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ABSTRACT

INTERRELATIONS IN STORED_I^ITIEAT ECOSYSTEMS

INFESTED I^IITH MULTIPLE SPEC]ES OF INSECTS:

A DESCRIPT]VE AND MULTIVARIATE ANALYSIS

hlhite

Manitoba, L979 Supervisor: Dr. R. N. Sinha

The pathways and consequences of multiple ínsect infestatíon of bulk-

stored wheat, for 60 r¿eeks, under símulated tropical conditíons (30t2"C)

were determíned by classical descriptive, and multivariate statistícal

methods of ecosystem analysis. Descríptíve resulËs relating to ínterac-

tions among the varíables were complimented and quantified by those ob-

Ëained by multivariate analyses. Eight 204-Líter drums containing wheat

at 15.5% rnoisture contenÈ \,/ere used as three distinct man-made ecosystems:

(a) Control system (2 drums), insecË-free; (b) RST system (3 druins), infes-

ted with naËurally-occurring groupíngs of Rhyzopertha dominíca, Sitophilus

oryzae, and Tribolium castanerxn; and (c) COf system (3 drurns), irrfested

with naturally-occurring groupíngs of Cryptolestes ferrugíneus, Oryzaephi-

1us surinamensis, and Tribolium casËaneum. The variables measured regu-

lar1y within each system included carbon dioxíde, oxygen, Ëemperature, grai-n

moisture, seed damage, graín weíght and volume, dust weíght and volume, seed

germination, microflora r¡hich maínly Íncluded Alternaria alternajta, Asper-

gillus glaucus group, Aspergillus candidus, and bacteria, ínsect numbers,

and Ëhe numbers of the miËe Tarsonemus granarius.

Alternaria infection and seed germinaËion disappeared by week 15 whíle
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Aspergillus and bacteríal infection of the seeds increased in all systems.

Aspergillus candidus replaced Aspergillus glaucus group as the main fungus

for a short time after 30 weeks of storage in the RST system. Fat acidity

values of the grairn in the same sysËem r¡rere highest until week 30 when they

began a steady declíne although values in the Control system conËínued to

rise followed more slowly by values in the COT system. All ínsect numbers

íncreased exponentially for nine weeks followed by a sharp decline and os-

cillations of populations; Sítophilus and Oryzaephilus were unable to sur-

víve in the presence of the other insects and Tarsonemus survived only in

the Control system in the absence of large insect populations. The quan-

Ëity of uríc acid Ín the dust of the RST system T¡/as seven fold greater than

in the COT sysËern.

Highlights of the principal component analyses for each sarnplÍng period

and for the cumulative data r,rere that Alternaria infection and seed germina-

tion declined as seed damage, carbon dioxíde levels and bacterial ínfection

íncreased; and that Ínsect numbers rÀ7ere posítively related to Aspergillus

buÊ negatively related to bacterial infection of the seeds and, after lengthy

storage, wiËh high fat acidity values.

The main relationship found by canonical correlation analysis were that

Alternaria and germination r¡rere negatively related to high fat acidity val-

ues, bacterial infection, and seed damage.

Moderate moisture content of the wheat (L6-L7%) was positively related

Ëo insect numbers and Aspergillus, but when high (>LB"Á) it was negatively

related to ínsect numbers.

Multiple linear regression analysís indícated that the fungus-feeding

míËe Tarsonemus was posítively related Ëo Alternaria, Aspergillus and to

carbon dioxide levels.

l_ l_



Generally, Alternaría and germination rapidly declined because of

Aspergillus grol,/th; insects and mold produced large amounts of carbon

dÍoxide, damaged the grain, and produced hígher moÍsture levels whích

stimulated bacterial growth which in turn inhíbited insect and fungal

growth. Fat acidity values increased with time but the presence of

RhyzoperÈha sharply counteracted this trend in the RST system in r¿hich

deËerioratj-on of the overall qualiËy of grain \¡ras most rapid.

High temperaËure and high moísture levels accelerated insect and

mold growth. The insects played an important role in the loss of grain

quality for 40 to 50 weeks after whÍch increasing moisture levels res-

ultíng from accelerated metabolic activity of the insects resulted in

predomínant bacterial infection and further grai.n spoilage.
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Chapter 1

INTRODUCTION

I¡Iheat groTtrl in western Canada is susceptible to attack by insect

pests whether stored at home or shipped abroad. Inheat stored ín varíous

climatic regions of the r¿or1d (Gunn 1968) ís;. subject to invasion by

characteristíc groups of major pest species of insects. Although indi-

vidual species overlap among these groups, the impact of collective

infestations by a characteristic ecological species group is an impor:

tant consideration for storage of cereal seeds v¡Íth ninimum qualíty

loss. Canadian wheat is exported to many countríes having a lor^r-lati-

tude climate with \,rarm l,ret and dry seasons where most destructive sto-

rage insects remain active in almost al1 seasons of the year. The

coflrmon pests in these regions are the lesser grain borer, Rhyzopertha

dominíca (F.)(Bostrichidae), the rice weevÍl, sirophilus oryzae (t.)

(CurculÍonidae), and the red flour beetle, Tribolium castaneum (Herbst)

(Tenebrionidae), (Baíns et al. L976). rn L976, whear exporrs from canada

to countries Ín such regíons included 22r162 tons Eo Tanzania, L1344rL2I

tons to China, 601,667 tons to India, L,752,485 tons to Japan, and

178,909 tons to Pakistan (Anonymous 1976). rn rhe uttar Pradesh stare

of rndia, weight losses and a germination decrease of up to 9.7 and 22%

respectively, were reported in r,vheat stored for 6 months and infested

with ínsects, including R. dominica, s. oryzae, and r. castaneum (Girish

et al. L974).

I^Jestern Canada has a continental

tude humid zone and a semi-arid zorLe.

clímate which includes a mid-lati-

Its rnajor insect pests are: the
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rusty grain beetle, Cryptolestes ferrugineus (Stephens) (Cucujidae), the

saw-toothed grain beetle, Oryzaephilus surinamensis (L.) (Cucujidae), and

Ëhe red flour beetle, Tribolium castaneum (Sínha I965a, 1974; Watters

L976) .

Most stored-product insects have a r¿orld-wj-de dístríbution. The

reasons for theír ubiquitous preserrce 1ie both in their evolutionary

adaptatíons (morphological, physiologícal, and behavioral) and in the

actions of modern man who transporÈs insect-infested graín throughout

the world (Freeman 7973). Man also provides breeding habitats for these

pests by building storage structures within which bulk graín provides

both food and protectÍon from atmospheric temperature fluctuations.

Sinha (L974) demonstraLed close relatíonships between stored-product

insect pests and climate over various regions of the world, and d.evel-

oped a 'Ìclimatic plasticity index" wíth which to determíne the relative

capacity of each major insect species to thrive and cause ouÈbreaks ín

different countries with distinct clímatic conditíons. These calcula-

tions have shown that the most cosmopolitan pests, C. ferrugineus, O.

surinamensis, and T. castaneum have the highest indices, which íncorpor-

ate laboratory data on a speciesr íntrinsíc rate of increase and physi-

cal 1imíts.

I{ost stored product insects reproduce continuously under favorable

environmental condítions. The intrinsic rate of increase (maximum), rm,

is a good measure of the reproductíve potentÍal of a specíes (nirch 1948).

Hor¡e (1953) expressed it as the number of tímes a population would increase

in four weeks in a non-linriting environment under optimal condiLions. The

r- values for R. domÍnica and S. oryzae are 20X and 25X respectively; both

species feed on whole grain (Birch 1953); C. ferrugi-neus (r_=60X), feeds
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damaged germ of seeds (Bishop 1959, Snirh 1965); and T.

=70X) (Leslie and Park 1949; Howe 1956a, 1962) and O. sur-

=60X) (Howe 1956b) feeds primarily on broken and ground.l_namensrs

graín.

The quality of stored grain is important not only Eo man, but also

to insect species. Many stored-grain ínsects are not whole-grain fee-

ders. Some of them thrive only in the preserice of d.ockage such as

broken kernels or weed seeds (Sinha 1975) whereas many others live on

fnngi associated r,iíth decaying stored grain (sinha L965,I966a,,:L966b,

1968a, .L97L; Sinha,and Harãsynçk L974).

The rate of grain deterioration ís affected by moisture, tempera-

ture, oxygen supply, and the condítion, or degree of damage, of the

seeds. These factors and the physical and biochemical state of the

health of the cereal seed (Multon et al. L973) determine the type of

fauna and microflora that can invade the grain (Trisvyatskii 1966,

Píxton and Hill L967). The two key abiotic varíables, temperature and

moisture (Muir 7973) also affect the rate of biochemical reactions

r,¡ithin the seeds. During storage, carbohydrates (starch and sugar) de-

crease, protein, vitamin, and mineral levels remain faír1y constant,

and fats are steadily broken down by either oxidative reactions, which

lead to odors in the grain, or hydrolytic reactions caused by lipases

secreted by mo1ds, which break down the fats to free fatty acids and

glycerol. zeLeny (L954) and christensen (1974) have revíewed rhe pro-

cesses involved in grain deterioration.

The stored-grain ecosystem ís immature, r.rnstable, and ecologically

simple, containing specíes with high reproductíve potential and faculta-

tive feeding behavíor. However, interacËions among abiotic and biotíc
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variables are often complex (Margalef 1963, Sínha I973a). Bronswijk and

Sinha (L97L) have shovm that some of the ínterrelationships among many

variables operating within stored-grain ecosystems are not always clear

from classical, descriptive studies. Use of multivaríate data summaríza-

tíon techniques, such as principal component analysis and canonical cor-

relatíon analysis (Sinha et al. 1969a, L969b, L972) give a more realisËic

picture of these Ínterrelations of stochastic processes. Although many

sËored product insects are found toget.her ín natural ínfestatíons of stored

grain, few controlled studies have been carried out to determine theír col-

lective impact on the loss of quality of food graín.

The purpose of this investígatíon was to clarify and quantify the

interactíons among t\,¡o common combinaËions of stored-grain ínsects; and

to describe the ramifications of such multiple species infestations in

terms of several biotíc and abiotic variables.

Therefore, a mulËidisciplinary study of naturally occurring complexes

of stored-product insects aE near optirnal environmental conditions (Howe

L965), in storage containers simílar to those used at Ëhe farrn level ín

parËs of Asia (SÍnha 1968b), v/as undertaken to determine their effect on

grain deterioratíon and the succession wíthin the faunal and microfloral

communiËies. Both descriptive and multívaríate staËistical analyses vüere

used to elucidate the varíous ínterrelations among variables and to assist

ín understanding the structure and function of stored-wheat ecosystems

under the specified conditions.



Chapter 2

MATERTALS AND METHODS

Stored-wheat EcosysEems

(A) Experimental Design

Eight 204-LLxer steel drums, placed on end, were each fitled wíth No. 2

Canada vlesËern red spring wheat (Tritícum aestivum L., cv Neepawa) grovm in

1976 at Glenlea, ManiËoba (Figs. I and 2). A 157-Kg parcel of graín was

placed ín each drum to about 5 cm from the top. The moisture content of the

wheat, on a wet weight basís, T¡ras 15.510.L0"/". Dockage, consistíng of small

and broken wheat kernels and weed seeds, comprised less tlnan L% of the weight.

Holes were drilled in each drum at eight points (Fig. 2^). The top

outlet. (6.3-cm diam) T¡/as covered r"¡ith 0.30-mm diam aperture (5O-mesh) sËain-

less steel screen whích allowed gas exchange but conËaíned the insects. An-

oËher ventilation hole 2 cm ín diam. was drilled at the periphery of each top

and covered wíth similar screening. The síde outlets (3.1 cm diam) were

plugged with rubber stoppers, and a sliding steel plate r¡ith a moveable

openíng covered the bottom out.let (3.1 cm díam). Sarnpling locations at the

sides of the drums were 15 , 45, and 75 cm from the Ëop of the drum and cen-

tral sampling locations \'rere at 15 and 45 cm from the top and at the bottom

of the drum.

Copper-constantan thermocouples and plastíc Nalgene (Sybron Corp.,

Rochester, New York) gas tubes (3.5 mm diaur), which had the bottom ends

covered with 0.42 nm aperture nylon screen (4O-mesh) and the upper ends

covered with rubber nípples, \¡rere placed through Ëhe top of the drums in

positions corresponding Ëo samplíng locations (Fig. 2B). These openíngs



Figure 1. Experímental wheat-filled drums equÍpped with thermocouples
to record temperature and plastic tubes to extract gas sam-
ples for monitoríng CO"-O., levels. The first two drums to
the left were controL ãnd'the other 6 contaíned different
combinatíons of stored-product ínsects.





Figure 24. Planviews of experímental drums showíng sampling locatíons
and other dimensions.

28. Planviews of experimental drums showing the locatíon of
thermocouples and gas tubes and other dimensions.
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in the drum tops were sealed urith Sílícone (Canadian General Electric,

Toronto, Ontario) caulking compound. The drums were held in a room at

30!2"C and 45*5% relaríve humidity (nU) for 60 wk.

The drums were numbered from I to 8 and the sampling locations frdn

L to 72 for nine consecutive locatÍons per drum. The noninfested con-

trols r¿ere drums I and 2 (control systern). on 25 lray, L977 t]ne oËher

drums were artifícially infested r¡ith insects (Fig. 3) ín the following

manner: no. 3, 4, and 5, each with 500 adult lesser grain borers, R.

domíníca, reared on whole wheat, 500 adult rice weevíls, s. oryzae, reared

on r¡hole wheat, and 500 adult red flour beetles, T. castaneum, reared on

wheat flour and brewerrs yeasr powder (19:1) (nhfZqpg4!e-ë¡_9¡h1lg€.

Tribolium System or RST system); no. 6, 7, and 8 each wÍth 500 adult

rusty grain beetles, C. ferrugineus, reared on whole wheat and wheat germ

(19:1), 500 adult saw-toothed graÍn beetles, O. surinamensis, reared on

rolled oats, and 500 adult red flour beetles, T. castaneum, reared on

r.,/heat f lour and brewerf s yeast powder (Crvptolestes-Oryzaephilus-Tribolíum

System or COT system). All insects were taken from laboratory stock cul-

tures maintained at 30+loC and 70!2"/" RH. The insects r¡¡ere inËroduced

Ëhrough the top-central opening ín each drum. Two species of conmon

grain mítes, Tarsonemus granarius Líndquíst, and Lepidoglyphus destructor

(Schrank) were initially present in the graín in small numbers. Of these

only T. granarius multiplied successfully and only in drums L and 2.

To differentiate the various larva1 instars of each ínsect specíes,

head capsule widths vrere measured. To obtain larvae, 2000 adults of four

of the fÍve species r¿ere permitted to deposÍt eggs on a flour medium for

24 hr at 3GtloC and 70% RH. After ovíposition Ëhe eggs ü7ere sifted from

the flour usÍng a 0.42 Tnm aperture sieve. Thirty vials, 7 cm high and
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Figure 3. Adult insect,s used to artificially infest Ëhe sËored-wheat
ecosysËens:
(A) Rhyzopertha dominica,
(B) Sitophilus oryzae,
(C) Oryzaephílus surinamensis,
(D) Cryptolestes ferrugineus, and
(r) rrúolium castaneum.
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3 cm ín diameter and covered with a ventilated (0.30 mm aperture screen)

lid, were set up for each species. Ten eggs r¡/ere placed in each vial con-

Èaining 20 g oÍ v¡heaË flour for C. ferrugineus, O. surinamensis, and T.

castaneum and incubated at 30"C, 70"/" RH. Every other day two vials per

specíes \¡rere removed from the growËh cabinet, the flour was sifËed, and

the larvae mounted on microscope slides in Hoyerrs medium (Krantz L97L),

and covered with a circular no. 1 cover slip 18 mm in diameter. Ten R.

dominÍca eggs \¡rere placed in each of 30 vials containíng 10 g of r¿hole

held under similar conditíons, and the seedsr¿heat and 1 g of wheat germ,

from two víals were dissected every two days and Ëhe larvae mounted on

microscope slides. An ocular grid in a binocular microscope (Car1 Zeíss,

Jena, German Democratic Republic) was calibrated with a stage micrometer

and Ëhe head capsule ¡,ridth of the larvae determined. The head capsule

measurements reported by Sharífi and Mills (1971) were used for S. otyzae

classification.

In each drum, temperature \,/as recorded to 1 1'C continuously at the

45 cm depth on the periphery of the bulk grain with copper-constaritan

thermocouples in conjunctíon with a mulËípoínt electronic recorder (ltodel

no. 9330FJ, Foxboro Co., Foxboro, Massachusetts) from wk 0-30.

SevenËy-two 200-m1 grain samples r^rere taken at wk 0, 41 6 and tri-

r,reekly thereafter for 60 wk; nine locatíons ín each drum. Inlheat held in

plastic bags at -15'C for the duraËion of the study served as a base-lÍne

control (157 kg). One day prior to each samplíng date temperatures at

níne locations ín each drum were recorded with a DigÍnite potentiomeËer

(Therno Electric Co., Saddle Brook, New Jersey), and 30 ml of gas were

drav¡n from each gas tube (Fig. 28). The percentages of carbon dioxide

and oxygen content at each location r¡rere deËermined \.,Jith a Matheson gas
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chromatograph (Model 8430, Matheson Gas Products, P. O. Box 85, East

RuËherford, New Jersey) (Fig. 4). Grain samples were collected from the

side and boËËom locations with mÍnimum dísturbance of the bulk wheat by

removing the stopper or slidíng the steel plate respectively, and allow-

ing the grain to flow inËo the sampling bottle. As it was impossible to

remove samples from the Ër^7o upper central locations Ín a similar manner,

a brass torpedo probe holding 200 ml of wheat was used. Probes vrere

placed in an oven at 100"C f.or 2 hr several hours before use to prevent

accidental insect infestation. At each sampling, approximaxe1-y L2I5 g

of grain (9x135g) \À7ere removed per drum, or 1.2I% of the total mass.

Removal of this quanËíty of wheat at a given time was not considered to

influence fut.ure sampling appreciably because the systems had three weeks

to reÉurn to an equilibrium staËe.

tr^Ihen the vrheat had been removed from the drums the graÍn was sifted

through 2 mm aperture (lO-mesh) and 0.42 mrn aperËure (4O-mesh) sieves.

The various stages of living ínsects collected on the 0.42 mrn aperture

sieve were counËed, and the dust passing through this sieve was weighed

and the vol-ume determined.

Subsamples of 50 m1 were taken from every sample, placed in sealed

plastic bags and refrigerated aË 5oC. Inlheat from the subsamples vras used

ín the delermínaËion of seed moisture content, by wet weight basis, in

duplicate, on 10-g samples by the ASAE oven-dry metho{ (Fig. 5) no. s352

(Anonymous f975). Seed germinatíon vras determined and the mícrofloral

association noted on 25 randomly chosen kernels by the filter paper method

(I^Iallace and Sinha L962) after surface sterilizatíon for 1 min ín a L%

sodium hypochlorite solution followed by a sterile r¡/ater rinse (Tuite

L969). The r,,reight and volume of 100 randomly chosen kernels was deter-
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Figure 4. Injecting gas samples, taken
wheat ecosystems, into a gas
Ëages of. CO, and Or.

locations ín stored-
to determine percen-

from various
chromaÈograph





77

Fígure 5. Oven used to dry 10-g lots of wheat for moísture content deter-
minations at 130"C for L9 hours.
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mined and the extent of seed damage classifíed on a scale of 1 (no damage)

to 5 (only a shell remaíning) for borh germ (Fig. 6) and endosperm (Fig. 7).

A further 50 kernels \47ere removed aË random from each subsample from d.rums

3, 4, and 5 and díssecËed wÍEh a scalpel under a binocular microscope to

determine the number of R. dominíca and S. oryzae larvae that ï.ùere present.

The remai.ning 150 ml of r¡rheat, to whích Ëhe sifÈed dust was returned,

was placed in a Berlese funnel for further extractíon of mobile stages of

insects and mites (Sinha L964a). Specimens eollected were preserved in

702 aLcohol, counted under a mícroscope, and added to the values obtaíned

previously by sifËing. Free fatty acid contents of the samples or fat

acídíty values (FAV) in Ëhe grain were determÍned (Fig. 8) in duplicate

on pooled samples from each drum for wk 0-60, and on pooled top samples

on1y, from each drum for wk 15-60, because grain damage was generally

greatest during these periods (AACC method 02-01, Anon)rmous 1962).

(B) Berlese ExtracËíon of Insecrs

The efficiency of Berlese extraction for C. ferrugineus, O. surinamensis

and T. castaneuq was determíned by placing separate groups of 25 indivíduals

of each stage (four larval instars and adults), reared at 30oc , 70% R.H, in

150 ml of dry (L3.5'/" moisture content), Ëough (l-5.5% moisture conËent), and

damp (17.52 moisture content) rarheat for t hr and then placing the wheat in

Berlese funnels for 24 lnr. The percentage of each stage recovered was deter-

míned. Four replicates \^7ere used for each larval and adult group. Incandes-

cent líght bulbs (100 I^I) 6 cm above the grain were used. It vras not deemed

necessary to determine the efficiency of Berlese extractíon for

or S. otyzae since díssection of kernels gave a good indícation

numbers.

Ð

of

dominíca

larva1
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Figure 6. hlheat kernels showing degrees of germ damage caused by insect
feedíng:
(A) no damage,
(B) scrarches - Ll4 eaten,
(C) Lf 2 earen,
(D) 3/4 eaten, and
(E) pracrically all eaËen (shell lefr).
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Figure 7. Itlheat kernels showing degree of endosperm damage caused by
insect feeding:
(e) no damage,
(B) scraËches - L/4 eaten,
(C) Lf2 eaten,
(D) 3f 4 eaten, and
(n) practícally all eaten (she1l left).
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Fígure 8. Goldfisch fat extractor apparatus used for removal of free faËty
acids from samples of ground graín.
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(C) UrÍc Acid Analysis

Uric acid concentraËíon was determíned on dust collected from the cold-

room controls, and pooled samples from the Control system, the RST system,

and the cOT sysÈem drums on wk 9, 18, 27, 36, 45, 54, and 60 by the enz]rma-

Ëíc spectrophotometric method described by Farn and Srnith (1963) as modifÍed

by Bronswijk and sinha (1971). The quanrity of uríc acid per mg dusr and

the toËa1 mean quanËity for all samples from each drum, i.e. 9 samples or

1800 rnl r¡heat, from a system on a given date were determined.

(D) Determínation of Ëhe Distriburion of fnsects (COT system)

0n wk 39 of. the study a change in the dístríbuËíon of T. casËaneum and

C. ferrugineus adults was noted in the COT system. To determine if the

changing distribution patterns \,rere because of the age of the beetles, 100

C. ferrugineus adults and 100 T. castaneum adults \¡rere removed from the tops

of drums 6, 7, and B (total of 300 C. ferrugineus, 300 T. castaneum) and 100

adults of each species r¡/ere removed from the bottom of drums 6, 7, and 8.

Three hundred adults of each species were also taken from stock cultures

maintained at 30"C and 70% RH.

Groups of 100 adults were placed in bottles (200 ml) conraining a

mixture of wheat (15.5% moisture content) and 5% wheat germ for 1 wk at

30"c and 70% I.H. Then the adulLs \¡/ere removed by sífting and the grain

was placed in a Berlese funnel f.or 24 hr and the number of mobile offspring

counted. The old adults \¡rere placed on fresh rearing media at that time

and successively at tri-¡,¡eekly intervals and Ëhe number living r¿ere counted

by sifting at 4 and 7 wk after removal from the drums.

(E) Seed Electrolyte Leakage Tesr

The conductivity (electrolyte leakage in damaged seeds) of a deíonízed

\¡laEer soluÈion contaíníng t g of seeds was determined for the cold-room
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controls and pooled samples from each drum at wk 18, 2L, 24, 27, 30, and.

60 (Mills and Kim 1977).

(F) Mílling and Baking Tesrs

Standard nilling and bakíng analyses (Pomeranz and Shellenberger 1971)

were done on 1 kg of wheat from the cold-room controls and pooled wheat for

each system aË r,¡k 15, 30, and 60. The physicat and chemical analyses inclu-

ded: whole wheat (kernel weight, protein cont.ent, flour yield); flour

(protein conterit, ash content, amylograph vÍscosity, baking absorption,

sedímentation value); bakíng (1oaf volume); and farinogram tests.

InsecË Population Action and Interact.ion

Although most organisms !üere investigated at the species level, the

arthropods and microflora are generally referred to by their generic names

Ëhroughout the remaining text for conveníence.

To determine the effects of individual and multiple groupÍngs of the

five species of insects used inthe experimental ecosystem study, the fo1-

lowing experiment ü/as designed. One hundred and tv¡enty-six bottles, 5 cm

diam and 10 cn hígh, r¿ere filled with LO2 g (150 rn1) of whole r¿heat (cv

Neepawa) at 15.52 noisËure content. Nine bottles were used as replicates

for each treatment, one set of nine serving as controls. Each of the re-

maining bottles received 25 adult insects of each species. All insects

were obtained from laboratory stock cultures maintained at 30oC and 70% RlI.

The insect combinaËíons used were as follows: (1) Triboliunt (z) Rhyzo-

pertha; (3) sitophitus; (4) orvzaephílus; (5) cryprolesres; (6) Tribolíurn

and Rhyzopertha:' (7) Tribolium and sirophilus; (8) Tribolium and gryzae-

philus; (9) Tribolium and cryptolesres; (10) Rhvzopertha and sirophílus;

(11) Oryzaephilus and Cryptolestesf G2) Rhyzopertha, Sítophílus, and Tribo-

.liurn; and (13) Cryptolestes, Oryzaephilus, and Triboliurn. All boËËles were

sealed
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r,/iËh ventilated (0.30 mm aperture screen) screw-on lids and placed in

growth cabinets at 30oC and 70% RH. Samples of three botËles per treat-

ment \.rere anaLyzed at wk 5, 10, 15 for insect numbers, dust weight and

volume, kernel weight and volume, degree and type of seed damage, seed

moisture content, seed germination and mícrofloral infection, and pooled

FAV levels for each treaËment. The methodology of sample analysis was

similar to that previously outlined.

Measurement of carbon Dioxide Production and ox gen consumpËion

To measure the quantity of. CO, produced and O, consumed by individuals

of each of the five ínsect species used in the foregoíng experíments, under

near optimal condítions, a further experiment \,ras desígned. Twenty-four

bottles (5 cm diam, 10 crn hígh) were filled with 150 rnl of wheat (cv Nee-

pawa) aË 15.52 moísture content. Four bottles served as non-ínfested

controls, the remaining bottles held 100 adult insects (Rhyzopertha, Sito-

phílus, Cryptolestes, Oryzaephilus, or TribolÍum), four bottles of each

specíes serving as replicates. The insects had been reared under standard

conditions on standard media as previously described. Each bottle was

sealed with Parafilm (American Can Co., Neenah, Iniisconsin) and a scre\¡/-on

lid with a 5-mm dia¡o hole in the centre and placed in a tightly sealed plas-

tic bag. The non-infested controls and the bottles with insects were placed

in a growth cabinet at 30"C and 702 RH. After 24 hr the amount of CO, and

0, Present \,/ere determined by extracting 1 ml of gas near the grain surface

and doÍng an analysis r¿ith a gas chromatograph.

Multivaríate Statistícal Analyses

To obtain multivaríate surffnarizatíon of the data, principal component

analyses (PCA) were done on samples from each of the three storage sysËems

at each samplíng date (control system, 18 sarnples; RST system, 27 samples;
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COT system, 27 samples) and aË the end of 60 r¿k (Control system, 378 sarn-

ples; RST system, 567 sarnples; cor system, 567 saurples). An rBM 370-168

digital computer \¡/as used r¿ith the University of Californía BMDQIM program

using Fortran language (Díxon and Brown L977). The following variables

nere used in the PCA : FAv (mg K0H/100 g dry wheat) , co2 (/"), oz (%),

temperaÈure (oc), grain weight (100 kernels in grams), dust weight (g),

graín moisture (%), Alternaría alternata (Fr.) Keissler, Aspergillus

glaucus group, bacËeria, and seed germination. The last four variables

!/ere measured in number of seeds ínfected or sprouted out of 25 seeds.

In addirion Tarsonemus granaríus numbers were used ín the Control system;

germ damage (%), endosperm damage (%), adult Rhvzopertha, sitophilus, and

Tríbolium in the RST sysËem; and germ damage, end.osperm damage, adulÊ

Cryptolestes, Oryzaephilus, and Triboliurn ín the COT system. Variables

were omitted from the analyses Íf they were present ín fewer than l0Z of

the samples. An arbitrary principal component (eigenvector) loading cut-

off 1evel of 0.30 was used ín interpretatíon of the analyses (Sinha LglT).

Canonical correlatíons v/ere calculaËed for each sysEem at the end of

60 wk using the computer and the University of California BMDPIM program.

In the Control system Ëhe criterion (dependent) varíables \^rere: FAV, CO2,

0r' dust weight, moísture, and germination; and the predictor (índependent)

varj-ables !üere: Alternaria, Aspergillus, bacteria, and Tarsonemus. In the

RST system the criËerion varíables T¡rere: FAV, CO2, moisture, germ damage,

endosperm damage, and germination; and the predictor variables T¡/ere:

AlËernaria, Aspergillus, bacteria, Tribolíum, Rhyzopertha, and Sitophilus.

In the COT sysËem the criterion variables vüere: FAV, COr, moistuïe, dust

weight' germ damage, and germination; and the predictor varíables T¡rere:

Alternaría, Aspergillus, bacËeria, Tríbolium, and Cryptolestes.
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Stepwíse multíple línear regressíon was done on variables in the

Control system on1y, with the Statístical Package for the SocÍal Sciences

(SPSS) program (Nie et 41. L975) on the computer. Eight independent vari-

ables (FAV, CO2, O2' temperature, moisture, Alternaria, Aspergillus, and

bacteria) were relaËed to the dependent variable Tarsonemus to explore Ëhe

factors that night act as natural regulating agents on the mite population.

The analysís r¿as done on all data from wk 0 - 33 wÍth a total of 198 samples.

All variables were anaLyzed after -fl or .rffiT transformatíons with the

exception of miËe and insect numbers which receíved 
" 1og10(x+1) transforma-

tion (Goulden 1945; Sínha er at. L969a).

At the end of 15 r¿k both drums used ín the Control system accidentally

became lightly infested wíth Oryzaephílus. To determine if this infestatíon

r¿as affecËing the varíables monitored, 1 kg of wheat was taken from boËh

drum 1 and 2 and placed aË -15"C for seven days. The grain was then sifted

through a lO-mesh screen and placed in plastic vials holding 10 g of rsheat

and venËilated at both ends with 0.30 mm aperËure screening. The vials

were then returned to the drums at various depths and retrieved at regular

intervals by means of string attached Ëo each via1. The ínsects did not

reproduce extensively in Ëhe control drums and were not present after

wk 40. No differences, wíth the exception of L7" graín damage, \,¡ere obser-

ved between the bulk grain in the control drums and ËhaE in the vials. The

infestation T,üas, therefore, considered to have negligible impacË on the

functioning of the ecosystems.



Chapter 3

RESULTS AND DISCUSSION

Description of Abiotic and Biotic Changes

The presence, abundance and distribution of insects in the drums

representing three systems (contro1, RST and cOT) affected many of the

variables monítored throughout this study, both dÍrectly and indirectly.

Physical Changes

Temperature differences among the systems r/üere notíceable only at

the upper levels of the bulk grain (Fig. 9). The mean temperatures at

the top of the grain masses in the RST system lrere consistently higher

than those in the other systems. The RST system temperatures \dere ap-

proximately 1 - 2"C warmer than those of the Control system and often

1"c warmer than the cor system. The higher temperatures could be the

result of heat generated by the metabolic activity of Rhyzopertha and

Sitophilus (Howe L962, Sínha L973a). A drop in temperatures at all

levels at weeks 42 and 54 was the result of environmental temperature

changes.

Carbon dioxide levels increased steadíly in all three systems until

wk L2 when C0, concentrations declined to relatively stable levels for

Ëhe duration of the experíment (Fig. 10). The dífference beËween the CO,

levels in the Control system and the insect-infested systems indicated

that Ëhe ínsects produced a large amount of. CO, in addition to that pro-

duced by mícroflora a1one. This dífference ú/as most pronouriced ín the

RST system (l'ig. 108). Carbon dioxide concenËration was greatesË at the

31
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Figure 9. Mean grain temperature at the top of the bulk wheat in the
Control, Rhyzopertha-Sitophilus-Tribolíum, and Cryptolestes-
Oryzaephilus-Tribolíum systems.
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Figure 10. Mean percentage of carbon dioxide present at the top, middle,
and bottom of the drums in the
(A) Conrrol,
(B) Rhyzopertha-Sitophilus-Tribolium, and
(C) Cryptolestes-Oryzaephilus-Triboliuur systems.
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bottom of all of the drums, because CO, is heavier than air (Spratt L975)

and diffusion of gases into the external air was greatest at the tops of

the drums where a provision for limíted ventilation was made. During wk 60

the highest mean C0, level ín Ëhe Control system r,¡as about 112 (Fig. 104),

ín the RST system iE r¿as 18% (Fig. 108), and in the COT system it was L4.5%

(Fig. 10C). The initial rapid increase in CO, concentrations was closely

related to the initial increase in the fungal growth in the Control system

and additional ríse in insect numbers in the RST and COT systems during

the first few r¡eeks of the experiment. Their presence undoubtedly affected

the quantity of CO, Present. The exponential rise in CO, levels in the RST

and COT systems r^/as f ollor,¡ed by a stationary phase with oscíllations.

Carbon díoxíde is produced by respiraËíon of the dormant grain, microflora

and insects. 0x1ey (1948) has determined thaË weevils produce about

130'000 tímes more CO, than equivalent weíghts of grain, and Trisvyatskii

(L966) has reported Ëhat cultures of fungi produce about 1BOO mg coz/g

dry matter Ln 24 hours as opposed Ëo 0.1 mg coz/g dry matter by dry wheat.

Oxygen concentratíons declined sharply duríng the first few weelcs of

the study (¡'ig. 11), although the levels were relatívely stable after r^¡k 9.

Oxygen !üas most concentrated at the surface of all drums because of the

ventÍlaEion holes locaËed there. The lowest mean value for O, concentra-

tíon in the control system was abour 132 (Fig. 114) at wk 21, 7% in t}'e

RST system at wk 39 (Fig. tlB), ar,d 1-L7" in rhe COT sysrem ar r¿k 12 (Fig. 11C)

rnsects, particularly those in the RST system, consumed more oxygen than

Ëhose of the aerobic fungi in the Control system.

Atmospheríc concentrations of. CO, and 0, are 0 .033"/" and 20 .95"/" respec-

tively. The changes in gaseous ratios in the intergranular spaces r"rere

conspicuous and undoubtedly affected the growÈh and multíplication of



a1

Figure 11. Mean percentage of oxygen present at the top, rniddle, and
botËom of the drums ín the
(A) Conrrol,
(B) Rhyzopertha-Sitophilus-Tribolium, and
(C) Cryptolestes-OryzaephÍlus-Tribrcaium systems.
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microflora and fauna in all of the drums (Singh et a1. L977). Sprart (1975)

has reported that increasing 1eve1s of CO, cause stored-product insects to

consume more 0, than what they would when exposed to aËmospheric aÍr. Harein

and Press (1968) have demonstrated Lhat atmospheres contaíning about 36%

CO, are lethal to Tribolium castaneum even ttlnen L5% O. is present. Storey
L

(1977 ) has reported tlhat O2 concentrations below L% arrd exposure for several

dayswerenecessary to kill the larvae of Tribolium spp. at both 18 and.2j"C.

Exley and Wickendon (1963) have shov¡n that 02 levels below 2Z wíLL ki¡.;-

Sitophilus oryzae, Rhyzopertha dominíca, Oryzaephilus surinamensis, and

CrypLolestes spp. Navarro (L975) demonstrated that O, levels of 0.L% Leð,

to mortalíty Ín adult T. castaneum after 30 - 48 hr and Peterson et aI.

(1956) have shov¡n thaË CO2 levels of 13.8 to LB.6% inhÍbit mold growrh and

respiration.

The moisture content of the r,¡heat changed throughout the 60 wk of

observation in all systems (Fig. Lz). rn the Control system, grain at the

surface of the drums became drier, and that at the middle of the drums

changed moisture contenË only slíghtly throughout 60 wk. However, the

grain at the bottom of the drums gradually increased in uoisture content

(Fig. 1"2A'). In the RST system, grain at all levels íncreased. in moisture

content during 60 wk. Graín at the surface of the drums r¡ras most moist,

reachíng levels around 20.5"/. aË ¡¿k 51, while grain at the bottom of the

drums r¿as drier, reaching 18.5"/" at r,¡k 5l (Fig. r2B). The moisture levels

of grain in the cOT syst.em remained fairly stable at the tops of the

drums, near L5.5"/., and L6"/. at the rniddle levels, d.uríng 60 wk. However,

moísture increased steadily at the bottoms of the drums to more ilnan LB:l

after wk 45 (Fig. LzC). The pattern of moisture increase in the Control

and COT systems was simílar but the 1atÉer r¡/as about L"/" more moist than
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Fígure 12. Mean moisture content (percent) of r¿heat at Ëhe top, mi¿dle,
and bottom of the drums in the
(A) control,
(B) Rhvzopertha-Sitophílus-Tribolium, and
(C) Cryptolestes-OryzaephilusLribolium systems.
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the Control sysËem.

Microbial Changes

The field fungus, Alternaria alternata, ínitially infected nearly

40"/" of. all seeds used in the study. The 1evel of infecËÍon d.eclined

rapidly and disappeared by wk 18 (Fíg. 13). Alrernaria spp. do nor in-

crease ín storage and are inhibited by the growth of storage fungi such

as PenÍcillíum spp. and AspergÍllus spp. (I^/allace and Sinha ]'962). The

rate of decline of Alternaria seems to be much faster when stored at

constant high temperatures than when stored in unheaËed granaríes (Sinha

et al. L969).

Aspergillus glaucus group was Ëhe predominant storage fungus in all

systems throughout the study with the exception of Aspergillus cand.id.us

Link, which r¡ras moïe prevalent than A. glaucus gr. Ín the RST system

beËr¿een wk 30 - 39. A. glaucus gr. infected about 5oy. of. the seeds in

the Control system by wk 12, gradually declining to ínsignificant levels

by wk 45 (Fíe. 144). rn rhe RST sysrem approximarely 352 of rhe seeds

were infected by wk 9, followed by a period of decline until wk 45

(Fíg. 148). The COT system followed a símilar pattern ro the Control

system, although with a more rapid decline in A. glaucus gr. infectíon

(Fig. 14C). Little heating occurred as a result of metabolíc acrivity

of Ehese fungi in all three systems. carter (1950) has reported that

A. glaucus gr. produces little heat during reproduction. Armolik and

Dickson (1956) have shov¡n that A. glaucus gr. can germinate on wheat at

13 - L4"/" moisture content. Bacterial Ínfection levels,:increased steadily

and followed similarpatterns of growth ín all systems during 60 wk

(Fig. 15) reaching infection levels of about 802. Bactería require a

moister environment for rnultíplication than fungi (wallace L973); and
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Figure 13. Mean percentage of kernels infected r¡ith Alternaria in the
C on t r o 1, Rhy z op er th a- S i t oph í 1u s -T r íbo 1 iurnl-ããã-l r w t o le s t e s -
Oryzaephilus-Tríbolium systems.
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Fígure 14. Mean percentage of kernels infected vrith Aspergillus glaucus
group at the top, middle, and bottom of the drums in the
(A) Control,
(B) Rhyzopertha-Sitophílus-Triboliurq, and
(C) Cryptolestes-Oryzaephílus-Tribolium systems.
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Figure 15. Mean percentage of kernels infected with bacterÍa at the top,
rniddle, and bottom of the drums in the
(A) Control,
(B) Rhyzopertha-Sitophilus-Triboliun, and
(C) Cryptolestes-Oryzaephilus-Tribolíum systems.
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bacteria inhibit A. glaucus gr. growth (Lustíg et al. rg77). Harein and

casos (1968) have shov¡n Ëhat the granary weevíl, sitophilus granarius, ís
capable of transmitting and infesting grain with several kinds of bacteria.

The patterns of microfloral succession with the systems confírm those

outlined in revíews of microflora interacting with stored grains (I^Iallace

L973' Christensen 1974). The role of the most coïnmon seed-borne fungal

species as favorable or unfavorable diets of major stored-grain insects

are nol4/ known from the laboratory studíes of Sikoror¿ski (196 4) , Lenz (196g)

and SÍnha (L964,7965, I966a,1966b). The effect of mycotoxins produced by

storage fungi on some stored-product insects are now knorr¡n from Ëhe work

of Harein and his group (Rao et a1. I}TL).

Acarological and Entomological Changes

The mites Lepidoglyphus destructor and Tarsonemus granarius were both

scarce ín the wheat initíally placed Ín all d.rums. Several weeks after

insects had been added to the RST and COT systems, mítes !üere conmon only

ín the Control systeu. L. destructor did not multiply extensívely, reach-

ing populaËion levels of 3 - 4 índividuars per sample. T. granarius,

however, multiplied successfully, reaching levels of up to l50o per sample

(Fíg. 16). There \,üas a rapid increase in T. granaríus numbers at wk 9

followed by a rapíd decline and a stabilizatíon period at a low population

level after wk 27.

To classify various larval instars of the insects studied, the larval

taken (Table 1). The values obËained for

were similar to those found by Campbell and

head capsule measurements \,¡ere

C. ferrugineus and R. domínica

Sinha (1978).

The effíciency of Berlese funnel extraction of Tribolium, Oryzaephilus,

and CryptolesËes is presented in Table 2. The moisture content of the grain
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Figure 16. Mean number of Tarsonemus granarÍus per 150 rnl sample of wheat
ín the Control "V"t"r.



L¡ ts

I 2

D
R

U
 M

D
R

U
 M

N
E

V
IU

S

@ o

ìo
t o

R
S

(

o f "@
/

A
F l

'ÉI t \ ¡ T \å

@ JL tù l\
I \

60
57

45
 

5t

t5
0

ro
o 60

39

U
J

0_ Þ Ø J Þ o Ð a) K
J L Þ lr o o z.

27
 

33

W
E

E
K

50
0

40
0

2t

30
0

t5

20
0

ro
o



T
ab

le
 1

. 
H

ea
d 

ca
ps

ul
e 

w
id

th
s 

(m
ill

im
et

re
s 

x 
l-O

-3
) 
of

 la
rv

ae
of

 T
rib

ol
iu

m
 c

as
t.a

ne
um

, 
O

ry
za

ep
hi

lu
s 

su
rin

am
en

si
s,

c.
v@

" 
¿

S
ito

ph
ílu

s 
or

yz
ae

.

In
se

ct
S

pe
cí

es

T
. 

ca
st

an
eu

m

0.
 s

ur
in

am
en

si
s

C
. 

fe
rr

ug
in

eu
s

R
. 

do
m

in
íc

a

^a >
. 

or
yz

ae

L1

M
ea

n

55 39

L9
9.

6

26
L.

3

16
1.

 B

L4
6.

0

20
0.

 0

51

S
E

22

13
5

2.
6

2.
4

1.
3

2.
3

L2

La
rv

al
 i

ns
ta

r

M
ea

n

36

as
ha

rif
í 

an
d 

M
ill

s 
(L

gl
L)

; 
st

an
da

rd
 e

rr
or

s 
of

 t
he

 m
ea

ns
 \

n/
er

e 
no

t 
de

te
rm

in
ed

..

J4

28
4.

8

34
6 

.5

20
5.

I

2L
0.

5

28
0.

 0

23

S
E

27

13
5

2.
7

3.
0

2.
7

4.
0

L3

34

M
ea

n

31

47
2.

0 
4.

7

44
7.

5 
2.

8

25
2.

2 
3.

7

28
2.

9 
11

.0

38
0.

0

24

S
E

16

13
s

L4

28
 6

49
.9

26
 5

r9
.2

25
 2

77
.6

17
 4

48
.5

13
5 

53
0.

0

M
ea

n
S

E 6.
7

5.
2

3.
1

6.
7

Ln N
)



M
oí

st
ur

e
C

on
te

nt
 (

7"
) 

S
ta

ge
b

T
ab

le
 2

.

13
.5

R
ec

ov
er

y 
of

 v
ar

ío
us

 d
ev

el
op

m
en

ta
l 

st
ag

es
 o

f 
T

rí
bo

liu
rn

qa
st

an
eu

m
, 

O
ry

za
ep

þi
l.u

s 
su

rin
am

en
si

s,
 a

nd
 C

rr
pt

oT
es

te
s

fe
rr

ug
in

eu
s,

 fr
om

 1
50

 m
ill

ili
tr

es
 

oF
 w

he
"t

-ã
t 

ilh
re

e
m

oi
st

ur
e 

co
nt

en
ts

, 
by

 m
ea

ns
 o

f 
B

er
le

se
 f

un
ne

l 
ex

tr
ac

tio
n3

L1 L2 L3 L4 A
du

lt

L1 L2 L3 L4 A
du

lt

L1 L2 L3 L4 A
du

lt

M
ea

n 
no

.
re

co
ve

re
dc

15
.5

T
.

ca
st

an
eu

m

18
. 

0
23

.0
23

.8
24

.8
24

.s

20
.3

24
.0

23
.8

24
.5

24
.8

19
 .8

19
. 

B
o1

 
tr

LJ
. 

)

23
,0

23
.8

S
E

L7
.5

/"

re
co

ve
ry

0.
41

o.
4L

0.
 4

8
0.

25
0.

29

0.
 8

5
o.

4r
0.

25
0.

29
0.

25

I.7
 5

0,
25

0.
 6

5
0.

 8
2

0.
4L

72 92 95 94 9B B
1

96 95 98 99 79 79 94 92 95

M
ea

n 
no

.
re

co
ve

re
d

_9
. 

su
rin

am
en

si
s

20
.3

18
. 

8
20

.3
27

.5
15

. 
0

15
. 

3
20

.0
19

. 
8

20
. 

8
16

. 
B

l-7
.5

2L
.B

20
.0

24
.8

12
.3

S
E

o/

re
co

ve
ry

"F
ol

-r
r 

re
pl

ic
at

.e
s

0.
 4

8
1.

 1
0

0.
 4

8
1.

 0
4

1.
08

0.
 B

5
0.

7r
0.

 6
3

0.
 4

1
1.

93

0.
96

0.
 8

5
1.

 0
B

0.
25

1.
 1

1

bL
rr

rr
"l 

in
st

ar
s 

an
d 

ad
ul

ts
.

81 75 81 B
6

60 6I 80 79 B
3

67 70 B
7

80 99 49

M
ea

n 
no

.
re

co
ve

re
d

C
. 

fe
rr

ug
in

eu
s

pe
r 

de
ve

l0
pm

en
ta

l 
sË

ag
e 

pe
r 

sp
ec

íe
s 

at
 e

ac
h 

m
oi

sË
ur

e 
co

nt
en

t.

9.
0

11
. 

B

L2
.8

T
7.

B
24

.0

8.
5

11
. 

B

L4
.3

18
. 

3

24
 .3 9.
5

11
.0

16
.0

77
.3

24
.5

S
E

o/

re
co

ve
ry

0.
 4

1
0.

63
L.

32
0.

 4
8

0 
.4

L

0.
 6

5
0.

 4
1

0.
85

0.
63

0.
47

0.
 6

5
0.

91
1.

 0
B

0.
85

0.
29

36 47 51 7I 96 J4 47 57 73 97 38 44 64 69 98

"T
ot

"l 
of

 2
5 

in
di

vi
du

al
s

(J
l

L\
)

pe
r 

re
pl

ic
at

e.



54

díd not have an effect on the extractíon of the insects. The recovery of

all stages of Tribolium and Ëhe larval stages of Oryzaephilus was good al-

though Oryzaephilus adults tended to escape from the top of the funnels,

accounting for the low recovery rate of that stage. The recovery of çryp-
tolestes adulEs was high wíËh a lower efficiency of larval extraction.

Smith (1977) extracted Cryptolestes ferrugineus from 300 g of wheat at

162 nroisture content and found tlnat 27.9"/" oÍ Ll and L2, 53.8"/" of L4 and

34.2% of adults vüere recovered. rn 150 g of wheat, 88.3"/" of the adults

î,rere recovered.

In the RST system Ëhe populations of Rhyzoperthg and Tribolium peaked at

wk 6-9, began a steady declÍne, and then virËually disappeared by r¿k 45.

The mean number of sitophilus per sample rose to 45 adults at wk 6, but

rapidly declined to the poínt where no Sitophilus r¡ere found Í-n any sam-

ples after wk 2L (Fig. 174). The mean number of Rhyzopertha and Sitophilus

larvae found by kernel dissection is shov¡n in Fíg. 178. Rhvzopertha larvae

'were most abundant. at wk 12 and 27 and Sítophilus larvae r¡/ere present in

snall numbers. Both Rhyzopertha and Tribolíum congregated primarily at the

surface of the drums (Figs. 184, B) .

In the COT system, Crypt,olestes and Tríbolium populatíons increased in

numbers to wk 9 - 15 follor¿ed by a decline and a successíve íncrease aË wk

27 - 30. Populations of adults remaíned stable untíl wk 42 - 45, followed

by a rapid decline (nigs. 194, B). The increase in the number of crypto-

lestes and Tribolium adults lagged several weeks behínd the increase in the

number of larvae. In both the RST and COT systems, the number of Tribolium

larvae was consíderably smaller than the number of adults possibly indíca-

ting adult predation on the irnmature stages, or that the larvae, which were

less mobile than the adults, r^/ere developing in localízed areas in the drums.
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Figure 174. Mean number of Tribolíum adults and larvae, Rhyzopertha adults,
and_ Sitophílus 

"d"lt" p.t sample in the Rhvzopertha-Sitophilus-
Tribolium system.

L7B. Mean number of n¡yZqpgËhe and Sítophilus larvae ín
per samplu ir a ,r*

100 seeds
system.
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Fígure 1BA.

188.

Mean number of
and bottom of
system.

Mean number of
and bottom of
system.

B.hyzopertha adults per sample at the top, middle,
the drums in the Rhyzopertha-Sitophilus-Tribolium

Tribolium
the drums

adults per sample at the top, míddle,
in the Rhvzopertha-Sj_tophilus-Tríbolium
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Figure 194. Mean number of Triboliurn adults and larvae, and Oryzaephilus
adul ts p "t satpTã itt -tÏ,e Crvp t o les t es-Orvzaephililã--FiTËãIñm
system.

198. Mean number of crvptolestes adults and larvae per sample in
Ëhe Cryptolestes-Oryzaephílus-Tribolíum system.
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In the COT system, Oryzaephilus populations did noE thrive for very 1ong,

reaching theír maxímum numbers at wk 6 and virtually disappearing by wk 15

(Fig. 194). rn the coT system, adults and larvae of all of the insects
r¡/ere more numerous at Ëhe surface of the drums for the fírst 9-I2 wk. Hov¡-

ever' for the remaining períod of the experíment, adults of CrypËolesËes

and rríbolium r¡/ere most numerous at the boÈtoms of the d.rums (Fig. 20a,,

B, C) ' After wk L2, CryPtolestes larvae r¡/eïe evenly distributed throughout

the drums (Fíg. 208).

Larvae \,/ere not classífied according to their stage of deveropment

Ín the summarízaËion of Ëhe data in this report since the majoríty of im-

mature forms counted were first and second instar larvae. The morËa1Íty

of individuals of these stages in all specíes was high throughout the study.

Numerous studies have been carríed ouË on various aspects of the life
hístory of stored-product insects. Tribolíurn castaneum is one of the most

extensively studíed species; King and Dar¿son (1971) and Mertz (L972) have

reviewed various aspects of its population d.ynamics. Fujii (l:g74) ídenri-
fied by maËhematical modelling several factors goveïning population fluctu-
atíons of T. castaneum reared ín the laboratory. Estimates of optimal and

minimal condÍtions for population íncrease and developmental periods of
many stored-product insects have been cornpiled and reviewed by Howe (L965,

Le66).

Tríbolíum castaneum populations typícally undergo large cyclic fluctu-
ations because of intense larval and adult cannibalism of eggs (Fujii Lg74,

Boyer L976). FluctuaËíons in adult population size correspond to the

average adult longevity of 200 - 300 days aË zg"c, 70"Á RH (park 1948). r,Ihen

an ínfestation in a limited environment is started with a sma11 number of

adulËs' neT,{ adults of similar age emerge after 3 - 5 wk and exert pressure
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Figure 204. Mean number of Cryptolestes adults
middle, and botEom of the drums ín

sample at the top,
Cryptoles tes-Oryzae-

per
the

philus-Tribolium sys tem.

208. Mean number of Crl¡ptolestes larvae per sample at the top,
rniddle, and bottom of the drums in the CryptolesEes-Oryzae-
phílu.s-Tribolíum sys t em.

20C. Mean number of Triboliuur adults per sample at the top, middle,
and botto* of th" dr,tms in the Civptolestes-Orvzaephilus-
Triþefig¡ sysÈem.



r).1

CRYPTOLESTËS, COT SYSTEM

x-x ToP
O-O MIDDLEô-â BOTTOM

Lt)t,
5 tso
O

L-o too
oz

^/\

rV\
/\t\/\t\

\/io*.-". \
\,å'i.--,-\-i:*" -

.V

(\

A

B

6 t2 t8243036424Aa.É
WEEK

6 12 182430364241
WEEK

TR I BOLIUM , COT SYSTEM

x-x TOp
o-o MIDDLEA-A BOTTOM

/\o\
l
\
\
l

\

tB 24 30 36 42 48 54

WEEK

(n

I
:)ô
tLÕ

oz
I
I
l
l
Iiir\

c

CRYPTOLESTES, COT SYSTEM



64

through cannibalism ro prevent a nevr generaËion from developíng. As the

second generation adults begin to die, cannibalístic pressure ís reduced

and a further generatíon develops, usually to the point of erov¡díng in the

limíted unÍverse because of the high reprod.uctive potential of this species

(ru¡ii L97B). Crowding affects the ad.ults by reducing fecundity because of

the secretíon of Ëoxic substances and interference with copulation, feeding,

and oviposiËion (Park 1948). Although the actual rate of population fluc-

tuation depends on specific environmental conditions, the effects of canní-

balism are visible. The developmental períod of all five ínsect specÍes

used in this study ís 4 - 5 wk at the near-opËimal temperature of 30'C, yet

populatíons remain constant for long periods.

Interspecífic compeËítion further complicates the populaEion dynamícs

of rhe ínsects. LeCato (L975) has shov,¡n that Tribolium castaneum popula-

tions i.ncrease and exhíbit more destructive feeding behavíour when in the

presence of R. dominica and S. otyzae. The latter tl¡/o species 1ay most of

their eggs in the first few days after reaching maturity (Golebiowska 1969),

whereas Triboliun oviposíts consistently throughout the adult 1ífe, gradually

laying fewer eggs with increasing age (Simvrat and Chaha]- 7g75). Ciesielska

(L975) has reported that Rhyzopertha has an inhibitory effecr on Sitophilus

granarius populations at 28"Ci a símilar phenomenon may partÍally account

for Ëhe decline of S. oryzae numbers in the RST system. InËeractions of

Rhvzopertha domj-nica, Sitophilus oryzae, and Tríbolíum castaneum have shovm

that Tribolium increased in the presence of both of the other insects but

Rhvzopertha feeding activity 1ed to extensive 1arva1 morËaliry ín the !i!g-
philus popularions (Kabir L966). Kamal er al. Ggj6) have reporred rhar

Rhyzopertha adults are occasionally cannibalistic on other Rhyzopertha

adults and Jacob and Mohan (1973) report.ed thar T. castaneum larvae and
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adults are predators of all iu¡nature stages of R. d.ominica.

In bagged wheat ín Egypt, Aboul-Nasr et al.

dominíca and T. castaneum r¡rere most conmon at the

S. otyzae and 0. surinamensis v¡ere mosË conmon at

(f973) found rhar R.

top of the grain r¡hi1e

the boËtom. The distri-
bution of RhyzoperÈha, Sitophilus, and Tribolíum was similar in the RST

syst.em of this study.

The depression of the Oryzaephilus populatíons in the COT system vüas

probably because of predation by Tribolium (Crornbie L946, LeCato ;-g75b).

CrypËolestes is kno¡nm Ëo inhibit Tribolíum populations on wheat at 30"C

(Lefkovitch 1968) . such inhibiËion \,./as not apparenË in the cor sysrem.

Cryptolestes prefers to aggregate in moist and moldy grain (Loschiavo and

Sj-nha 1966, Dolínski and Loschiavo L973) which may explain why many adults

of this species aggregaËed at the bottom of the drums in Ëhe COT system.

Smith (L966) has reported that crowding of Cryptolestes in r¿hear has dele-

teríous effects on oviposition and development and leads to increased mor-

tality.

Measurement of Carbon Dioxide Production

To determine the quantíty of CO, produced and O, consumed by indivi-

dual adults of each of the ínsecË specÍes used in the study, a secondary

experiment using bottles filled r¿iËh wheat v¿as initiated. Trisvyatskii

(L966) has stated thaË a bulk of wheat is composed of 35 - 45"/" inrergra-

nular aír. Assuming the intergranular air occupíed 40"/" of the 150 ml of

wheat values f.or CO, production and O, utiLization for one adult beetle

were calculated on collective data from 100 ínsects (Table 3). Tríbo1ium,

Rhl¡zopertha, and Sítophilus índividually consumed more oxygen and produced

more carbon díoxide than Oryzaephilus or Cryptolestes which may largely be

caused by differences in body size of the various insects. The mean
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Table 3. ProductÍon of carbon dioxíde, and oxygen utílizaËion
by-Tribolíum castaneum, Rhyzopertha dominica, El_q_philus eIJzes, Orvzaephilus surlnanrenìíe, ana lgypgq_
lestes ferrugineus in 24 hoursa.

Treatment Mean

coz, "/" 02' "Á rnl/Adult beerle

SE Mean ozSE coz

Insect-free control

T. castaneum

dominica

oryzae

surinamensis

ferrugineus

0. 11

3.18

3.27

2.83

L.4L

1. 15

0. 03

0.L7

0.18

0.29

0. 09

0. 03

19 .51

15.40

]-5.66

L5.54

L7 .53

L7 .97

0.L2

0. 35

0. 36

0. 028 0. 037

0.029 0.03sR.

Þ..

0.

0.40 0.025 0.036

0 . 11 0. 012 0. 018

0.18 0.009 0.014C.

2-Four replicates per Ëreatment.

Assumption: 40% of wheat mass ís intergranular
a 200 ml botrle filled with 150 ml of whear
90 m1 wheat.

air (Trisvyatskii, L966) ;
contains 110 m1 air and
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respiratory quoËíents for Tribolíum, Rhyzopertha, Sitophilus,. OryzaephÍlus,

and cryptolestes were 0.76, 0.83, 0.69, 0.67, and 0.64 respectively. The

respíratory quotienËs for T. castaneum, R. dominica, o. surinamensis, and

C. ferrugineus obtained in this sËudy \¡zere somewhat lower than those ob-

Ëaíned by Bailey (7965). Previously obtained respiratory quorients for

adult s. oryzae have been 1.10 (Birch rg47),0.69 (oxley and wickendon

1,963) and 0.79 (Singh er a1. L976).

Deteriorative Changes

GermÍnation loss in all three systems followed símilar trends, with

a sharp decrease after the first few r,reeks. By wk 15, no further seed

germination r¡ras observed in samples from any system (Figs. 21a, B, c).

The mean weight of 100 kernels of wheat did not change dramatically,

at ar.y level, in the control system during 60 wk (rig. 2zA). simílar re-

sults were observed in Ëhe COT system, although the mean values for kernel

weight were slightly lower (<0.1 e) (Fig. 22c). A sharp decline in grain

weÍght was noted at the tops of the drums in the RST system, wíth a maxi-

mum weight loss of 0.6 g. Grain at the níddle of the drums decreased ín

weight also, although the weight loss \,/as not as severe as at the tops of

Ëhe drums. Grain at the bottom of the drums decreased in weíght gradually

and only slightly during 60 wk (rig. 228). The increase in mean grain

weight at the bottom and middle of the drums from wk 27 - 60 was probably

caused by the removal of damaged grain by previous samplíng and the rapid

decline ín RhyzoperËha numbers after wk 27, which would have minimízed

furËher graín damage. Campbell and Sinha (L976) have studíed the degree

of damage done to r¡heat by Rhyzopertha domÍnica, Sitophilus granarius, and

Cryptolestes ferrugineus. They reporËed that the weight loss of kernels

and the frass productíon relaËed to Ëhe feeding of R. dominíca adulËs was
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Figure 21. Mean percent germínaÈion of seeds at the Ëop, middle, and bottom
of the drums in the
(A) Control,
(B) Rhyzopertha-Sitopirii"s-fri¡o , and
(C) Cryptoleste.s-Oryzaephilus-Tribolíum sysËems.
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ELgure 22. Mean weight of 100 kernels of r"¡heaÊ at the top, middle, and
botËom of the drums in the
(A) Control,
(B) Rhyzopertha-Sitophilus-Tríbo1ium, and
(C) Cryptolesles-Qryzaephilus-Tribolíum systems.
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the greatest of the three species, followed by s. granarius and

gineus. Howe (1965b) has reviewed the 1íterature on the loss of

food caused by these insecËs.

C. ferru-

s tored

Grain dust in the samples r¡/as greatest in the RST system, mainly be-

cause of Rhyzopertha feeding. Dust r¡ras most concentrat.ed at the tops of

the drums during the fírst 4 wk of the study. From wk L2 - 21, the amount

of dust \rras greatest in the middle samples, and from wk 30 - 36 at the

bottom of the drums. After wk 36, dust was again most abundant at the

tops of the drums (Fig. 234). The inítía1 accumulation of dust vras pro-

bably caused by RhyzoperËha and Tríbolíum feeding, since Ëhe insecËs .hrere

most numerous at the tops of the drums throughout the study. As time pro-

gressed, the dust settled toward the boËËom of the drums as ínsect act.ívíty

mixed the grain. The increase in dust at the tops of the drums late ín the

experÍment may have been caused by the feeding of the small residual popu-

lations of Tribolium and microfloral activiËy.

Dust in the COT system !üas greatest in the middle of the drums until

wk L2 after which the greatest concenËrations v/ere at the bottoms of the

drums (Fig. 238). The accumulation of dust at the lower levels of the

drums coincided with the occurrence of most adult insects there. A slight

declíne in the amount of dust presenË r¡as evidenË in both the RST and COT

systems late in the study and was probably caused by Ëhe entrapment of dust

in the considerable-amounts of fungal mycelia thaË were present between

the wheat seeds.

The amount of dust in the

60 wk, r¡ith a mean weight of <

The volume of 100 kernels

lowed patterns simílar to those

control system \,ras very small even after

0.05 g at all levels in the drums.

and of dust collected from the samples fo1-

observed in graín and dust weíght.
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Figure 23. Mean dust weíght per 200 m1 sample of r^¡heat at the top, míddle,
and bottom of the drums ín the
(A) Rhyzopertha-Sirophilue-Tríbolium, and
(B) Cryptolestes-Oryzaephílus-Tribolium sysËems.
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Grain damage resulting from ínsect feeding in Ëhe RST and cor systems

is presented in Fig. 24L, B, c. rn the RST system, most germ and endosperm

damage reflected the dístributíon of the insect populations, with maximum

damage at the tops of the drums (r¿here over 40% of the germ vüas damaged)

followed by graÍn at the middle levels. Rhyzopertha fed on whole kernels

and Tribolium fed on the germ and broken kernels. Most kernels that had

been attacked rr¡ere severely damaged in both the germ and endosperm regíons.

In the COT system only germ damage !üas evident. The mean level of

germ damage !üas consistent throughout the study at about 20 - 257" and was

similar at all levels ín the drums (Fig. 24c). The majoriry of kernels

attacked had the entire germ removed.

Golebiowska et al. studied the effect of infestation by several spe-

cies of beetles on graín damage. They found that insects including R.

dominica, S. oryzae, and 0. surinamensís ínitially attacked the germ of

wheat and thereafter preferred feeding on the dorsal surface of the kernels

The amounts. of free fatty acids present in the grain, ¡¿hich result

largely from the lypolytic activity of chemícals secreted by fungí ) are

a recognized measure of deteríoration of grain qualíty (ZeLeny 1954). Fat

acidity values (FAV), expressed as mg KOH required to neutralize the free

fatty acids extracted from 100 g of dry grain, !üere determined for each

drtrm and the mean values for each system are presented in Fíg. 251'. From

wk 12-33 the FAV of the RST system rnTas higher than those of the other two

systems although it declined sharply after wk 36 in the study. Hayward

(1955), Girish et al. (1975) and Lustig et al. (L977) have shov¡n that the

presence of stored graín beetles could lead to higher FAV 1eve1s than those

present in uninfested grain. Pooled samples from each drum did not clearly

demonsËrate this effect, so grain r¡ras taken from the tops, only, of each
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Figure 244.

248.

24C,

Mean percent
the drums in

Mean percent
of the drums

Mean percent
the drums in

germ damage at the top, middle, and bottom of
the Rhyzopettha-Sitophilus-Tribolium system.

endosperm damage at the top, middle, and bottom
ín the Rhyzopertha-Sítophílus-Tribolium system.

germ damage at the top, middle, and bottom of
Ëhe Cryptolestes-Oryzaephilus-Tribolium sysËem.
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Fígure 254. Mean fat acidity values for pooled wheaË samples from the
Control, Rhyzopertha-Sitophilus-Tríbolium, and Cryptolestes-
Orvzaephilus-Tríbolium systems .

258. Mean fat acidity values for wheat samples from the tops of
the drums in the Control, Rhyzopertha-Sitophilus-Triboliurn,
and Cryptolestes-Oryzaephilus-Tribol-ium systems.
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drum and an.al-yzed. The results (Fig. 258) revealed a clear differentiation

among all three systems, RST having the highest, COT the intermediate, and

the Control the lowest FAV levels until wk 27. At that point the Control

sysËem values continued to rise steadíly, the COT values more or less 1e-

ve11ed off r¿ith a slíght upward Ërend. The RST values dropped sËeadíly for

the remainder of the study (Fíg. 258). Most of the fat in a kernel of

wheat is contained in the germ (Pomeranz and Bechtel 1978) and possibly

a combinaEÍon of extensive insect feeding and the resulting intense micro-

bial decomposition of the kernel could account for the declíne in FAV

levels.

Generally, the type of deteriorative changes T¡rere similar to those

observed in stored wheat infested r,ríth insects under field conditíons

(Howe 1943, Sínha and LrIallace L966, Coombs and l,rToodroffe 1973).

Uric Acid Productíon by Insects

The uric acid in the dust of the RST and COT systems \¡ras produced as

an excretory product by the insects. Cumulative values, expressed as mg

uric acid/mg dust, for the RST and COT systems, T¡rere similar after 60 r¿k

(Fíg. 26/^). However, the total amount of uric acid in nine samples r¿as

more than 7-fold greaËer in the RST system than in the COT sysEem (Fig. 268)

This agrees with the findíngs of Bronswijk and Sinha (L97L).

DeterminaËion of the Distribution of Insects (COT svstem)

At wk 39 of the drum study most of the adult Cryptolestes Tríbo-and

Tolium r¿ere found at Ëhe bottoms of the drums in the COT system. determine

if the distrÍbution of these beetles was in part because of an age parti-

tíon, individuals from tops and bottoms of drums r¡/ere compared Ëo those

taken from cultures. The number of larvae produced in 1 wk and the norËa-

lity of the adults during 7 ¡.vk were noted (fa¡te +) .
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Tigure 26A.

268.

Mean weight of uric acid in samples of 1800 ml of wheat in
the Control, Rhyzopertha-Sttopnitus-frito , and Crypro-
1es tes-Oryzaephilus-Tríbolium systems .

Mean concentration of uric acíd in grain dust in the Control,
Rhyzopertha-S itophilus-Tribo lium, and C rvqto les tes-Orvzaephí-
_i"g-I4Þ-g1t"g sys t ems .
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TabLe 4. Number of líving adults after 1, 4, and. i weeks and
the number of larvae produced in 1 week by Tribolium
castaneum and cryptolestes ferrugineus adults taken
from the tops and bottoms of drums in the Crvptolestes-
Oryzaephilus-Tribolium system at week 39, and from
cultures maintained at 30 t l.C, 70% pJl.

I¡ibolÉg* castaneum Cryptolestes ferrugineus

Adults Larvae Adults Larvae

I{eek Locatíon Mean sE Mean sE Mean sE Mean sE

Top 90.7 6.3 1301.7 20.5 52.3 4.I 348.3 5L.2
Bottom 96.7 1.5 L460.0 103.7 45.7 7.0 296.3 25.4

Culture 97.3 1.5 1438.0 46.2 75.3 3.4 374.7 Lt.7

Top 87 .7 5.5
Bottom 94.3 0.9

Culture 90.3 2.0

Top 64.3 7 .O
Bottom 55.7 9.8

Culture 81-.7 3.5

30.0 3.9
33.0 3.1
62.0 3.9

18.3 1.5
T2.0 2.6
zL.O 5.2

Note: Three replicates per location for each species; initía11y 100
adult insects per replicate.
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Two-way analysis of variance of the data collected for adult morta-

1iËy during seven weeks indicated Ëhat there \,¡as not a signíficant dif-

ference (P<0.05) between the numbers of adult Tribolium at the tops and

boEËoms of the drums. However, the number of Tribolium survíving from the

bottoms of the drums was sígnifícantly differenË (p < 0.05) than those taken

from the culture. Studentsr t tests on the numbers of larvae produced after

one week indicated that a significant difference (P <0.05) existed between

the bottles containing Tríbolíum from the tops of the drums and those con-

Ëaining insects from the culture. The lowered number of offspring at the

t.ops of the drums and Ëhe hígher rate of morËality at the bottoms of the

drums may be because of more males near the tops and older females near Ëhe

botËoms. Cryptolestes adulËs taken from the tops and bottoms of the drums

did not have sÍ-gnificantly different (P <0.05) mortality but adults taken

from both locations did have a sígnificanrly higher morralíty (p <o.os)

Ëhan insects taken from the cultures. No significant differences (p <0.05)

were evident in Ëhe number of larvae produced by the Cryptolestes from the

drums or the culture. Although insects from the drums appeared to be older

Ëhan those from the culture, the reproductíve rate T¡ras not different. The

use of the number of offspríng produced by stored-grain beetles as an indi-

cator of the age of the adult population may be somewhat ambiguous because

ít is possible Ëhat reduced densíty of the adults resulted ín an íncreased

rate of oviposition (Crombie 1943).

Electrolyte Leakage of Seeds

Analysis of wheat from each drum (Table 5) has shov¡n Ëhat conducËivíty

decreased with tíme in both the Control and COT systems. A rise in conduc-

tivity was observed at wk 60 in two of the three drums in the RST system.

Seed conducËivity has been used by l4ills and Kiin (L977) Ëo measure the
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leakage of electrolyËes from damaged rapeseed into aqueous solution. They

found that high fat acidity values and physical damage to the seed r¿ere

related to large conductÍvity values. The electrolyte leakage in wheat

r'{as a poor measure of the difference in seed damage between the Control

and COT system.

Mi1líng and Bakíng Tesrs

Standard rnilling and baking analyses \^/ere d.one on r¡heat from the Con-

trol' RST' and CoT systems after various periods of storage (Table 6). The

flour characteristics were simÍlar in all three systems with the exceptíon

of amylograph viscosity and sedímentatÍon value. Amylograph viscosity is
determíned by placing flour in a buffer and stirring while heat is steadily
applied. The viscosity is measured ín arbítrary Brabender units (8.u.)

(Pomeranz and shellenberger 797L). The COT system had the highest visco-

sity of all samples, followed by the RST system and the Control system.

The sedimentation value reflects the quality of wheat, and when divided

by the percentage of protein ín the r¿heat, gives a specífic sedimentation

value that can be used as an índex of gluten quality. Gluten is the flour
proËein that makes the framev¡ork for bread dough. The gluten qualíty in-
dex in all three systems was 1ow, the lowest beíng in the cor system. The

loaf volume of leavened bread is adversely affected by even incipient in-

sect infestations, and loaf volume reductíons greaËer í¡an 7"/. are because

of unacceptable wheat (Majumder l'975). Insects damage grain by partialty

eating kernels, leaving excreta and exuviae, and inËensifyíng microfloral

growth and succession. Protein is denatured, vitamins are 1ost, and fats

are broken dov¡n by these combíned effects. In this study, the COT system

had very 1ow loaf volume from wk 15 - 60. The RST system had a less dra-

matic decline in loaf volume duríng the same period (Fíg. 27). Tlhe samples
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BB

Eígure 27. Bread baked from ínsect.-infested and lnsect-free wÏeat stored
for varíous lengths of time; infestation type (_or absence of
íË) and the length of storage is gíven with the following
numberícal codes:
(1) Cold-room control;
(2) Control system - week 15;
(3) Rhyzopertha-Sitophilus-Tribolium system - week 15;
(4) Cryptolestes-Oryzaephilus-Tríbolium system - week
(5) Control sysËem - week 30;
(6) Rhyzopertha-Sitophílus-Tríboliurn sysËem - week 30;
(7) Cryptolestes-Oryzaephilus-Tríbolium sysrem - week
(B) Control system - week 60;
(9) Rhyzopertha-Sítophilus-Triboliurn system - week 60;

(10) Cryptolestes-Oryzaephílus-Tríbolium sysËem - week

15;

30;

and
60.
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of \,rheat from each system were pooled from all levels in the drums.

A possíble explanation for the more gradual decrease in loaf volume

for the more severely damaged wheat from RST sysËem than for that from

the COT system is the presence of extensive tcaking'by inter-granular

fungal mycelia in the former system. This observation lras not evident

from surface steriTized seeds. Fungi or bacteria secrete the starch-

hydrolyzíng enzyme, alpha-amylase, which increases gas production in the

dough duríng baking fermentation leading to íncreased loaf volume (Pome-

tanz and Shellenberger 1971). The presence of alpha-amylase results ín

decreased víscosity of a gelatínized starch by liquefaction whÍch can be

measured by the amylograph. The amylograph viscosiry (Table 6) indicared

that enz¡nnatíc activíty, probably because of alpha-amylase, was higher in

Ëhe RST samples than in the COT samples, resulting in lower viscosity

1eve1s. The Cont.rol system bread had little decrease in loaf volume af-

Ëer 60 wk.

Insect Population Action and Interaction

Populations of all five species of ínsects j-ncreased until weeks 5-lO

of this study, and then declined until week 15 (Table 7). Feeding on

whole r¿heat, single populations of Tribolium and Oryzaephilus díd noË

multiply extensÍvely while those of Cryptolestes multíplied rapidly about

eighË-fold and then remained constant for 10 vreeks. Sitophilus, and more

noteably Rhyzopertha, became numerous at week 10. Larval numbers were

low for all species possibly indÍ-catíng cannibalism by the adulrs (Fuj ii

L974, Boyer L976). Berlese funnel extraction did not remove any Sitophí-

1us larvae from the wheat; these grubs have no legs and are incapable of

moving durÍng the extraction process. Dual combínations of the insects

studíed showed that Tribolíum could not compete well wíËh Rhyzopertha,
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Sitophílus or CryptolesÈes. Tribolium and Oryzaephilus appeared to have

a mutually beneficial relationship although the populations of both spe-

cies remained at 1ow levels. Rhvzopertha inhibíted multiplication of

Sitophilus, and Cryptolestes inhibited that of oryzaephilus. In combína-

tions of three species' none of the insects multiplied as extensívely as

when they were alone in the r¿heat. In the Rhyzopertha-Sitophílus-Tribolíum

combination, Rhyzopertha was the dominant species with Sitophilus reaching

moderate population levels by week 10 followed by extinction. Tribolíum

remained at low numbers throughout 15 r¿eeks. In the Crvptolestes-Orvzae-

philus-Tríbolíum combination, Cryptolestes was the dominant species,

although Triboliuq reached population levels higher than those when iË

r^/as reared alone. Orvzaephilus declined ín numbers rapidly becoming ex-

tínct after l0 weeks.

Fat acidity values increased with tíme and were generally higher in

Ëhe wheaË ínfested wíth insects than in the insect-free controls (Table B).

The most dramatic íncreases ín FAV levels typically occurred Ín ¡¿heat which

was infested with some combination of Rhyzopertha or Sitophilus. In these

treatments' the FAV levels rose until ¡nieek 10 and then began to declíne by

week 15. The moísture content of the wheat sharply and steadily increased

ín the bottles containíng Rhyzopertha or Sitophilus, reaching levels of

37 .3% in wheat containing Rhyzopertha alone and 36 .3% in wheat containing

the species combination of Rhyzopertha-Sitophilus-Tribolium (Table B).

A sharp decrease in grain weíght occurred in bottles containíng the

whole graín feeders, Rhyzopertha and Sitophilus, with correspondíng íncrea-

ses in the weight of graín dust (Table 9). Graín weight in the insect-free

controls remained constant during 15 weeks and the amount of dust was negli-
gible. The weight of grain dust in the wheat containing Rhyzopertha or
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Sitophilus declíned between r¿eeks 10 and 15 because of extensÍve 'caking'
of the grain r¿here dust and wheat kernels were bound togehter r¿ith an ex-

Ëensive network of fungal mycelía. Consíderably more dust r¿as prod.uced by

the combination of Cryptolestes-Orvzaeptritus-trlm than by any of those

species indivídual1y.

Germ and endosperm damage in the wheat v/as most extensive when Rhyzo-

pertha occurred alone, with slightly less damage when it was in the presence

of other species (Table 10). SÍtophilus caused only slighrly less damage to

both the germ and endosperm. Crvptolestes, whether alone or r¿ith other

germ-feeding species, consumed the germ ín fewer rhan 247" of the kernels.

This level of damage is consistent with that obtained for the COT system

in the main experimenË usíng larger contaíners.

GerminaËion decreased gradually during 15 weeks in wheat infested

with Ëhe germ-feeders Tribolium, Oryzaephilus, or Cryptolestes (Table 1l).

Generally, the loss of germination ú/as related to the degree of germ damage

caused by the feedÍng of each combinatíon of insects. By week 10, germina-

tion had declined to 0 - !.2% ín wheat ¡¿hich contained eiËher Rhyzopertha

or sitophilus or any combínation of RhyzoperEha or sítophilus.

The fungus AlternarÍa alternata \¡ras present in 527" of. the seeds iní-

tially used for all insect species combínations. Alternaria declined

steadíly regardless of insect combinations, virtually disappearíng by

week 10.

Aspergillus glaucus group díd not appear until week l0 and was pri-

maríly present on seeds from the insect-free controls, infecting 25"/" of

the seeds. Fewer than 5% of the seeds r¡ere infected in the presence of

Triboliurn and Sitophilus, Tribolium and Oryzaephilus, Tríbolium and Cryp-

tolestes, oryzaephilus and cryptolestes, and crvpËolestes-orvzaephilus-
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Tribolium. Rhyzopus spp. also ínfected a fev¡ seeds in each treatment.

Bacterial infection of the seeds was related to both seed damage

and the moisture content of the wheat; such ínfection Ì¡ras conspicuous

only when Rhyzopertha, sítophilus., or both \^/ere present. Nearly 100%

seed ínfection by bacËeria was noted by week 10 r¡hen Rhyzopertha or

Sitophílus r¡/ere present r^rhile less than L0% of. the seeds were infected

by week 15 with combínaËions of the germ-feeding insects (Table 1l).

Lefkovitch (1968) reported laboratory interactions among S. oryzae,

Lasiocierma serricorne (F.), T. casËaneum, and c. ferrugíneus. He found

that C. ferrugineus had a harmful effect on T. casËaneum populations and

c. ferrugineus was the species most likely to persíst ín a system. cie-

sielska (I975) studied effects of ínËerspecific cornpetÍtíon on ovipositíon

and population size when combinations of å. granaríus, R. dominica, and O.

surÍnamensÍs were placed together on wheat. It \^ras concluded that R. 4or!-
nica had a strong competitíve effect on the other two specíes. Kabír

(L966) observed interactions among s. oryzae, R. dominíca, and T. casta-

neum on sorghum in the laboratory. He found Ëhat R. domíníce and S. oryzae

mutually inhibíted development r,¡hereas T. castaneum benefítted by the pre-

sence of either or both species. Lecato (L975) found thaË populations of

C. pusíllus, 0. surinamensis, and T. castaneum reacted favorably in the

presence of either R. dominica or S. oryzae.

Extrapolation of data obtaíned in small-scale laboratory studies to

studíes involving larger storage containers musË be interpreËed with cau-

tíon. The understanding of ínsect interactions under laboratory conditions,

however, ín conjunction with experiments using larger containers is líkely

to shed líght on the effecËs of one species on another and on Èheír envir-

onment.
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MultivarÍaËe Statistical Analyses

(A) Príncipal Component Analysis

A mathematical description of a real world system is often referred

to as a mathemaËÍcal model, of which there are t\^ro basic types. Correla-

tíve models reflect observed relatíons among several variables, and des-

críbe and summarize Ëhose relationships so that relatíons can be verified

and used for prediction. Explanatory models reflect observed relationships

among varíables and also reflect some concept of the causal mechanism thaË

underlies the relarions (Gold 1977).

In an applíed context, multivariate analysis ís concerned r¡íth dis-

crete samples which possess values for various numbers of variables. Thís

group of statistical methods studies the interrelationships among Ëhose

variables, looks for sample dífferences in terms of lhose varíables, and

draws inferences relevant to Ëhose variables concerning the populations

from r,¡hich the samples T/üere chosen (Tatsuoka 1971).

Principal component analysis is a statistical method which transforms

a given set of variables ínto a nern/ set of composite variables (principal

components) that are orthogonal (uncorrelated) to one another. No partí-

cular assumption about the underlying structure of the varj-ables is nec-

essary. This analysis determínes the best linear combination of varíables -
the combination of variables thaË would account for more of the varíance Ín

the data as a whole than any other linear combinaËion of variables. The

first principal component is usually the single best suurnary of linear

relationshíps evident in the data. The second component is the second

best linear combination of variables r¿ith the second component beíng ortho-

gonal to the first. The second component accounts for the most resídua1

variance after the effects of the first component are removed frorn the
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data (rim L975). rË is important to note that it is, of course, possible

Ëhat some principal components will have no physical meaning (Kendatl

1965). The use of PCA in interpretaËion of ecological problems has been

díscussed by seal (L964), pearse (1965), orlocí (1975), and sinha (rg77) .

Correlatíon coefficíent matrices and principal component matríces

r¿ith the proportion of varíance accounted for and loadings for all prin-

cipal components are presented for all systems, for wk 0, g,2Lr 60, and

for cumulatíve data for r¿k O - 60 (Tables 12 - 37). The changíng parrerns

of relationships ¿rmong variables from one sampling date to another are

íllusËrated díagrarnmatically for príncÍpal components 1 and 2 ín aLL three

systems (Figs. 28 - 33). Correlation coefficient matrices were used during

analysis rather than variance-covariance matrices because measurements of

variables were taken on different scales (Bronswijk and Sinha L}TL).

Principal component analysis done on data at each samplÍng date dealt

r¿iËh smaller numbers of samples and small amounts of variation as compared

to the overall PCA on cumulative data from wk 0 - 60. However, the regular

analyses were probably more meaningful in that these revealed changing re-

lationships with time.

To determine eomponent relíabilíty in data from wk 0 - 60, pcA was

separately undertaken on randomly split samples in the control, RST, and

COT systems, and Ëhe results compared (Lawley and MaxweLL Lg7L, Sinha Ig77,

Mílls et a1. 1978). Since all of the principal componenËs remained basi-

cally the same in the split samples, they r¡rere considered highly reliable.

PCA of Data From Each Samplíng Date

CorrelatÍon coefficient matríces for variables in the Control system

for wk 0, 9,2L, and 60 (Tables 12, L4,20,26) and, principal componenr

matríces showing príncipal comporient. loadings and the percent variability
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Figure 28. Diagram illustratíng the changing relationshíps among varí*]:
ables for principal component 1 in the Control system as
revealed by tri-weekly principal componenË analyses of
multivariate data.
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Figure 29. DÍagram illustrating the changíng relationships among vari-
ables for principal component 2 in the Control system as
revealed by trí-weekly principal component analyses of
multivaríate daGa.
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Pígure 30. Diagram illustrating the changíng relationships among vari-
ables for principal component 1 in the Rhyzopertha-Sitophilus-
Tribolium system as revealed by tri-weekly principal component
analyses of multivariate data.
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Figure 31. Díagram illustrating the changing relatíonships among vari-
ables for princípal component 2 in the Rhyzopertha-Sitophilus-
Tribolium system as revealed by lri-\deekly príncipal component
r""lys.s rf multivariate data.
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tr'igure 32. Diagram illustrating the changing relationships among varj--
ables for principal component I in the Cryptolestes-
Oryzaephilus-Tribolíum system as revealed by trí-weekly
principal component analyses of multivaríate data.
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Eigure 33. Diagram illustrating the changíng relationshíps among
variables for principal component 2 in the cryptolestes-
Oryzaephilus-Tribolium system as revealed by tri-weekly
príncipal component analyses of multivariate data.
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âccounted for by each component for wk 0, g, 2L, and 60 (Tables 13, 15,

2I,27) give a complete summary of analysis aË the beginning of the study,
at a point duríng the rapid increase ín ínsect numbers , at a point d.uring

the initial decline ín insect numbers, and aË the end of the study. Fi_
gures 28 ancl 29 show that principal components 1 and 2 accounted for ap-
proximateLy 5o% of the variatíon in the system. The number of variables
describing the varíatíon remained fairly consistent throughout the study.
Princípal component 1 was essentially an abiotic component ínvolving long-
term relationships among COr, O2, temperature, and moisture (Fig. 2g).

High temperature and moisture levels !/ere related to high co, and 1ow o,
concentratíons. Principal component 2 mainly demonstrated relaËionships

among FAV, moisture' Aspergillus, bacËeria, and Tarsonernus. Hígh moisture

content of the wheat r^/as associated wíth large populations of Aspergíllus,
bacteria, and Tarsonemus. It appeared that such collecËive invasÍon of
organísms resulted in increasíng FAV leveIs. Aspergillus and Tarsonemus

T¡/ere usually positively correlated to one another and negatívely correla-
ted to bacterial infectíon. The number of variables involved at the time

of each PCA ranged from four to síx.

RST system - Principal components 1 and 2 together accounted for
about 55 - 60% of the variation in this system r¿ith fewer than half the

variables monítored playíng a meaningful role in each componenË (Fig. 30

and 31). The main variables ínteracËing in principal component 1 were

temperature, grain weight, moisture, germ d.amage, endosperm damage, Tri*
bolium; and sítophilus and Rhyzopertha only between wk 4 and wk 1g.

PopulaËions of the three insect specÍes were positively correlated to
germ damage, endosperm damage, and grain weight loss obviously because

of their feeding acËívity. rnsecË numbers were posiËive]y related to
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higher temperatures and increased moisture 1eve1s. Thís is explaínable

because all three insect species thrÍve aË high tempeïature and relatively
hígh relaËive humidiry (Howe 1965b).

Princípal componenË 2 showed íntermíttent but steady interactions
among FAV, coz, o2, moÍsture, occasionally Aspergíllus, and bacteria. Af-
Ëer wk 18, Tríbolium, Rhyzopertha, germ and. endosperm damage \Á/ere often
also involved- Aspergillus and bacteria both increased early Ín the study

and mícrofloral metabolism seemed to have 1ed to increased. co, and moisture

levels, lowered O, levels and were correlated with an FAV increase. As the

varíab1es, TrÍbolium and Rhyzopertha, increased in importance germ and endo-

sperm damage ín the grain, which are directly related to insect feed.ing,

became more important. correlation coefficient matríces for varíables in
the RST system for wk 0, 9,21, and 60 (Tables L2, L6,22,28) and princí_
pal component inatrices wíth principal component load.íngs and the percenË

variabílíty accounted for by each component for wk 0, g, 2L, anð, 60 (Tables

13, L7, 23, 29) are of assistance in visualizíng the interaction of varia-
bles represented ín Figures 30 and 31.

COT system - The fÍrst two príncipal components accounted for about

50z of the variatíon in the system and involved only 3 - 6 varíables at
any one tíme (Figs. 32 and 33) . Principal component 1 was usually explai-
ned for long segments of the time span by the relation among temperature,

dust weight, moisture, Tribolium, and Cryptolestes (Fig. 32). Insect num_

bers r¡ere posítively correlated to dust weight and moísture obviously be-

cause of feedíng activity and increased metabolic actívity. The total
number of variables involved at each Ëime of analysis remained remarkably

uniform throughout the study períod, although alígnment. of individual var-
iables varied.
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Principal component 2 is less consisËent over time but its main vari-

ables were FAV, Co2, OZ' germ damage, endosperm damage, Aspergillus, and

bacteria (Fig. 33). Generally, Aspergillus and bacteria were negatively

correlated to each other and both \rere negatively correlated to 0r, gerin

damage, and endosperm damage but positÍvely correlated Ëo COr. Aspergillus

declined late ín the study and bacteria increased as the FAV íncreased.

correlation coefficíent matríces for the cor system at wk 0, gr 2L, and.

60 (Tables 12, 18, 24,30) and principal component matrÍces with principal

componenË loadings and the variation account for by each component at wk 0,

9,2L, and 60 (Tables 13, L9,25,31) gíve more detailed results of the

interactions among the variables at critícal Ëímes.

(C) PCA of Cumulative Data

Principal component analysís of the cumulative data from wk O -6Õ tor
all three systems gave a somewhat different vier¿ of the changing patterns

of relationships duríng the study, and should be considered along with the

regular analyses to understand the systems. Correlation coefficient mat-

ríces (Tables 32, 33, 34), and principal component matríces wirh the pro-

portion of total variance accounted for by each component, and the loadings

for each principal components (Tables 35, 36,37) are presented.

control system - Principal componenË 1 ínvolved FAv, dust weight,

Alternaría, bacteria, and germination. An ínterpretatíon of the results
(Table 35) indicates that a rise in FAV is related ro a rise ín dusr weight

and bacteria, and a declíne in Alternaría infection and seed germínation.

Principal component 2 r,,¡as explained by co, oz, Aspergíl1us, Tarsonemus,

and possibly temperature; even though the lasË variable has a relatively

1or¿ loadíng (-26). A positive correlatÍon r¡as found between Aspergillus,

Tarsonemus, and c0, levels, all of ¡¿hich r,üere negatively correlated, to 0,

1eve1s.
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RST system - Principal component 1 involved FAv, germ damage, endo_

sperm damage, Alternaria, and germination (Table 36). As FAv levels, germ

and endosperm damage increased vrith time, Alternaría infectíon and seed

germÍnatíon decreased. Príncipal component 2 is predominantly an insect
component and is described by the varíables Triboliu¡n, Rhyzopertha, Sito-
philus, moisture, Aspergillus, and bacËeria. The insect variables r¡rere

positively related to Aspergillus but negatively related to bacterial in-
fection' rt appears that prolonged activity and interacting of the three
species of insects generate additional moísture ín the envirorunent, which

in t.urn allows greater mícrobial actÍvity.

COT System - Principal component 1 was described by the variables
FAv, germ damage, Arternaría, and germínation; the last one is probably

the most j-mportant variable ín this group. Loss of seed germi-nation and

a decline ín Alternaría infecËion appear to be related to increased FAV

levels and germ damage. Príncipal component 2 is an insect component and

is explained by the variables Aspergillus, bacËería, Tríbolium, and Crypto-
lestes' trrrhen Tribolium, Cryptolestes, AspergíIlus, and dust weight decline
presumably because of overcrowding and pollution of the environment, bac-

terial infecti_on increases.

Ecological Interpretatíon - The Control system underwent abiotic and

biotic changes somev¡hat sÍmilar to those in the RST and cor systems, al__

though the magnitude of those changes was smaller ín the former system. As

time progressed, seed germination and Alternaria ÍnfecËion declíned. Thís

relatíonship was prevÍously reporred by walrace and sinha (Lg62). Asper-

gi11us glaucus and bacterial infectíon increased as did the CO, and FAV

levels, while O, concentratíons declined. FAv has prevíously been shov¡n

to increase steadily wirh time as the fungus-infecËed graín deteriorates
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(Bronswíjk and sinha Lg7r, Lustig et al. rgTi). Dust weight Íncreased

slightly probably as a result of microbial action; the composition of
dust included fungal spores. The mite Tarsonemus granarj.us was abundant

in the control system which r¡as free from competíng insect pests, but

reached large populations only r"rhen associated with the fungus Alternaría.
Thís urite díd not reproduce in the RST or cor systems possibly because of
direct cornpeEition with Ëhe insects or indirect competítion such as the

preserlce of toxic secretions from the insects. Tribolium secretes qui-
nones which parËí411y inhibit fungal grovrËh when insect populations are

dense (Wyk et al. L95g).

The RST and COT systems follor¿ed similar paÊterns of changíng rela-
tionships. The rapid population growth of Rhyzopertha and Tribolium, and

the extensÍve germ and endosperm damage that resulted, allowed the micro-

flora to proliferate and the moisture levels to rise. The rapÍd grain

deterioration and high rnoisture levels allowed bacteria to replace fungi

as the predominant form of microflora. The fat acidity levels increased

until deterioration became advanced, when the FAV levels began a steady

declíne possibly because of advanced decompositíon of the fats by bacËeria

and complete consumption by insects of much of the germ. The cor system

maintained large populations of Crvptolestes and Tribolíum until 1aËe ín
the study, buË moisËure levels Ín the grain did noË rise sharply. Less

extensíve grain damage did not allow bacteria to invacle the seed extensively

and to decompose the wheat; and the FAV, hor,rever, increased steadily. The

effect of the location of grain in the bulk wheat \,/as often large and of

great importance in the deterioration of the grain.

(D) Canonícal correlation Analysis - CanonÍcal correlatíon analysÍs uses

Ëwo sets of variables as basíc input, each of r¿hich can be gíven theoretical
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meaníng as a set. Sínha et al. (1969b) designated these sets as predíctor
(independent variable) and criteríon (dependent variable) groupings. The

basic purpose of canonical correlation analysis is to form a linear combi-

nation from each of the sets of variables so that the correlation between

Èhe tr'vo linear combínations is maximized. Several pairs of linear group-

ings can be derived and are ca11ed canonical varíates. rn some T¡rays, they

are basícally equivalent to principal componenËs formed in pCA except that
the crÍterion for their selection is different. Both techniques form linear
combinations of the oríginal variables buË canonícal correlation analysis
accounts for a maximum amounË of the relatíonship between two sets of varí-
ables rather than accounting for as much variance as possible within one

set of variables (hlarwick L975; Sinha Ig77).

Correlatíon coefficíent matrices for this analysís are identícal to

those for PCA, r¿k 0 - 60 (Tables 32, 33, 34). The squared multiple corre-
lations of each criterion variable \^iith all of the oËher criterion variables,
the squared rnultÍple correlatíons of each predictor varÍable with all of the

other predictor varíab1es, the canonical correlation analysis, and the cor-
relation of the canonícal variables with the original variables (canonical

varíable loadings) are presented for rhe conrrol (Tables 38 - 40), RST

(Tables 4L - 43), and cor sysrems (Tables 44 -46). The squared multiple
correlations of varíables determine the effective rank of a variable wíthín
íËs set. In the canonical correlatíon analysis, Ëhe eígenvalues aïe calcu-
1ated, the canonícal correlations which are the square roots of the eigen-

values are determined, and the maximum number of eigenvalues needed to

explain Lhe variation are determined by Bartlettrs test. The canonícal

varíable loadings are the correlations of the oríginal variables with the

canonical variables and are of value in interpreting Ëhe interrelations



Table 38. Squared multiple
variable wíth all
of each predictor
dictor varíables
0_60.

L45

correlations of each criterion
other criterion variables and
variable with all other pre-

in the Control system, weeks

Criterion variable R2 predictor variable R2

FAV

coz

oz

Dust weight

Germination

0. 838

0.623

0 .607

0.407

0.822

Alternaria

Aspergillus

Bactería

Tarsonemus

0.587

0 .367

0.631

0. l-94
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Table 39. Canonical
variables,

correlatíon analysis for Control systea
r,reeks 0 - 60.

Bartlettrs test for
remainÍng eigenvalues

Canonical correlation No. of
Eígenvaluu (R.) eígenvalues

Signi-

chi-square DFa 
ti:i:i"

0. 834

0.427

0.7L4

0. 31

0. 913

0. 653

0. 338

0.L76

929.68

263.18

56 .6r

7L.64

<0. 001

<0. 001

<0.001

<0.01

0

I

2

3

24

15

8

t
-)

tDF = degrees of freedom.
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Table 40. Correlatíons
varíables in

of canonical variables with origínal
the Control system, weeks 0 - 60. a

Canonícal varÍable

Variable

FAV

coz

oz

Dust weighr

Mois ture

Germination

Alternaria

Aspergí11us

Bactería

Tarsonemus

97

04

-32

57

o4

-96

-20

63

-30

-15

-03

-26

-03

-15

-60

2T

-20

-24

-01

01

-30

46

28

77

-03

-89

81

_29

87

09

B9

-13

3B

37

-02

-35

26

-45

36

32

aDecimal points are omiËted.



Table 41. Squared mu
variable r¿

of each pr
díctor var
Tribolium

L4B

correlations of each criterion
other criterion varíables and.
varíable with all other pre-

in the Rhyzopertha-Sitophilus-
weeks 0 - 60.

1rip1e
ith all
edictor
iables
system,

Criterion variable R2 Predictor variable R2

FAV

coz

Moisture

Germ damage

Endosperm damage

Germination

0.729

0.646

0.205

0. 789

0.7 45

0.72I

Alternaría

Aspergí11us

Bacteria

Tribolium

Rhyzopertha

SÍtophí1us

0. s70

0.262

0.652

0.576

0.581

0. 369
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TabLe 42. Canonical correlat.ion
S itophilus-Trib oliurn

analysis for Rhyzopertha-
system variables, weeks 0 - 60.

Bartlet.trs test for
remaining eígenvalues

Canonical correlation No. of
Eígenvalu" (R.) eigenvalues

Signí-
ficance

Chí-square DFa 1evel

O.B2L

0.364

0.203

0.r29

0. 059

0. 001

0.906

0.603

0. 450

0. 359

0.243

0. 034

L456.L2

49r.96

238.65

TLI.97

34.64

0.64

<0. 001

<0. 001

<0. 001

<0. 001

<0. 001

o .425

0

I

2

J

4

5

36

25

L6

9

4

1

"DF = degrees of freedom.
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Table 43. Correlatíons of
variables ín the
sysÈem, weeks 0

canonical varíables with original
Rhyz gper tha-S Ír ophilus-Trib o lium

- 60.4

Canonical varíable

Variable

FAV

coz

Moísture

Germ damage

Endosperm damage

Germination

Alternaria

Aspergillus

Bacteria

Triboliuur

Rlyzopertha

SíËophilus

-86

-58

-42

-64

-64

97

15

24

-36

59

58

06

06

64

03

35

-20

-10

-08

75

-42

17

46

13

aa_LJ

-L7

-32

07

-12

-25

73

29

31

20

o7

35

32

-11

L4

06

90

-12

-81

-18

-12

34

-08

-05

-28

89

09

56

_29

10

19

-50

29

24

01

36

-13

10

-28

-2L

-04

-72

-60

-30

L9

62

73

39

aDecimal points are omitted.



TabLe 44. Squared multiple
variable \^/ith all
of each predictor
dictor varíables
TribolÍum system,

151

correlatíons of each criterion
other criterion variables and
variable with all other pre-

in the Çrypf olestes-Or]¡zaephilus-
v¡eeks 0 - 60.

Críterion variable R2 Predictor variable R2

FAV

,oz

MoísËure

Dust weíght

Germ damage

GerminaËion

0. 852

0. 199

0.260

0.262

0.442

O. B4B

Alternaria

Aspergillus

Bactería

TrÍbolium

Crvptolestes

0.579

0.402

o .625

0.7L5

0. 700
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Table 45. canonical correlati-on analysís for crvptolestes-
OryzaephÍlus-Tríborium system variables, vreeks 0-60.

BartletË's test for
remainíng eigenvalues

Canonical correlation No. of
Eigenvalue (R") eigenvalues

Sígni-
ficance

Chí-square DFa level

0.877

0.529

0.239

0. 054

0. 002

0.936

o .727

0.489

0.233

0. 040

1778.26

606.28

185.16

32.25

0. 90

<0. 001

<0.001

<0.001

<0. 001

0.637

0

1

2

3

4

30

20

T2

6

2

"DF = degrees of freedom.
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Table 46. Correlations of
variables in the
system, weeks 0

canonical variables with original
Cryp! oles tes-Oryz aephilus-Trib olium

- 60.4

Canonical variable

Variable

FAV

coz

Moisture

DusË weight

Germ damage

Germination

Alternaría

Aspergillus

Bacteria

Tribolium

Cryptolestes

98

-4L

27

33

70

-96

-93

03

83

30

30

-L6

T4

87

27

T2

09

-07

I7

-28

-59

07

-24

04

L4

2L

28

-70

05

33

02

31

11

01

-06

53

-77

4L

05

-10

-03

51

-36

90

8B

-11

83

-30

-10

-27

-09

-2I

01

29

-25

a
Decimal points are omitted
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withÍn the canonical variables (Frane Ig77).

control system - FAV and germination were the variables most strongly
correlated to the entire criterj-on set (Table 38) v¡hile bacteria and Alter-
narj-a were the varj-ables most stïongly correlated. to the entire predictor
set (Table 38). Three canonical correlatíon coefficients are significant
at the LZ TeveL (Table 39). The first grouping of canonical variables
indicated that Alternaria and bacteria predi ct 832 variation of FAV , o2,

dust weight, and germination. As the grain ages Alternaria, seed germina-

tion, and 0r levels decline while bacteria increase, as do dust weíght and

FAV (Fig' 344) ' The second grouping of canonical variables indicates thar
Aspergillus and Tarsonemus predict 43"a varíation of co, and o, levels.
trrlhen AspergÍllus and Tarsonemus increase, co2 concentration increases and

o, concentrations decline (Fig. 358). The third grouping of variables 1n-

dicated that Alternaria, Aspergillus, and Tarsonemus predicted LI% varía-
tíon of CO, levels (Table 40).

RST system - The criterion variables FAV, co2, germ damage, endosperm

damage, and germination \^/ere strongly correlated. to the total criterion set.
The predictor varj-ables Alternaria, bacteria, Rhyzopertha, and Tribolium

üIere strongly correlated wíth the entire predíctor set (Table 41). Four

canonical correlati-on coefficients were significant aL the LT" IeveL (Table

42) ' The first set of canonícal varíables índicated that Alternaria, ibac-

Ëeria, and sitophilus predict 82"a variation of FAV, co2, moisture, germ

damage, endosperm damage, and germinatíon (Fig. 35A). The loadings índi-
cate that as Alternaria and Sitophílus decrease and bacterÍa increases,

FAV, cor, moísture, germ damage, and endosperm damage increase as germina-

Èion declines. The second set of canonical variables indicate that Rhyzo-

pertha' Sitophilus, and Triboliurn account for 36:¿ variation of moisËure,



155

Figure 34. Díagram representíng canonícal correlation bet¡¿een two sets
of varíables in the Control system, with canonícal correla-
tion coefficients of differenÈ magnitudes,
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Figure 35. Diagram representing canonícal correlation between t\,ro setsof variables in the Rhyzopertha-Sítophilus-Tribolíum system
with canonícal 

"o-teîãäorrìããîfl.i.rrt" ot ¿irrer.rrt magnÍ-
tudes.
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germ damage' and endosperm damage (Fig. 358). The loadings indicate that
as Ínsect numbers íncrease, germ and endosperm damage increase and moisture
1eve1s declÍne' The third set of canonical varÍables índicate that Asper-
gÍ11us, bactería, and sitophilus pred.ict 20% varíaËion of coy and germ

damage' The positive and negative signs on the loadings indicate that as

Aspergillus and sitophilus decline and bacteria increases, co, levels an¿

germ darnage increase. The fourth set of canonical variables reveal that
Aspergillus and sitophilus predíct L3% variation of FAV, and endosperm da-
nage' whíle Aspergillus increases and sítophitus decreases, FAv íncreases
and endosperm damage decreases (Table 43).

cOT system - The crj-teríon variables FAV and germination are strongly
correlated to the entire criteríon set (Table 44). The predictor varÍables
crypËolestes and Tribolium are most strongly correlated to the entire pre-
dictor set (Table 44). Three canonical correlation coeffícients were síg-
nificant at the L% rever (Table 45). The fírst set of canonical variables
revealed that Alternaria, bacteria, cryptolestes, and Triboliurn predict gBZ

variation of FAV, co2, dust weight, germ damage, and germination (Fig. 36A).
The positive and negative loadings indicate that as Alternari.a decreases,

bacteria, cryptolestes and rríboríum increase and FAv, dust weíght, and

germ damage increase, whÍle co, and germinaËíon declÍne. The second. set of
canonical variables revears that Aspergillus, bacteria, cryptolestes, and

Triboliurn predicted 53:l varíation of moisture (Fig. 368). The loading indi-
cated that a decline in Aspergillus, cryptorestes, and Tribolium and an

increase in bacteri-al infection was related to higher moistures. The third
set of canonícal variables revealed that Aspergillus and bactería predicted.

24"/" variation of dust weight (Table 46) . Dust weíght increases v¡ere related
to an íncrease in bacteria and a decrease ín Aspergillus.
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Figure 36. Diagram representing canonical correlation between tü/o sets
of variables in the Cryptolestes-Oryzaephilus-Tribolium
system with canonical correlation coefficients of different
magnitudes.
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A comparison of interrelatíons among variables in all three sysEems

as revealed by PCA and canonícal correlation is summarized in Tabl e 47 .

As expected, the two techniques revealed similar patterns of interaction
and agreed with the descriptive daËa sumrnary although in a more clearly
defined manner.

(E) Multíple Linear RegËessíon Analysís

A problem that had only been partially resolved by descripËíve sum-

mary and PCA ínvolved the factors regulating populations of Tarsonemus

granarÍus ín the Control system. To resolve this question, multiple línear
regression v/as undertaken on Control system data from wk 0 - 33, r^ríth Tarso-

nemus as the dependent variable and cor, AlternarÍa, Aspergillus, moÍsture,

FAV' 0r, bacteria, and Eemperature as índepend.ent variables (Irrhite and Sinha

l-97B) ' The general form of the unstandardized mulËiple regression equation

ís:
Yr = A * BlXt * B2XZ + .... Bkyt

r¿ith Y'represenËing the estimated value for y; A is the y-intercepË, and

B. are regression coefficients. The multíple regression analysis is sum-

marized in Table 48 . The equation resulting from 
'he 

analysis is:

Y'(rgrs-gngnrs-) = 0.539 + r.044(co) + 0.37g(Alrernaria) + 0.082(As-

pergillus) - f.078(moisrure) + 0.140(FAV) +

0.682(02) + 0.046(bacteria) - 0.329(remperarure).

The values associated with the independent varíables are unstandardized

partÍa1 regression coefficients. The toËal equation ís sígníficant (p<.01)

and accounts for 25.7"Á of the variation in Tarsonemus numbers.

The unstandardized regression coeffi-cients (B) for Co, and AlËernaria

were significanË (P<.01) using a standard regression meËhod whíle those of

co, and Alternaria (P<.01), and Aspergíllus and o, (p<.05) were signíficanr
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usíng a hierarchical method (Kirn and Kahout rgis) (Table 4g, col. rf, rg).
Tarsonemus granarius is a mycophagous mite r¿hich feeds and. multiplíes

on many types of fungi (sinha r964b). The rapid increase in Tarsonemus

numbers beËween wk 6 - 9 and the sharp declíne between wk 9 - 15 was pro_
bably related to the presence and decline of Alternaria, which ís a favored
diet of thís mite (sinha rg64b). Microbial activity resulrs in íncreased
co, levels (Trisvyatskií 1966) which could explaín Ëhe posiríve correlation
beËween c0, and Tarsonemus. As Alternaria declined, Aspergillus gl-aucus gr.
and bacteria ínfected more seeds. Aspergirlus spp. are an alternate diet
for this mÍte and probably permÍtted the populations Ëo maíntain themselves
at lower levels' Further deterioration of the grain and an increase in bac-
terÍal infectÍon, with a decrease in Aspergillus infection, 1ed to a decline
in mite numbers.

E"ologi"rl tro".""." rt-rolt"d ir 
"aot.d-gr"in E"o=.r"a.*"

rn this study, arthropod populations !üere introduced to discrete eco-
systems contaíning lírnited and non-renev¡able resources in the form of dor-
mant wheat seeds' Adult insects were íntroduced and dispersal out of the
systems \¡/as prevented. populations !üere not started with a stable age

distribution and ít courd be predícted that a very steep growth curve (ex_

ponential) would ínitÍally be evídent, climbíng to excessive densíty near
the carryíng capaciËy of the system, followed by a series of flucËuations,
in some circumstances approaching an assymptote by a series of damped os_

cíllations. This type of growËh curve \¡/as, in fact, typÍcar. The classi_
ca1 logisti-c curve (siguroid) of population growth is rarely applicable to
animals with complex life-histories such as ínsecËs (Andrewartha and Birch
L9s4) .

Niche overlap r47as exËensive Ëhroughout the various conmunitíes and
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oe
tfí

ci
en

t 
of

 d
et

er
m

in
at

io
n.

c C
or

re
la

tio
n 

co
ef

fic
íe

nt
.

d
U

ns
ta

nd
ar

dí
ze

d 
re

gr
es

sí
on

 c
oe

ffi
ci

en
t; 

co
ns

ta
nt

 =
 0

.5
39

.
es

ta
nd

ar
d 

iz
ed

. 
re

gr
es

si
on

 c
oe

ffi
ci

en
t.

f F
 s

ta
tis

tic
 

fo
r 

st
an

da
rd

 r
eg

re
ss

io
n,

 d
.f.

 
=

 1
r1

89
.

8F
 s

Ë
at

ís
tic

 
fo

r 
hí

er
ar

ch
ia

l 
an

al
ys

is
, 

d.
f. 

=
 1

,1
89

.

L

R
2"

0.
16

6
0.

20
3

0.
22

L
0.

23
I

0.
24

0
0.

25
5

0.
25

6
0.

25
7

S
im

pl
e 

R
c

0.
40

7
0.

 3
04

0.
t7

7
-0

.0
81

-0
. 

L6
4

-0
.1

18
-0

.L
94

-0
.0

98

th
e 

pr
ed

ic
tio

n 
eq

ua
tío

n

B
d

L.
04

4
0.

37
9

0.
08

2
-1

.0
78

0.
 1

40
.6

82
0.

 0
46

-0
.3

29

B
et

a"

(1
,1

89
) 

=
 3

.8
4;

 d
.f.

0.
46

7
0.

 3
01

0.
13

1
-0

.I2
5

0.
 1

56
0.

18
4

0.
 0

71
-0

. 
03

5

S
td

. 
er

ro
r

of
B

0.
24

9
0.

1,
24

0.
06

1
0.

63
4

0.
14

1
0.

38
0

0.
08

9
0.

73
9

fo
r 

T
ar

so
ne

um
us

F
f

=
 lt

l -
 k

 -
 1

 w
he

re
 N

 =
 s

am
pl

e 
si

ze
,

lf 
.J

g-
lx

tc
9.

27
T

.r
(

L.
7 

94
2.

88
6

0.
 9

86
3.

22
2

0.
27

0
0.

19
8

F
g

\/.
lJ

Q
xt

c
9.

4L
5,

\r
ç

4.
58

0,
t

2.
54

6
2.

29
0

3.
99

5*
0.

25
4

0.
25

4

o\ (J
r



766

competítive exclusion r¿as likeIy to be an important facËor in the extinction
of certain species from the various systems.

Density-dependent population responses T¡rere of greaËest importance in
the systems studied because external environmental factors vrere maÍntaÍned
aË favorable levels (Price Lg75). rn the insect populatíons cannÍbalism,
predation, competíÊion, and contamínation of the environment acted as the
najor regulating factors with behavioral factors lirniting distribution r¿ithin
a system leadíng to intensified population interaction. Facultative feeding
on fungi by the insects would have slíght1y decreased competitíon for food in
the form of r¿heat seeds (sínha 1966b). However, both larvae and adults of
all of Èhe ÍnsecË species were in dírect competition for food, removing the
possibility of a partitíoníng of resources.

The gradual succession of predominant microflora from Alternaria to
Aspergíllus to bacteria was caused mainly by both competition and the chan-
ging conditions within each system; prímarily, íncreasing moisture content
of the wheat and a steady deterioration of the substrate.

Energy transfer in the short food-chains found in stored-grain ecosys-
tems is of importance to our understanding of the dynamic interactions
involved' The interspecifÍc relationship betr¿een daÍly net production
efficiency of the adults of five stored.-product beetles has been given by
campbell and sinha (1978). The comparison of Ëhe net production energy, or
the production of growth and reproduction/assiinílation of energy by feeding,
indícated that species with higher rates of population increase had higher
productÍon efficiencies. This conclusíon ímplies that the higher the rate
of reproduction of a species, the more efficientiy it uses food energy.
Tribolitrm castaneum had the highest net production efficiency, followed
by crvpËolestes ferrugíneus and, aË considerably lower 1evels, siFophilus
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oryzae and Rhyzopertha dominíca. Thís observation is of importance ín
vj'sualÍzing Ëhe strategies used by each species in the colonization of a
habítat. rt ís probable that the larger the varue of r, the more rigo_
rous the environment ís for a population (Kormondy 1969) and Ëhe grearer
Ëhe need for efficient utílizati.on of energy.

The flora and fauna invading stored-grain ecosystems must utÍrize
the límited resources rapidly and, once 1.arge poprrlations have been at-
tained, disperse rapidly in search oí rrer^i resouïces. ReproductÍve stra-
tegies to maximíze survival. under these conditions T.üere shov¡n by all of
Ëhe specj-es studiad.



Chapter 4

SIIMMARY AND CONCLUSIONS

The infestation of stored wheat by Rhyzopertha dominica, sitophirus
oryzae' and Triboliuq 

-gasrgngggì- or cryptolestes ferrugineus, qrJaqghil,rå
sur:í-namensis, and TrÉp-li-* castaneug: at 15.52 moisture content and 30oc

led co rapid deterioration of the grain. Temperatures in the Rsr systen
were slightly higher than those of the cor or insect-free control systems.
Carbon díoxíde levels were highest in the RST s,vsËem a;:d oxygen levels the
lowest' The moisture conËent of tire wheat in the RST system vÍas consid.er-
ably higher than either the cor or control sysËems.

seed germínation and infectÍon by the field fungus Alternaria alter-
nata declined rapidly in all systens to 0"/" by week 15. The storage fungus
Aspergillus glaucus group íncreased as AlËernaria decreased and gradually
Aspergillus was replaced by bacËerial infection which increased steadily
in all sysËems untir the end of the study after 60 weeks. The high moÍs_
ture con'tent of the wheaË in the RST system alloured Aspergillus candidus
to replace A. graucus for a short tíme prÍ-or to the d.ecline of the fungi
and increase in bacteria.

The mite Tarsonemus granarius reproduced. extensively only in the con_
Ëro1 sysËem, possibly because of absence of competition from the insects
(and also absence of metabolic by-products of insects) as found ín the
RST and cOT systems. rn the RST system, sítophilus faÍled to murtíply
extensively, gradually becoming extinct. Rhyzopertha and Tribolium were
found rnaínly at the Ëop of the bulk grain. rn the cor system, oryzaephilus

16B



l-69

faíled to thrÍve and became extÍnct rapdily. After several r¿eeks, crypto_
lestes and Tribolium adults \,¡ere most abundant at the bottom of the bulk
grain. Larval mortality was high in both systems, probabry because of
cannibalism and predaËion. All arthropod species multiplied at an expo_
nenÈia1 rate ínitially followed by sharp oscillatíons.

Grain dust was produced extensively ín the RST systexo and moderately
produced in the cor system. Grain damage wäs greatest in the RST system,
wiÊh both germ and endosperm being severely damaged especially near the
top of the bulk grain. The germ of the wheat \.üas consumed to a lesser
extent ín the COT sysÈem at all levels of the grain.

Free fatty acid levels rose steadily in all systems

the RST system having the highest values. After week 30,

system had steadily declining fat acídity values probably
plete removal of much of the wheat germ by ínsect feeding
microbial action, whíle the levels in the Control- system

followed by the levels in the COT system,

uric acíd levels vüere considerably higher in the RST system than in
the COT system.

A study of the distribution of cryptolestes and Tribolium adults in
Ëhe cOT system indicated that cryptolestes at the tops and bottoms of the
drums were the same age. The number of offsprÍng produced by Triboríurn
from the tops of the drums was rower than the number produced by adults
from the bottoms of the drums. possíbry, a higher ratio of males to fe_
males !üas present at the tops of the drums because the morËa1ity of ad.ults
from both the tops and bottoms r{7as similar.

The measuremenÈ of electrolyte reakage from ¡¿heaË seeds as an indí_
cation of damage was found to be ineffective.

until r,¡eek 30, with

wheat in the RST

because of com-

and intense

steadily increased
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Milling and baking tests on wheat from arl systems at weeks 0, 15,
30, and 60 indícated that the poorest baking tesËs resulted from frour
from Ëhe cor system although the RST system wheat was more severely da_
maged' rt is thought these resurËs could be attributed to greater inter-
granular microbial activity which íncreased the enzyne alpha amylase levels
leading to greaÈer loaf volume in the RST system.

rn laboratory compeËítive studies involving various combinatíons of
sËorage insects, it was found that the species Rhyzopertha_!¿_tSÉiþS-
Tribolium mutually inhibíted reproduction to some extent. RhyzoperËha

was the dominant specíes and was responsible for the greatest and most
rapíd damage to the wheat. The combínation of
Tribolíurn r^'as more favorable for Tribolium multiplication than most other
combinatÍons' crvPtolestes was the dominant species, whí1e Tribolium was
less abundanË. rn the rarger drums, Triboliurn and cryptolestes adults
r^Iere equally abundant, indicating the danger of extrapolation of data from
small containers to far larger structures.

carbon dioxide production and. oxygen consumption v¡ere determined for
all five species of insects. carbon díoxide production ranged from .029 .,,r/
adurt/day for Rhyzopertha to .009 rnl/adult/day for cryptolesres. oxygen
consumption ranged from 0.037 mr/adult/day for Tribolium to 0. or4 nr/
adult/ day for Cryptolestes.

Multivariate statistical analysÍs revealed several Ímportant relatíon-
ships among the variables uronitored. Principal component analysis was used
at regular intervals and compared to cumulative analyses Ëo find the se_
quence of interactíons among variables. rt was found that high bacterial
counts \^/ere assocÍated \'rith high FAV 1evels; Tarsonemus numbers r¿ere rela-
ted to Aspergíl1us; Alternaria and seed germinaËion r,rere negaËively related



of insecËs was

related to the pre-

canonical correlation analyses complemented the results obtained.

from principal component analyses. High bacterial counËs pïedicted high
FAv, col moísture, grain damage and 1ow seed germination, o, levels and

Alternaria Ínfection. High insect numbers predicted high moisture levels
and exËensÍve grain damage.

sËepwise multiple línear regression analysÍs indicated that the mite
Tarsonemus granarius multiplíed extensívely on the food source Alternaria
and maintained lower population levels on Aspergirr-us glaucus.

Multivariate analyses indicate that seed germínation and Alternaria
infection decrease rapídly, under the specified condítions, because of
Aspergillus glaucus group infection of the seed. rnsects, especÍarly &E_
zopertha-nand Aspergillus, increase seed damage and moísture content which
favors bacteríal growth which in turn inhíbits insect and mold growth.
Fat acidity values increase with Ëime unless seed d.amage and bacterial
infection are extensíve as in the RST system.

Grain stored at 15.5% moisture content under warm conditions Ís most

severely damaged by the insect combination of Rhyzopertha dominíca, Ë¿!g_
philus oryzae and TrÍbolium castaneum. Less obvious damage is done by the
species combínaÈion of crvptolestes ferrugineus, oryzaephilus surÍnamensis
and Tribolium castaneum. Although graín damage úras more localized ín the
RST system, deterioration of al1 of the grain was rapid. rt is probable
that after 15 r,¡eeks, even the grain in the contror system \,ras not fit for
human consumption. under \.üarm, moist conditíons infestation of wheat by
RhyzoperËha dominica and the whole-grain feeders is more hazardous from

to FAV, bactería and grain

related to the presence of

sence of bacteria.

L7L

damage; and that the number

Aspergillus and negatively
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the human víewpoint than by germ-feeders such as Cryptolestes ferrugineus

and Tríbolium castaneum.
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