0 0+0
0+0 0+0
0+0 0+0

11 + 5 79 + 4
5 + 1 21 +2
3 + 1 13 + 1

0+0 6+1

19+2
10+4
7r.1
6+0

0+0 0+0
0+0 0+0
0+0 0+0
0+0 0*0

0+0 0+0
0+0 1+ I
0+0 0+0
0+0 0+0

14+
12+
11+
6+

11 +2
19+2
13+2
8+3

5+
6+
4+
5+



from incubation ofboth species decreased rvith increasing cor levels in both species and the

adult count of r. castc¿neum was significantly lower than fhat of C. ferntgineus. rt is clear

rhat at 20 and 25 'c, the adult emergence was inhibited or impeded by levels ofco, greater

than the ambient level and that r castanetrm populations are lower Í.han c. ferrugineus

populations in mixed-species combination. compared to single-species controls, in mixed-

species combination c. ferntginet¿s has an inhibitory and depressing effect on T. c(ßtaneum

numbers and. that C. fenuglnelrs emerges as the dominant species.

5.6.3 Interaction effect of CO, rvith other variables

The single and mixed-species populations were significantry (p < 0.05) affected by

the main effect of co, levels for all the treatments. The adult survival was also significantly

affected by signifìcant (P < 0.05) multiple interactions of co, levels with other variables.

There was significant two way interaction of co, levels with temperature as explained in the

interaction effects of temperature. Generally, significant (p < 0.05) two way interactions

behveen ofco, and moisture content and co, and exposure time were also observed. This

means that adult survival decreased with an increase ofco,' levels and decreasing moisture

contents and also decreased with increasing exposure time. A three-way significant

interaction (P < 0.05) between cor, moisture content and time was also observed signifying

increased survival at decreasing co., levels and increasing moisture content over exposure

time.

5.7 Effect on Germination

The germination data were transformed using the arcsin transformation and the effect

of time and co, were analyzed, at each temperature for dry and wet grains by using procedure

120



GLM (SAS 2000). The data were analyzed for single-species ancl mixed-species

combinations ofboth the species. The germination data lor single-species and mixed-species

combinations, at all th¡ee temperatures and four co, levels for dry and wet grains over the

observation period of 8 wk are shown in Tables 5.31 and 5.32.

Indry grain (12%o rvb), germination was not significantly (p > 0.05) affected at 15 and

20"c over the exposure period and co, ìevels in single and mixed-species combinations

(Table 5.31). However, at 25'c, gemination was affected significantly(p < 0.05) in samples

with single species of z castaneum and mixed-species combination of both species. At

25'c, the germination in r castaneunt single-species and mixed-species samples wasl.righer

at2,5,and,10%CO.'levels compared tothe ambient CO, levels. I'' wet grain, theeffectof

exposure time and co, levels was significant (P < 0.05) in all treatments. The germination

decreased at ambient co, levels in singìe-species as well as mixed-species combination at

all temperatures whereas the germination was higher at 2, 5, and r0% co,levels compared

to the ambient co, levels. The variation in germination is probably due to the small sample

size, amount ofdockage and biological variation within the species and also probably due

to inhibition of molds at elevated CO, levels (White and Jayas 1993).

5.8 comparison behveen Single and Mixed-species populations and the species Factor

5.8.I Context

The present study relies on the ad,lt numbers to represent the population and does

not attempt a comprehensive and incisive analysis into cannibalism or predation ofeithe¡

species as carried out by otlier researchers (Park et aL 1941, park et al. 1965, Lloyd 1967)

who considered various factors such as fecundity, metamorphosis, and imago longevity and
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Table 5.3 1 Mean percent germination in single and mixed-species experiments in dry (12% wb) grain at 1 5, 20, and 25.C and
.. ambient (0.037Ð, 2, 5, and 10% levels of CO, at selected time intervals.
TemJ' Exposure C. ferngineus I rorlø,"rrr, @

t5 0
2
4
6
Ò

(wk) o.o3 2 5 10 o.o
97 91 91
96 97 97 96 94 95 95 96 94 96 96 9694 95 96 96 92 94 94 95 92 95 95 9694 95 96 96 92 93 95 95 92 94 95 9594 95 96 96 92 93 94 95 91 94 95 95

0
2

4
6
8

0

2
4
6

5 10 0.03 2 5 10 0.03 2 5 10

25

95 96 98 96 95 96 98 96 95 96 98 9694 94 96 96 93 94 95 95 93 95 95 9592 93 95 95 92 94 95 95 91 93 96 9490 92 94 95 89 92 94 93 81 92 94 949l 92 94 95 88 90 92 94 88 91 93 93

91 98 98 97 97 98 98 91
95 98 96 95 91 94 96 96
95 96 94 94 86 91 93 95
90 92 93 94 83 8t 90 92

91 91 91 96 91 97 97 96

87 93 82 85 88 90

97
92
89

81

98 98
95 97
92 94
89 90
86 89

91
96
94
9l



Table 5.32 Mean percent germination in single and mixed-species experiments in wet (15% wb) grain at15,Z1,and 25"C
and ambielt (0.03%),2,5, and.l0% levels of CO, at selected time inrervals.

Temp Exposure C. ferugineus
CC) time CO, l"*ld"ô

15 0
2
4
6
8

(wk) 0.03 Z 5

20095969896
292949694
49t939594
687899392
884889092

97
94
89
90
77

95
93
90
91

250
2
4
6

8

97 96
94 94
93 93
92 92
92 92

T. castaneunt Mixed-specjes combination
CO, levels (%) CO, levels (%)

97 98 98 97
89 94 93 91
8l 89 81 91
76 86 86 89

0.03 2 5 10 0.03 2 5 l0
9'7 97 97 96 97 97 97 96
93 94 94 94 93 93 94 94
91 91 92 92 91 91 92 92
87 90 91 90 81 90 91 92
72 88 89 89 74 88 90 90

9s 96 98 96 9s 96 98 96
93 94 94 9t 91 91 92 93
86 91 93 89 85 87 90 9l
82 86 88 88 85 88 88 90
81 8s 86 87 83 86 87 88

85 87

9t 98 98 97
88 91 90 92
80 89 84 86
74 79 79 83
12 76 79 82

97 98 98 97
88 89 88 92
79 83 86 87
76 79 82 85
74 77 8t 84
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their experiments involved sifting and counting oflarvae, pupae, and imagoes and tests for

invading parasitoids and endemic pathogens. Although no direct physical evidence of

predation, cannibalism, or competition effects was attempted, the effects r.vere deduced by

comparison with the single-species controls in similar environments as the mixed-species

combination. I¡ addition to the conftrmed interspecific and intraspecific cannibalism and

predation (Park 1948, Park er al. 1965, Lloyd 1967, Leftkovitch 196g, White and Sinha

1980), population density, sex ratio, mating status, and crowding affect developmental

stages, the development rate, fecundity, and mortality of insect species (park et al. 1965,

Smith 1966, and White and Bell 1993, and White et al. i995). A laboratory experimenr

(Suresh et al. 2000, unpublished data) rvas carried out to observe the interactions between

various life stages of c. fenuginetts and, T. castanettnt at70%oRH and temperatures of25 and

30'c. They observed that T. castcuteum caused higher mortålity of the immatures of both

species than c/erngineus andthat larvae of both beetles were more effective predators than

cannibals causing higher mortality to eggs of each other than their own species. Hence,

although the cannibalism and predation is not directly measured it is clear that they play a

dominant role in population regulation. Due to various factors affecting the interspecies and

intraspecies interactions in adult survival ofmixed-species combinations, it would be apt to

refer to it simply as a species factor.

5.8.2 Cryptolestes fernryineus

The single-species controls were the reference level to compare populations observed

in mixed-species combination for the same environmental conditions in dry (12% wb) and

wet (r5o/o wb) grains. The objective was to obsewe the variation in population when two

species are reared together compared to being reared singly.
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As discussed in previous sections, the survival of singly reared and mixed

populations ofboth species was significantly affected by temperature, RH, and co, and their

interactions. The companson between mean aduit surtíval of C.ferrtigin aas in single (alone)

and mixed-species (both) combinations in dry and wet grains is shown in Table 5.33.

The mean adult survival over alr the exposure intervals was considered for

comparisoD between single and mixed-species experiments. Survíval ratio or the species

factor for each species was calculated separately in dry and wet grains, as the ratio of mean

adult survival in mixed-species over single-species control for test temperatures and co,

levels and is shown in Table 5.33. A species factor of less than unity indicates that the

species survived better in isolation (or reared singly) compared to being reared with the other

species (both) and the converse is also true i.e. a factor greater than unity connotes higher

survival in mixed-species conditions compared to being reared alone.

ln dry grain, at 15'C, at all the CO, levels except at ambient CO, conditions, the

mean adult survival of c f *ugineus in isolation was greater compared to being with z.

castdneum. At tl.re ambient co, level at this temperature (15'c), the species factor neared

unity (1.02) indicating thaT C. ferrugineas survived slightly better in mixed-species

combination. At 20"c, c. ferntgineus survived better in isolation compared to mixed-

species combination at ambient levels of co, whereas at all other co, levels, it survived

better in the mixed-species setup. At 25 'c, the species factor neared unity indicating almost

equal survival in single and mixed-species experiments.

The species factor in wet grains at 15 and 20.C neared unity at all CO, levels except

at the ambient level of co, at 20"c indicating that mean adult survival or c. ferrugineus

varied only slightly in single and mixed-species whereas for the ambient level of co', at
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Table 5.33 Comparison of mean adult survival (first and incubation counts) of CrTpl olestes ferruginerrs in single and mixed-species
experiments at 15,20, and 25'C in dry (12% wb) and wet (15%o wb) grain antl ambient (0.03%), 2, S, and l0% levels of
CO, at selected time intervals.

ExÞosure TetnoExPosure T",tlp 

- 

c. fe,tqinetrstinre ('C) Dry (12% wb) grain(rvk) Co, t"*1,1"ô

21560625961 55562626
20 12 65 58 56 57 57 46 43
25 87 80 60 '/5 51 53 40 38

415585644443937 105
20 69 s3 55 65 47 s2 37 32
25 124 110 58 63 43 37 34 24

0.03
Both Sin

-u2 revels (yo) CO, levels (yù
2 s 10 0.03 2E

15 45 48
20 68 34
25 107 146

15 42 42
20 59 40
25 115 91

Species factor (ratio of 'both' to 'single')

15 1.02 0.76 0.78 0.60 0.98 1.00 0.98 0.9820 0.71 1.09 1 .02 L 19 0.89 1.05 L00 t.o2
, _, , ?1 0.99 1.06 0.95 0.90 0.67 0.90 0.92 0.88* Single and both inA

I
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35 23 31 19
47 54 42 42
51 60 46 39

31 tl 33 18
42 45 38 3l
48 34 41 43

Single Both Sinele Both Sinele Bolh Sinsle Bolh

63 55

80 17
125 100

62 63
109 85

258 156

54 61
104 88
268 165

55 49
79 77
232 155

52
22 33
36 35

21
18 26
28 27

10 69 65 66 53 58
78 78 69 73 63 64
90 82 73 69 64 60

69 10 58 s8 58 43
98 89 64 56 51 46
96 79 82 71 63 55

68 70 60 58 33 32
77 96 62 69 48 52
73 51 59 45 46 43

12 69 64 59 31 34
53 55 48 46 39 42
55 64 4'7 52 42 32



20"c c. ferrugine¿rs survived better in isolation compared to the mixed-species setup. The

reason for reduced mean survival of C.ferrugineus in the mixed-species setup at 20'c at the

ambient level ofCO, could be predation by Z castc¿neum on the developmental stagesof C.

ferntgineus since eggs are laid at I 8 'c and above (Fields and white 1997) and perhaps the

same explanation also applies for lower mean adult survival of c. feftugineus at all levels

of co, in mixed-species combination at 25'c (wet grain). At 25 'c in wet grain, the species

factor ranged f¡om 0.67 to 0.92 indicating that the adult population of c. ferrugineus was

also suppressed in mixed-species combination.

5.8.3 Tribolium castuneunt

ln both the dry and wet grains, at all temperature and CO" levels tlle mean

survivel of 1 casta erut in mixed-species combinarion was significanrìy (p < 0.05) Iower

compared to the single-species control indicating interspecific interaction between the two

species resulting in adult population reduction. This indicates that C. ferrugine¿rs has an

inhibitory or population supressing effect on T. castaneu,n and confirms the observation of

Lefkovitch (1968) in which he reported an inhibitory effect of C. ferrugineus at ambient

levels co, at 30"c and 60% RH. The mean adult survival of r. castaneum in sinsle and

mixed-species combination is shown in Table 5.34.

At 15'C, in both dry and wet grain the species factor neared unity except at 2 and

1 0% levels of CO, in dry grain. The species factor of 1 .33 at the 10% level of CO, in dry

grain suggests tltat T. castaneunr survived better in the presence of c. ferrugineus; this is

largely due to the mean adult survival observed at the s'h wk (1 adult in 'single' species and

3 adults in 'both', Table 5.34). At20"C, the species factor was less than unity in both dry

and wet grains with lower values in wet grains indicating cannibalism and predatìon within
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Table 5.34

Exposure Temp T. castanewttime ('C) Lyffi
(wk)

Comparison of mean adult survival (first and incubation counts) of Tribolitnn castanetln in single and mixed-species
experiments at 15, 20, and 25"C in dry (12% wb) and rvet (15% rvb) grain ancl ambient (0.03%), Z, S, and 10% levels of

seìected time intervals

215
20
25

0.03 2 5

67 64 67 66 66 65
70 10 67 64 65 66
136 90 135 64 90 62

ó6 62 65 61 53 63
74 61 66 64 66 65
t38 81 136 61 78 6l

15

20
25

Both S

15 64 62 58 48
20 68 64 67 65
25 136 104 137 62

15 65 ól 52 2()
20 61 66 ]t 60
25 193 84 137 5ó

Species factor (ratio of 'both' to 'single')
15 0.95 0.81 1.03 1.33 0.94 1.00 0.98 0.9620 0.96 0.94 0.98 0.77 0.84 0.86 0.89 0.85

| =: . 
25 0.61 0.45 0.68 0.70 0.33 0.49 0.59 0.68+ single and both ura

I
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le Both S in

64
64
84

5l
64
70

51

60
'79

1

42
55

5l
66
63

56
63
101

58
62
5l

46
58
50

60
92
151

66
74

289

65
72
392

62
69

389

47
60
54

31

53

50

3

9
36

Wet (15% wb) glain

51

63
68

CO, levels (%)

59
70
90

69 69 69 69 66
15 65 6t 63 74
109 12 96 69 86

69 69 tt 61 63
66 61 64 58 6l
142 63 112 66 97

67 69 70 69 62
69 65 65 58 62
169 8l 111 65 83

67 65 6'7 61 61
74 53 66 53 63
163 63 107 53 74

56
63
ÔJ

65
59

58
63
92

6'l
63
64

61

56
59

53
57

56
49
49



the species rvith c. fe*ugineus emerging as the dominant species. At 25'c, the mean adult

population reduction was more pronounced compared to other temperatures. The species

factorranged from 0.45 to 0.70 in dry grain and from 0.33 to 0.68 in wet gïain indicating the

dominance ol c. fenttginetLs at all levels of co, in the mixed-species combinations. At

constant co, levels, the species factor dec¡eased with increasing temperâture indicating

higher mean adult survival in single-species or lower adult nun.rbers in mixed species with

increasing temperature which translates into higher predation with increasing temperature.

The mean adult survival in mixed-species or r. castaneum d,ecreaseð, with increasing

temperature indicating that as the temperature increased, the camibalism, predation, and also

probably the crowding effect due to insect density increased resulting in greater competition

in which r. castaneum fed on dockage, cannibalized its own species (and to some extent on

c. ferrugineus) but could not adequately prey on c ferrugineus sìnce developmental stages

of c.ferntgineus are usually inside the germ ofgrain and are not easily accessible. However,

a number ofother factors such as initial insect density, dockage percent, sex ratio, age of

insects and cultivar can also affect the insect population.

From Tables 5.3 3 and 5.34, it is observed that c. ferntgineus adult populations did

not show a consistent trend with co, levels in both combinations. However, in case of r

castaneum,the species factor at ambient and 2% level ofco, at 25 "c rvas consistently lower

in botlr dry ( 12% wb) and wet ( 1 5% wb) grain suggesting that suppression or r. castanetun

was higher in mixed-species combination at these levels compared to 5 and 10% levels of

cor. This indicates that even at lower co, levels (ambient a nd 2o/o) the T. castaneunt adult

population is suppressed in presence or c. feftuginetis. Lower suppression of adult

population of r. castaneum at 25'c ar higher co, levels is probably due to increased
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reproduction of adults due to higher metabolic activity and also inhibition of mold grorvth.

5.9 Effect on Insect Mortalitv

The mean uautt,no.tutity for single and mixed-species combinations for all the

treatments is indicated in Tables 5.35 to 5.38. All the variables signìficantly affecting mean

adult survival ofboth species in single and mixed-species experiments also affected the mean

adult mortality. Generally, at all test temperatures, the mean adult mortality significantly (p

< 0.05) increased witl.r increasing exposure time and co, levels in both the dry and wet

grains. The mean adult mortality in single-species controls in dry grain was signiflcantly

higher compared to wet grain in all the treatments. A similar trend was also observed for the

mixed-species combination for all the treatments. Higher morlality in dry grains is mainly

due to starvation and dessication (Fields 1992). In dry grain, at lower moisture content there

is greater cannibalism resulting in smaller numbers of adults since the non feeding stages

provide a more ready source of water compared to the grains (park et al. 1965).

A careful scrutiny of mortality in various treatments (Tables 5.35 to 5.3g) reveals

that over the observation period of 8 wk, significant mortality occurred at the 5 and 10%

levels of co, at lower temperatures. High mortality commencing from 6 wk of exposure

indicated that prolonged exposure to sublethal (i.e. not acutely toxic) levels ofco, sharply

reduced the populations tluough chronic toxic effects and this could enhance population

reduction. Five to 10% co" mixed with air would help in achìeving mortality, anesting

growth by inhibiting the incubation and also act as a slow fumigant at low temperatures

dunng the storage period (Navano and Calderon i 973).
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Table 5.3 5

Exposure
time
(o,k)

Mean adult mortality (first and incubation counts) and standard errors in sìngle-species controls of CrypÍolestes
ferrugineus and Tribolinn castaneum in dry (12% wb) grain at 15, 20, and 25"C and ar.r.rbient (0.03%), 2, 5. ald l0o/o
levels of CO. at selected tìme intervals

Temp C. fenapineusemp C. /èrtagineus
'c) Co, levels (%)cc

15 10+i 11 a1 15+2
20 2+t 13+1 14+2
25 3+1 27+1 2817

15

20
25

15

20
25

z5

12+l 27+3
8+2 t7 +l
6 + 2 3l + 3

8 15 29+3
20 l't +3
25 6+1

25+3
9+1

16+5

+ Standard error based on n:4

35+3
z8+3
30+2

40+2
33+9
33+l

28+5
24+2
39+7

40+2
29+2
33+8

46+2
24+1
J4 Í 1

61 + I
34+3
45+2

65+2
51 + 9

39+2

3'7+2 67+1
37+1 53+4
42+10 41 +1

3+l
9+3
1+0

4+0
ò:EJ
4È0

6+ I
5+2
'7+1

T. cIstaneunl

3+1 5+1
6+1 6+1
4+1 2L0

6+1
8+2
9+ 1

13 + 1

6+2
7 +0

19+2
1+0

14+2

5+0
11 + 5

14+3

17 +3
6+1

12+5

8+3
9+ I
1+0

19 + 3

6+1
1) + )

14 + 0
8+ I

12+'7

20+ 1

7+1
22+t

t31

l8 + 4
lI+2
15 + 9

69*l
29+4
3l + 1



Table 5.3 6

Exposure Temp C. ferrugineustime ("C) CO" levels l%)

Mean adult mortality (first and incubation counts) and standard errors in single-species controls of Cr¡,ptolestes

(wk)

ferrttgineus and Triboliwn caslaneunt in wet (15% wb) grain at 15,20, and 25"C an<l anrbient (0.03%),2, 5, and t0%

2 t5
20
25

415
20
25

6 15

20
25

of CO. at selected time intervals.

0.

6*1
1+0
2+O

8+2
1+0
4+ I

14 + 5

2+7
1+0

25
0+0
5+ 1

15 + 3

) +(l
16 + I
34rZ

8 15 15+3
20 4+I
25 1+0

* Standard error based on n:4

6+0
6+1

16 + 3

14+3
16 + I
29+t

11 +2
21 +2
¿.)+,

8+ 1

28+2
35+2

3+ 1

I7 +3
44+4

14+1
10+2
19+2

15+2
20+0
34+3

2+1
25+2
JJÏJ

CO, levels (%)
0.03 2 5 10

8+1
2+0
2+1

4+1
3+ 1

4+1

3l +2
24*2
L1 +1

40+2
32+1
39+ I

T. coslaneun

l+1
4+1
5rl

1+0
6+2

l1 + 2

3+1
7+ I
7+l

4.L1
7+1
-l +')

4+1
3+1
2+0

i+0
6+ 1

6+1

3+1
7+l

10 + I

3+1
5+1

l/ - Ò

4+0
5+0
9+ I

Q!,)

3+1
2+1

1+3
4+1
8+ I

8+ 1

10 + I
ll + 0

Qr-')

10 + 5

11 +2
8+5

l1r'r



Table 5.37

Exposure
time
(wk)

Mean adult mortality (first and incubation counts) and standard erors in mixed-species conrbination oî Cryptolestes
ferrugineus and Triboliunt castaneur in dry Q2% wb) grain at 15,20, and 25'C and ambient (0.03%), 2, 5, and 10%o
levels of CO, at selected time intervals.

Tenrp C. ferntgineuslemp C. fa2rrltgit,
f C) Co" levels

15

20
25

15

20
25

15

20
25

15

20
25

8+1

5+1

15+2
z0+2
5+ I

l0+2
1'7 +2
24+4

27+6
16+2
31 +2

47+3
22+2
28+l

60+5
31 +4
40+2

22+3
l? -L ')

5+2

28+1
32+2
13].2

* Standard error based on n:4.

15+2 45+5
14+3 31 +'7
19+3 33+2

35+3 65+0
23+3 43+4
4l+2 46+1

38+14 67), 1

29*2 42+6
35+2 39+l

0.03

7+1 4+0 5+1 10+2
2+l 7{l 4+2 4a I
2+1 7+2 9+6 13+4

8+ I 910 9+2 Z4*z
10+3 6+2 5+1 10+1
3+t t0+1 16+1 l9+2

8+2 23+3 13+5 39+6
7+1 5+2 8+2 18+2
2+1 9+1 21 +3 24+4

53+6
35r'2
40+8

T. cctstaneunt

CO, levels l%)
25

69+1
45+3
48+2

9+ 1

5+,
18 + 4

44a8
11+ I

15 + I
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Table 5.3 8

Exposure
time
(wk)

Mean adult nrorlality (first and incubation counts) and standard errors in mixed-species combination of Cryptolestes
ferntginetts and Triboliwn caslaneunt in wet (l 5% wb) grain at 15, 20, and 25oC and an-rbient (0.03%),2,5, and l0o/o
levels of CO, at selected time intervals.

Temp C. ferntgineus
('C) CO, levels (%)

2 15 16+1 1+0
20 2+1 3+1
25 3+0 18+2

4 15 8+1 1+0
20 1+1 l5+3
25 2+0 29+4

0.03

6 15 9+2 1+0
20 8+3 16r_2
25 2+0 4t+4

8 15 2t+.2 3+1
20 6+2 21 +2
25 1+0 31 +3

+ Standard enor based on n-4

5+0
4+I

18 + I

13 * 1

19 + I
31 r2

13+2
16+2
38+1

12+3
28+1
33r2

16+2
10 + 3

22+3

28+1
26+3
39+2

38+4
20+l
41 *1

3'l +3
30+1
46+2

0.03

1l + 1

10 + 1

l+0

T. cctsf curctutt

CO., levels (%)
?(

14 + I
l0 + 0
t rI

1+0
6a 1

8+0

1+0
9+ 1

20+2

))-1
6+ 1

10 + 3

5+ I

12+0
0+0

12+2
7+1
1+0

1+0 3+1
8+1 8+0
9 + I 13 + I

4+1
13 + I
16 * 1

5+ I
17+2
21 +2

2+7
13 + 1

18 + 2

3+l
17 + I
)) +)

10+2
16 + i
l8 + 2

13+3
19 + 1

zl+2
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5.10 Prediction Equations for Single and Nlixed-species Populations

The various interactions belween temperatures, CO, levels and moisture contents

were considered along with the non-linear distribution of adult survival over a range ol

temperatues with respect to exposure time. The adult survival of both the species at time

intervals of2,4,6, and 8 wk did not consistently increase or decrease in all the treatments

but showed irregular cyclic fluctuations r.vith time. Nicholson (1954) observed that in the

laboratory, single or multi-species experiments have limited food supply and thus a scramble

or exploitation comþetition effect is expected with a series ofpopr-Ilation peaks and troughs.

Chapman and Whang (1934) observed periodic fluctuations in the egg populations of Z

conrtsum by observing the number ofeggs laid and related their decrease with the rise in

number of laruae since the larvae are known to feed on eggs. However, in his laboratory

experiments, which he called a 'sl,nthetic population' the number of larvae differed from the

normal population which served as a control and therefore, he opined that there seems to be

no adequate explanation other than calling it an experimental error.

Based on the mean species factors (survival ratios) mentioned in section 5.7, the adult

survival of z. castaneun sllowed greater fluctuation with time in both the single and mixed-

species combinations compared to c. ferrugineus. Therefore, a quadratic factor for time

(w2) was incorporated in addition to the linear time (w) effect. The species combination

was considered by introducing a variable 'SPEFF' (species effect) to derive a single model

for each species capable of predicting the adult survival for single and mixed-species

cor¡bination of each species. Linear and non-linear regression using procedure REG (sAS

2000) with various options rvas performed to obtain one integrated model for each species

covering all the variables in the experimental tests. The adult survival data were t¡ansformed
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using logarithmic transformation before the procedure was run and were back-transformed

to predict the adult populations at all the exposure time intervals.

The regression m odel îor C. feruugineus yelded an R2 value of 0,83 and that for Z

castaneum a value of0.72. The models accounted for interactions between temperature, RH,

and co, levels in addition to the quadratic time factor (w2) and the species effect (spEFF).

Both the models were initialized with an initial adult population of 70 adults/ 70 g of r.vheat.

The prediction models for the two species are:

C. ferntginens :

LSURVCF : - 0.03936.W + W.(_ 0.00972.T _ 0.00796.M - 0 42208.C

+ 0.00134.T.M + 0.01745.T.C + 0.02885.M.C _ 0.00124.T.M.C

_ o.o1e6.s) (1)

T. castaneum :

LSURVTC : - 0.48211.W + 0.13908.Wr + W.(0.01385.T + 0.00538.M

- 0.46423.C + 0.00073.T.M _ 0.01812.T.C _ 0.02382.M.C

+ 0.00i07.T.M.c - 0.0537.S) + Wr.(-0.00508.T _ 0.0072.M

- 0.11757,C + 0.00022.T.M + 0.00463.T.C + 0.00773.M.C

0.00003.T.M.c)

Back-transformed predicted adult population:

PSLIRVCF or PSURVTC = 70.5.exp (LSURVCF or LSLrRvrc) - 0.5

where:

LSURVCF and LSURVTC are predicted logarithmic transformed adult populations of c.

ferngineus and T. cnstaneunt, respectively;

W: time in wk,

(2)

(3)
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T: temperature fiom 15 to 25'C,

C : carbon dioxide concer.rtration from 0.03 (ambient) to l0%,

M : moisture content from 12 to l5o/o (wb) in percent,

S : species effect factor taking a value of 1 for mixed-species and '0'

combination,

PSITT.VCF and PSLR.VTC are predicted back-transformed adult

logarithmic poptrlations LSLIRVCF and LSTIRVTC of C. ferruginetts

respectively.

for single-species

populations from

and T. castarteun,

Based on the above models for the two species, the actual and predictecl adult

populations with relative mean percent enor for each exposure interval were calculated and

are shown in Tables 5.39 to 5.46 for each species in dry and wet grains. Tl.re observed and

predicted adult population were plotted and are shorvn for all the treatments in Appendix A

(Figs. 445 to .468 ).

Although, the R2 value is reasonable, tl.re model indicated greater variation at 15 "C

at which there is no egg lalng and the population does not multiply. Because the model was

for temperature range of 15 to 25'C, the prediction at 15'C shows greater variation

compared with other temperatures.

5.11 Comparison Betw€en Single-species Population rvith population at Ideal

Conditions

A laboratory experiment using glass bottlejars was setup at optimum conditions of

30'C and 70% RH at ambient CO, level using wheat (cv. AC Barrie) with 5% dockage

added to it at lwo moisture contents of 12 and I 5 % rvb. The two species, c. ferruginetts and
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Table5.39 Observed and predicted tneau adult populations ir.r single-specìes controls of Cryptolestes
fernrgineus in dry Q2% wb) grain at 15, 20, and25"c and ambient (0,03%),2,5,and 10% levels

observed lredicted Pt observed predicted p obserweã predicted p

t2 69 4.9 87 73 15.5
58 62 6.9 60 70 16.0
57 54 5.1 51 65 26.8
46 42 9.7 40 58 44.9
69 67 1.5 t24 77 38.0
55 55 1.1 58 70 19.8
41 41 11.1 43 60 39.6
37 25 32.9 34 47 38.4
68 66 2.6 107 80 24.8
41 49 4.3 51 70 37 .3
42 31 25.3 46 56 21.9
22 15 32.s 36 39 7.6
s9 6s 9.7 i 1s 84 27 .0
42 44 3.8 48 10 46.4
38 24 31.3 4t 52 27.7
18 9 51 .6 28 32 14.5

at selected time intervals.

obseryed divided bv

1.4
5.9
19.6
17.3
1.8

1.1

27.7

21.3
0.5

42.7
18.4

19.6
10.4
6'7.0

36.0

(%) ls

+_P - relative percent error (absolute value ofpercent of diff"ren;EE;""n p."dict"d 
"observed populations).

0.03 60 64
25956
55544
10 26 30

0.03 58 s9
24444
53928
10 10 13

0.03 45 55
23535
5 3l t7
l0 5 5

0.03 42 50
2 31 28
5 33 11

1022

Cot
Ievel

Time
(wk)



and predicted mean adult populations in single-species controls of Cntptolesles
; in wet (15% wb) grain at 15,20, and 25"C and ambient (0.03%),2, 5, and 10% levels

C. {errusitteus

lt o

1 1.8
3.1
1.9
59.6
6.5
12.4
21.6
52.6

39.4
23.8
ö.J

33.1
I10.5
57.7
16.4

Observed Predicted

63 69 11.1 80 11 3.1 125 85
10 68 3.8 t8 13 5.8 90 t9
65 65 0.2 69 68 1.1 13 t1
53 61 13.1 63 60 4.8 64 59
62 69 11.6 i09 85 22.3 258 104
69 65 5.4 98 17 21 .4 96 90
58 60 4.0 64 66 2.8 82 72
58 52 9.4 51 51 0.4 63 50
54 68 21 .t 104 93 9.9 268 127
68 63 7.4 '/l 80 4.5 73 r02
60 56 6.9 62 64 2.9 59 13
33 45 39.2 48 43 8.5 46 42
55 68 24.4 79 103 30.7 232 155
72 61 15.8 53 84 58.4 55 116
64 52 18.8 48 62 28.1 4.7 74
31 39 26.2 39 37 5.6 42 3s

Temnerature

Observed Predtcted

- relarlve percent erlor (absolì.lte value ot percent of diflbrence betrveen predicted and observed divided by

Observed Predicted P*

Observed

ofCO. at s

ferrt
Table 5.40

level
(%)

Time
(wk)

0.03
2
5

10

0.03
2
5

10
0,03

2
5

10
0.03

2

5

l0

fferefdifvalabso(
observed populations)

rela



Table 5.41 Observed anrl predicted mean adult populations in mixed-species combination of Crytptolesfes
fertugineus in dry (12% wb) grain at 15, 20, and,25"C at selected exposnre intervals and ambient
(0.03%),2, 5, and 10% levels of CO, at selected time intervals.

Time CO, C
lwr'i lçrst

Observed Predicted P'j{: Observed Predicted p Observed predicted p
(%)

0.03
2

5

10

0.03
2
5

10
0.03

2

5

10

0.03
2

5

10

62
6l
56
to
56
44

5

48
23
19

2
42
11

18

1

L5 20 25

62
53
,1a

29
55

0.1

1 1.8
24.s
lt.7
2.2
7.1

31.0
i63.8
0.9

33.0
16.3

167.6
2.0

t 13.6
49.3

67.1

* P - relative percent error (absolute value ofpercent ofdifference u"t*"ot p."ai.tøt una
observed populations).

4l
26
t2
48
31

t5
5

43
23
9
2

65 66
56 60
57 52
43 40
53 62
65 5l
)Z J¿l

)¿ l)
34 59
54 44
42 28
33 13

40 55
45 37
\'7 )û
267

1.2

7.9
9.6
5.6
11.6
20.9
27.1
28.4
7 4.3
18.6

33.1
60.3
40.5
1,6.4

45.2

71 .8

80 70
75 67
53 62
38 55
110 71

63 64
37 56
24 44
146 71

60 62
39 50
35 35
91 72
34 59
43 44
27 2l

1 1.9
10,4
19.0
47.7
3 5.3
2.3

5 1.8

80.6
51.0
2.7

26.8
1.1

21.1
73.4

140

3.3
3,1

divided bv



T able 5.42 Observed and predicted mean adult populations in n.rixed-species combination of CDplolestes
ferntgineus in wet (15% wb) grain at 15, 20, and25"C at selected exposure intervals and ambier.rt
(0.03%),2, 5, and 10% levels of CO, at selected time intervals.

Time CO
(wk) Ievel

0.03 55 67 20.8
2 69 65 6.2
5 66 62 5.6
10 58 58 0.8

0.03 63 64 1.8
2 70 60 13.6
5 s8 56 3.9
10 43 48 11.8

0.03 61 61 0.3
2 70 56 19.5
5 58 49 14.8
10 32 40 25.5

0.03 49 58 18.i
2 69 52 24.5
5 59 44 25.1
10 34 33 2.6

+ P - relative percent error (absolute value
observed populations)

71 14
18 70
13 65
64 51
85 78
89 71

56 61
46 47
88 83
96 71

69 s7
52 39'77 88
55 72
46 53
42 32

J-t)

10.0
r0.7
10.3
1.6

20.0
9.5
1.8

5.6
1< À

18.2
25-4
14.5

3 0.3
14.7
24.'7

100 82
82 76
69 68
60 57
156 96
79 83

71 67
55 46
i65 113

51 91
45 65
43 37
155 132
64 99
52 63
32 30

percent ofdifference between predicted and observed divided by

18.1

6.9
0.4
5.2

3 8.2

6.6
17 .l
31.3
77.0
44.2

13.8
14.4
54.5
22.3
6.4

t4l



Table5.43 Observed and predicted mean adult populations in single-species cor úrols of Tribolium castu eunl
in dry (12% wb) grain at 15,20, and 25'C at selected exposì-rre inten'als and ambient (0.03%),
2, 5, and 10% levels of CO, at selected time intervals.

Time CO, T.
(*k) level

\7r,) 15 20 25

70 16 8.9 136 91 33.5
67 77 15.0 135 81 36.0
6s 79 22.t 90 81 9.9
64 83 29.2 84 t2 14.9
74 85 14.'7 138 109 20.6
66 81 23.2 136 100 26.2
66 '7'7 16.0 18 88 13.1
64 69 7.8 10 70 08
68 9t 42.1 136 122 10.1
61 81 22.5 13t 108 20.7
63 63 0,1 101 90 11.2
60 41 32.2 79 66 16.7
6l I 13 87 .2 193 127 34.1
71 78 10.3 131 110 19.1
63 44 30.8 68 87 28.1
42 1'7 59.9 5s 59 8.4

ed PredictedObserved Predicted P4: Observed Predicted

+P-relativepercenterror(absolutevalueofperc"ntofdiffere
observed populations).

5.0
3.1

19.3
50.0
0.7

25.6
35.1
19.3

5.7
21.7
51.0
54.9

6.6
57.r

253.0

0.03 67 64
2 6"t 69
566 18
10 64 96

0.03 66 66
26566
5s361
10 51 68

0.03 64 '/6
2s861
55644
10 51 25

0.03 65 101
25255
5 s1 22
10 1 4



Table 5.44 Observed and predicted rnean adult populations in single-species con trols of T'ibolitult castaneunl
in wet (15% wb) grain at 15, 20, and25"C at selected exposure intervals and arnbie¡t (0.03%),

Time
(wk)

Cot
level
(%)

and 10% levels of CO. at selected time ì

2 0.03
2
5

l0
4 0.03

2
5

i0
6 0.03

2
5

10
8 0.03

2

5

10

T. castaneunt
Temperature ("C )

Observ ed Predicted P*( Observed Predict

60 6l
69 67
69 68
66 69
66 66
69 61
71 68
63 69
65 61
67 68
70 69
62 71

62 70
61 tl
61 t2
61 74

15 20

1 1.0
2.5
1.6
4.9
0.4
3.1

4.4
9.6
3.6
0.9
0.7
15.5
14.4

6.9
8.2

22.1

+P-relativepercenterror(absolutevalueofpercentofdifferenceu.t*ã@
observed populations).

92 83
't5 80
67 77
14 71

74 94
66 89
64 82
61 71

72 102
69 95
65 85
62 71

69 106
74 98
66 86
63 'r0

9.6
6.1

1 5.0
4.2

26.6
34.6
)7 ¿.

17.6
41.9

31.9
30.3
14.9

54.9

32.8
30.7
10.4

Observed Predicted

151 t02
109 96
96 87
86 13
289 133

142 118
112 99
97 14
392 154
169 132
117 105

83 71

389 160
163 134
t07 102
'74 6s

32.1

12.4
9.5
14.9
54.0
16.6
1l .7
L).õ

60.6
21.4
10,5

14.9

5 8.9
17.8
4.6
12.2



Table 5.45 Observed and predicted mean adult populations in rnixed-species combinalion of Tribolitmt
castanelun in dry (12% wb) grain at 15, 20, and 25"C at selected exposure intervals and ambierit
(0.03%).2, 5. and 10% levels of CO, at selected rime inrervals.

Time CO, T. castaneunt
(*k) level

\Yo) 15 20 25

0.03 64 57 10.7 '10 68 2.6 90 81 9.12 66 62 6.5 64 69 9.3 64 78 22.3s 65 70 7.9 66 71 8.0 62 72 17.710 51 86 68.2 66 74 13.3 63 64 2.60.03 62 53 14.9 61 68 12.2 8l 88 8.22 61 53 12.1 64 66 1 .9 61 8l 32js 63 54 13.8 6s 62 4.8 61 71 16.710 41 55 17 .6 60 56 7 .0 54 57 5.40.03 62 5s 11.0 64 -70 10.0 104 88 15.02 48 44 1.3 65 59 9.0 62 78 27.35 58 32 45.7 62 45 27.1 51 65 26.910 31 18 42.5 53 29 44.7 50 48 3.60.03 61 65 7.1 66 74 12.3 84 83 0.92 26 36 36.1 60 s0 ls.9 56 71 26.45 46 14 69.1 58 28 51.2 50 51 13.010 3 3 17.0 9 11 25.4 36 38 8.3

+ P - relative percent error (abso
observed populations).

ute value ofpercent ofdifference between predicted and observed dñided by
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Table 5.46 Observed and predicted mean adult populations in rnixed-species courl¡ination of Triboliunt
castüleum in wet (15% wb) grain at 15, 20, and 25'C at selected exposure intervals and a¡rbient
(0.03%), 2, 5, and 1 07o levels of CO, at selected time intervals.

(wk) level
\70) 15 20 25

0.03
2
5

10

0.03
2
5

10
0.03

2

5

10
0.03

2

5

10

59 60
69 60
69 61

67 62
s6 53
69 54
67 54
61 56
65 48
69 49
69 50
5',7 51

58 46
65 46
67 41
56 48

2.2 70 74 6.4
12.5 65 72 1 1.3
11.3 63 69 9.3
7.6 63 64 t.4
4.3 ó3 7s 19.4
22.6 61 '72 17.3
18.1 58 66 14.2
8.9 56 58 3.2
25.4 59 74 25.9
28.5 65 69 6.3
27.7 58 6t 6.4
10.4 53 51 3.8
21.7 63 69 9.7
29.1 53 63 19.0
30.1 53 56 4.7
14.5 49 45 8.0

*P-relativepercenterror(absolutevalueofpercentofdiff
observed populations).

90 92
12 86
69 78
64 66
83 t07
63 95
66 80
s9 59
84 112
81 96
65 t6
57 5t
92 104
63 87
53 66
49 42

2.0
19.8
12.3
3,3

29.2
52.1

21.5
0.6

3 3.0
I Ò.J

17.0
10.6

12.9
3 8.6
24.1
12-9

r4s



T. castaneunt,were reared in single and mixed-species combination at ambient (0.03%) CO,

level. The insect density and observation period were the same as in the experiments at low

temperatures and cor levels. The adult survival at the end of 8 ."vk at optimum conditions

was compared with adult survival at lor.v temperatures and co2 levels to assess the stress of

temperature, CO, level, and moisture content on the adult populations. The comparison

betrveen the adult population at optimum conditions and at lower temperatures and higher

co, levels is shown in Tables 5.4'/ and 5.48. Adult population at lower temperatures and

higher co' levels were significantly lorver than the adult population at optimum conditions

at low and high moisture contents in single and mixed-species combinations. All the th¡ee

variables: temperature, co, concentralion, and moisture content have negative stress on adult

survival compared with the optimun] conditions. The mortality and decrease in the test

species at cool temperatures and increased co, levels have been quantified to demonstrate

that keeping grain cool and dry inhibits insect gowth and multiplication without significant

deterioration in germination and thus maintaining the quality ofgrain.

5.12 Comparison of Single-species Adult Popula tion of C.ferrugine¿¿s with Kawamoto's

model

The mean adult survival in single-species controls of C. ferrugine¿¿s at low

temperatures in dry (12% wb) and wet(l5% wb) grain at various CO, levels was compared

with predicted adult survival from Kawamoto's model (Kawamoto et al. 1989b) at ambient

cot level. The observed mean adult survival was also compared rvith predicted adult

population using the model arrived at in this study. The comparison among the observed

adult populations with the two models is shown in Table 5.49.
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Table 5.47 Comparison of mean adult populations in single-species controls of
Cryptolestes ferrtLginetts and Tribolitun castûneum at 30.C, 70% RH* rvith
expenmental tests at lorv temperatures and CO, levels in dry e2% wI:,) and
wet (15% wb) .qrain at the end of 8 wk.

Moisture CO, C. ferngineus T, castanetun
content (%)
(% wb)

Temperature ('C)
30 25 20 15

Temperature ('C)
30 25 20 ls

Dry
(12%)

Wet
(1s%)

0.03

2

5

10

0.03

2

5

l0

33160

387902

115 59 42
48 42 31

41 38 33

28 182

232 79 55

55 53 72
47 48 64
42 39 3l

193 61 65
137 71 52
68 63 51

5542 1

389 69 62
i63 74 67
107 66 67
71 63 61

Table 5.48 comparison of mean adult populations in mixed-species combi.ation of
Cryptolestes ferrtLgineus and TriboliLutt cttstaneuït at 30.C,70%" RH+ with
experimental tests at low temperatures and CO, levels ìn dry (12% wb) and
wet (150 o wb) grain ar the end of 8 wk.

Moisture CO- C î?rru?t trcu.r T. castaneutn
Temperature ('C)

30 25 20 15

Temperature ("C)

15

content (%)
(% wb) 30 25 20

Dry
(12%)

Wet
(ts%)

0.03

2

5

10

0.03
2

5

10

770

76 91 40 42
34 45 11

43 37 18

2726 1

155 17 49
64 ss 69
5) lÁ {o
1) A) 1¿,

106 84 66 61

s6 60 26
50 58 46
3693

158 92 63

63 53

53 53

49 49

5E

65
67
56

* the experiment at these conditions also had the same initial number ofadult
population (i.e. insect density) as in the experimental tests at low temperatures and
CO, concentrations.
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Table 5.49 Comparison of adult populations of Cryptolestes ferrugineus predicted by
Kawamoto's model in ambient CO, conditions at 15, 20,25, and 30"C with
observed and predicted mean adult populations at test temperatures and CO, levels
in this study in dry ( I l0 o wb) and wer ( I5% wb) grain at rhe end of 8 rvk.

Moisture CO., C. fen ugineus
content levels
(% wb) (%) so 25 20 ls

Po* O"l P" P"+ O. PK Ps O" P,. P" O"

Dry 0.03 2071 902
(12%) 2

5

10

Wet 0.03 3485 60
(rs%) 2

5

10

910 84
70
52
J_

1022 1s5

116
l4
35

65 59
44 42
1À fo

9 18

103 79
84 53

62 48
37 39

68 55

61 72

52 64
39 31

115

48
4T

28

¿) 1.

55

47

50
28
11

2

1^351

70351

42
31.

33

2

* predicted adult population by Kawamoto et al. (1989b) model.
{r predicted mean adult population from the model derived in this study.
t observed mean adult population in this study.
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The comparison shows that at ambient CO, levels, Kawamoto's model overpredicted

the adult populations at 20 and 25oc whereas the model obtained in this study under

predicted the adult population at 25"C and over predicted at 20.C. The mean adult

populations aT 2, 5, and 10% levels of CO, were lower than the predicted populations at

ambient CO, level of both models, indicating the effect of CO, in reducing the adult

population.
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6. CONCLUSIONS

I outlined the objectives of this study in Chapter 2 and, ín short this study was an

investigation int o how c. ferrugineus and, T. castaneum, the two common and economically

important pests of canadian stored-ce¡eals survive and multiply by themselves and in

combination, at low temperatures of 15, 20, anð,25"C and at low CO, concentrations of2,

5, and 10% in dry Q2% rvb) and wet (15yo wb) grain. The following conclusions can be

drawn from this work:

1. The temperature range of 15 to 25'c had a significant effect on the adult survíval ofboth

C. ferrugineus and T. castaneLar in single-species as well as mixed-species

combinations and multiplication generally increased with increasing temperature.

At 15'C, the survival decreased with time and there rvas no addition to the

population as the incubation count was zero since no eggs were laid at this

temperature in both the species in all treatments. At 25 "C, the second generation

appeared in the first count for both ofthe species indicating that at l5 and 20"C the

insects do not multiply or that the lratching is delayed or inhibited due to the effect

of COr. In general, the adult survival in mixed-species combination of two species

was significantly lower than corresponding single-species controls. There was

significant interaction between temperature and other variables like CO, levels,

moisture content, species combination and time which also affected the adult

survival.

2. The CO' concentrations of2, 5, and 10,'/,significantìy affected the adult survival ofboth
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T. castanettnt and C. ferrttginels in single and mixed-species combinations. The

adults from the first count, incubation count and total adult survival, decreased lor

all the treatments for both the species rvith increasing C02 concentrations compared

to the ambient CO, level at constant test temperatures. An exception at the 2% CO,

level was observed for single-species controls of C. ferrugineus at 15 "C which is

attributed to experimental error or biological variation within the replicates. The

decrease in incubation count with increasing CO, levels in both the species indicates

that probably CO, has an inhibiting or delafng effect on the egg lalng. The mean

adult mortality increased withtime and increasing C02 levels at constant temperature

for both the species at single and mixed-species combinations. At 5 and 10% CO2

levels, signifrcant adult mortality was observed after 6 wk at 20 and 25'C in both

species. This observation could possibly be utilized in practice by mixing CO, with

air when aerating or ventilating grain in bins for storage over prolonged periods or

followed by sealing the bin.

3. The moisture content ofgrains detemrines the equilibrium relative humidity ofthe inter-

granular space. The low (12% wb) and high (15% wb) moisture contents had

significant effect on the adult survival ofboth the species in both single and mixed-

species combinations. The adult survival was higher in wet grains compared to dry

grains for both species in single and mixed-species combinations. Two way

inte¡action between RH and CO, levels was highly significant with higher adult

mortality in dry grains compared to wet grains with increasing levels of CO,. A

signifícant two-way interaction existed between the humidity and temperature

reflects our current understanding that keeping the grain dry and cool would be an

151



ideal combination for safe storage.

4. The adult survival in mixed-species combination was significantly lower than the single-

species populations at various treatments. Adult populations ofboth C. ferrugineus

and, T. castaneul?, were suppressed. The population suppression was less in C

ferruginetts compared with T. castanetmt. The C. ferrugineus had a significant

effect in inhibiting the population of T. castaneum in both dry and wet grain. The

adult survival in mixed-species combination decreased with increase ofCO, levels

and both the species generally had significantly lower adult survival compared to

their conesponding single-species controls.

5. The germination of wheat (cv. 'AC Barrie') was not signilicantly affected at 15 and 20.C

because at these temperatures the metabolic activity in insects is low and tliey are less

active and have easier access to dockage than consuming the whole grain. At 25.C,

the germination was significantly affected and decreased with increasing time

interuals.

6. Based on the data of adult survival for a range of temperatures, CO, levels, moisture

contents (relative humidities), exposure time, and species combination, equations

were developed to predict adult populations. One equation for each species was

developed which also takes into account the species combination (single or mixed-

species). The equations predicted the adult population with an initial population of

70 adults per 70 g (1000 adults per kg) over a period of 8 wk within the range of

values ofvariables carried out in this study. The trvo models reasonably predicted the

adult populations of two species with large enors at 15'C. The model needs to be

validated with held data and further refined.
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7. The adult survival at all the low temperatures and low CO, levels in dry and wet grain

was compared with adult survival at 30"C and 70% RH for both the single and

mixed-species combinations of two species. The comparison showed variables in

this study namely temperature, moisture content, and CO, levels are stress factors

and negatively affect the adult survival compared to ideal conditions at 30" C, jT,,/o

RH, and negligible COr. The comparison ofobserved adult survival in single_species

controls of c f rrtLgineus at various temperatures with predicted adult suwivals in

the present study and Kawamoto's model indicated variation stressing the need for

validation and further refinement of the mathematical models.
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TableBI First count and incubation count o f adults of C.ferntgineus and.T. casîaneunt
in wheat 'AC Barrie' at l5.C and ambienr Co_:_Cl_9Ip9$.e_gmg_g!?$,_

otol .Mean m.c.
Sample tYPe First count

Live Dead

Inc. count survival germ

Live Dead (7o)
(Vo wb)

D-15-am-C-I
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D- l5-am-B-tr
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r2.0

12,0

12.0

12.3

14.8

t5. t
14.9

14.3

I4.0
t 4.3
14.9

t4.9
I7 .4

l4. t

14.I

t4.t,

0
0
0
0
1

0
0
0
0
0
0
0
0
0
0
0

94

93

93

6t
58
60
7t
63

59

58
61

55

6t
58

55

59
53

I J/
* The meaning of characters separated by hyphen in the code a¡e: I ot rvìÇ,"*trtl.y ona uu.t
grain ar 12 and r57o (wb), respectively; next lwo digits represent temperâture in "c; nexisingle or
two digits represent percent co, and 'am' in place of single or two digirs ¡epresents ambienico,;
next characters c,.T, and B (also applicable to insect type column) represent insect species ó
ferntgineus,T. castaneLun, and both species together, respectively; and the last Roman nume¡als I,

,III, and IV represent the four replicates.
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Table 82 First count and incubation count of adults of c. ferrugineus and, T. castanettm
ìn wheat 'AC Bame' at l5"C and ambient CO" at exposure time of 4 wk.

Sample
Insecl
type

Adult Count Total Mean m.c.
(7o w6\First count Inc. count survival germ

Live Dead Live Dead (7o)

r i.8
t 1.9

12.3

12.2

12.2

12-2

12.3
12.3

1 r.8

12.2

t2.3

I1.7

14.9

14.4

14.l
14.9
15.2

15.0

t4.2
14.1

15.0

14.0

15.l -

14.8

92

c51 130057
c56t40056
c6280062
c58 120058
T6640066
T6550065
T6730067
T6640066
c58 120058
T59il 0059
c54 1ó0054
T6s50065
c51 200051
T61 90061
c6rl0006r
T6380063

89

9,I

9T

160
060
L '70

057
167
063
068
0 6'7

0 61

057
062
058
165
053
r62
054

c60 100
c6090
c70 10
c 5'7 11 0
T6730
T63't0
T6820
T6t40
c61 90
T57 120
c6280
T58120
c6550
T53 170
c 62 8' 0
T54 160

D-15-am-C-I
D-15-am-C-II
D-15-am-C-III
D-15-am-C-IV
D- 15-am-T-I
D-15-am-T-II
D- l5-am-T-III
D-15-am-T-IV
D- 15-am-B-I

D- l5-am-BJI

D- 15-am-BIII

D-15-am-B-IV

W-I5-am-Cl
W-15-am-Cll
W-15-am-C-Itr
W-15-am-C-IV
W-15-am-T-I
W-15-am-T-II
W-15-am-T-III
W-15-am-TlV
W-15-am-Bl

W-15-am-B-II

W-15-am-B-III

W-I5-am-B-IV

* Refer to Table Bl for explanarion of the code



Table 83 First count and incubation count of adults of c. ferrugíneus and, T. casÌanettnt
in whear 'AC Barrie' at 15"C and ambient CO, at exDosure time of 6 wk.

Sample
Insect
type

Adult Count Total Mean m.c.
(Va wb)First count

Live Dead
lnc. count su¡vival germ.

Live Dead (vo)

I I.8
Lt;7
TT.7

12.0

t2.2
I 1.9

t2.0
12.0

12.0

12.0

I I.8

I 1.9

t4.3
13.8

14.1

t3.9
t3-4
13.6

t4.9
14.0

13.7

tJ.t

13.6 -

r 3.8

94

92

90

87

49
41

52
Jò
66
62
61

6'7

41

55

66
52
61
À,l

OJ

50
67
50
48
61
65
63

64
58

64
63

68
65

63
56

00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00

C4921
C4T29
c52 18

c3832
T664
T628
T61 9
T61 3

C41 29
T58 12

c 55 15

T664
c52 19

T61 8

c4426
10Jt

0

0
0

0
0

0
0

0
0

0

0

0
0

0

0

0

c 50 18 0
c6720
c50230
c48 120
T6720
T6540
T6350
T6440
c58 120
T6460
c6370
T6820
c6550
T6350
c56120

D-15-am-C-I
D-15-am-C-II
D-15-am-C-III
D-Ì5-am-ClV
D-15-am-T-I
D-15-am-T-II
D- l5-am-T-III
D-15-am-T-IV
D- 15 -am-B-I

D- 15-am-B-II

D- 15-am-B -III

D-15-am-BlV

W-15-am-C-I
W-15-am-CJI
W-15-am-C-[I
W-15-am-C-IV
W-15-am-T-I
W-1S-am-T-II
W-1S-am-TIII
W-15-am-Tlv
W-15-am-B-I

W-15-am-BlI

W-I5-am-B-III

W-15-am-B-IV
T6580

* Refer to Table B I for explanation of the code.
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Table B4 First count and incubation count of adults of c. ferrugineus and r. castanetu,
in wheat 'AC Barrie' at 15"C and ambienr CO, at exDosure time of g wk.

Sample
Insect
tyPe First count

Adult Count Total - Mean
(Vo wb)

Live Dead
Inc. count survival germ

Live Dead U")

I l.J
I 1.3

12.6

12.4

II.4
12.3

12.2

t2.5
II.4

I I.6

12.2

12.4

14. t)

14.5

).5.4

14.3

14.8

15.4

14.6

15.0

14.5

14.6

14.4-

t5.4

92

9l

0044
0036
0039
0049
0065
0066
0064
0065
0039
0059
0045
0063
0045
0064
0039
0058

44 26
36 34
39 32
49 22
655
664
646
654
39 30
59 11

45 26
637
45 26
646
39 3l
58 t2

17

74

57
48
59
54
63

5'1

62
64
44
55

5l
55

52
61

49

0
0

0
0

0

0
0

0
0

0
0

0
0

0

0

0

C 5'7 II O

c48240
c5990
c54 160
T6370
T5',7r20
T6270
T6440
c44250
T 55 15 0
c5l160
T55 160
c522t0
T 61 8 0
c49200

C

C
C

C

T
T
T
T
C

T
c
T
c
T
c
T

D-15-am-C-I
D-15-am-C-II
D-15-am-C-III
D-I5-am-C-IV
D- l5-am-T-I
D-I5-am-T-II
D-15-am-T-III
D-15-am-T-IV
D-15-am-BJ

D-15-am-B-II

D- l5-am-B-III

D-I5-am-B-IV

W-15-am-C-I
Vr'- I5-am-C-II
W-15-am-C-III
W-1S-am-CJV
'W-15-am-T-I

W-15-am-T-II
W-15-am-T-III
W-15-am-T-IV
W-15-am-Bl

W-15-am-B-II

W-15-am-B-III

W-15-am-B-tV
T6280

* Refer to Table Ft for explanation of the code.
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D-15-2-C-I+
D-15-2-C-II
D-15-2-C-III
D-15-2-C-IV
D-15-2-T-i
D-15-2-T-It
D-15-2-T-III
D-15-2-T-rV
D-r5-2-B-I

D-15-2-B-Ir

D.15-2-B-III

D-15-2-B-IV

TableB5 First count and incubation count of adults of c. ferrugineus and r. castatxelmt
in whear 'AC Barrie' at l5"C and 2% CO, at exposure time of 2 wk.

Insect Adult counr ffi
Sample typ" ffi ruruiuol germ. (7o w6)

Lir. D."d Lir" D.^d Uo)

I 1.5

11.1

II.7
11.2

ll.1
r 1.6

r t.7
II.7
il.1

1t.4

il.8

t 1.6

15.9

10.u

r6.0
16.1

16.0

t6.2
16.1

r6.0
r6.3

t6.I

16.2 -

ló.1
T6820068

* R.f.

97

95

c56 140056
c 58 11 0 0 58
c59 l1 0059
c6370063
T6730061
T6640066
T6640066
T69 10069
c60 lt0060
T6640066
c56 140056
T6550065
c6280062
T61 30061
c6470064
T6730067

w-15-2-C-I C 70 0
w-15-2-C-[ C 10 0
w-r5-2-C-n c 70 0
w-15-2-c-IV c '70 0
w-15-2-T-I T 68 2
W-15-2-T-II T 6-1 3
W-15-2-T-III T 70 0
W-I5-2-T-IV T '10 0
w-15-2-B-I C 69 I

T700
W-I5-2-B-II C 68 2

T690
w-rs-2-B-III C ',70 0

T69 I
w-r5-2-B-IV C 69 I

0010
0 0 70. 95
00'70
1 0 7I
1069
006794
0070
0070
1070
0070
0068
006993
0010
0069
0069



Table 86 First count and incubation count ofadults on C. ferntgineus and r. castaneum
in wheat'AC Barrie' at l5oC and 2% CO. at exposure time of 4 wk.

lnsect Adult Count ffi
Sample t1p. @ ru*iuul germ. (% rvb)

Lit" D""d Lit- D."d (%)

D- 15-2-C-I*
D-15-2-C-II
D-15-2-C-m
D-15-2-C-rV
D-15-2-T-i
D-15-2-T-II
D-15-2-T-Itr
D-15-2-T-IV
D-15-2-B-I

D-15-2-B-tr

D-15-2-B-Itr

D-15-2-B-IV

1 1.s

1 1.3

1 1.6

1 1.6

10.8

r1.4
1 1.6

1r.7
10.8

1 1.3

1 1.6

1 r.6

16.0

16.1

15.8

i6.1
I6. 1

t6.2
16.2

i 6.0
15.8

16. 1

16.0

r6.2
T69 10069* R.f.

94

c4s2s0045
c43270043
c49220049
c37330137
T6730067
T6560065
T6280062
T6450064
c29420029
Ts9900s9
c48230048
T60 100060
c42290064
T61 90061
c56 150056
T6280062

20068
1006993
221'70
10069

0069
00699t

20068
10069
21069

0070
10069
1006991

1 0 7l
1, 0 0 69

0070

1V-15-2-C-r C 68
w-15-2-C-[ C 69
w-15-2-C-m C 68
W-15-2-C-IV C 69'w:15-2-T-I T 69
V/-15-2-T-II T 69
w-15-2-T-Itr T 68
W-15-2-T-IV T 69
w-15-2-B-I C 68

T70
W-15-2-B-II C 69.I69
w-15-2-B-Itr C 70

T69
w-1s-2-B-tv C 70



Table B7 First count and incubation count ofadults of C. ferrugineus and. T. castaneum
in wheat'AC Barrie' at 15"C and 2% CO, at exposu¡e time of 6 rvk.

Sample
I¡sect
type First count

Adult Count Total .. Mean m.c
I¡c. cgunt survival germ. (% rvb)

Live Dead (%)

D-15-2-C-I
D-15-2-C-tr
D-15-2-C-n
D-15-2-C-IV
D-15-2-T-I
D-15-2-T-tr
D- l5-2-T-Itr
D-15-2-T-IV
D-15-2-B-I

D-15-2-B-tr

D-15-2-B-Itr

D-15-2-B-IV

w-15-2-C-I C 68 2 o
w-15-2-C-trC6370
w-15-2-C-ItrC7001
w-15-2-C-rVC69 1l
w-15-2-T-IT6730
w-Is-2-T-trT69 10
w-15-2-T-mT664o
W-15-2-T-IVT6730
\À/-15-2-8-1 C69 10

T69 10
w-ls-2-B-trC6821

T69 10
w-15-2-B-mC69 10

T 69 1. 0
W-15-2-B-IVC700l

T6730

90

39

31

41

29
59

57

6T

55

25

41

27
52

55

54
14

44

68

63

71

70
67
69

66
67
69
69

69
69

69
69

7t
67

0

0

0

0

0

0

1

1

0

0

0

0

0

I

c 39 3t 0
c31 380
c41 290
c29400
Ts9 120
1 51 13 0
T61 90
T 5s 15 0
c25450
T41 290
c27430
1 52 18 0
c2't430
T 54 16 0
c14560
T44260

1 1.3

95 1 1.3

1 1.6

1 1.6

1 1.5

93 1 1.5

I 1.8

1 1.8

10.8

I

0

0

1

0

1

0

0

0

0

0

0

0

0

0

0

0

It.2

11.5

t5.7
16.0

15.9

16.0

16.0

i 6.1

16.0

16.1

1s.9

16.0

15.9

16.1

+ Refer to Table B1 for explanation ofthe code
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Table B8 First count and incubation count ofadults of c. ferrugineus and, T. castanerm
in wheat 'AC Barrie' at 15oC and 2%o CO. at ex time of 8 wk

lnsect Adult Count Total Mean
Sample t)?e First count Inc. count survival germ

Live Dead Live Dead (%)

m.c.
(%wb)

D-15-2-C-I
D-15-2-C-tr
D-15-2-C-m
D-1s-2-C-tV
D-15-2-T-r
D-15-2-T-tr
D-15-2-T-m
D-15-2-T-IV
D-15-2-B-I

D-15-2-B-Ir

D-1s-2-B-Itr

D-15-2-B-tV

1¡/- i5-2-C-I

93

c3634 1137
c28420028
c32370232
c26440126
T54160054
T50200050
T56 150056
T47230047
c268012
T862008
c763017
T t'7 53 0 0 17
c12s80047
T4321 0143
c23460223
T3733003'7

1 1.3

11.4

1 1.5

11.5

1 1.5

1 1.6

11.7

1 1.6

11.1

11.4

1 1.5

I 1.5

15.7

14.4

16.0

1s.8

15.8

16.0

16.1

16.0

15.9

15.9

l5.J

15.2

c69
w-15-2-C-tr C 67
w-15-2-C-m C 69
W-15-2-C-IV C 66
w-15-2-T-I T 67
W-15-2-T-II T 68
W-15-2-T-III T 65
w- l5-2-T-tv T 65 5

T6730067
* n.f

c664
T 61 9

8077
4071
4073
2068
0067
0068
1066
0065
5 0 7l
0061
0069
0065
r067
0067
0068

91

w-15-2-B-t

w-15-2-B-tr C 69 I
T6s5

w-15-2-B-Itr C 66 4
1 67 3,

w-t5-2-B-tv C 68 2

0ò



Table B9 First count and incubation count ofadulrs of C. ferntginetts and. T. castanetLm
in wheat 'AC Barrie' at 15"C and 5% CO, at exposurg time of 2 wk.

Insect Adult Count ffi
Sample tJ4pe First count lnc. count survival germ. (% rvb)

Lir- D."d L"- D""d (%)

D-15-5-C-I*
D-15-5-C-tr
D-1s-5-C-itr
D-15-5-C-ry
D-15-s-T-I
D-i5-5-T-tr
D-15-5-T-m
D-15-5-T-rV
D-1s-s-B-I

D-1s-5-B-II

D-15-5-B-Itr

D-15-5-B-rV

C

c
C

C
T
T
T
T
C

T
C
T
C
T
C
T

9'7

95

0052
0 0 51

0060
0051
0066
0064
0066
0066
0058
0069
0054
0062
0066
0064
I 0 61

0065

52 18

51 19

60 10

57 13

664
646
664
664
58 13

69 1

54 16

628
52 18

646
60 lt
65s

14.8

14.9

15. i
15.1

15.2

15.1

r 5.3

14.7

5

5

5

6

1 1.9

1 1.8

12.6

12.1

1.2.2

1 1.8

12.3

12.2

12.3

12.1

12-5

12.4

w-15-5-C-I C 65
w-15-5-C-tr C 65
w-ls-s-C-m C 65
w-15-5-C-ry C 64
w- 15-5-T-I T 69
w-l5-s-T-tr T 69
w-15-5-T-m T 69
w-15-s-T-W T 69
w-1s-5-B-I C 67 3

T682
w- l5-5-B-tr C 65 s

Tt00
w-15-5-B-trI C 67 3

T69 1

w- l 5-5-B-IV C 65 5

T682

1

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

066
165
065
164
069
069
069
069
167
068
065
070
267
069
06s

14.7

16.4

t4.6
068* Refer to Table B1 for explanation ofthe code.



Table Bl0 First count and incubation count ofadults or C. ferntginetts and r. castanettm
in wheat 'AC Barrie' at 15.C and 5% CO, at exposure time of 4 wk.

Insect AdrltCounffi

-

òample rype Ftrst count Inc. count survival germ. (% rvb)
Live Dead Live Dead (%)

D-1s-5-C-l
D-15-5-C-tr
D-15-5-C-n
D-15-s-C-IV
D-i5-5-T-I
D-1s-5-T-II
D-15-5-T-III
D-15-s-T-IV
D-15-5-B-l

D-15-5-B-tr

D-15-5-B-m

D-15-5-B-rV

96

c3841 0038
c39220039
c36280036
c41 190041
T 59 11 0 0 59
T4'7230047
T51 19 1052
T55 140055
c28430028
T57 1300s7
c37340037
T6650066
c41 31 0055
T6390063
c43320043
T6480064

92

065
060
053
053
073
0 71

168
0 71

060
068
060
066
056
065
0 5s
0 6'7

1 1.9

12.6

11.9

12.5

12.0

11.9
1î 1

12.7

12.0

1 1.9

12.1

12.8

14.8

15.0

15.0

15. 1

t5.2
15.2

15.2

1s. 1

14.5

14.5

14.6-

14.4

w-15-5-C-1 C6461
w-1s-5-c-tr c 58 14 2
w-15-5-C-m C 52 17 1

w-ls-5-c-Iv C 53 I7 0
w-15-5-T-I 173 10
w-15-5-T-trT7051
w-15-5-T-mT682o
W-15-5-T-IVT71 10
w-15-5-B-I C 60 11 0

T6820
w-r5-5-B-tr C 60 10 0

T6660
w-15-5-B-m C 55 15 1

T 65 5, 0
W-15-5-B-IV C 55 16 0

T6730
+ Refer to Table Bl for explanation of the code.
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Table Bl1 First count and incubation count ofadults or c. ferrtLginetts and, T. castanettm
in wheat'AC Bame'at 15.C and 5% CO, at exposure time of 6 wk.

Insect Adult Cou
Sample type First count

Live Dead
lnc. count survival

Live Dead

germ
(%)

(%wb)

1 1.5

1 r.9
12.2

12.3

I 1.6

1 1.9

12-1

12.2

11.1

1t.7

1 1.9

12.1

15.0

15.0

15.0

15.0

t5.2
15.2

15.1

15.2

14.3

14.5

l4.J

14.s

9s

026
032
034
030
056
055
057
056
015
045
017
0s9
056
065
05
064

c26440
c32370
L JJ JI I
c3041 0
T 56 15 0
T 55 15 0
T 57 13 0
T56 140
cls620
T452s0
c17s40
T 59 13 0
c37360
T6550
c5o
T64 10

92

9t

9l

63

53

64
59

68

70
70
70
53

70
6t
65

63

70

55

71

0

0

0

0

0

0

1

0

0

0

0

0

0

0

0

c6370
c52 17 1

c6371
c58 13 1

T6840
17020
T7030
T70 10
c 53 16 0
T70 10
c 60 13 I
T6550
c6380
T 70 1, 0
c s4 15 i
T71 0

D-15-s-C-I
D-15-5-C-tr
D-15-5-C-III
D-is-5-c-tv
D-15-5-T-I
D-15-s-T-tr
D-1s-5-T-m
D-15-5-T-rV
D-15-5-B-I

D-15-5-B-tr

D-1s-5-B-m

D-15-5-B-IV

w-1s-5-C-I
w-15-5-C-tr
w-15-5-C-m
w-15-s-c-IV
w-1s-5-T-I
w-15-5-T-tr
w-1s-5-T-Itr
w-15-5-T-rV
w-15-s-B-I

w-15-5-B-tr

w-15-5-B-m

w-1s-5-B-IV

Refer to Table Bl for explanation of the code



Table B 12 First count and incubation count ofadults of c, ferrugineus and. T. castaneu¡n
in wheat 'AC Barrie' at l5"C and 5% CO, at exposure time of g wk.

Insect AdultCounræ
Sample type First count Inc. count survival germ. (% wb)

Lit= D""d Li.* D""d (%)

36
27
J4
35

53

49

I 1.6

1 1.9

1 1.9

12.3

11.8

12.0

51

51

3

21

I7
i5 0{
51

60
27
66

00
00
00
00
00
00
00
01
00
00
00
00
00
00
00
00

c3634
c 2'7 43
c3436
c3536
T5377
T4921
T51 19

Ts1 20
c370
T21 50
CT756
T3537
c2644
T 60 11

c2743
loot

065
060
064
065
0 6'/
068
065
067
055
064
054
067
059
070
067
067

otOJ

10 1

82
72
40
30
50
40
16 1

50
16 0
30
11 0

0, 0
52

c62
c59
c62
c63
T67
T68
T6s
T67
c54
T64
c54
T67
c59
T70
c6s
T6l

D-15-5-C-I
D-15-5-C-II
D-1s-5-C-m
D-15-5-C-ry
D-15-5-T-I
D-1s-5-T-II
D-15-5-T-Itr
D-15-5-T-tV
D-15-5-B-r

D-15-5-B-tr

D-15-5-B-trI

D-15-5-B-IV

v/-15-5-C-I
w-15-5-C-II
w-15-5-C-Itr
w-15-5-C-IV
w-15-5-T-i
w-15-5-T-tr
w-15-s-T-III
w-15-5-T-rV
w-15-5-B-I

w-15-5-B-tr

w-15-5-B-m

w-1s-5-B-IV

11.7

t2.3
I 1.3

1 1.9

12.2

14.8

15.0

15.0

15.1

15.0

15.1

15.1

16.0
1^1

14.4

14.3

1.4.6

* Refer to Table B1 for explanation of the code,
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Table Bl3 First count and incubation count ofadults of C. ferruginetts utd, T. castanenm
in wheat 'AC Barrie' at 15oC and l0% CO., at exposure time of 2 wk.

Insect
bâmple type Firsr count lnc. count survival serm. t%" wh)

Li.. D."d -Lit- D."d "(%)

D-1s-10-c-I
D-15-10-c-tr
D-1s-10-c-u
D-i5-10-c-tv
D-15-10-T-I
D-1s-1O-T-tr
D-1s-1O-T-m
D-15-1o-T-rv
D-15-10-B-r

D-15-10-B-tr

D-15-10-B-m

D-15-10-B-rV

v/-15-10-c-I c 58 13
w-i5-10-c-tr c 54 14
w-15-10-C-n c 48 12
w-15-10-C-rv c 52 18
w-15-10-T-I T 69 2
v/-15-10-T-tr T 67 3

w-ls-lo-T-Itr T 63 7
W-15-10-T-IV T 56 14
w-15-10-B-I C s7 13

T654
v/-15-10-B-tr C 64 10

T645
v/-15-10-B-m c s7 15

T 1T O,
w-15-10-B-ry C 53 18

0058
0054
1049
0052
0069
6073
1064
1057
0257
006s
0164
0064
0057
0 0 71.

0353

96

96

c28420128
c29420029
c23470323
c23s00023
T56 140056
T71 20071
T6750067
T s9 11 3 0 62
c1s550215
T 57 11 0 0 s]
c46280346
T6080060
C )1 AA 

^ 123
T6460064
c20480020
T24 140024

lt.2
11.9

12.1

12.1

10. 1

1 1.5

12.1

12.1

10.8

1 1.9

12.7

1 t.9

15. I
14.5

14.4

14.4

14.7

14.6

14-s
14.6

14.9

14.8

14.5

14.6

94

94

.__ T 68 4 0 0 68* Refer to Table B I for explanarion ortn.ìõãã. 

-
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Table 814 First count and incubation count ofadults of c. ferrugineus and, T. castanettm
in wheat 'AC Barrie' at 15"C and lOZq CO, at exposure time of 4 wk.

hsect Adult Count Total Mean m.c.
Sample tYpe First count

Live Dead

I¡c. count survival germ. (% wb)
Live Dead (%)

D-15-10-C-I
D-15-10-C-II
D-15-10-C-m
D-15-10-C-IV
D-15-10-T-I
D-15-10-T-tr
D-1s-1O-T-m
D-15-1O-T-IV
D-15-10-B-I

D-15-10-B-tr

D-15-10-B-Itr

D-15-1O-B-IV

01
00
02
00
l0
01
00
00
00
00
00
00
00
00
00
10

C96I
c763
c 16 55
c862
T4029
T 51 18

T55T4
T55 15

c466
T41 29
c466
T4625
c465
T5021
c664
T4921

96

93

9

7

16

8

4t
5l
55

55

4

41

4

46
4

50

6

50

56
s6
59

r1.2
12.0

12.1

12.4

11.1

1 1.9

12.0

11.8

i 1.0

11.7

12.r

12.2

14.6

14.5

15.4

14.3

14.8

t5.4
14.6

15.0

r4.5

14-6

t4.4

15.4

w-15-10-C-I C s6 15

W-15-10-C-II C 55 18
w-15-10-C-m C 59 11

w-15-1o-c-IV c 60 11

w-1s-10-T-I T 64 6
W-15-10-T-II T 67 6
w-15-10-T-m T 62 8
W-15-10-T-IV T 60 10
w-15-10-B-I C 47 2'7

T637
w-15-10-B-[ C 39 31

T 58 13

W-15-10-B-III C 44 2s
T 64 5,

!v-r5-10-B-W C 43 25

0060
0064
0067
0062
0260
0147
0063
0039
1259
0044
0064
0143

0

1

0

92

T 59 ll 0 1 59*R.
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Table B l5 First count and incubation count of adults of c. ferrttgineus and, T. casraneum
in wheat 'AC Barrie' at 15"C and 10% CO, at exposure time of 6 wk.

lnsect e¿ut
òâmple type F lrst count Inc. count suwival germ. (% wb)-Ln D."d L^- D""d (%)

D-1s-10-c-I
D-15-10-C-tr
D-1s-10-C-m
D-15-1O-C-IV
D-15-10-T-I
D-15-1O-T-tr
D-15-10-T-Itr
D-15-1O-T-IV
D-1s-10-B-I

D-15-r0-B-tr

D-15-10-B-m

D-15-10-B-W

w-15-10-C-I
w-15-10-C-II
w-15-10-c-m
w-15-10-C-ry
w-15-10-T-I
w-15-1O-T-tr
w-15-10-T-III
w-15-1O-T-IV
w-1s-10-B-I

w-15-10-B-tr

w-15-10-B-III

w-15-1O-B-IV

C

C

C

c
T
T
T
T
c
T
C

T
c
T
C

T

95

000
004
006
008
0062
0048
0043
0 0 51

001
0012
002
0032
001
0042
003
0039

070
465
664
862
627
48 21

43 25
51 19

167
12 56
266
11 ?/<

t69
42 29
365
39 33

92

Ô')

1<

29
29
37
66
63

59

58

30
56

44
62
26
50
28

61

c353400
c294000
c2941 00
c373300
T66500
T63700
T59800
T58 1300
c3041 00
T561200
c442700
T62 1000
c264400
T5020,00
c284000

10.9
96 1 1.6

1 1.9

12.2

11.4
95 11.7

I 1.8

12.2

I 1.5

12.2

14.3

14.3

14.2

14.Q

14.2

14.2

14.0

14.1

14.3

14.2

14.1 -

14.0
T 61 8 0 0* Refer to Table B I for explanation of the code



Table B 1 6 First count and incubation count of adults of c. ferntgineus and. T. castaneum
in wheat 'AC Barrie' at 15oC nd 10% CO, ut 

"*!g!ur" 
t,*g rIÅIk._

Insect -T¿ult coLrnt.---.--.-rotot Mean m.c.
Sample qp" ffi ru-iuul germ. (% 'b)Live Dead Live Dead (%)

I 1.3

1 1.3

12.6

12.4

71.4
12.3

12.2

12-5
1 1.4

1 1.6

12.2

12.4

14.6

14-s
15.4

14.3

14.8

15.4

14.6

15.0

14.5

14.6

14.4 -

t5.4

96

95

c067000
c365003
c168001
c267002
T268002
T070000
T070000
T361 003
c070000
T069000
c070000
T070000
c268002
T268002
c267002
T 11 s7 0 0 11

89

033
032
026
033
0 58

065
062
0 58
039
054
044
062
025
064
029
045

c33360
c32400
c26460
c33370
T58 130
T6550
T62 100
T58 140
c39330
T54 140
c44300
T6260
c25440
T 64 6. 0
c29400

D-15-10-C-I
D-15-10-C-II
D-15-10-C-Itr
D-15-10-C-ry
D-15-10-T-I
D-15-i0-T-tr
D-15-1o-T-Itr
D-15-1O-T-IV
D-15-10-B-r

D-15-i0-B-tr

D-15-10-B-m

D-i5-1o-B-IV

w-15-10-C-I
w-1s-10-c-II
w-15-10-C-Itr
w-15-10-C-rV
w-15-10-T-I
w-15-10-T-II
w-15-1O-T-Itr
w-15-10-T-tv
w-15-10-B-I

w-15-10-B-tr

w-r5-10-B-m

w-15-10-B-IV

* Refer to Table Bl for explanation ofthe code.
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Table 817 First count and incubation count ofadults of c. ferrugineus and. T. casraner¡n
in wheat'AC Barrie'at 29.C and ambient CO, at exposure time of 2 wk.

Insect Adult Count Total Mean *-
Sample typ" ffi ro*iuol germ. (%wb)

Li.- D."d Li.. D""d (%)

D-20-am-C-i C 69
D-2O-am-C-II C 71

D-20-am-C-Itr C 65
D-2O-am-C-IV C 68
D-2O-am-Tl T 60
D-20-am-T-tr T 67
D-2O-am-T-Itr T 66
D-2O-am-T-IV T 55
D-2O-am-B-I C 70

T69
D-2O-am-B-tr C 68

T70
D-2O-am-B-Itr C 55

T66
D-2O-am-B-IV C 64

T68

W-2O-am-C-I C 71.

W-2O-am-C-[ C 7l
W-2O-am-C-Itr C 70
W-2O-am-C-IV C 7l
W-2O-am-T-I T ó8
W-2O-am-T-II T 66
W-20-am-T-III T 61
W-2O-am-T-tV T 71

W-20-am-B-i C 66
T61

W-20-am-B-tr C 71

T60
W-20-an-B-III C 67

T63
W-2O-an-B-IV C 68

T IJ¿

93

92

91

75

75

68

7I
75

70

56

73

72

69
74

55

66
64
68

81

81

77
'/9

82

94
87

103

73

69
80
70
'73

71

69

0

0

0

0
2

0

0
0

0

0

2

0

)Ã.
t4
43
J1.

9 15

JJ
4t2
t4 1

l3
13
2I
04
15 0
40
70
20

0

0

0

0

2

2

J

0

4
9

0

11

2

7,
z
8

l0
10

7

8

t4

20
32

7

8

9

10

6

8

I4
7

1 1.4

I 1.4

1 1.3

11.3

1.r.4

11.5

11.6

11.7

11.1

11.2

t 1.0

11.4

14.5

15.0

15.2

15.2

14.4

15.3

15.2

15.2

14.0

14.8

15.2'

t5.l

0
1

1

0

0

1

0

1

0

1

1

2

0

1

0

0
to Table Bl for explancrion of the code.



Table Bl8 First count and incubation count ofadults of C. ferrugineus and r. castanettm
in wheat'AC Barrie'at 29.C and ambient CO, at exposure time of 4 wk.

lnsect Adult Count Total Mean .-
Sample t).?e Firqt count lnc. count survìval germ. (% rvb)

Lir= D""d Lir= D"rd (%)

D-20-am-Cl
D-20-am-C-tr
D-20-am-C-Itr
D-20-am-C-IV
D-20-am-T-I
D-20-am-T-tr
D-20-am-T-Itr
D-20-am-T-IV
D-20-am-B-I

D-20-am-B-II

D-20-am-B-Itr

D-20-am-B-IV

W-20-am-C-I
W-20-am-C-tr
W-20-am-C-Itr
W-2O-am-C-IV
W-20-am-Tl
W-2O-am-T-tr
W-20-am-T-Itr
W-20-am-T-IV
W-2O-am-B-I

W-2O-am-B-tr

W-20-am-B-Itr

W-2O-am-B-IV

c
C

C

C
T
T
T
T
C

T
C
T
C
T
C
T

c720
c7t0
c69 I
c720
T664
T682
T69 1

r 0) 5

c700
T61 9

c700
T 60 10

c68 1

T 60 10,

c69 1

T629

92

91

7069
8273
4171
6 0 61

8071
19 174
9077
10 173
03s0
006s
I 1 <A

0062
0249
0052
1159
0064

628
65s
672
55 14

637
55 15

68 I
637
50 t9
655
53 18

628
49 21

52 19

58 12

647

4J

33

37

39
)
8

6

12

18

1

5

0

22

2

17

7

115

104

106

111

68
76
75
'77

88

62

75

60
90
62
86

69

1 1.0

1 1.3

11.4

1 1.3

1 1.5

11.4

1 1.3

1 1.9

1 1.4

lt.7

1 1.6

11.4

14.1

14.5

14.8

14.8

14.1

14.s

14.7

14.9

14.2

14.6

14.8-

14.9

1

0

0

0

0

1

0

0

0

0

1

0

2

I
0

0

9l

86

to Table Bl for explanation ofthe code



Table B 19 First count and incubation count of adults of C. ferrugineus and, T. castanernt
in wheat 'AC Barrie' ar 20oC and ambient Co2 q J¡¡glglgllml jIg3k._

Insect -- Adult CoL.t 

-totul 

Mean m.c.
Sample type Firsr count I¡c. count survival qerm. {o/n whì

Live Dead Live Dead (%)

D-20-am-Cl C
D-2O-am-C-[ C
D-2O-am-C-Itr C
D-2O-am-C-IV C
D-2O-am-T-I T
D-20-am-T-tr T
D-2O-am-T-I[ T
D-2O-am-T-W T
D-20-am-B-I C

T
D-2O-am-B-tr C

T
D-2O-am-B-Itr C

T
D-2O-am-B-IV C

T

W-2O-am-C-IC70 l9Zjg
W-2O-am-C-trC73022095
W-2O-am-C-ilC70 l50OI20
Vr'-2O-am-C-NC72248tt2O
W-2O-am-T-IT6640166
W-2O-am-T-trT6826074
W-2O-am-T-ItrT6923172
W-2O-am-T-IVT6827075
Vr'-2O-am-B-IC62826788

6068
8 1 74
5065
) U Õ)

2070
0162
2069
4 0 71

0135
0060
0137
006s
0 1 31

0r63
0232
0066

628
665
60 10

60 i0
682
628
673
674
35 36
609
37 32
o))
31 38
638
32 38
ôôt

0060
16 1 82
005'7
17286
0259
26595

1 1.3

90 t2.3
12.4

I1-7
12.1

89 11.2

1.1.4

11.6

12.5

11..7

14.1

14.5

14.7

14.5

I4-5
14.7

15.0

15.0

13.6

14.4

14.5 -

r4.6

a'7

T 60 11

!V-20-am-B-II C 66 3

T 57 13

W-20-am-B-Itr C 69 2
T 59 11

W-2O-am-B-IV C 69 2

85

T58 120058
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Table B20 Fi¡st count and incubation count ofadults or C. ferrugineus and r. castaneltm
in wheat 'AC Barrie' at 2g.! gnd ambient CO, at exposure time of g wk.

lnsect Adult Count Total M;u"----;-
Sample ryp. ffi ru*iuul germ. (% wb)

Lir= D."d Lir. D."d (%)

D-20-am-C-I
D-20-am-C-tr
D-20-am-C-ü
D-20-am-C-IV
D-20-am-T-I
D-20-am-T-tr
D-20-am-T-Itr
D-20-am-T-IV
D-20-am-B-l

D-20-am-B-tr

D-20-am-B-Itr

D-20-am-B-IV

c
C

C

C
T
T
T
T
C

T
C
T
C
T
C

T

W-2O-am-C-I C 69 4
W-20-am-C-tr C 70 4
W-2O-am-C-Itr C 72 2
W-2O-am-C-IV C 67 3
W-2O-am-T-I T 66 2
W-2O-am-T-tr T 67 5
W-20-am-T-III T 71 I
W-2O-am-T-IV T 67 2
W-2O-am-B-I C 65 4

T647
W-2O-am-B-tr C 69 I

T627
W-2O-am-B-itr C 58 tz

T60 10
W-20-am-B-IV C 69 z

9178
1008084
11 0 83

v L t)
0066
0 0 67 81
0071
3070
4169
0064
24 193
006283
2060
0060
15 1 84

9l

88

88

'7252
5 1 6l
6164
2260
0067
1045
0063
1067
0244
0067
0143
0067
0035
0067
0136
0 0 6l

45 24
56 14

58 13

58 11

674
44 26
638
664
44 27
673
43 28
673
35 34
673
36 34
61 9

11.1
lt o

1 1.6

1 1.0

1 1.5

11.2
1.1.2

11.2

11.1

1 1.1

1 1.5

11.1

15.0

14.2

14.7

15.0

15.0

15.3

14.4

14-3

14.9

15.2

14.5 -

t4.3
.._T6540065
+ Refer to Table B1 for explanation of th..oã*
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Table 82l First count and incubatjon count ofadults of c. ferntgineus and, T. casîanettm
rn whear 'AC Bame' at 20.C and 2% CO" ar exposulg trme of 2 wk.

Insecr .{dultcountG
òempre rype trrst count Inc. count survival germ. (Va wb)

Li"" D""d -Lir" D.rd {To)

D-20-2-C-I C 56 14
D-20-2-C-I C 55 15
D-20-2-C-m C 58 t2
D-20-2-C-N C 59 11
D-20-2-T-I T 63 7
D-20-2-T-il T 65 5

D-20-2-T-m T 6'7 3
D-20-2-T-ry T 62 8

D-20-2-B-I C 53 17

T628
D-20-2-B-II C 5l 19

T664
D-20-2-B-Itr C 56 14

T646
D-20-2-B-IV C 59 lt

T628

w-20-2-C-I C 6'7 3
w-20-2-C-tr C 63 7
v/-20-2-C-U C 66 4
w-20-2-c-M 6'7 3
w-20-2-T-I T 69 I
w-20-2-T-n T 66 4
w-20-2-T-rtr T 66 4
W-20-2-T-IV T 70 0
w-20-2-B-I C 63 6

T63'7
w-20-2-B-tr C 68 2'tó55
w-20-2-B-m C 69 I

T 66 4.
W-20-2-B-IV C 70 0

9176
i5 2 '/8 94
11 0 77
13 180
l0 3 '79

417094
6072
l0 180
9112
1064
16 184
206791
9l'78
0066
90'79

105'7
2051 94
2r60
0059
2165
507094
3070
2064
0153
0062
0251
006695
r057
0064
2261
0062.

11.8

T2.I
t2.0
12.0

12.2

t2.0
t2.3
1 1.9

r .t.6

12.3

12.0

t2.0

15.9

16.4

16.6

16.6

r6.0
16.6

16.8

16.9

15.7

16.2

16.3 
-

t6.3T6280062
+ Refer to foUlJ S
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T able 822 Fi¡st count and incubation count of adults of c. ferrugineus and r. castaneum
in wheat 'AC Barrie' at 20"C and 27o CO, ar exposure rime of 4 wk.

Insect e¿ult C
Samp¡e type First count Inc. count survival germ. (Ta w6)-Li"" D""d L*" D."d (")

D-20-2-C-I
D-20-2-C-r.
D-20-2-C-fr,
D-20-2-C-N
D-20-2-T-I
D-20-2-T-r,
D-20-2-T-m
D-20-2-T-W
D-20-2-B-I

D-20-2-B-n

D-20-2-B-m

D-20-2-B-IV

C

C

c
C

T
T
T
T
c
T
C

T
C

T
C

T

w-20-2-C-I C 57 13
w-20-2,C-r. C 55 15
w-20-2-c-m c 52 t'7
w-20-2-c-N C 58 12
w-20-2-T-I 1 66 4
w-20-2-T-D. T 67 3
w-20-2-T-m T 6'/ 3
W-20-2-T-IV T 61 9
w-20-2-B-I C 52 18

T646
w-20-2-B-tr C 50 19

T 58 11

w-20-2-B-m C 59 l1
T 62 8. 0 0 62

W-20-2-B-IV C 6t 9 35096
T60 100060* R.f.r to T

94

93

) o {,
1055
0054
1057
3164
2164
2366
2070
1057
0064
10 165
1067
12068
0068
t8 3 69
0058

50 20
54 16

54 16

56 14

61 9
628
646
682
56 t3
646
55 t5
664
56 14

682
5I 18

58 ll

11.4

1 1.8

L2.l
12.t
tr.4
t2.0
I t.0
12.0
I I.6

I 1.9

12.0

12.0

15.8

16.3

16.6

16.5

t6.2
16.6

16.8

16.8

I5.5

51 2 108
33 18893
46398
38 196
0166
206991
0067
1262
39t9l
0064
2'7 2 77 15.9
005887
31 0 90 16.0-



Table 823 First count and incubation count ofadults or C. fe*uginetts and, T. castaneum
in wheat 'AC Bame' at 20oC and 2% CO" at exposure time of 6 wk.

Sample
Insect _ Adult Count Total . Me"n m.c

First count Inc. count survival germ. (Vo wb)
Live Dead Live Dead (v")

D-20-2-C-I
D-20-2-C-r.
D-20-2-C-m
D-20-2-C-IV
D-20-2-T-I
D-20-2-1-n
D-20-2-T-m
D-20-2-T-IV
D-20-2-B-I

D-20-2-B-tr

D-20-2-B-itr

D-20-2-B-rV

w-20-2-c-I C 51 19 2-t 2 ./8

v/-20-2-C-tr C 62 .7 19 0 81
w-20-2-C-m c 47 21 2t I 68
w-20-2-C-ry C 55 17 25 I 80w-20-2-T-IT6820368
w-20-2-T-U.T66561.72
w-20-2-T-fr.T60 103163
w-20-2-T-rVT6468112
w-20-2-B-IC54 16il365

c39302041
c41 293144
c52 185157
c4131 604-7
T6461065
T69 13072
T6372365
T6282064
c47243050
T6730067
c49224053
T6721068
c52 184056
T6460064
c4624r0 156
T60 100060

1t.9
92 12.0

t2.r
1 t.9
12.0

92 12.2

l:,+
12.2

I I.'7

12.1

15.2
89 14.9

15.2

15.3

14.9
86 r4.9

15.6

15.1

15.5T654 006s
w-20-2-B-tr C 60 l0 72 0 132 15.8T638006388
w-20-2-B-m c 55 t4 53 2 108 15.0

r04ft 0064
W-20-2-B-IV C 53 18 24 I t]

T6551t66
* R"f"r to Tub
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Table 824 First count and incubation count of adults of C. fernryinetts and. T. castanettnt
in whear 'AC Barrie' at 20.C and 2% CO" at exposure time of g wk.

Insect Adult
Sample type First count Inc. count survival germ. (Vo wb)

Lñ" D."d Li," D."d $")

D-20-2-C-I
D-20-2-C-û.
D-20-2-C-m
D-20-2-C-IV
D-20-2-T-I
D-20-2-T-r.
D-20-2-T-Itr
D-20-2-T-IV
D-20-2-B-I

D-20-2-B-tr

D-20-2-B-Itr

D-20-2-B-IV

C

C
C

C

T
T
T
T
C

T

T
c
T
c
T

9l

1044
2044
4054
5027
4r61
9073
4r69
8t't3
0034
0063
6056
0058
3045
0059
5344
0060

43 28
4) 1'7

50 19
22 58
oJ/
646
655
656
34 38
638
50 2l
58 12

42 29
59 t2
39 3l
60 10

52

60 88
52
48
70
8'7 85
6'/
70
60
55

I1.9
12.2

12.1

12.0

12.t
11.9

12.2

rl.6
12.0

12.0

1 i.8

12.2

16.0

16.3

16.3

16.2

Ió,5
16.8

16.9

16.9

15.8

t6.t

16.3 -

16.6

w-20-2-c-t c 45 25 7
w-20-2-C-tr C 5t 19 g

w-20-2-c-m c 4'7 24 5
w-20-2-C-N C 41 28 7
w-20-2-T-1 T6555
w-20-2-T-trT62825
w-20-2-T-mT6463
w-20-2-T-M 64 6 6
w-20-2-B-I C 53 t7 7

T 55 15 0
w-20-2-B-tr C 50 20 3

T 5t 19 2
w-20-2-B-m C 52 t8 6

0

I
0
I

.,

7

53

53

58
T4921.049

W-20-2-B-IV C 45 25 4 49
T56 13056* Refer to Table Bl for explanation of the code.
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TableB25 First count and incubation count of adults of c. ferruginetts and. T. castaneum
in wlreat 'AC Barrie, at 20.C and 5Zo CO, ar exposure time of 2 wk.

Insect _ Adulr Counr TotaL . Mãn--iã
Sample tYPe First count

Live Dead
Inc. cour! survival germ. (Vo w6)

Live Dead (vo)

D-20-5-C-I
D-20-5-C-tr
D-20-5-C-m
D-20-5-C-ry
D-20-5-T-I
D-20-5-T-tr
D-20-5-T-m
D-20-5-T-ry
D-20-5-B-I

D-20-5-B-tr

D-20-5-B-m

D-20-5-B-rV

c6t90061
c54 150054
c52 180052
c58 12 1059
T6460064
T6s50065
T6462066
T63820ó5
c52n1053
T6460064
c48223051
T6280062
c6281063
T69 10069
c61 90061
T69 10069

94

6

3

9

6

4
'1

7

6

4
6

2

tl
6

9,
2

1I.0
96 11.7

12.1

t2.l
10.2

95 11.4

12.1.

12.4
9.8

w-20-5-C-I c
w-20-5-c-tr c
w-20-5-C-n c
w-20-5-C-N C
w-20-5-T-I T
w-20-5-T-tr T
w-20-5-T-Itr T
W-20-5-T-IV T
w-20-5-B-I C

T
w-20-5-B-tr C

T
w-20-5-B-Itr C

T
w-20-5-B-ry c

64
67
6l
64
66

62
OJ

64
66

64
68

60
65

6l
68

66

7

J

6

4
2

4
3

3

7

I
6

0
7

0

5

0

0

0
0

0

0
0
0
0

0

0
0
0

0

0
0

7I
70
67

68

68

66
66
6t
73

65
'74

60
72
61

IJ
66

r 1.8

T2.I

r 5.0
15.3

15.7

15.6

15.2

15-4
15;7

15.6

r 5.0

15.3

15.4

15.4

+ Refer to Table Bl for explanation of rhe co¿e.



Table 826 First count and incubation count of adults of c. fernryineLts and. T. castanertm
in wheat 'AC Barrie' ar 20.C and 57o CO" ar exposure time of 4 wk.

Insecr AdultCountæ
Sample type ffisuruiual germ. (70 wb)

Li,* D""d Li". D."d (o)_---.----'--
D-20-5-C-I
D-20-5-C-tr
D-20-5-C-m
D-20-5-C-IV
D-20-5-T-I
D-20-5-T-tr
D-20-5-T-Itr
D-20-5-T-IV
D-20-5-B-r

-20-5-B-tr

D-20-5-B-m

D-20-5-B-IV

96

c48210048
c42280042
c4425 1045
c48223051
164'70064
T6650066
T6740067
T638406-1
c432'75148
T6540065
c52 180052
T61 81062
c54 165059
T6820068
c41 288049
T6460064

10.6
95 11.'t

12.2

\L.J

10.1

95 11.2

I 1.9

t2.2
10.8

w-20-5-c-I C
W-20-5-C-II C
w-20-5-c-itr c
\M-20-5-C-[V C
w-20-5-T-i T
w-20-5-T-tr T
w-20-5-T-m T
w-20-5-T-tV T
w-20-5-B-I C

T
W-20-5-B-II C

T
w-20-5-B-rtr C

T
w-20-5-B-tV c

5'7 13

51 t9
)o 15

52 18

655
61 9
646
637
53 I't
57 14

49 20
58 13

50 20
6L 9,
53 11

l3
7

lt
9

0
I
0
J

4
0
5

0

6

0

2

70
58

67
61

65

62
64
66
57

57

54
58

56
6L

55

12.2

12.4

l5.l
14.5

14.2

15.7

15.3

r5.5
15.6

15.6

r5.3

t5.4

15.5

15.5

0

0
0

0

0
0

0

0
1

0
0

0

0

0
1

0

95

90

55 140
Refe¡ to Table B I for explanation of the code
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T able 827 First count and incubation count of adults of c. ferrttgíneus and. T. castaneunt
in wheat 'AC Barrie' at 20.C and 5Zo CO" at exposure time of 6 wk.

lnsect AdultCouffi
Sample tlpe First count Inc. count survival germ. (7o wb)

Lit" D."d Lir- D"^d $o)

D-20-5-C-I
D-20-5-C-tr
D-20-5-C-Itr
D-20-5-C-IV
D-20-5-T-I
D-20-5-T-tr
D-20-5-T-Itr
D-20-5-T-IV
D-20-5-B-I

D-20-5-B-tr

D-20-5-B-Itr

D-20-5-B-IV

w-20-5-C-I C 56 14 16 2 .72

w-20-5-C-tr C 46 23 6 t 52 93
v/-20-5-C-[ C 49 2I t2 2 6r
w-20-5-C-tV C 53 18 10 I 63w-20-5-T-IT6640066
w-20-5-T-trT655006588
w-20-5-T-mT6730067
W-20-5-T-IVT63 10063
w-20-5-B-I C 61 9 11 3 72

c41 29 I042
c42282044
c45240045
c3633Ì031
T6290062
Tó370063
T6560065
T61 100061
c3930r040
T60 100060
c4624 1041
T 59 11 0 0 59
c442't0044
T6380063
c3'733003.7
T61 30061

r 1.1

94 .u.8
12.2

LI.J
10.6

94 I1.4
I 1.9

12.2

10.9

i t;7
94

12.2

12.3

15. r
15.3

15.4

15.6

15.3

15.5

15.6

15.6

15.3
T58 12 0058

W-20-5-B-II C 54 16 16 5 t0 15.4T5'7 13005.788
w-20-5-B-Itr C 56 15 8 2 64 15.6T57 14,0057
W-20-5-B-IV C 58 13 13 2 -/1

T59 lt0059* R"f". to

I5.4
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TableB2S First count and ìncubation count of adults of c. ferruginetts and. T. castanerm
in wheat 'AC Barrie' at 20.C and 5Zo CO" at exposure time of g wk.

Insect Adult Cou
sâmple type iirst counr Inc. count survival germ. (Vo wb)

Li". D".d L"- D".d (Vo)

D-20-5-C-I
D-20-5-C-tr
D-20-5-C-ü
D-20-5-C-IV
D-20-5-T-i
D-20-5-T-tr
D-20-5-T-m
D-20-5-T-IV
D-20-5-B-I

D-20-5-B-tr

D-20-5-B-Itr

D-20-5-B-IV

c
C
c
C

T
T
T
T
C

T
C

T
C

T
C

T

w-20-5-C-I c 41 29
w-20-5-C-tr C 43 27
w-20-5-C-itr c 47 22
w-20-5-C-tV C 38 32
w-20-5-T-I T 66 4
w-20-5-T-tr T 66 4
w-20-5-T-m T 65 5
W-20-5-T-IV T 66 4
w-20-5-B-i c 45 24

T52 19
w-20-5-B-tr c 41 29

T5416
w-20-5-B-Itr c 42 28

T 53 r7.
W-20-5-B-IV C 43 2l

10.9
94 It.1

12.1

12-3

1r.2
92 12.O

12.1

12.5

1 1.3

046
15090

4 I 5l
8046
0066
016686
0065
0066
5150
0052
r 3 42 r5..7
005487
4 0 46 15.8
0053
3046

i 1.9

12.3

93

032
038
049
034
065
061
064
063
032
0 51

0 3l
053
04Ì
063
045
065

t
2

3

2

0
0
0
0

0
0

0

0
2

0

4
0

5
'7

31 39
36 35
46 34

656
61 10

646
63 1
32 38
5I t9
31 39
53 17

39 32
63 '7

4t 29
o)5

15.7

15.6

12.2

15.8

15.8

r 5.8

r 5.5

15.9

r 5.6

15.8

---T54 160054
x Refer to Table BI for explanarion of thãiõãã. 
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Table 829 First count and incubation count of adurts of c. fernLgineus and. T. castaneum
in wheat 'AC Barrie' at 20"C and l07o CO" at exposure rime of 2 wk.

Insect Ad
sample type First count Inc. count survival germ. (Vn wht-Li* D"rd Lirc D.^d " 

(Cù

D-20-10-c-I
D-20-10-c-tr
D-20-10-c-m
D-20-10-c-IV
D-20-10-T-r
D-20-1O-T-tr
D-20-10-T-Itr
D-20-1O-T-IV
D-20-10-B-I

D-20-10-B-tr

D-20-10-B-m

D-20-10-B-IV

w-20-10-c-I C 57 13
w-20-10-c-tr c 59 tr
w-20-10-c-n c 64 6
w-20-10-c-ry c 63 8
w-20-10-T-I T 72 I
w-20-10-T-tr T 63 .7

w-20-10-T-m T 69 2
W-20-10-T-IV T 6'1 4
w-20-10-B-I C 59 rl

T637
w-20-r0-B-tr c 56 15

T629
w-20-10-B-Itr C 62 g

T 62 8.

0051
0059
2066
6069
9 0 8l
2065
,l 1.f I tJ
11 I '78

3062
0063
'7063
0062
1263
t063

96

95

42
46
5l
46
64
65

66
cll
28

64
53

63

67

35

69

01
0i
02
00
10
34
20
')^
)<
00
t4
00
20
0 .0
01
00

c4221
c4623
C51 19
c4624
T637
T628
T646
T 60 11

c2645
T645
c52 18

T637
c 52 I'7

T6t3
c3535
T69t

10.3

I I.5
I 1.5

IT.2
10.4

I 1.3

1 1.5

I 1.9
10.1

i 1.0

I I.4

il.6

14.6

14.3

14-9

r5.0
14.6

15.4

15-2
15.2

14.6

15-7

91

93

W-20-10-B-IVC682oI68t4.g
;: := =, T 62 8 2 o 64* Refer to Table Bl for explanarion oFthËìãã" 
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Table 830 First count and incubation count of adulrs of C. fernLgineLts and. T. castanet¿m
in wheat 'AC Barrie' at 29".C lnd l0% CO" at exposure time of 4 wk.

Insect Adult Count Total . Mean .-
Sample type First count Inc. count survival germ

Live Dead Live Dead (V")
(7o wb)

I 1.3

95 I r.7
1 1.5

l l.5
1 1.0

95 1 t.0
1l.4
11.5

11.4

1r.2
94

I 1.3

lt.t

14.2

14.6

14;7

14.8

14.4

t4.9
t 5.0
t5.2
14.2

r5.0

14.8

14.6

c34360034
c33380233
c3633 1137
c44260044
T6460064
T6640066
T6280062
T655016s
c31 390731
T59 ll 0059
c26440526
T61 90061
c2841 0528
T6280062
c43270343
T58 130058

9l

53

52
50
60
62
o1

60
43

55

40
56
48

55

54

0

0

1

0

0

0

0

I
2

2

2

0

2

I
I
0

19 I
21 0
19 I
2t0
100
80
90
100
260
160
300
140
,)n
16, 0
n0

c52
c48
c 51

c50
T60
T62
T6I
T60
c43
T55
c40
T56
c48
T55
c54
T57

D-20-i0-c-I
D-20-10-c-tr
D-20-10-c-m
D-20-10-c-ry
D-20-I0-T-I
D-20-1O-T-tr
D-20-1O-T-m
D-20-10-T-tv
D-20-I0-B-I

D-20-10-B-tr

D-20-10-B-Itr

D-20-10-B-tv

w-20-10-c-I
w-20-10-c-tr
w-20-10-c-Itr
w-20-I0-c-IV
w-20-10-T-I
w-20-10-T-tr
w-20-10-T-Itr
w-20-10-T-IV
w-20-10-B-I

w-20-10-B-tr

w-20-10-B-Itr

w-20-10-B-tv

Refer to Table B1 for explanation of the code.
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Table 83 I First count and incubation count of adults of c. /er ruginetts rnd r. castanettm in
wheat 'AC Bame' at 20"C and l07o CO, at exposurq time ol6 wk.

Insect AdultCount@
Sampte type First count Inc. count survival germ. (Vo wb)-Li". D..d -Lir. D""d (7")

D-20-10-c-I
D-20-10-C-tr
D-20-10-c-m
D-20-10-c-IV
D-20-10-T-I
D-20-10-T-tr
D-20-10-T-Itr
D-20-1O-T-tv
D-20-10-B-I

D-20-10-B-tr

D-20-10-B-ttr

D-20-10-B-tv

c
C

C

C

T
T
T
T
c
T
C

T
C
T
C

t

w-20-10-c-I C 45 26
w-20-10-c-tr c 43 2,7

w-20-10-c-itr c 50 21
w-20-10-c-ry c 5I 19
w-20-10-T-I T 47 22
w-20-10-T-tr T 66 5
w-20-10-T-Itr T 62 -1

w-20-r0-T-tv T 72 0
w-20-10-B-I c 50 t9

T56 13
w-20-10-B-tr c 49 22

T5021
w-20-10-B-Itr C 52 t8

T 56 t4.
W-20-10-B-IV C 53 rl

1046
014392
0250
0151
0347
006688
0162
0072
I I 51
0356

0153

1 I 50 r4.4
005090
1 1 53 14.2
0356

068
039
0034
0236
0062
0058
0051
0063
0437
00s'7
0429
0049
0821
0056
03M
0050

8 61

962
34 36
36 32
629
58 12

5'7 14

oJt
31 33
J I IJ
29 41

49 2L

21 49
56 15

44 25
50 2I

10.9
95 10.6

10.9

10.7

10.7
93 10.9

10.9
10.9

10.7

I0.9

10.6

14.0

14.0

14.3

14.0
13.7

14.1

14.4

t4.5
i3.6

T5t200051
* R"f.. to Tub
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Table 832 First count and incubation counr of adults of c. ferntginetts and. T. castarettnt
in wheat 'AC Barrie' at 20"C and, l\Vo CO, ar exposure tjme oi g wk.

Insect
Sample type First count Inc. count survival germ. (Vo wb)- Li"" D""d -Lir" D.rd (Vo)

D-20-10-c-I
D-20-10-c-tr
D-20-10-c-m
D-20-10-c-ry
D-20-t0-T-I
D-20-10-T-tr
D-20-10-T-m
D-20-10-T-IV
D-20-10-B-I

D-20-10-B-tr

D-20-10-B-Itr

D-20-10-B-IV

w-20-r0-c-I c 37 33
w-20-10-c-tr c 38 32
w-20-10-c-m c 40 31
w-20-10-c-rv c 42 29
w-20-10-T-I T 66 4
w-20-10-T-tr T 68 3
w-20-10-T-Itr T 5t 20
w-20-10-T-w 't 67 4
w-20-10-B-I C 39 32

T48 13
w-20-r0-B-tr c 44 25

T 51 20
w-20-10-B-ttr c 44 26

T 54 16,
w-20-10-B-ry c 40 31

0031
0138
0040
0242
0066
0068
0251
0067
0139
0048
0344
0451
1145
0154
0040

tc.I

10.4

93

c14560214
c12580312
c22450222
c23450023
T48230048
T46240146
T4t290041
T 31 39 0 0 31c29410029
T069000
c23480223
T367003
c21 49002r
T16550016
c30400030
Tt5540015

9.5
95 10.2

10.5

10.4

10.4
94 rc:l

11.0

1 1.5

9.8

I0.4

13.7

14.1

14.4

14.3

13.9

14.2

14.4

14.5

13.9

14.0

14-4

t4.2

88

T43260043* Refe. to Tub

832



Table 833 First count and incubation count of adults of c. ferrugineLts and r. castanettm
in wheat 'AC Barrie' at 25.C and ambient CO, at exposure rime of 2 wk.

Insect Adult Count Total Mean .-

-

òample rype First count Inc. count survival germ. (Va w|t)
Live Dead Live Dead (7o)

D-25-am-CJ
D-25-am-C-II
D-25-am-C-Itr
D-25-am-C-IV
D-25-am-T-I
D-25-am-T-tr
D-25-am-T-Itr
D-25-am-T-IV
D-25-am-B-I

D-25-am-B-tr

D-25-am-B-Itr

D-25-am-B-IV

W-25-am-C-I
W-25-am-C-tr
W-25-am-C-Itr
W-25-am-C-IV
W-25-am-Tl
W-25-am-T-tr
W-25-am-T-Itr
W-25-am-T-IV
W-25-am-B-I

W-25-am-B-tr

C

c
C

c
T
T
T
T
C

T
c
T
c
T
C

T

c70
c68
c69
c69
T6l
T70
T69
T69
c69
T70
c67
T 7I

9t

92

ðJ

91

86

136

139

r33
13'7
'71

1A

9I
1a

97
80
92

t
0
0
0

0
0

0
0
2

0
I
0
I
0
0

0

I
0

I'7

20
¿J

18

6'/
69
65

6'7

1

I4
I9
22
13

2'7

I1
23

664
673
682
682
69 I
'70 0
682
700
700
646
664
69 1

6s5
'70 0
oJ/
69 I

129
t2t

I I.ó
1I;7
I 1.9

1 1.8

11.5

1 1.6

I 1.8

I 1.6

1 I.3

r t..9

11.8

I I;7

t4.l
14.3

15.4

74.4

15.2

14.7

14.4

14.l
14.6

L4.t)

0

2

I
I
J
0

59
53

6l
52
89

I30
T2I
156

74 0 144 88
81 2 156
77 | 146
35 I 104
21 091
29096

W-25-am-B-Itr C 68 2
T720

W-25-am-B-IV C 68 2

t7 I8888
33 I 101 14.8
23095
32 0 100 t5.0

T70016 186



D-25-am-C-I
D-25-am-C-tr
D-25-am-C-Itr
D-25-am-C-IV
D-25-am-Tl
D-25-am-T-tr
D-25-am-T-Itr
D-25-am-T-IV
D-25-am-B-I

D-25-am-B-tr

D-25-am-B-Itr

D-25-am-B-IV

Table 834 Fi¡st count and incubation count of adults or c. ferntgineus and, T. castaneunt
in whear 'AC Barrie' at 25"C and ambient CO, ar exposure time of 4 wk.

Insect Adult Count Total Mean m...
Sample type First count Inc. count survival germ. (Vo wb)

Li.t" D."d Li," D.^d Qo)

I 1.6

11.8

r 1.8

11.9

r 1.5

1 1.8

11.8

I 1.9

11.1

1 1.8

I r.8

I r.9

14.8

14.6

14.8

r5.0
15.0

15.2

15.I
15.3

14.2

14.7

14.9

14.8

86

c664420108
c646'770141
c62'7644t26
c682520120
T65276 1t4t
T6'1 3652132
T'700824r52
T682572125
c64629r93
T65513078
c646480tr2
T 70 0 It r 8l
c655440109
T68213081
c6'73570124
T69 l16 l8s

W-25-am-C-I C 71
W-25-am-C-tr C 70
W-25-am-C-Itr C '70

W-25-am-C-IV C 10'W-25-am-T-I T 67
W-25-am-T-tr T 68
W-25-am-T-Itr T 68
W-25-am-T-IV 1 69
W-25-am-B-I C 69

T68
W-25-am-B-tr C 69

T 't0

W-25-am-B-Itr C 68

T 68 2.
W-2S-am-B-IV C 69 I

2r0 5 28r
t66 '7 236
191 2 261
185 2 255
257 3 324
186 I 254
231 2 299
ztl r 280
96 1 165

11 0 '79

78 0 147

r7087
81 I t49
16 I84
93 2 t62

0

0
0

0
2

2
2

8t

T700t2082

834



Table 835 First count and incubation count ofadults of c. ferrugineus and, T. castanetmt
in wheat 'AC Bame' at 25"C and ambient CO" at e.rposure time of 6 wk.

Insect Adult Count Total Mean ,-
Sample tlpe ffi surviual germ. (vo wb)

Li,* D""d Lit- D"^d Ø)

D-25-am-Cl
D-25-am-C-tr
D-25-am-C-Itr
D-25-am-C-IV
D-25-am-T-I
D-25-am-T-tr
D-25-am-T-Itr
D-25-am-T-IV
D-25-a¡n-B-I

D-25-am-B-tr

D-25-am-B-Itr

D-25-am-B-IV

W-25-am-C-I
W-25-am-C-tr
W-25-am-C-Itr
W-25-am-C-IV
W-25-am-T-I
W-25-am-T-tr
W-25-am-T-Itr
W-25-am-T-IV
W-25-am-Bl

W-25-am-B-tr

W-25-am-B-trI

W-25-am-B-IV

c
c
C

C
T
T
T
T
C

T
c
T
C

T
C

T

ðJ

4t I 105

22896
65 8 r24
48 9 102
66 2 144
53 2 131
7t 4 t43
51 3 1,23

68 7 t29
18 0 85
103 0 169
28t97
83 0 152
40 0 ll0
ó6 1 r32
58 0 t24

646
't4 I
59 15

54 16

783
ð.t J
'12 5
't2 4
61 9
673
665
69 1

69 I
'70 0
664
664

281
250
264
272
426
359
383
401
n5
86

153

òJ
158

80
t72
81

2

I
J

I
I
0
I
0
0

0
t
0

c7402t3
c700180
c730191
c '7t 0 20r
T85T34T
T 't7 0 282
T780305
T 84 1 3t'l
c682107
T'13013
c69 184
T7409
c69 189
T 73 0. 7
c69 1103
T72015

1t.2
11.4

1 1.5

11.7

l 1.8

11.8

I 1.6

II.7
1 r.6

I 1.9

12.0

12.0

15.2

14.6

14.5

74.5

t5.3
14.1

t4.5
14;7

14.7

t4.4

15.4

14.5

* Refer to Table B l for explanation ol
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Table 836 First count and incubation count ol adults or c- ferruginetts and, T. castanetun
in wheat 'AC Barrie' at 25"C and ambient CO" at e,rposure time of g wk.

Insect Adult Count Total Mean
Sample type First count Inc. count survival germ.

Live Dead (E")

m.c.
(Vo wb)

Live Dead

D-25-am-C-I
D-25-am-C-tr
D-25-am-C-Itr
D-25-am-C-tV
D-25-am-T-I
D-25-am-T-tr
D-25-am-T-Itr
D-25-am-T-IV
D-25-am-B-I

D-25-am-B-tr

D-25-am-B-Itr

D-25-am-B-IV

W-25-am-C-I
W-25-am-C-tr
W-25-am-C-Itr
W-25-am-C-IV
W-25-am-T-I
W-25-am-T-tr
W-25-am-T-Itr
W-25-am-T-IV
W-25-am-B-I

W-25-am-B-tr

W-25-am-B-Itr

W-25-am-B-IV

C
c
C
C

T
T
T
T
C

T
C

T
C
T
C
T

c850
c820
c810
c840
TT64 1

T15t0
T1732
T14l 0
c750
T91 2
c770
T83 I
c'790
T86 1

c730
T880

11.6
87 12.5

1 1.6

12.l
12.0

82 11.5

I 1.0
f 10

72.2

26086
43 2 IL}
57 4 r23
1I | 142
45 9 190
25 2 156
104 5 230
'75 1 191

10269
4t 18 109

34490
9 11 69
23286
91469
6l I 1t9
2rr87

609
673
664
tt2
145 13

131 l1
126 9
1)7 1

59 10

684
56 t4
60 r0
638
609
58 lt
66s

r2.0

r62
r37
r29
r67
247
216
223
239
83

7

14
J

71

4

6

219
210
251
4It
367
396
380
158

98

I51
86

r50
90
r60
94

12-0

15.7

14.4

16.0

15.8

15.8

16.0

l6. r
r6.0
15.9

15.9

r 5.3

t5.2

I
0
I
2

J
1

0
2
I
0
0
0
0
0

2
0

72

* Refer to Ta B I for explanation o the code
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Table 837 First count and incubation count of adults ol c. ferruginetts and r. castaneum
in wheat 'AC Barrie' at 25"C and 2Zo CO" at exposure time of 2 wk.

Insect e¿u
Sample type First count Inc. count survival germ. (Vo tvb)

Lir. D."d L"- D""d Ø")
D-25-z-C-r
D-25-2-C-n
D-25-2-C-Itr
D-25-2-C-Iy
D-25-2-T-I
D-25-2-T-II
D-25-2-T-m
D-25-2-T-rV
D-25-2-B-I

D-25-2-B-n

D-25-2-B-IJJ

D-25-2-B-l/

w-25-2-C-I
w-25-2-C-tr
w-25-2-C-m
w-25-2-C-tV
w-25-2-T-I
w-25-2-T-Ir
w-25-2-T-m
w-25-2-T-I!i
w-25-2-B-I

w-25-2-B-II

w-25-2-B-Itr

w-25-2-B-IV

C

C

C

c
T
T
T
T
C

T
C

T
c
T
C

T

95

4145
19469
72460
23 167
64 I 133

75 0 13'7

7r 0 138

65 0 t33
4039
005'7
342U.
0062
44299
006'7
27 4 81

2068

41 29
50 20
48 22
44 26
69 I
628
673
682
35 35
51 13

628
55 15

673
54 16

664

91

3 0 5r
32090
62 I 118

39 1 101

46 0 II4
82 2 147

21 086
25090
43498
22084
)') 1 11

l0 0 '71

21069
1064
29088
7068

22
t2
14
o

15

8

l9
9

22

7

1l
9

c48
c58
c56
c62
T68
T65
T65
T65
c55
T62
c5l
T61
L+ò
T63
c59
T6l

i1.Ì
10.8

11.0
I 1.6

12.5

I r.6
r0.7
12.3

11.1

1 1.5

I r.9

12.3

14.5

14.O

15.3

14.3

t4.3
14.2

I4.5
t4.4
14.2

14.2

t.4.4 -

14.0

* Refer to Table B I for explanation of the coié. 

-
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Table 838 First count and incubation count of adults of c. ferrugineus and. T. castanennr
in wheat 'AC Barrie' ar 25"C and 27o CO, at exposure time of 4 wk.

Insect AdultCountæ
Sample type ffi suruiual germ. (vo wb)

Li.,e D"rd Lir. D."d (Vo)

D-25-2-C-I
D-25-2-C-U.
D-25-z-C-m
D-25-z-C-w
D-25-2-T-I
D-25-2-T-tr
D-25-2-T-m
D-25-2-T-f/
D-25-2-B-I

D-25-2-B-tr

D-25-2-B-rtr

D-25-2-B-IY

w-25-2-C-1
w-25-2-C-U.
w-25-2-C-Itr
w-25-2-C-N
w-25-2-T-r
w-25-2-T-r
w-25-2-T-m
w-25-2-T-tV
w-25-2-B-I

w-25-2-B-n

w-25-2-B-m

w-25-2-B-ry

96

91

c373336073
c41 292006_r
c44259053
c3436 12r46
T62921 183
T655688133
T6381000163
T656980163
c3832 14052
T6380063
c4427 13 157
T59 110059
c452634r79
T60 100060
c37342'1 164
T61 90061

10.5

11.4

I i.8
12.1

rt.7
72.7

t2.9
12.2

1r.2

i I.9

12.4

t2.5

t5.4
12.9

1 i.5
10.0

13.7

13.2

14.5

15.0

t4.L

t4.4

t4.5

12.T

c41 30
c4032
c4031
c3t4r
T62 l0
T638
T61 9
T646
c 39 31

T53T7
c 43 2't
T4922
c5ll8
T 56 t5
c3536
T 4'7 23

48089
740il4
50 190
61 092
109 4 1"11

95 I 158

55 3 116

59 r 123
42 0 8r
2055
32275
3052
31 082
7063
43278
34 I 8l

89

83

É Refe¡ to Table Bl for explanation of the code.
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TabÌe B39 First count and incubation count of adults of c. ferntginetLs and, T. casîaneunt
in wheat 'AC Barrie' at 25"C and 2% CO" at exposure time of 6 wk.

Insect AdultCountG
Sample type First count Inc. count survival germ.

Live Dead Live Dead (Eo)

(Vo wb)

D-25-2-C-I
D-25-Z-C-IJ
D-25-2-C-m
D-25-2-C-N
D-25-2-T-I
D-25-2-T-tr
D-25-2-T-m
D-25-2-T-IV
D-25-2-B-I

D-25-2-B-II

D-25-2-B-Itr

D-25-2-B-tV

w-25-2-C-I
w-25-2-C-r,
w-25-2-C-tn.
w-25-2-C-tV
w-25-2-T-I
w-25-2-T-r,
w-25-2-T-Itr
w-25-2-T-rV
w-25-2-B-I

w-25-2-B-tr

w-25-2-B-m

w-25-2-B-IV

c36346142
c452616261,
c42284146
c41 29i3054
T62833095
T164522128
T854642r49
T135101 2t74
c41296041
T61 90061
c4526 16r61
T6280062
c4'72422 169
T6470064
c3931 25064
T59 120059

T756
T81 3

T7T2

92 3 167

79 4 t60
50 I 12r

2t085
I1 255

10.9
92 11.6

I r.9
12.6

t2-0
8'7 12.5

12.8

13.0

1r.0

12.0
89

t2.4

12.5

13.8

14.8

15.2

15.3

13. r
13.7

14.2

14.6

13.6

14.3

14.8

15.0

c3i4638269
c482736684
c3042423.r2
c294539368
T7741495226

c224820242
T 7I 5 23094
c2940 1864.7
T53 17 15 168
c383223t61
T646
c3831
T6091.7r77

839



Table B.l0 First count and incubation count of adults of c. ferruginetts and, T. castanet¿nt
in whear 'AC Barrie' at 25"C rnd 27o CO, ar exposure time of g wk.

Insect _ Adult Counr T"t"l 
-M*"-;-Sample type First count

Live Dead

Inc. count survival germ.

Live Dead (Vo)

(7o wb)

D-25-2-C-I
D-25-2-C-rI
D-25-2-C-m
D-25-2-C-IV
D-25-2-T-I
D-25-2-T-n
D-25-2-T-m
D-25-2-T-rV
D-25-2-B-I

D-25-2-B-n

D-25-2-B-Itr

D-25-z-B-I'./

w-25-2-C-I
w-25-2-C-n
w-25-2-C-Itr
w-25-2-C-tV
w-2s-2-1-I
w-25-2-T-r.
w-25-2-T-In
w-25-2-T-IV
w-25-2-B-I

w-25-2-B-tr

w-25-2-B-Itr

w-25-2-B-IV

C

C
C

C
T
T
T
T
c
T
C
T
C
T
C

T

C
c
C
C
T
T
T
T
C
T
C
T
C

T
C

T

l3
12

l0
T6

2

14

19

62
t9
5

23

7

l7
4

5'7

52
+J

68

80
r45
190

23'7

67

66
64
59
58

63

67

63

11.t
It.7
12.0

12.1

12.3

I t.9
t2.7
13.0

tL_4

12.0

12.3

12-5

13.6

13.5

14.2

13.8

13.8

13.4

t3;7
14.4

14.2

r3.6

14.0

13.9

85

86

t243
6041
4r53
5141
70101
12 0 1i9
12 0 131

41 2 r95
1132
005s
4040
0051
3034
0051
203r
0056

Àa .)a

41 34
49 29
42 3l
94 11

I0'7 15

119 77

154 9

31 39
5s 16

36 35
5'7 14

31 4r
51 14
)q ¿.)

56 14

44 32
40 36
33 38
52 26
19. )
I3r 9
r1t 6
r'75 5

48 24
61 26
4t 29
52 tl
4t 3'7

59 19

42 28
55 22

0

0

0

0

0

0
)
3

I
0

I
0

2

0

2

0

'76

77

25
o

Refer to Table B I exp.lanation of the code



Table84l First count and incubation count of adu lts of C. ferntgineus and, T. casrareunt
in whear 'AC Bame' at 25"C and 5Zo CO. at exposure rime of 2 wk.

Insect Adult Count ffi
Sample type First count Inc. count survival germ. (Va tv6)-Lir. D"^d Li,,. D..d (Vo)

D-25-5-C-I
D-25-5-C-tr
D-25-5-C-m
D-25-s-C-IV
D-25-5-T-I
D-25-5-T-tr
D-25-5-T-Itr
D-25-5-T-IV
D-25-5-B-I

D-25-5-B-tr

D-25-5-B-rtr

D-25-5-B-tV

w-25-5-C-I
w-25-5-C-tr
w-25-5-C-m
w-25-5-C-Iv
w-25-5-T-I
w-25-5-T-tr
w-25-5-T-Itr
w-25-5-T-IV
w-25-5-B-I

w-25-5-B-tr

w-25-5-B-Itr

w-25-5-B-rV

96

c2149 1028
c4426 1Ì055
c54 15 13067
c492t6055
T61 321088
T682?J091
T68219087
T682240s2
c52 182054
T45260045
c4526r046
T6280062
c52 180052
T6820068
c57t3 1058
T 69 r 2 o 7I

t 1.8

1 1.8

12.3

12.0

12.3

12.4

12;l
I 1.5

12.6

i t.l

12.0

1 1.9

t5.l
I4.8
15.1

15.5

15.0

t5.2
15.5

i 5.3

14.9

14.9

t4.9

15. I

C57 12

c52t8
c61 9
c4724
ro)5
T637
T673
T61 9
c51 19

T629
c54tó
T647
C55 16

T61 9,

C4921

23080
.r5 0 67
t7078
21 068
35 0 i00
29092
31 0 98
32093
19070
9 0 7I
13061
5069

)) ñ 11

8069
11 0 60

93

88

T61 r07068

B4l



Table 842 First count and incubation countoladults of c. ferntgineus and, T. castanetmt
in wheat 'AC Barrie' at 25"C and 57o CO, ar exposure time of 4 wk.

Insect Adult Count T"t"t . M*" - --Srmple type Fi¡st count Inc. count survival germ. (Vo wb)
l-i* ¡.u¿ L"'" D.rd 9o)

C

c
C

C

T
T
T
T
C
T
C

T
C

T
c
T

c4327
c3932
c4228
c4030
T63'1
T628
T60t0
T 59 11

c3833
T51 T4

c3634
T55 16

c4229
T54t6
c4426
T 53 18

47
JO

43

39

56
46

59
44
3'I
11

25

12

22

t3
4I

0

0

0
0

I
0

0
2

0

0

I
0
I
0

0

0

D-25-5-C-I
D-25-5-C-tr
D-25-5-C-n
D-25-5-C-IV
D-25-5-T-I
D-25-5-T-tr
D-25-5-T-Itr
D-25-5-T-IV
D-25-5-B-I

D-25-5-B-tr

D-25-5-B-m

D-25-5-B-IV

w-25-5-C-I
w-25-5-C-tr
w-25-5-C-m
w-25-5-C-rV
w-25-5-T-I
w-25-5-T-tr
w-25-5-T-Itr
w-25-5-T-IV
w-25-5-B-I

w-25-5-B-tr

w-25-5-B-Itr

w-25-5-B-IV

93

16027
12045
'7046
13055
3047
706'7
30096
38 0 100
0026
0044
1036
0040
8037
0064
22048
26094

11 59
33 31
39 3t
42 28
44 26
60 10

664
628
26 44
,l 

^ 
a'7

35 36
40 29
29 4L

646
26 44
682

8'7

86

90
75

85

79
rt9
108

il9
r03
75

68

61

67

64

67

85

6t

I 1.6

1t.2
r1.4
I 1.8

1 I.5
t2.4
I I.3
lt.7
II.']

i2.r

12.0

I T.4

14.2

14.6

r4.9
t 4.9
14;1

14.6

14.8

14.9

14.6

14.9

14.9

14.9

+ Refer to Table B I for explanation of the code



Table 843 First count and incubarion count of adults ol c. ferntgineus and, T. castaneunt
in wheat 'AC Barrie' et 25'C rnd 5Zo CO, at exposure time of 6 wk.

Insect _ AdultCount æ
Sample type First count lnc. count survival germ. (Vo wl:.)

Live Dead Live Dead (Eo)

D-25-5-C-r
D-25-5-C-tr
D-25-5-C-Itr
D-2s-5-C-ry
D-25-5-T-r
D-25-5-T-tr
D-2s-5-T-m
D-25-5-T-IV
D-25-5-B-r

D-25-5-B-tr

D-25-5-B-Itr

D-25-5-B-IV

w-25-5-C-I
w-25-5-C-tr
w-25-5-C-n
w-25-5-C-tV
w-25-5-T-I
w-25-5-T-tr
w-25-5-T-m
w-25-5-T-tV
w-25-5-B-I

w-25-5-B-tr

w-25-5-B-m

w-25-5-B-tV

C

C
C

c
T
T
T
T
c
T
C

T
c
T
C

T

c
C
C

c
T
T
T
T
c
T

T
c
T
C

T

31

ZJ

2I
33

I
29
l0l
70
I4
15

9

1i
12

16

r0
9

_t

0
I
2

6

l0
4
32
I
0
I
0

2

0

2

0

I 1.9

I 1.5

TI.2
1r;1
r 1.6

12.0

1 1.5
ll.1
1.t.2

IL.'7

r 2.0

I 1.5

15.0

15.1

15.2

15.2

14.8

I5.1
15.4

15.3

15.0

r5. t

15.2

15.3

93

90

'19

82

27
45
63

49

110

138

115

32
48
31
52

45
40

60

65
<1

50
68

66

98

n0
134
45
68

60
49
70
44
6t

11 0
60
95
20
40
42 1

700
52 1

11
00
30
00
120
00
0t
02

16 56
39 31

54 16

4'7 22
Jò JZ
683
682
638
3t 39
48 23
34 36
52 19

36 33
45 21
40 29
60 12

34 36
30 45
29 46
35 36
656
69 I
69 I
64 '7

31 39
53 I'7

33 38
49 22
J I JJ
54 15

34 36
52 16

E Refer to Table Bl for explanation of the code



Table 844 First count and incubation count of adults or c. ferrugineus and r. casîanet¿m
in wheat 'AC Barrie' at 25"C and 5Zo CO, at exposure time of g wk.

Insect Adult Count ffi
Sample type First count Inc. count survival germ. (Vo wb)

Lir" D.^d L"" D".d flo)

c
C

C

C

T
T
T
T
C

T
C

T
C

T
C
T

c3931
c3338
c3436
c31 33
T895
T839
T887
T846
c41 29
T5IT9
c3338
T4722

l3
9

12

ll
23

I9
t7
26
t5
7

I1

48

t12
t02
105

224981
w-25-5-B-m c 4t 29 tl | 52 15.2

T4526 4049
W-25-5-B-IV C 40 30 15 I 55 15.1

T54 163057

D-25-5-C-I
D-25-5-C-tr
D-25-5-C-Itr
D-25-5-C-IV
D-25-5-T-I
D-25-5-T-tr
D-25-5-T-Itr
D-2s-5-T-IV
D-25-5-B-I

D-25-5-B-tr

D-25-5-B-m

D-25-5-B-IV

w-25-5-C-I
w-25-5-C-tr
w-25-5-C-Itr
w-25-5-C-IV
w-25-5-T-I
w-25-5-T-tr
w-25-5-T-m
w-25-5-T-IV
w-25-5-B-I

w-25-5-B-tr

88

123T4
10 146
T4267
8242
15264
19 2 'Ìl
18 3 68
16r69
005
0042
4042
0150
15259
2037
28366
13 5 7I

268
36 34

34 36
49 2r
52 19

50 20
53 t8
565
4) 

'O38 32
50 20
44 26
35 35

38 32
58 12

10.4

10.8

T T.2

I 1.5

10.6

II.2
IL.2
1 .1.5

10.5

I1.0

11.4

I I.5

15.4

15.0

I5.3
15.3

15.2

15.4

15.4

t5.4
15.0

15. I

52

42 85
46

2

3

2

ll0
56
<a

44



Table 845 First count and incubation count of adults of c. fernryineLts and r. castanet¿m
in wheat 'AC Barrie' at 25"C and l07o CO" ar exposure time of 2 wk.

Insecr AdultCountæ
S3mple t)?e jirst count Inc. count survival germ. (Vo wb)

Li,- D."d Lir D"^d (7")

D-25-10-C-I
D-25-10-C-tr
D-25-10-C-m
D-25-10-C-ry
D-25-10-T-I
D-25-10-T-tr
D-25-10-T-m
D-25-t0-T-rv
D-25-t0-B-I

D-25-10-B-tr

D-25-10-B-Itr

D-25-10-B-rv

c
C

C

c
T
T
T
T
C

T
c
T
c
T
c
T

w-25-10-C-I C 46 23
w-25-10-C-tr C 49 2r
w-25-10-c-Itr c 56 t4
w-25-10-c-tv c 53 11
w-25-10-T-I T 61 9
w-25-10-T-tr T 59 ll
w-25-10-T-Itr T 65 5
w-2s-10-T-IV T 67 3
w-25-10-B-I c 46 24

T6ll0
w-25-10-B-tr C 43 28

T55t6
w-25-10-B-Itr c 51 19

T56 14
W-25-10-B-IV C 55 16

T59t2

15061
ll 0 60
16072
10063
25086
22081
11 to1

24291
13059
6067
9052
5060
12063
6062
r0065
7166

95

0042
0034
4036
3047
6 0 '75

5 0 74
21 197
22091
004r
406'7
0133
r058
0039
2064
I03'7
4062

^a 
11

34 36
a) ?e

44 26
69 I
69 1

700
69 I
41 29
637
33 38
57 14
39 3l
628
36 34
58 23

I 1.9

1 1.6

12.1

12.0

1L9
1 1.5

12.t
12.7

12.6

I 1.3

11.8

12.0

13.8

14-2
' r4.3

14.5

13.9

14.2

14.5

14.6

13.6

14.t

14.3

t4.3

91

92

+ Refer to Table B1 fo. explanati



Table 846 First count and incubatìon count of aduÌts of c. ferrugineus and r. castaneunt
in wheat 'AC Bame' at 25"C and 10% CO, at exposure time of 4 wk.

Insect Adulr Counr ffiSample type First count Inc. count survival germ. (Vo wb)- Lit" D""d Ln" D"^d (E")

D-25-10-c-I
D-25-10-C-tr
D-25-10-C-m
D-25-10-C-ry
D-25-10-T-I
D-25-10-T-tr
D-25-1O-T-m
D-25-10-T-IV
D-25-10-B-I

D-25-10-B-tr

D-25-10-B-m

D-25-10-B-rv

w-25-10-c-I c 31 39
w-25-r0-c-tr c 33 3./
w-25-10-C-Itr C 42 28
w-25-t0-c-Iv c 39 31
v/-25-10-T-I T 59 11

w-25-I0-T-tr T 60 10
w-25-10-T-Itr T 60 10
W-25-10-T-IV T 60 9
w-25-10-B-I C 29 4L

T51 19
w-25-10-B-tr C 31 40

T55 16
w-25-10-B-m C 35 34

T57 14
W-25-10-B-IV C 33 31

31 062
25058
27069
25064
41 0 100
33293
35 195
39299
27
T2

19

2

21 056
5062
26 159

94

3'7

z)
32
4)
71.

70
7I
67

29
58

2I
49
23

50

24

50
20
81
203
18 0
11 0
11 1

60
20
20
00
l0
00
t0
00
40

c3238
c2t48
c2446
c2545
T53t7
T 59 11

T60 l0
T61 9
c21 42
T56 15

c21 49
T4823
c2347
T4922
c2446
T54t6

tI.6
94 .t 1.5

12.5

I 1.8

I r.5
95 1 1.6

12.2

12.4

1 1.6

I 1.8

II.7

15.2

14.6

14.5

t4.5
l< 2

14.1

14.5

14.7

14.7

I4-4

t5.4

14.5

91

56

63

50
Jt ö/

T492t5054

846



Table B47 First count and incubation count of adults of C.ferrugineus and, T. castanetLnt

Sample

in wheat 'AC Barrìe' at 25"C and lOTa CO., ar exposure time of 6 wk
Insect
type

Total Mean m.c.
(Va wb)First count

Live Dead

Inc. count survìvâl germ.

Live Dead (Vo)

D-25-10-C-I
D-25-10-C-tr
D-25-10-C-Itr
D-25-10-C-IV
D-25-10-T-I
D-25-10-T-tr
D-25-10-T-Itr
D-25-1O-T-IV
D-25-10-B-I

D-25-10-B-tr

D-25-10-B-m

D-25-r0-B-IV

w-25-10-c-I c 26 43 2t | 4-l
w-25-10-C-tr C 24 46 t2 2 36w-25-10-C-mC3338r7250
w-25-10-C-N C 34 35 15 I 49w-25-t0-T-IT61 9tgl80
w-25- 10-T-tr T 62 8 19 2 8Lw-25-10-T-ItrT67316 183W-25-10-T-IVT6'7222389
w-25-10-B-I C 27 43 t4 0 4I

T46244050
w-25-10-B-tr C 29 41 1l I 40

T45264049
w-2s-to-B-Itrc35369244

T52,196058
W-25-10-B-IV C 32 39 t5 r 47

94

c35360035
c2941 0029
c28428136
c3535 10045
T30400030
T65529-1 94
T66420086
T68239r107
c34360034
T53180053
c2843 1029
T42280042
c32382034
T55 160155
c31 3912t43
T41 307248

1a n

10.8

10.5

1 r.6
10.4

1 1.3

11.8

12.0
tr.4

10.5

tt.2

12.3

14.0

14.4

t4-4
14.4

t4.2
14.5

t4.6
14.7

14.1

r4.5

t4.4

l4 4

ðJ

T56 15t6r72



Table 843 First count and incubation count of adults of c. ferntgînetts and. T. castaneLtm
in wheat 'AC Barrie' at 25"C aqd I1Vo CO. ar exposure rime of g wk.

Adult Count
Sample First count

Live Dead
Inc. count

Total Mean
survival germ.

(70)

m.c.
(Ío wb)

Live Dead

D-25-10-C-I
D-25-10-C-tr
D-25-10-C-n
D-25-r0-C-tv
D-25-10-T-I
D-2s-10-T-tr
D-25-1o-T-Itr
D-25-10-T-IV
D-25-10-B-I

D-25-i0-B-tr

D-25-10-B-Itr

D-25-10-B-IV

w-25-10-C-I
w-25-10-C-tr
w-25-t0-c-m
w-25-i0-c-ry
w-25-10-T-I
w-25-10-T-tr
w-25-10-T-m
w-25-1o-T-IV
w-25-10-B-I

w-25-10-B-tr

w-25-10-B-m

w-25-10-B-IV

8l

zo
22
32
32
5l
56
52
60
2'7

2t
I9
n
29
59
3I
45

+-)

Jó
44
+)
'74

65

tô
ö:
3t

25

45
36

36
49

02
11
52
92
120
153
ll0
t73
00
00
00
00
31
00
t2 I
00

c2644
C21 49
c21 42
c2347
T 39 3l
T41 29
T4T29
T4327
\- lt +3
T2t49
c1951
TTl 54
c2643
T 59 1l
c195r
T4525

c 31 39
c3040
c3336
c3436
T56 14

T53t7
T628
T664
c2347
T 39 31

C21 48
T41 29
C)A^t
T4921
c3041
T4526

12

8

l1
9

l8
12

14

16

8

3

4

4

7

9

6

4

1

0

2

I
2

0

0

0

I
I
2

0

t0.2
I 1.0

I 1.5

11.7

10.6

il.3
1 1.8

12.2

l0.l

10.8

I 1.3

ÌL5

74.4

14.6

14.8

14.9

14.5

1+. Ò

14-9

15.0

14.5

14.6

14.7

14.8

Refer to Table B I for explanation of the

848
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Tablecl. Expenmentar design for determination ofsurvivorship and interspecific
competition or cryptolestes ferrugineus andrriboliLtnt castaneum at various
temperatures, humidities, and CO, concentrations (4 replicates for each
treafment).

Treatment Number
(RH7o, temp'C, COrTo)

r (50, 15,0.03)

tr (75, 1s,0.03)

m (50, ls,2)

IV (75, 15,2)

v (50, rs,5)

VI (75, t5,5)

vtr (50, 1s, l0)

Population category

Single species, C. ferrugineus (C)

Single species, T. castaneum (T)

Mixed species, both (B)

Single species, C- ferrugineus (C)

Single species, T. castanetLm (T)

Mixed species, borh (B)

Single species, C. ferritgineus (C)

Single species, T. castatzeum (T)

Mixed species, both (B)

Single species, C. ferntgineus (C)

Single species, T. castanettm (T)

Mixed species, both (B)

Single species, C. ferrugineus (C)

Single species, T. castaneum (T)

Mixed species, both (B)

Single species, C. ferrugineus (C)

Single species, T. castaneum (T)

Mixed species, both (B)

Single species, C. ferntgineus (C)

Single species, T. castaneunt (T)

Mixed species, both (B)

D-IS-am-C-I, tr, m, IV

D-1S-am-T-I, tr, m, IV

D-15-am-B-I, tr, m, IV

W-IS-am-C-I, tr, Itr, IV

W-l5-am-T-I, tr, Itr. ry
W-ls-am-B-I, tr, Itr, IV

D-I5-2-C-I, tr, Itr, tv
D-15-2-T-I, tr, ü, rv

D-15-2-B-I, tr, Itr, IV

w-15-2-C-I, tr, Itr, ry

w-r5-2-T-I, tr, m, IV

w-15-2-B-I, tr, Itr, IV

D-15-5-c-I, tr, ü, IV
D-15-5-T-I, tr, m, tV

D-r5-5-B-I, tr, ü, IV
w-15-5-c-I, tr, m, IV

w-15-5-T-I, tr, n, ry_

w-15-5-B-I, tr, m, ry

D-15-r0-c-t, tr, Itr, IV

D-r5-10-T-I, tr, m, IV

D-15-10-B-I. tr, Itr, rv

CI



Treatment Number Population category Code
(RHVo,temp"C,CO"Vo)

vm(75, 15, 10)

Ð( (s0, 20, 0.03)

x (7s, 20, 0.03)

xr (s0,20,2)

xII (7s,20,2)

XItr (50,20,5)

xrv (75, 20, 5)

xv (50, 20, l0)

Single species, C. ferrugineus (C)

Single species, T. castaneum ('I)

Mixed species, both (B)

Single species, C. ferntgineus (C)

Single species, T. castaneum (T)

Mixed species, both (B)

Single species, C. ferrugineus (C)

Single species, T. casîaneum (T)

Mixed species, both (B)

Single species, C. ferrugineus (C)

Single species, T. castaneum (T)

Míxed species, both (B)

Single species, C. ferntgineus (C)

Single species, T. castaneum (T)

Mixed species, both (B)

Single species, C. ferrugineus (C)

Single species, T. castaneum (T)

Mixed species, both (B)

Single species, C. ferntgineus (C)

Single species, T. castaneum (T)

Mixed species, borh (B)

Single species, C. ferntgineus (C)

Single species, T. castaneum (T)

Mixed species, both (B)

w-I5-t0-c-I, tr, Itr, ry

w-15-10-T-I, tr, m, lV

w-l5-10-B-I, tr, m, IV

D-2O-am-C-I, tr, m, ry

D-20-am-T-I, tr, m, ry
D-2O-am-B-I, tr, Itr, ry

V/-20-am-C-I, tr, Itr, IV

W-2O-am-TJ, tr, m, ry
W-2O-am-B-I, tr, ü, fV

D-20-2-C-1, tr, Itr, IV

D-20-2-T-1, tr, m, IV

D-20-2-B-1, tr, m, IV

w-20-2-C-r, tr, Itr, tv
w-20-2-T-1, tr, Itr, tv
w-20-2-B-I, tr, m, ry

D-20-5-C-L tr, m, rv

D-20-5-T-I, tr, Itr, IV

D-20-5-B-I, tr, m, ry

w-20-5-C-I, tr, Itr, tv
w-20-5-T-I, tr, m, ry_

w-20-5-B-I, tr, m, ry

D-20-1O-c-I, tr, Itr, IV

D-20-10-T-I, tr, m, IV

D-20-t0-B-I, tr, m, ry



Treatment Number
(RH7o, temp"C, COrTo)

Population category Code

XVI (75, 20, I0) Single species, C. ferrugineus (C)

Single species, T. castaneum (T)

Mixed species, both (B)

X\TI (50, 25,0.03) Single species, C. ferntgineus (C)

Single species, T. castaneum (T)

Mixed species, both (B)

XVm (75, 25,0.03) Single species, C. ferntgineus (C)

Single species, T. castanettm (T)

Mixed species, borh (B)

XD( (50,25,2) Single species, C. ferntgíneus (C)

Single species, T. castaneum (T)

Mixed species, both (B)

XX ('15, 25, 2) Single species, C. ferntgìneus (C)

Single species, T. castaneum (T)

Mixed species, borh (B)

X)(I (50,25,5) Single species, C. ferrugíneus (C)

Single species, T. castaneunt (T)

Mixed species, borh (B)

XXII (75,25, 5) Single species, C. ferrugíneus (C)

Single species, T. casraneum (T)

Mixed species, borh (B)

)(-Itr (50, 25, l0) Single species, C.lerrugineus 1C¡

Single species, T. castaneum (T)

Mixed species, both (B)

w-20-r0-c_L tr, n, IV

w-20-10-T-I, tr, m, ry

w-20-10-B-i, tr, m, ry

D-25-am-C-I, tr, m, fV

D-25-am-T-I, tr, m, ry

D-25-am-B-I, tr, Itr, ry

W-25-am-C-I, tr, n, IV

W-25-am-T-I, tr, Itr, IV

W-25-am-BJ, tr, Itr, IV

D-25-2-C-1, tr, Itr, ry

D-25-2-T-1, tr, Itr, ry

D-25-2-B-1, tr, m, tV

w-25-2-C-r, II, u, IV

w-25-2-T-1, tr, il, tv
w-25-2-B-r, tr, Itr, tv
D-25-5-C-L II, Itr, tv
D-25-5-T-I, tr, Itr, IV

D-25-5-B-I, tr, m, ry

w-25-s-c_L tr, m, IV

w-25-5-T-I, tr, m, ru_

w-25-5-B-I, tr, m, ry

D-25-10-c-r, tr, m, w
D-25-10-T-I, tr, m, IV

D-25-10-B-I, tr, Itr, fv

LJ



Treatment Number
(RHVo,temp"C,COrVo)

Population category

XXfV (75, 25, l0) Single species, C. ferrugineus (C) W-25-10-C-I' tr' m' IV

Single species, T. castaneum (T) W-25-I0-T-I, tr, Itr, ry

Mixed species, both (B) w-25-10-B-I, tr, m, IV

The meaning of charactets in the column Code a¡e: D and W ¡efer to dry Q2Ío wb) and wet

(I57o wb) grain, respectively; next two digits represent temperature in "C; next lorvercase

cha-racters 'am' refer to ambient COr leveì and a number in place of 'am' refers to COt

concentration in percentage; next uppercase letters C, T, and B refer to species as shown in

column population category; and the Roman numerals I, tr, III, fV represent the four

replicates.

Code

L4
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Table D1 combined analysis of vanance with 5-way classification for adult survival
(fìrst and incubation counts) of C4rpl olesÍes ferruginerzs using data from
all tlie expenmental tests.

TE
MC
TEsMC
Cot
TE+C02
MC*CO2
TE.+MC*C02
SPEF
TE*SPEF

2 452.36
1 608.64
2 16.s9
3 1193.61
6 421.29
3 19.42
o 115.5 6

r 21.48
2 6.78

226.18 619.42 <.0001
608.64 1666.82 <.0001

8.30 22.72 <.0001
397 .89 1089.66 <.0001
70.22 192.29 <.0001
6.47 11 .73 <.0001

20.93 57.31 <.0001
21.48 58.82 <.0001
3.39

MC*SPEF 1 0.87 0.87
TE+MC* SPEF
corxsPEF
TE+C02+SPEF
MC+CO,*SPEF
TE'KMC+CO,*SPEF 6

wK3
TE*WK
MC*WK
TE+MC*WK
cor*wK
TExC02*WK
MC+C02*WK
TE*MC*CO,XWK
SPEF+WK
TE+SPEF*WK
MC+SPEF*WK

l8

t8

TE*MC*SPEF*WK 6

c02*sPEF+WK
TE+CO?*SPEF*WK
MC*CO,+SPEF*WK 9

TE+MC*CO]*SPEF*WK 18

2 15.50
3 14.38
6 19.10
3 4.9r

7 .75 21.23 <.0001
4.19 13.13 <.0001

3.18
r.64
2.81

8.72 <.0001

4.49 0.0040
7.69 <.0001

9.03 <.0001

1.96 0.0419
4.58 <.0001

4.72 0.0029
1.17 0.1031
3.90 0.0090
4.09 0.0005
r.92 0.0464

0.84 2.31 0.0017

9.29 0.0001
2.39 0.1227

2.04 0.0335
1.94 0.01l1

16.84
166.70

6 46.7 5

3 30.7 5

6 39.24
9 99.52

55.57 152.17 <.0001
7 .79 21 .34 <.0001

t0.25 28.01 <.0001
6.54 17.91 <.0001

I 1.06 30.28 <.0001

9 6.44
30.12

3 5.17
6 3.87
3 4.27

8.97
9 6.32

18

s9.32 3.30
0.12
1.67

1.72

0.65
1.42

1.49

0.70

0.74
0.71

15.18

6.69
t2.78

Enor 576 210.33 0.37
* Class variables in column source ur", TE
MC is the moisture content at 2 levels fdry (Z% wb) and wet (15% wb)], CO, is carbon
dioxide at 4 leve.ls (0.03, 2,5, and 10%), SPEF is species effect at 2 levels (alone or single-
species and both or mìxed-species), and WK is exposure time in weeks at 4levels (2, 4, 6,
and 8 wk).
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Table D2 combined analysis of variance with 5-way classifìcation for adult survival
(first and incubation counts) of rriborium castaneton using data from all the

ental tests.
DFT IT FV Pr>F

ll
MC
TE*MC
Cot
TE+CO,
MC*CO2
TE+MC*CO2

2 658.59
1 1,12.89

2 29.34
3 423.44
6 274.52
3 20.60
6 79.93

330.49
327.08

329.30 800.22 <.0001
112.89 274.34 <.0001
14.67 35.65 <.0001

141.15 343.00 <.0001
45.75 11i.18 <.0001
6.87 16.69 <.0001

13.32 32.3'7 <.0001
330-49 803.12 <.0001
163.54 397.42 <.0001
10.10 24.54 <.0001
13.19 32.04 <.0001
15.19 36.90 <.0001
16.97 41.24 <.0001
12.11 29.42 <.0001
6.59 16.01 <.0001

19.68 47.82 <.0001
7,68 18.67 <.0001

17.3 8 42.24 <.0001
4.68 1 1.38 <.0001

13.83 33.60 <.0001
2.25 5.46 <.0001
5.91 14.36 <.0001
2.28 5.53 <.0001
7.19 17.47 <.0001
2.6t 6.35 <.0001
1.42 3.44 0.0166
2.80 6.80 <.0001
0.74 1.80 0.0651
2,21 5.37 <.0001
1.12 2.7t 0.0142
1.67 4.06 <.0001
0.41

SPEF 1

TE+SPEF 2

t8

MC*SPEF
TE*MCISPEF
c02+sPEF
TE8CO''*SPEF
MC*CO,*SPEF
TE+MC+CO,*SPEF 6
wK3
TE+WK
MC*WK
TE*MC*WK
c02*wK
TE'fiCO,+WK
MC+C02*WK
TE*MC+C02+WK
SPEF*WK
TE*SPEF*WK

l8

MC*SPEF+WK 3

TE+MC*SPEF*WK 6
c02+sPEF*WK
TE8CO,*SPEF+WK 18

MC+CO2*SPEF*WK g

TE*MCtCO2*SPEF+WK 18
Error 576

1 10.10
2 26.37
3 4s.56
6 101.84
3 36.32

39.52

59.04
6 46.11

3 52.15
6 28.10
9 124.46

40.42
9 53.18

40.98
3 21.s6
6 1s.68

4.25

16.80
9 6.67

39.76
10.04

30. l0
?37 03

Refer Table Dl for explanation ofclass variables under the column sou..".
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Table D3 Cornbined analysis ofvariance rvith 5-way classification for adults f¡om first
_ cgunt of Cryp¡oþ¡eÐlerr¿lglnel¿s using data from all the experimental tests.
Source* DF Type III SS Mean Square F Vãlue-----ÞilF

TE 2 5500.47 2150.24 90.30 <.0001
MC I 34'749.42 34749.42 1140.88 <.000i
TE*MC 2 11123.35 5561.68 182.60 <.0001
co, 3 79243.24 26414.4t 867.23 <.0001
TE+CO2 6 16999.39 2833.23 93.02 <.0001
MC*COZ 3 2517.36 839.12 2l .55 <.0001
TE*MC*CO, 6 6325.18 1054.20 34.61 <.0001
SPEF 1 447 .13 441 .13 14.68 0.0001
TE+SPEF 2 70.11 35.35 1.16 0.3140
MC+SPEF 1 130.02 130.02 4.27 0.0393
TE+MC+SPEF 2 140.13 70.06 2.30 0.1011
co,*spEF 3 330.59 110.20 3.62 0.0131
TE*CO2*SPEF 6 1138.76 189.79 6.23 <.0001
MC*CO,+SPEF 3 114.14 38.05 1.25 0.2911
TE*MC*CO,*SPEF 6 521.34 86.89 2.85 0.0096
wK 3 26619.41 8873.14 291.32 <.0001
TE+WK 6 2841.98 473.66 15.55 <.0001
MC+WK 3 1515.23 505.08 16.58 <.0001
TE+MC*WK 6 3473.80 578.91 19.01 <.0001
co2*wK 9 3384.33 3-/6.04 12.35 <.0001
TETCO2*WK 18 1246.16 69.23 2.27 0.0020
MC+CO2+WK 9 1455.15 161.68 5.31 <.0001
TE*MC+CO,*WK 18 2734.00 151.89 4.gg <.0001
SPEF+WK 3 203.92 67.97 2.23 0.0835
TE*SPEF*WK 6 216.12 36.02 1.18 0.3138
MC*SPEF'*WK 3 220.55 73.52 2.41 0.0657
TE+MC*SPEF*WK 6 198.36 33.06 1.Og 0.3697
cor*sPEF*WK 9 676.28 75.14 2.47 0.0091
TE+CO2+SPEF"WK 18 1273.75 70.76 2.32 0.0016
MC+CO2*SPEF*WK 9 448.04 49.78 1.63 0.1021
TE*MC+CO2+SPEF+WK 18 648.17 36.01 1.18 0.2102

576 17s44.00 30.46
Refer Table D1 for explanation ofclass variables under the column source.



Table D4 Combined analysis of variance with 5-',vay classification for adults from first

"outt 
of friåol l t.rt"

uare F Vulue pr > F

th.

MC
TE+MC
Cot
TE*CO"
MC*CO,
TE+MC*CO,
SPEF
TE*SPEF
MC+SPEF
TE"MC*SPEF
CO,sSPEF
TE*CO,*SPEF
MCXCO,*SPEF
TE+MC+CO,*SPEF
WK
TE*WK
MC+WK
TE*MCTWK
c02*wK
TE+C02+WK
MC*C02*WK
TE+MC*C02xWK
SPEF+WK

2 7007.00
1 6440.33
2 332052
3 26664.48
6 10903.38
3 2169.43
6 4491.41
1 1 1891 .26
2 5823.7 5

1 154.08
2 657.83
3 868.98
6 2313.70
3 389.01
6 497.45
3 1110.72
6 11365.67
3 7494.29
6 1148.9s
9 21406.62

3503.50 84.50 <.0001
6440.33 155.34 <.0001
1660.26 40.04 <.0001
8888.16 214.38 <.0001
1817.23 43.83 <.0001
823.14 19.85 <.0001
748.57 18.06 <.0001

11891.26 286.81 <.0001
2911.88 70.23 <.0001

3.12 0.0544
7.93 0.0004
6.99 0.0001
9.30 <.0001

3.13 0.0254
2.00 0.0639

570.24 13.75 <.0001
2894.28 69.81 <.0001
2498.10 60.25 <.0001

l8 8992.98

8727.0'7

15s.36
1286.t7

1.63 <.0001

4.19 <.0001

154.08
328.92
289.66
3 8s.62
129.67
82.91

191.49 4.62 0.0001
2378.51 57.37 <.0001
499.6t 12.05 <.0001
316.37
173.s6

3013.64 72.69 <.0001
1403.88 33,86 <.0001

1.23 0.2916
3.86 0.0009
8.09 <.0001

0.42 0.9266
1 .72 0.03 16

9 2847.36
18 3124.08
3 9040.93

TE+SPEF*WK 6 8423.28
3 153.13
6 960.99
9 3020.16

51.04
160.1'7

335.57

MC*SPEF*WK
TE+MC*SPEF*WK
c02*sPEFrwK
TE'¡CO"+SPEF*WK 18

MC*CO,XSPEF+WK 9
TE+MC+CO.+SPEF*WK i 8

484.84 11.69 <.0001
11.26
71.49

Error 576 23881.00 41.46
nér
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Table D5 combined analysis of variance with 5-way classification for adults from
incubation count of Cryptolestes ferngineus using data from all the
experimental tests.

TE
MC
TE+MC
Co,
TE*CO,
MC+CO''
TE*MC8CO,
SPEF
TEXSPEF
MCTSPEF
TÐ+MC+SPEF
co,*sPEF
TE*CO-,*SPEF
MC*CO.*SPEF
TE+MC*CO.*SPEF 6 40.47
WK
TE*WK
MC+WK
TE*MC+Vi/K
c02+wK
TE*CO,+WK
MC*CO'+WK
TEEMC*CO?+WK
SPEF*WK
TE*SPEF* WK
MC*SPEFTWK

t8 36.35

TE+MCXSPEF+WK 6 26.15
cor+sPEF*WK
TE+CO,*SPEF*WK
MC*CO,*SPEF+WK 9
TE+MC* CO,*SPEF*WK 1g

1303.14 2414.06 <.0001
477.72 884.97 <.0001
86.40 I 60.05 <.0001

243.01 450.18 <.0001
122.24 226.45 <.0001
12.86 23.83 <.0001
10.82 20.04 <.0001
32.85 60.85 <.0001
10.14 18.78 <.0001

10.95 0.0010
6.37 0.0018

10.58 19.60 <.0001

2606.29
477.72
172.80
729.03
/JJ.+J
38.5 8

64.89
32.85
20.28

5.91

6.88
3 31.74
6 23.15
3 4.83

3 98.46
6 77.0s
3 19.84
6 22.68

6.75 12.50 <.0001
32.82 60.80 <.0001
t2.84 23.79 <.0001

t2.25 <.0001

7.00 <.0001

7.15 <.0001

2.98 0.0309

2.52 0.00'71

3.74 <.0001

3.54 0.0145
1.51 0.1718
3.47 0.0161
8.07 <.0001

1.16 0.3188
1.98 0.0093
1.77 0.0113
1.35 0.1509

5.91

3.44

9

18

68.04
I. J+.JJ

J.ðO

l.6l

1.36

2.02
1.91

0.82
1.87

4.36
0.63

1.07

0.95

0.13

6.61

3.78
7 .56 14.00 <.0001
7.46 13.82 <.0001

9 12.25

3 5.74
6 4.90
3 5.61

9 s.63
18 to 1,1

8.s9
1.3.12

Enor 576 3 10.93 0.54
R.f..
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Table D6 combined analysis of variance with 5-way classification for adults from
incubation count of Tribolium casto.neum using data from all the
experimental tests.

TE 2 3071.23 1537.12 2260.43 <.0001
MC 1 94.71 94.71 139.28 <.0001
TE+MC 2 112.16 56.08 82.47 <.0001
co, 3 407 .58 135.8 6 199j9 <.0001
TE+CO2 6 456.62 16.10 111.91 <.0001
MC*CO, 3 8.41 2.8 0 4.r2 0.0066
TE+MC*CO, 6 6.87 1.15 1.68 0.1224
SPEF 1 702.71 702.71 1033.39 <.0001
TE*SPEF 2 758.22 319.11 557.51 <.000i
MC*SPEF 1 4.34 4.34 6.38 0.0i 18
TE+MC*SPEF 2 5.93 2.96 4.36 0.0132
co,*sPEF 3 109.30 36.4 53.58 <.0001
TE*CO,+SPEF 6 110.70 18.45 27.13 <.0001
MC+CO,+SPEF 3 73.78 24.59 36.17 <.0001
TE*MC+CO,+SPEF 6 172.44 28.74 42.26 <.0001
wK 3 36.12 12.04 17.70 <.0001
TE*WK 6 82.06 13.68 20.11 <.0001
MC+WK 3 2.47 0.82 1.21 0.3047
TE+MC*WK 6 40.20 6.70 9.85 <.0001
co2*wK 9 10.59 1.18 i.73 0.o7gl
TE+CO,+WK 18 81.41 4.52 6.65 <.0001
MC*CO.,*WK 9 6.13 0.75 1.10 0.3613
TE'TMCTCO2*WK 18 22.48 1.25 1.84 0.0187
SPEF*WK 3 5.43 1.8 1 2.66 0.0472TE*SPEF*WK 6 30.32 5.05 7.43 <.0001
MC*SPEF+WK 3 2.72 O.gt 1.33 0.2622
TE*MC+SPEF+WK 6 19.76 3.29 4.84 <.0001
cozxsPEF*WK 9 20.14 2.24 3.29 0.0006
TE+CO,*SPEF*WK 18 62.38 3.47 5.10 <.0001
MC*CO,+SPEF*WK 9 3t.66 3.52 5.17 <.00b1
TE*MC*CO2*SPEF+WK 18 47.06 2.61 3.84 <.0001

576 391.69
Refer Table D1 for explanation ofclass variables under the column sou¡ce



Table D7 Type 3 tests of fìxed effects from mixed model analysis of variance for the
adults from first count of CiTp tolestes ferrugineus in dry e2Vo wb) and wet

_ . . (15oò wb) grain þ single.apd mixed species experimental tests.
Population Type 3 tests offixed effects aõta""nce
category parameter estimates

Effecr Num Den F Value pr > F Temp Residual
___pFpF("c)
L'ryptolestes TE 2 144 69.18 <.0001 15 16.401

3 144 224.49 <.0001 20ferruginetts, CO,
dry (12%wb), CO2+TE
single-species WK
controls

6 144 13.69 <.0001

3 144 55.55 <.0001

6 144 6.32 <.0001
9 r44 1.33 0.2254

25
41.297
81. r 93

WK+TE
co,*wK
co,+wK+TE 18 144 1.16 0.3046

Cryptolestes TE

fernLgineus, CO,
wet (15% wb), CO'*TE
single-species WK
controls WK*TE

88.15 <.0001

294.04 <.0001

75.50 <.0001

85.56 <.0001

11.33 <.0001

14.17 <.0001

5.59 <.0001

2 144
3 144
6 144
3 144
6 144

i5
20
25

18.266
9.974

21 . 198

. co2'+wK 9 144
co,'ftwK+TE 18 144

Cryptolestes TE

ferrugineus, CO,
dry (12% wb), CO,*TE
mixed-species WK
combination WK*TE

c02*wK

r44 55.19
144 179.67
t44 21.7 6

144 96.69
144 10.31

144 3.20

2

3

6

J

6

9

15

20
25

<.0001
<.0001
<.0001
<.0001
<.0001

0.001 s

56.224
39.682
35.542

CO.+WK*TE

Cryptolestes TE

ferrugineus, CO,
wet (I5o/o wb), CO,*TE
mìxed-species \\¡l(
combination WK*TE

2.48 0.001s

2 144 135.95 <.0001 15
3 144 281.51 <.0001 20
6 144 19.25 <.0001 25
3 144 85.38 <.0001
6 144 9.22 <.0001

co2+wK 9 144 14.90 <.0001
co,+wK+TE 18 144 4.6E <.0001

R"f.. Tub

17.340
12.270
l6.l r 0
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Table D8 Tlpe 3 tests of fixed effects from mixed model analysis ofvariance for the
adults from first count of Triboliunt castaneum tn dry (12% rvb) and wet
(15% wb) grain in sin.qle and mixed species experimental tests.

Population
category

Ty?e 3 tests of fixed effects Covariance
parameter estimates

18.208
96.438

Effect Num Den F Value pr > F Temp Residual

- 

DF DF ("c)
Tribolitun

3 144 88.24 <.0001 20
6 t44 22.33 <.0001 25
3 144 4.37 0.0056
6 144 33.11 <.0001
9 144 37.15 <.0001

co,'+wK*TE 18 144 9.40 <.0001

castanelü'Ìl, CO,
dry (12% wb), CO,+TE
single-species WK
controls WK*TE

c02*wK

Tribolium TE
c(rstaneun, CO,
wet (15% rvb), COr*TE
single-species WK
controls WK*TE

Tribolium TE
castaneun, CO,
dry (12% wb), CO,*TE
mixed-species WK
combination WK'kTE

co.*wK

Tribolitun TE
castaneun, CO,
wet (15% wb), CO,+TE
mixed-species WK
combination WK+TE

cor*wK

2 144 31.52 <.0001
3 144 26.19 <.0001
6 144 16.62 <.0001
3 144 41.22 <.0001

6 144 29.61 <.0001

2 144 21.14 <.0001 15

3 144 70.88 <.0001 20
6 r44 5.91 <.0001 25
3 144 59.09 <.0001
6 r44 3.03 0.0081
9 144 12.47 <.0001

2 144 56.65 <.0001
3 144 82.26 <.0001
6 144 63.94 <.0001
3 144 27.75 <.0001
6 144 4.44 0.0004
9 144 16.8 1 <.0001

15 6.323
20 15.167
25 14'7.3s0

co,*wK 9 144 10.20 <.0001
co,*wK+TE 18 144 5.89 <.0001

co,xwK*TE 18 144 3.51 <.0001

91.401
16.896
62.36s

15 11 .073
2Q 5.005
25 12.354

co,*wK*TE 18 144 4.86 <.0001
Refer Table Dl for explanation ofclass variables under the column effect.
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Table D9 Tlpe 3 tests offixed effects from mixed model analysis ofvariance for the
adults from incubation count oî Cryptolestes fetugineus in dry (12% wb)

_ . . and wet (15% wb) g¡ain in single and mixed species experìmental tests.
Population Type 3 tes

Effecl

ferrugineus, CO,
dry (12% wb), CO,*TE
single-species WK
controls WK+TE

CO,"WK

Cryptolestes TE

ferrtLgineus, CO,
wet (15% wb), CO,*TE
single-species WK
controls WK*TE

co.*wK

Cryptolestes TE

ferntgineus, CO,
wet (15% wb), CO,+TE
mixed-species WK
combination WK+TE

cor*wK

3 144 92.59 <.0001 20
6 144 50.72 <.0001 25
3 144 5.91 0.0008
6 144 4.2'/ 0.0005
9 144 r.73 0.0864

parameter estimates

0.226
1.772

category

Num Den F Value Pr > F Temp Residual

co,+wKETE 18 14-l 2.19 0.0057

2 144 1559.74 <.0001
3 144 294.03 <.0001
6 144 164.65 <.0001
3 144 64.05 <.0001
6 144 3 1 .48 <.0001
9 144 10.67 <.0001

2 144
3 t44
6 144
3 144
6 144
9 144

2 144 1858.73
3 144 152.09
6 144 104.34
3 144 2t.90
6 144 17.01

9 144 5.50

<.0001
<.0001
<.0001
<.0001
<.0001

<.0001

15

20
25

0.180
0.488
0.635

co,*wK*TE 18 144 9.47 < 00!_l_-_-.-
Cryptolestes TE

ferrugineusl , CO,
dry (12% wb), CO,*TE
mixed-species WK
combination WKxTE

c02*wK
co,+wK*TE l8 144

15

20
25

0. 196

0.816
0.L47

co,+wK*TE 18 144 7.94 <.000
t Analysis failed due to zero or negligible incubation count at 15 and 20.C.
Refer Table D1 for explanation ofclass variables under the column effect.
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Table D10 Type 3 tests of fixed effects fro'r mixed model analysis of variance for the
adults from incubation count of Tribolittm castaneum tn dry (12% wb) and
wet (15% wb) grain in single and mixed species experimental tests.

Population Tlpe 3 tests of fix
category pql4meter estimates

Effect Nu- D"n F Vãrã--ÞilF i.-p R..td".l
_ .. _. __ pF pF (.c)
l rtbolittnt TE 2 144 453.60 <.0001 15 0.07g
castaneum, CO,
dry (12% wb), CO,*TE
single-species g,/(
controls WK*TE

c02*wK

Triboliunt TE
castaneum, CO,
wet ( l5o/o wb). CO-*TF
single-species WK
controls WK*TE

c02*wK
co.+wK

3 144 40.64 <.0001 20
6 t44 27 .05 <.0001 25
3 144 5.11 0.0022
6 144 4.03 0.0009
9 144 1.20 0.2966

co,*wK*TE l8 144 3.56 <.0001

2 144 858.35 <.0001 15
3 144 130.62 <.0001 20
6 144 67.80 <.0001 25
3 1.44 6.74 0.0003
6 144 17.88 <.000i
9 144 3.90 0.0002

0.358
2.603

0.126
0.610
2.283

Triboliun TE
castaneunt+ , CO,
dry (12% wb), CO,*TE
mixed-species WK
combination WK'eTE

CO.*WK

Tribolium TE
castaneum, CO,
wet (15% wb), COr*TE
mixed-species WK
combination WK+TE

co"+wK

5.48 <.000

2 t44
3 144
6 144
3 144
6 144
9 144

2 144 436.32 <.0001

3 144 1 1.84 <.0001

6 144 9.77 <.0001
3 144 11.59 <.0001

6 144 11.77 <.0001

9 144 5.69 <.0001

co,*wKrTE l8 144

15

20
25

0.016
0.205
0.635

co,rwK*TE 18 144 4.31 <.0001

f Analysis failed due to zero or negligible incubation count at l5 and 20.C
Refer Table Dl for explanation ofclass variables under the column effect
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Table Dll rlpe 3 tests of fixed effects from mixed model analysis of variance for the
adult survival (first and incubation counts) ofcryp torestes ferruginetts ín dry
(12% wb) and wet (15% wb) grain in single and mixed species experimental
tests.

Population
category

Tlpe 3 tests of frxed effects -o"a""nce
parameter estrmates

Effect Num Den F Value pr > F Temp Resid"al

= , == ?F DF ("c)
Ln)ptolestes lE 2 144 68.82 <.0001 15 0.161

3 144 167.21 <.0001 20ferntginetts, CO,
dry (12% wb), CO,*TE
single-species WK
controls WKsTE

6 144 21.40 <.0001
3 144 31.52 <.0001
6 144 6.23 <.0001

25
0.058
0.069

co,rwK 9 144 1.49 <.0001

Cryptolestes TE

fernrgineus, CO,
wet (15% wb), CO,*TE
single-species WK
controls WK+TE

Cryptolestes TE

ferrttgineus, CO,
dry (12% wb), CO,+TE
mixed-species WK
combination V/K+TE

c02*wK

Ctyptolestes TE

fernrgittetts, CO,
wet (15% wb), CO,+TE
mixed-species WK
combination WK*TE

44 2.20 0.00s4

2 144 223.05 <.0001 15
3 144 469.49 <.0001 20
6 144 116.50 <.0001 25
3 t44 7 6.02 <.0001
6 144 1 1.93 <.0001

CO.*WK*TE I8

co,+wK 9 144 18.87 <.0001
co,*wK*TE 18 144 10.16 <.0001

0.007
0.007
0.018

0.250
0-027
0.118

2 144 87.21 <.0001
3 t44 122.55 <.0001
6 r44 32.42 <.0001
3 144 44.41 <.0001
6 144 1 1 .09 <.0001
9 144 4.11 <.0001

15

20
25

co,*wK+TE 18 144 3.02 0.0001

2 144 97.76 <.0001
3 144 319.83 <.0001
6 144 84.00 <.0001
3 144 45.59 <.0001
6 144 11.11 <.0001

co,*wK 9 144 16.48 <.0001

15

20
25

0.010
0.013
0.010

qo,+wK*TE 18 144 7.48 <.0001
Refer Table D1 for explanation ofclass variables under the column effect.
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Table D12 Type 3 tests of fixed effects from mixed model analysis of variance for the
adult survival (first and incubation counts) of lriåo liunt castaneum in dry
(12% wb) and wet (15% wb) grain in single and mixed species experimental
tests.

Type 3 tests offixed effects Covariance
Þarameter estimates

Effect Num Den F Value pr > F Temp Residual
DF DF r'nr

'l ribolium TE 2 144 151.36 <.0001 15 0.072

Population
category

3 144 96.72 <.0001 20 0.00?
6 144 29.00 <.0001

3 144 42.49 <.0001
6 144 21.93 <.0001

9 r44 34.57 <.0001
co,*wK*TE 18 144 18.54 <.0001

castanelrm, CO,
dry (12% wb), CO.,+TE
single-species WK
controls

25 0.066

WK+TE
co2*wK

Triboliutn TE
castanelrm, CO,
wet (l5o/o wb), COr*TE
single-species WK
controls

2

3

6

3

6

9
t8

144
144
144
r44
t44
144

15

20
25

449.09
123.12

65.90
3.56

1 1.95

4.09
)-5 I

<.0001
<.0001
<.0001

0.0160
<.0001

0.0001
<.0001

0.002
0.007
0.037

WK'ftTE
c02*wK
CO.*WKXTE

Triboliwn TE
castanelun, CO,
dry (12% wb), CO,*TE
mixed-species WK
combination WK*TE

c02+wK

44

1.44 18.86
144 44.01

144 6.90
144 38.34
144 7.25
144 18.72

2

3

6

J

6

9

15

20
25

<.0001

<.0001
<.0001

<.0001
<.0001
<.0001

0.232
0.173
0.047

CO.*WK+TE

Tribolium TE
castaneum, CO,
wet (15o/o wb), COr*TE
mixed-species WK
combination WK*TE

4.42 <.0001

2 144 68.72 <.0001 15

3 144 60.42 <.0001 20
6 144 32.86 <.0001 25
3 144 31.10 <.0001

6 144 4.34 0.0005

0.003

0.002
0.010

co2*wK 9 144 5.88 <.0001
co,*wKrTE 18 144 2.69 0.0006

R.f.. Tu
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