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Larval mortality of leafcutting bee, Megachile pacifica (Panzer)

(= rotundata (F.)), is high, usually exceeding 50%. Parasites and

predators are not a limiting factor in the survival of the progeny.

The disease chalk brood has been an important mortality factor since

1974. Inadequate food supply, pollen and nectar, may affect the survi-

val of the progeny. Genetic differences within and between populations

and the saponin content of alfalfa leaves do not affect brood produc-

tion or survival. Domicile design and protection may also have a

great influence on survival.

Temperatures exceeding 50°C occur in cells when nesting material

receives direct sunlight or when nesting material is housed in domi-

ciles with poor ventilation and insulation. There are temperature

differences between cells in a series, between nest positions within a

domicile, and between types of nesting materials. There is no direct

relationship between ambient and cell temperatures because the latter

are influenced by exposure, nesting media, placement, and domicile

structure.

High internal bee body temperatures may occur during most bee

activities, excluding resting. The effects of high temperatures on the

adult bee or the eggs she contains are not known.

Although larval development can proceed at temperatures below 21°C,

survival is reduced. Adult activity, like metabolic larval development,



can be conditioned to unusually high or low temperatures; thus, there

is no absolute temperature threshold for development or activity in

this bee.

Eggs and young larvae reared at a constant 30°C had over 85%

survival, in most years. An ambient temperature of 45°C applied for

one to three hours resulted in a higher mortality of eggs and early

instars than the control temperature of 30°C; at 50°C, mortality was

complete. Exceptions were obtained for either situation. Half hour

exposure at 50°C ambient temperature was also detrimental to immatures.

An ambient temperature of 40°C in general does not affect survival of

immatures. In-cell temperatures were at least 5°C lower than ambient

temperatures in incubators during treatments.

Repeating heat treatments on two or more days was not as severe as

the duration of treatments. Larvae showed heat tolerance when exposed

to two to three hours at 45°C but not to one hour, but some exceptions

occurred. The mechanism for heat tolerance is not well understood, and

may be related to a conditioning of individuals to high temperatures.

A seasonal effect on survival was obtained and appears not to be

related to the age of the laying females, nor to the generations, but

rather to the thermal history to which the immatures were exposed.

Heat susceptibility of eggs and early instars seemed to be similar.

Fourth and fifth instars were the most heat tolerant of all larval

stages.

Exposure of young larvae to low temperatures before they were

exposed to high temperatures did not increase mortality. However, sub-

lethal high temperatures were generally less harmful to the immatures

that were conditioned but this acclimation of the larvae did not occur

in every test. Upper threshold temperature limits cannot be precisely

defined, nevertheless, cell temperatures over 40°C result in egg and

larval mortality.

Brief exposure to 45°C was the upper limit that developing pupae

could tolerate; 50°C was lethal. Pupae were most heat sensitive be-

tween three and six days before emergence. When exposed to high tem-

peratures, pupae and emerging adults were able to arrest development.

Pupae and emerging adults can be conditioned to tolerate short



exposures to lethal temperatures up to seven days before emergence.

Low temperatures did not affect the survival of pupae.

Development of pupae and emerging adults could be arrested for up to

a week at 15.6°C without harmful effect. Development and emergence

proceed at 21 °C, but pupae need at least 2.5 hours per day of tempera-

tures above 21°C to survive when not in an arrested state. Pupae not

exposed to temperature above 29°C during 24 hours, emerged normally.

Incubation at 29.5°C for less than 10 hours per day delayed the emer-

gence. Pupae maintained at 15.6 °C for 22 hours per day for 8 days

or for 20 hours per day for 16 days emerged after a delay longer than

the period of cold. Cooling the emerging bees after high temperature

treatment appeared to be more detrimental than cooling before expo-

sures to high temperatures. The detrimental effect of extreme tempera-

tures was shown on the survival of eggs, young larvae, and pupae, but

possible chronic effects on later stadia were not studied.
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EFFECTS OF TEMPERATURE AND OTHER ABIOTIC AND BIOTIC
FACTORS ON DEVELOPMENT AND SURVIVAL OF THE

IMMATURE STAGES OF THE ALFALFA LEAFCUTTING BEE,
MEGACHILE PACIFICA (PANZER) (= ROTUNDATA (F.))

(HYMENOPTERA: MEGACHILIDAE)

I. INTRODUCTION

The alfalfa leafcutting bee, Megachile pacifica (Panzer)

(= rotundata auct. nec Fabricius) (Fig. 1), a native of Eurasia, is

today widely distributed throughout the world (Daly, 1952). Its

species name is still in question because of a misidentification more

than 150 years ago (Hurd, 1967). The lectoholotype of Apis rotundata

Fabricius is synonymous with Megachile centuncularis. Rebmann (1967)

designated a lectotype and concluded that Apis pacifica Panzer is the

same species as Megachile rotundata auct. nec Fabricius. However, a

petition has been submitted to the International Commission on Zoologi-

cal Nomenclature to retain the name M. rotundata (Fab.) because it is

so well known and well established in the literature (Roberts, 1974).

Honey bees seldom collect alfalfa pollen in the temperate regions

of the United States and Europe (Bohart, 1957, 1972). They avoid the

alfalfa floral pollination mechanism when collecting nectar, and there-

fore do not effect fertilization, or seed set. The alfalfa leafcut-

ting bee, on the other hand, has proven much more efficient than the

honey bee in pollinating alfalfa (Bohart, 1962; Stephen, 1961, 1962;

Klostermeyer et al., 1973; Batra, 1976). Klostermeyer and Gerber

(1969) demonstrated that a single female bee has the potential of set-

ting up to 0.5 kg of alfalfa seed. In the Northwest, seed yields up to

1,000-2,000 kg/Ha and more have been reported using leafcutting bees

(Stephen, 1964). Since the leafcutting bee was first reported as a

potentially effective alfalfa pollinator (Stephen and Torchio, 1961),

it has been exported from the USA to Canada (Hobbs, 1965), Argentina

(Stephen, 1976), Chile (Arretz and Aracena, 1975; Stephen, 1972),

Spain (Asencio et al., 1972), France (Tasei, 1975), Hungary

(Manninger, 1975), Rumania (Ciudaresen and Varga, 1975), and

Czechoslovakia (Ptgek, 1975). This species, because of its gregar-

iousness, manageability, facultative oligolecty on alfalfa, and
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efficiency, has become particularly abundant in the western United

States for alfalfa pollination (Bohart, 1972; Stephen, 1962). Bitner

(1976) estimated that the leafcutting bee industry has a commercial

value of over $170,000,000 in the western states.

The morphology of the leafcutting bee has been well documented by

Gerber and Akre (1969), Stephen et al., (1969), and Tirgari (1963).

The life history is also well known, described by Arretz (1969),

Bohart (1962), Gerber and Klostermeyer (1972), Hobbs (1967), Johansen

et al., (1969), Klostermeyer (1973), Krunic (1972), Stephen (1961,

1962, 1965b, 1972), Stephen and Torchio (1961), Stephen and Osgood

(1965a), Szabo and Smith (1972), Tasei (1975), and Tirgari (1963).

Briefly, the female bee nests above the ground in preexisting holes, in

which she builds a series of cells. The female cuts leaves to form a

cell-cup, provisions it with 7-12 loads of pollen and nectar, and lays

an egg on this food mass. Leaf cappings are utilized to seal the upper

end of the cell, following which the next cell in that series is begun.

A single cell may be completed in an average of six to eight hours

under normal conditions, but where food or leaf pieces are limited, it

may take from 2-4 days (Stephen, 1973). However, Klostermeyer and

Gerber (1969) recorded an elapsed time of 2 hours and 27 minutes for an

individual leafcutting bee to complete a cell. Each female has from

30 to 35 eggs in her ovaries, but this number is rarely produced during

her 5-7 week life span (Stephen, 1962, 1973).

Development of the immatures is greatly influenced by

temperature. Tirgari (1963) found that development of the embryo with-

in the egg took 54-60 hours at 26.7° - 29.4°C. He also determined that

at 31.1°C and 55% R.H. eggs and first instars lasted 2 days; second and

third instars 1.8 days; fourth instars, 1.5 days; growing fifth instars,

2.6 days; and full grown fifth instars to completion of cocoon 3.7 days,

for a total of 11.6 days. However, Arretz (1969) reared immatures at

55% R.H. and different temperatures obtaining the following results:

first instars through completion of cocoons took 20.4 days at 21.1°C;

15.4 days at 26.7°C; 12.3 days at 32.2°C; 12.4 days at 37.8°C; and

12.9 days at 40.6°C. Under field conditions, larvae mature to comple-

tion of cocoon in 14-20 days depending on the cell temperatures.
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The nonfeeding mature larva or pre-pupa is the overwintering or

diapausing stage. Although several workers (Bitner, 1976; Hobbs and

Richards, 1976; Krunic, 1972; Krunic and Salt, 1971; Parker et al.,

1976; Stephen, 1976, and Stephen and Osgood, 1965b) have studied some

aspects of diapause within the bee, factors responsible for induction

of diapause still remain unexplained. The bee has one or two genera-

tions in the Pacific Northwest (Stephen, 1965b), but a single genera-

tion usually occurs in Canada (Hobbs, 1967). In the Pacific Northwest,

from 10 to 70% of the progeny of the first generation will emerge as

second generation bees the same season.

Klostermeyer and Soo (1968) determined that M. pacifica has 16

chromosomes in male testes and 32 chromosomes in female ovaries, a

haplodiploid condition common to Hymenoptera. Females are usually

found in cells located at the bottom of the nesting tunnel, the first

cells provisioned, and males usually occupy the outer cells or last

cells provisioned in the series. A sex ratio of 2-3 males per female

is most common. Further studies on sex ratio manipulation have been

carried out by Gerber and Klostermeyer, 1972; Klostermeyer et al.,

1973; Stephen and Osgood, 1965a; and Undurraga and Stephen, 1976.

Methods for rearing leafcutting bees in the laboratory indicate

that larvae can develop on almost any pollen, pollen substitutes, or

mixtures (Guirguis and Brindley, 1974; Nelson et al., 1972; and Waters,

1971). Leafcutting bees also have been used to pollinate under con-

finement , i.e., greenhouses or cages with good results (Heinrich,

1967; Szabo and Smith, 1970).

Leafcutting bee management has been described by several authors,

i.e., Bacon, et al., (1965), Bohart (1972), Erickson and Wilson

(1972), Hobbs (1973), Johansen and Eves (1967), Klostermeyer (1964),

Pankiw and Siemens (1974), Stephen (1962), Stephen and Every (1970),

Walstrom and Jones (1968), Waters, et al., (1973, 1975); and Wilson

(1968). No further discussion will be attempted on this subject

except for management practices related to the research presented

below.

Bohart (1972), Hobbs (1968), and Stephen (1972) recommended

keeping diapausing leafcutting bee pre-pupae under cold storage at
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2° - 8°C. At these temperatures nest destroyer activities are

minimized and emergence can be controlled artificially (Stephen and

Osgood, 1965b). Johansen and Eves (1973) determined that prolonged

exposures of pre-pupae to 1.7°C caused some mortality, and that a

temperature of 10°C was optimum for diapause. Krunic and Salt (1971)

concluded that pre-pupae freeze at -30°C. However, Stephen (1964)

stated that prolonged exposures of pre-pupae at -12.2° to -28.9°C

resulted in a delay in the onset of emergence. Krunic and Hinks (1972)

mentioned that diapausing larvae were susceptible to -5°C; however, if

these larvae were conditioned by exposing them at 0.5°C for 7 days, the

larvae were able to tolerate temperatures up to -15°C without any

detrimental effect. They also determined that emergence time was

reduced by keeping pre-pupae between 5° and 15°C. Nevertheless, Tweedy

and Stephen (1971) showed that bee emergence can be synchronized by a

short exposure to cool temperatures during the late pupal stage.

Following cold storage, leafcutting bee pre-pupae are incubated at

29.4° to 32.2°C (Bohart, 1972). Stephen and Osgood (1965b) mentioned

that the favorable range of temperature for development was between

19.0° and 38°C. Most rapid development occurred at 32.0°C. Below

19°C development was precluded and above 38°C mortality was complete.

Regimes of 26° - 22°, 32° - 22 °, and 35° - 22° (12 hour cycles)

resulted in delayed emergence compared to constant temperatures, even

though the lower temperature was within the favorable range for

development. This differs from the findings on alkali bees exposed to

similar conditions (Stephen, 1965). Temperatures above 33°C (outside

of favorable range for development of the alkali bee) induced an obli-

gatory aestivation within the pre-pupal and pupal stage during emer-

gence. Johansen and Eves (1973) stated that mortality of leafcutting

bees increased when cells were incubated at 31.1°C and relative humid-

ity below 52%. Tweedy and Stephen (1970) indicated that light does not

play any significant role during bee emergence and later (1971) men-

tioned that bees have a circadian rhythm for emergence, which can be

altered by a change in temperature of 0.5°C.

Adaptation of a number of endemic parasites and predators has

occurred since the semi-domestication of M. pacifica in 1960.
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Researchers have described and utilized control methods to minimize

larval mortality (Brindley, 1976; Eves, 1970; Hobbs, 1968; Hobbs and

Krunic, 1971; Johansen and Eves, 1971; Peck, 1969; Torchio, 1972a,

1972b, 1974; Undurraga, 1975a, 1975b; and Waters, 1971a). The role of

the more important parasites and predators in the Pacific Northwest

will be discussed below.

Leafcutting bees are very susceptible to most insecticides

(Johansen, 1971; Johansen and Eves, 1967, 1972; Tasei et al., 1977; and

Torchio, 1973). Many insecticides can kill an adult population within

24 hours (Stephen, 1962). Several recommendations that minimize bee

losses as well as studies relating physiological and biochemical

effects of pesticides are available (Guirguis and Brindley, 1974,

1975; Johansen and Eves, 1972; and Lee and Brindley, 1974). It has

been suspected that pesticide residues on pollen, nectar, or leafcut-

tings are toxic to the immature stages of leafcutting bees. Eves and

Johansen (1973) concluded, however, that immature larval mortality was

not influenced by pesticide residues. They based their conclusions on

the percentage of survival obtained (from 61 to 97%) but did not

analyze the foliage, pollen, or nectar for residues. Thus, the effect

of pesticide residues on the survival of immatures is still unresolved.

Behavioral studies have been carried out to determine management

practices of the leafcutting bee (Gerber and Klostermeyer, 1972;

Klostermeyer and Gerber, 1969; Osgood, 1974; Stephen, 1965a, 1965b;

Stephen et al., 1969; and Szabo and Smith, 1972). Limited knowledge

exists about population dynamics of the leafcutting bee, particularly

the role of individual mortality factors, capacity for increase, and

innate genetic potential between populations (Eves and Johansen,. 1973;

Pankiw and Siemens, 1974; Stephen and Undurraga, 1972, 1977; and

Undurraga, 1975a). Mortality in the eggs and immature stages of the

leafcutting bees is often high, sometimes reaching over 80% (Stephen

and Undurraga, 1977). This mortality has been attributed to pesti-

cides, parasites and predators, saponin content of the alfalfa leaves,

diseases, genetic differences in bee populations, and temperature.

Thus, the effect of temperature on the survival of the immature stages

of the leafcutting bee is the main objective of this research,



including the effect of temperature during incubation and emergence.

Also, a survey of mortality factors affecting leafcutting bee progeny is

presented. Since M. pacifica is an efficient pollinator with high cash

value, reducing mortality through improved bee management techniques

is of course of considerable economic importance.
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Figure 1: Leafcutting bee females, M. pacifica, carrying a leaf piece

(Top), and carrying a load of pollen on the scopa (Bottom).
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II. SURVEY OF MORTALITY FACTORS

2.1 Early Mortality

Information concerning the population dynamics of leafcutting

bees is limited. In particular, there is almost no information on the

mortality factors of the bees and their progeny. A preliminary study

was carried out in the United States by Eves and Johansen (1973), how-

ever, in this and other related studies, the mortality factors were

derived from populations of unknown origin, age structure, and quality

(Bohart, 1962; Erickson and Wilson, 1972; Eves, 1970; Hobbs, 1967,

1973; Johansen et al., 1969, 1971; Parker et al., 1976; Peck, 1969;

Stephen, 1962, 1966; Tasei, 1975, 1977; Thorp, 1972; Walstrom and

Jones, 1968; and Waters, 1968, 1971a). The conclusions obtained are

not comparable, and often failed to consider the carryover of mortality

factors from previous years or the effect of adjacent populations, and

most lacked consistency in methods, localities and other variables.

A long term project was started in 1972 by Stephen and Undurraga

(unpublished data) to determine qualitatively and quantitatively the

mortality factors affecting the behavior and reproduction of leafcut-

ting bee populations. Alfalfa seed producers who use leafcutting bees

for pollination have been suffering important losses in bee popula-

tions for the last 10 years. Losses have been attributed to pesticide

usage during alfalfa bloom, saponin content of the alfalfa leaves,

predators and parasites, genetic differences between populations, food

availability and abiotic factors such as temperature and/or humidity

(Bohart, 1972; Eves, 1970; Johansen, 1971; Klostermeyer, 1964;

Waller, 1969). Hence, in order to assess the key mortality factors in

leafcutting bees, a common stock of pre-pupae from Northern Canada

(Saskatchewan) was used in different localities of the Northwest.

This material was selected from this isolated area of Canada to mini-

mize genetic differences. Moreover, leafcutting bees raised in

Northern Canada have almost no parasites or predators that could

affect the assessment of the mortality factors (Stephen and Undurraga,

unpublished data). The common stock of pre-pupae was subdivided,
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incubated, and released in different localities. We also used pairs of

similar shelters containing paper soda straws and drilled boards as

nesting materials at each locality. Individual bee nests were identi-

fied at weekly intervals, and mortality was assessed after the larvae

matured. The mortality factors were divided into different categories

as to the stage in which the larvae or eggs had died. Thus, if eggs,

first, or second instars were found dead, they were classed as early

mortality. Third, fourth, and fifth instars were grouped in another

category. The criterion used to separate second from third or later

instars was the presence of hairs on the latter larvae, the presence of

fecal material, amount of provision consumed, and/or an elapsed time of

four days. Mortality due to parasites and/or predators was placed in a

third category, irrespective of developmental stage. Likewise, dis-

eases were considered a fourth category, and not considering the stage

of development affected.

Results and Discussion

The incidence of larval mortality was very high in all localities

except for the Canadian location in 1972 and 1976 (Table 1). In 1972,

the main mortality occurred within the egg and early larval category.

Early larval mortality reached a high of 62.5% in the paper soda straws

at Nyssa (Table 1) and was as low as 30.9% in the drilled boards at

Madras (Table 1). In 1976, a high early larval mortality occurred at

Orovada, Nevada with an average of 42.7% in paper soda straws and

33.0% in drilled boards (Table 1). Total mortality at Shellbrook,

Canada was consistently low. One may notice that parasitism and preda-

tion were extremely low in all localities, never exceeding 2.4%.

Moreover, only one parasite was recovered from the 3607 cells analyzed

from Shellbrook. These data confirm earlier observations that the

populations from Northern Canada are not seriously affected by para-

sites or predators. These data also show that parasites and predators

at Madras and Nyssa in 1972 and Orovada in 1976 were not the limiting

factor in the propagation of leafcutting bees.

The principal mortality encountered at all localities occurred



Table 1. Incidence of larval mortality and parasitism-predation in percentages at Madras, Nyssa
(Oregon), Orovada (Nevada), and Shellbrook (Canada).

Parasites and Early Larval Late Larval Total Larval Nesting

No. Cells Predators Mortality Mortality Mortality Year Material

450 0.7 41.1 14.0 55.1 1972 Straws

1,201 2.4 30.9 5.6 36.5 1972 Boards

755 0.3 62.5 6.6 69.1 1972 Straws

1,784 1.5 32.6 12.4 45.0 1972 Boards

3,102 1.2 42.7 18.81 67.7 1976 Straws

3,863 1.9 33.0 15.31 48.3 1976 Boards

1,985 0.1 7.1 6.6-
2/

13.6 1976 Straws

1,622 0.0 8.6 18.7
2/

27.3 1976 Boards

1/Includes the disease called "Chalk Brood" caused by Ascosphaera sp. fungus (?).

-?-/Includes mortality due to molds and fungi displacement.



11

mainly in the egg or early instars. The eggs, first, or second

instars had either collapsed or the cuticle walls had ruptured. There

were no signs of disease nor indications of parasitism, and the amount

of pollen and nectar in individual cells was adequate. The proportion

dead eggs to first or second instars was slightly greater in the young-

er stadia. Thus, the limiting factor(s) to population increase in

leafcutting bees had its effect on .eggs and early instars.

In 1976, considerable mortality found in the late larval stages

in the Nevada population resulted from the fungal disease "chalk brood"

(Ascosphaera sp.). However, this did not exceed the mortality found

within the early instars. The larvae of Canadian populations are often

affected by saprophytic molds or fungi (Penicillum sp. and Aspergillus

sp.). These fungi are not pathogens, rather they displace the cell

content in cool, wet years. The cool weather of 1976 also affected

the early instar mortality (11.3 and 21.2% mortality).

In summary, factors causing egg and early larval mortality in the

leafcutting bee appear to be the principal limitation to population

increase

2.2 Parasites and Predators

At present, more than 30 species of parasites and predators have

been reared from leafcutting bees (Johansen and Eves, 1966; Hobbs,

1965, 1968; Torchio, 1970, 1974; Waters, 1966, 1970). Stephen and

Torchio (1961) reported that leafcutting bees in the Northwest had no

parasites or predators at the time they were first domesticated, and

this was attributed to the fact they were introduced from Eurasia.

Thus, the increase in the number of species of parasites and predators

has been the result of adaptation to the host since their semi-

domestication in 1960.

Using Canadian material and the same procedure outlined for

section 1.1, the incidence of parasitism and predation was evaluated

from test colonies at different localities.
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Results and Discussion

In 1974, parasitism and predation averaged 17.3% at Succor Creek,

18.6% at Nyssa, and 20.2% at Madras (Table 2). However, in 1976 the

average incidence of parasites and predators was only 1.9% at Succor

Creek, 8.7% at Oregon Slope, and 0.1% at the Canadian site (Table 2).

All these populations were established from stock with less than 0.1%

parasites and predators at the beginning of the season. Thus, the

level of parasitism and predation recorded realistically reflects the

level of natural enemies present at each locality.

A high incidence of parasites and predators is often found in

unmanaged populations of leafcutting bees. Parasitism and predation is

directly related to bee management and population density. That is,

parasites and predators are a greater problem in sparsely populated

bee domiciles than in densely populated domiciles. Research has shown

that if a female bee/nesting hole ratio of 3:1 is maintained, para-

sitism and predation are minimized (Undurraga and Stephen, unpublished

data). High population densities also minimized parasitism in the

alkali bee (Bohart et al., 1960). The high percentage of parasitism

and predation recorded in 1972 is a result of improper ratio of bees

to nesting holes and/or a high local population of pests.

Parasites and predators of leafcutting bees are never a limiting

factor in the regulation of the bee population in well managed situa-

tions. However, with weak bee populations, high parasitism and preda-

tion usually results even if clean material is used. This is due to

the immigration of natural enemies from adjacent unmanaged populations.

The incidence of the principal parasites and predators of

leafcutting bees is presented in Table 3. In 1976, parasitism and

predation ranged from 1.6% to 13.3% in the localities of Nevada, Idaho,

and Oregon. This again indicates the minor role of predators and

parasites as mortality factors.

A succession of parasites and predators have affected leafcutting

bee populations since their semi-domestication in 1960. From 1962 to

1968, carpet beetles of the genus Trogoderma were the main predator;

in 1968, carpet beetles were replaced by flour beetles of the genus



Table 2. Incidence of parasitism and predation in percentages on leafcutting bees, in Oregon

and Canada.

Locality No. Cells Predation-Parasitism Nesting Material Year

Succor Creek 2,107 17.3 Board 1974

Nyssa 2,743 18.6 Board 1974

Madras 1,001 20.2 Board 1974

Succor Creek 835 1.9 Board 1976

Oregon Slope 1,418 8.7 Board 1976

Shellbrook 1,622 0.1 Board 1976



Table 3. Incidence and importance of parasites and predators of leafcutting bees during 1976 in localities in Oregon, Idaho, and Nevada.

Locality No. Cells

Total

Parasitism-Predation

COMPONCNT OF PREDATORS AND

Sapyga4/

PARASITES CO

Tribnlium-
1/ Trichodes? / Trognderma3/ PlodiaV Nemorinatha6/ Monodontomerus7/

O. Slope, OR 4,815 5.9 39.8 2.1 0.4 54.6 0 0 3.2

Midvale, 10 2,311 4.9 84,2 0 0 2.6 0 7.0 6.1

Ontario, OR 1,753 2.6 40.0 8.9 0 51.1 0 0 0

Nyssa, OR 2,205 2.3 0 22.0 12.0 20.0 34.0 12.0 0

Adrian, OR 2,989 2.7 77.8 1.2 3.7 6.2 0 0 11.1

Succor Creek, OR 5,200 4.3 59.3 13.3 1.8 11.1 0 13.7 0.9

Lovelock, NV 5,517 13.3 27.8 66.3 0.3 3.4 0 0.1 2.2

Orovada, NV 7,004 1.6 6.4 14.7 0 78.9 0 0 0

Mean 5.2 38.6 33.8 1.0 20.2 1.0 2.8 2.6

preyjcpcliu5 (Le Conte): main species.

2/
Trichodes ornatus Say.

3/ Trogoderma glabrum (Herbst): main species

1/Sapyga pumila Cresson.

5--/PIodta interpunctella (Huebner).

/ Nennaoatha lurida to Conte.

71Monodonlomerus obscurus Westwood and Tetrastichus megachilids Burks.
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Tribolium, with Tribolium audax Halstead the predominant species

(Stephen, personal communication). T. audax was replaced in 1972 by

the giant flour beetle, Tribolium brevicornis (LeConte), which has per-

sisted as an important predator to the present. In 1975, the checkered

flower beetle, Trichodes ornatus Say, appeared in some localities of

the Northwest, replacing or equalling the giant flour beetle as the

main predator of leafcutting bees.

Several parasites have been a serious problem in the leafcutting

bee since 1961. Monodontomerus obscurus Westwood and Tetrastichus

megachilids Burks have been common parasites since 1962 (Stephen, per-

sonal communication). However, beginning in 1971 and up to 1975, the

wasp Sapyga pumila Cresson, was the principal species in the predator

and parasite complex (Undurraga, 1975a, 1975b), which has been super-

ceded by Tribolium and Trichodes.

As of 1976, T. brevicornis is the most important predator in

Midvale, Idaho; Adrian and Succor Creek, Oregon. At Lovelock, Nevada,

T. ornatus is most destructive. S. pumila remains the most damaging

parasite at Oregon Slope and Ontario, Oregon and at Orovada, Nevada

(Table 3). Nevertheless, all parasites and predators can be held at

subeconomic levels if bee populations are managed efficiently.

2.3 Diseases

The principal mortality among the larval stages occurred in the

early instars until 1973. However, in 1974, the mortality of late

instars, especially fourth and fifth instars, increased considerably

in the Lovelock, Nevada populations. This additional mortality was due

to the disease called "chalk brood" caused by a fungus believed to be

Ascosphaera proliperda Skou (Skou, 1972). From a high of 9.7% dead

late instars found in 1973, the mortality rose to 46% in 1975 in the

Lovelock area (Undurraga and Stephen, 1976). In 1975, the incidence

of chalk brood in Oregon and Idaho ranged from 0.7% to 3.3%, increasing

to an average of 17.2% in 1976. The incidence of the disease increased

sharply to 35-40% in Oregon and Idaho in 1977 (Undurraga and Bitner,

unpublished data).
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Infected leafcutting bee larvae usually die before completing

their cocoons (Stephen and Undurraga, 1978). Larvae are hard and

chalky in appearance with black fungal fruiting bodies on the exterior

and interior of the cuticle. X-rays of the larvae show dense mycelia-

like structures inside.

Although there is indirect evidence that the pathogen is a primary

cause of larval mortality, direct infection by the fungus (spores) has

not yet been demonstrated (Hacket and Thorp, unpublished data). How-

ever, it has been suggested that stress, i.e., exposure of larvae to

either high or low temperatures, increases the incidence of the dis-

ease (Undurraga and Stephen, 1976; Stephen and Undurraga, 1977).

Other fungi such as Penicillum and Aspergillus also have been

reported to displace the cell content in cool, wet years (Stephen, per-

sonal communication). However, their role is not important under

normal conditions. Moore et al., (1972) reported that there was a re-

lationship between larval mortality and inclusion bodies (mostly pro-

teins) contained in the fat bodies of leafcutting bees. The structure

and chemical components of the inclusion bodies were suggested to be

viral in origin. However, in holometabolous insects, during metamor-

phosis, albuminoid granules (similar to the white lesions in the fat

body reported by Moore et al., (1972)) appear in the trophocytes (cells

forming the fat body). The albuminoid granules are believed to be

products of protein or lipoprotein synthesis (Chapman, 1971).

2.4 Lack of Pollen and Nectar

As mentioned above, most non-disease associated larval mortality

occurs in the egg and early instars. These cells in which dead eggs

and larvae are found, were invariably characterized by having the

normal complement of moist pollen. However, in 1974, a number of

cells were noted with dead early instars but with distinctive charac-

teristics: a normal or reduced load of pollen but no nectar, or with

nectar but no pollen. The former condition was most common.

The incidence of abnormal provisions and mortality was most

prevalent at an isolated area (Succor Creek, Oregon) and careful
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analyses of the samples taken in 1974 and 1976 were performed. These

data were available from rate of increase studies at that site, and

the different sampling periods provided sharp differences in live

larvae. Succor Creek is a non-alfalfa seed producing area, with a

limited supply of water during summer and in which insecticides are

not used. The populations of leafcutting bees were raised in alfalfa

grown for hay.

Results and Discussion

The mean early larval mortality at Succor Creek for six sampling

periods in 1974 and 1976 is presented in Table 4. In 1976, the early

larval mortality was more or less uniform throughout the season. How-

ever, the early larval mortality in 1974 was 16.7% during the first

sampling, July 10-20; dropped to 4-8.6% from July 21 through September

3; then rose sharply to 41.5% in the last sampling period.

A careful analysis of the cells from the late 1974 samples

revealed that the majority contained dead eggs and early instars and

had pollen but little or no nectar. Some contained only partial loads

of pollen and no nectar. In every case of nectar deficiency, eggs and

first or second instars were dead. The 1976 cell analyses showed no

deficiency of nectar, and early instar mortality was correspondingly

less severe in September.

The early larval mortality has been referred to as "unknown"

mortality (Arretz, 1973; Stephen, 1972, 1973). Many factors have been

suggested as contributing to death of the egg and early instars. It

has been suspected that temperatures above 40°C which develop in the

nesting material could be one of the causes. However, temperature can

be eliminated as a cause of mortality in the data in Table 4 because in

1974 and 1976, ambient temperature during September did not exceed 32°C

at Succor Creek. The main difference encountered between these two

years was the spring and summer drought in 1974. In 1976, the season

was more normal. The drought in 1974 caused premature drying of the

alfalfa plant and wild flowers. Irrigation of the alfalfa fields was

not possible and the few flowers present at that time were not able to



Table 4. Incidence of early larval mortality related to pollen and nectar provisions at Succor Creek,

Oregon, 1974 and 1976.

No. Cells % Live Larvae % Early Larval Mortality

Date 1974 1976 1974 1976 1974 1976

July 10 - 20 114 267 47.4 79.0 16.7 7.1

21 - 30 530 506 34.3 78.3 4.7 13.4

Aug. 1 - 11 611 465 75.3 83.0 3.4 8.8

12 - 22 549 431 72.3 64.7 5.6 20.6

Aug. 23 - Sept. 3 582 327 29.4 54.7 8.6 27.5

Sept. 4 - 15 224 257 3.6 75.1 41.5 11.3

Mean 48.7 73.0 9.2 14.9
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produce the necessary pollen or nectar for those pollinators seeking

these resources. The loads of nectar commonly associated with drought

were very noticeable.

There is a marked difference in survival between the two years,

48.7% in 1974 versus 73.0% in 1976 (Table 4). The difference is

attributable mainly to other mortality factors such as parasitism and

predation, late larval mortality caused by diseases, temperature, and

partial or incomplete cells.

Therefore, the data presented above shows that leafcutting bee

eggs and first or second instars cannot mature if the female is unable

to provide the cell with adequate nectar. The amount of pollen may

also be a limiting factor in normal development and size of the future

adult. Hence, under optimal weather conditions, minimum parasitism, or

disease, larval production and survival may be low if adequate food is

not available. Moreover, it has been shown clearly that the rate of

increase of leafcutting bee is severely restricted because the female

requires hours rather than minutes to gather a load of pollen or leaf

pieces (Stephen and Undurraga, 1972; Undurraga, 1975).

2.5 Effect of Geographical Localities
on Cell Production and Mortality

The role of geographical localities as a factor in cell production

increase and in the survival of the leafcutting bee larvae has been

neglected in the past. Some studies have indicated that genetic dif-

ferences among leafcutting bee populations are responsible for mortal-

ity differences found within and between geographical areas (Eves and

Johansen, 1973; Hobbs and Richards, 1976). However, to demonstrate

genetic differences among populations is very difficult, particularly

if the origins of the populations are unknown, and if bee immigration

is not accounted for. Moreover, the differences in microenvironments

to which those populations have been exposed have not been measured.

Failure to consider differences in populations, migration, and experi-

mental conditions and management practices at different localities,

make conclusions drawn from these studies unconvincing.

Mortality factors affecting leafcutting bee populations differ in
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a given year from locality to locality, or in a given locality from

year to year. Summaries of the net reproductive rate of increase per

season (as defined in Southwood, 1971; Andrewartha and Birch, 1954) and

total mortality of M. pacifica at several localities in 1972, 1973 and

1974 are presented to show the importance of the effects of environ-

mental conditions on those two factors (Undurraga, 1975; Stephen and

Undurraga, 1977).

In Table 5, total cells per female represents the number of cells

constructed in a given year, and live larvae per female, the number of

larvae surviving at the end of that season. The difference between the

two represents the effect of mortality factors on that population at

that site. Nest per female is the number of cell series produced dur-

ing the season. In all localities, as discussed above, an isogenic

stock of pre-pupae from Shellbrook, Canada, and identical pairs of

shelters containing paper soda straws and drilled boards were used.

The Argentina data were collected by Dr. W.P. Stephen in 1973 utilizing

the same bee stock.

The total number of cells produced per female/season ranged from

2.99 to 38.13 with a mean of 20.41 for all localities studied (Table 9).

The causes for the variation in total cell production can be attributed

to: absence of forage (Lovelock, 1972, 1976) and poor weather condi-

tions in peak flight season (Oregon Slope, 1976 and Lovelock, 1976).

In short, the recorded variation in cell production within and between

populations can be attributed to the interaction between the bees and

their particular microenvironment, rather than the genetic differences

among populations.

The data of Table 5 also show a wide range of larval survival per

female, 0.92 to 33.51, in the localities studied, with egg and larval

mortality ranging from 12.12% (Shellbrook, 1976) to 75.49% (Nyssa,

1972). Larval survival was strongly influenced by weather conditions

(Madras and Nyssa, 1972), parasites and predators (Nyssa, 1972 and

1973, and Orovada, 1976) and disease (Lovelock, 1976). Again, mortal-

ity resulted from the interaction between the bees and their particular

microenvironment.

The results presented above show that leafcutting bees have a good



Table 5. Net reproductive rate of increase per season (July 1 - September
1972, 1973, and 1976.

10) of M. pacifica = rotundata,

Locality
and Year

Nesting
Media

Nests Per
Female

Total Cells
Per Female

Live Larvae
Per Female % Survival

Madras, OR Straw 4.09 21.48 7.48 34.82

1972 Board 5.20 23.06 13.06 56.63

Nyssa, OR Straw 3.14 12.32 3.02 24.51

1972 Board 6.73 23.32 10.74 46.05

Lovelock, NV Straw 1.60 3.17 0.92 29.02

1972 Board 1.77 2.99 0.99 33.11

Adrian, OR Straw 4.13 20.82 11.26 54.08

1973 Board 7.89 26.11 13.47 51.59

Nyssa, OR Straw 3.50 16.03 5.96 37.18

1973 Board 5.43 22.53 12.75 56.59

Argentina 1974
1/

Straw 7.25 36.32 29.30 80.67

Or. Slope, OR Straw 3.19 18.97 10.42 54.93

1976 Board 4.11 15.97 7.57 47.40

Succor Creek, OR Straw 4.64 30.74 22.56 73.39

1976 Board 4.08 19.87 14.88 74.89

Lovelock, NV Straw 1.30 6.96 2.99 42.96

1976 Board 2.22 9.01 5.46 60.60



Table 5. (Continued).

Locality Nesting Nests Per Total Cells Live Larvae

and Year Media Female Per Female Per Female % Survival

Orovada, NV Straw 4.65 27.28 10.29 37.72

1976 Board 6.50 27.75 14.16 51.03

Fallon: NV, 1976 Board 5.97 29.24 19.40 66.35

Shellbrook, Can. Straw 6.07 38.13 33.51 87.88

1976 Board 3.64 16.97 12.75 75.13

Mean 4.41 20.41 11.95 58.55

1 /Season: December 24 - April 15.
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potential capacity for increase under different environmental conditions

except under the extreme stress situations discussed. This capacity

for increase differs from the one usually obtained by growers and can

be explained in part by differences in management. Thus, the mortality

factors associated with the capacity for increase can be minimized with

management.

2.6 Leafcutting Bee Cell Composition

2.6.1 Quality of cell leaves

The female collects pieces of leaves and constructs a series of

cells in pre-existing holes, 4-6 mm in diameter. The hole depth may

vary from 7 cm up to 15 cm. In a 8.5 cm hole, an average of 5-6 cells

were found (Hobbs, 1973; Stephen, 1961; Stephen and Osgood, 1965a;

Tirgari, 1963). The adult female begins the first cell at the bottom

of the hole; once the first cell is completed, a second cell is then

constructed above the completed cell with its base recessed in the top

of the cell beneath it. The cell series extends to 0.5-2.5 cm from the

hole entrance. The end of the nesting hole is sealed with from 5 to 35

circular leaf cuttings (Stephen, 1962; Stephen et al., 1969).

Each cell consists of two parts: the cup or body of the cell

composed of elongate and oblong pieces of leaves and/or petals, and the

cap composed of circular pieces of leaves and petals. One or two cir-

cular pieces may be used at the base of the cup. The pieces of leaves

are carried to the nest one by one and glued to each other with a sali-

vary secretion of the bee. The leaves are also fastened to the walls

of the hole at several places. The size of leaf pieces of both the

cup and the cap varies enormously from cell to cell and bee to bee

(Maeta et al., 1973).

Saponins (soluble glycosides) from alfalfa leaves have been

suggested as a cause of mortality in young instars of leafcutting bees

(Thorp and Briggs, 1972). In order to determine the effect of the

leaves, particularly alfalfa leaves, on mortality in the immature

stages of leafcutting bees, leaf pieces forming the cells were
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evaluated qualitatively and quantitatively. Leafcutting bee nests were

collected throughout the season from a commercial bee domicile located

in a field of alfalfa grown for seed. The alfalfa variety was Ladak,

which is considered to have a high saponin content (Eliot et al., 1972).

Paper soda straws 10 cm long and 6 mm in diameter were used as nesting

material. Seven sampling periods were selected during the season and

upon larval maturity, the cells were analyzed in the laboratory. Coin-

cident with the sampling periods, leaf samples from the predominant

plants were taken from the alfalfa and adjacent fields. Entire leaves

and pieces of leaves cut with a hole punch were obtained from each

species as a reference for leaf analysis. The paper soda straws were

unwrapped to release the cells and each cell sorted as to its contents,

live and dead larvae. Partial and parasitized-predated cells were dis-

carded. Before dissection, the leafcutting bee cells were kept in a

moist environment (ca 65% R.H.) to facilitate removal of the individual

leaf pieces. Each leaf piece from each cell was compared microscopical-

ly with the reference materials. No distinction was made to separate

the pieces of leaves forming the cap or the cup. Six main species of

plants were identified and recorded. The unidentified leaf pieces were

grouped into the undetermined category. Pieces of leaves which belonged

to alfalfa (Medicago sativa L.), lambsquarter (Chenopodium album L.),

nightshade (Solanum nigrum L.), potato (Solanum tuberosum L.), ladino

clover (Trifolium repens var. giganteum L.) and sunflower (Helianthus

annus L.) were tabulated.

Results and Discussion

Leafcutting bee cells are rarely composed of leaves of one species,

even when the females were exposed to an unlimited supply such as in an

alfalfa field (Table 6). The percentage of alfalfa leaves comprising

the cells examined was 29.5% for the live larvae and 15.9% for the dead

larvae. Surprisingly, adult bees collected more potato leaves from an

adjacent field than they did alfalfa leaves. Nevertheless, the data in

Table 6 show clearly that the saponins contained in alfalfa leaves are

not themselves responsible for the mortality encountered within the



Table 6. Leaf analyses of live and dead cells of leafcutting bees in percentages throughout the

season, Adrian, Oregon, 1973.

Cell Condition No. Cells No. Leaves Type a
1/

b c d e f g

Live

Dead

150

123

1,961

1,525

29.5

15.9

4.5

8.6

0.3

0.0

33.2

34.4

1.3

0.6

0.4

0.0

30.8

40.5

"Types of leaves.

a = alfalfa leaves, Medicago sativa L.

b = lambsquarter, Chenopodium album L.

c = nightshade, Solanum nigrum L.

d = potato, Solanum tuberosum L.

e = ladino clover, Trifolium repens var. giganteum L.

f = sunflower petals, Helianthus annus L.

g = undetermined leaves.
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immature stages of the leafcutting bees. Cells with live larvae had a

higher percentage of alfalfa leaves than those with dead larvae. Simi-

lar results were obtained by Parker and Perdensen (1974), who reared

leafcutting bees in fields of alfalfa of the Du Puits, Lahontan, Ranger,

Vinta, Vernal, and Ladak varieties.

Less than 8.6% of the leaves were taken from other identifiable

species. The high incidence of potato as a leaf source is coincidental

and related to the proximity of an alternate attractive plant.

Although leaves from undetermined plant species were high, 30.8% for

the live cells and 40.5% for the dead cells, they had no bearing on the

role of alfalfa leaves as a mortality factor.

2.6.2 Quantity of cell leaves

The number of leaves per cell depends mainly on the size of the

nesting hole. Tirgari (1963) found that leafcutting bee females use an

average of 7.2 leaves per cell in holes of 3.97 mm (5/32 in) dia and

13.9 leaves in holes of 5.56 mm (7/32 in) dia. However, to my know-

ledge, no one has determined the number of leaves/cell in the commonly

used 6.4 mm (1/4 in) holes, nor the number of leaves per cell of cells

in sequence. In 1974, two samples of nesting materials in paper soda

straws of 6.4 mm dia and 10 cm long, were taken from a commercial bee

domicile located at Adrian, Oregon. After the larvae had matured, the

paper soda straws were opened very carefully and the cell sequence

noted. Individual cells were analyzed for number of leaves without

differentiating between the cup and the cap, and live and dead progeny.

Thus, cell 1 represents the outermost cell, and cell 6 the innermost

(Table 7). In one of the analyses, the number of leaves comprising the

cup or body and the cap were recorded separately (Table 7C).

The purpose of this study was to determine whether there was any

difference in the number of leaves associated with live and dead larvae,

or with the position of the cell in the nest.



Table 7. Number and distribution of leaves in live and dead cells with respect to position within the

nest during two sampling periods in Adrian, Oregon, 1974 (A-C).

A. LIVE CELLS

Cell Position

July 5 - 15

No. Cells Mean 1/, S.D.

July 16 - August 1

No. Cells Mean, S.D.

Pooled

No. Cells Mean, S.D.

Cell 1
Cell 2
Cell 3
Cell 4
Cell 5
Cell 6

37

39

34

27

22
11

14.2 t 3.5
12.4 t 3.8

11.8 t 3.3
11.2 t 3.5
11.2 t 2.6
11.5 t 2.2

64

55

38

28

8
4

12.9 t 3.0
11.3 t 3.5
11.5 t 3.2
11.8 t 2.7
11.4 t 3.3
10.3 t 1.0

101

94

72

55

30
15

13.4 t 3.3
11.9 t 3.5
11.6 t 3.2
11.5 t 3.1
11.2 t 2.8
11.1 ± 2.0

Mean (Weighted) (170)-Y 12.3 (197) 11.9 (367) 12.1

B. DEAD CELLS

Cell 1

Cell 2
Cell 3
Cell 4
Cell 5
Cell 6

56

34

19

12

10

6

14.8 t 4.6
10.0 t 2.9
10.2 t 2.9
9.8 t 2.6
12.2 t 4.1
12.8 ± 3.3

26

15

11

5
4

-

13.4

12.0

10.5

13.2
8.5

82
49
30
17

14

6

14.3 t 4.3
10.6 t 3.0
10.3 t 2.5
10.8 t 3.7
11.1 t 3.9
12.8 t 3.3

Mean (Weighted) (137) 12.3 (61) 12.2 (198) 12.2

C. DISTRIBUTION or LEAVES

Live Cells Cell 1 Cell 2 Cell 3 Cell 4 Cell 5 Cell 6

R Leaves, body
R Leaves, cap

9.4(46)
4.0

_?../ 9.9(50)
2.0

9.6(41)
1.7

10.5(31)

1.8

9.2(21)
1.8

10.5(12)
1.4

R Leaves, cell 13.4 11.9 11.3 12.3 11.0 11.9

1-/Represents the number of leaves composing the cells (body + cap).

Y Sample size in brackets.
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Results and Discussion

Cells with both live and dead progeny contained a mean of 12.3

leaves (Table 7, A and B). Cell 1 had more leaves than any of the

other cells regardless of whether it contained live or dead progeny.

Cells 2 through 6 had comparable numbers of leaves. The sample size

for cells 5 and 6 is not very large because most bees produced between

4 and 5 cells per nest. The weighted means for both sampling periods

are similar for live and dead cells. However, the number of leaves

within the dead category is more variable than in the live category.

For practical purposes, the differences found between the two categor-

ies and cell position are minimal, suggesting that the number of leaves

is similar within the nest sequence except for the outermost cell.

The leaf analyses showed that there is practically no difference

in the number of leaves within the cell cups associated with cell posi-

tion (Table 7C). However, there are differences in the number of

leaves composing the cell caps. Cell 1 had more leaves than the rest

of the cells. Thus, the difference noted in total leaf cutting/cell is

a result of the greater number of leaf pieces in the cell cap for

cell 1. It appears that because cell 1 is more exposed to unfavorable

environmental conditions the greater number of leaves in the cap

may provide additional protection. It is remarkable that the nest

building behavior of leafcutting bees so uniformly follows the same

pattern of cell construction, cell after cell.

2.7 Mortality as a Function of Domiciles

Introduction

The domicile may have a marked effect on the reproductive success

of leafcutting bees. The domicile size and bee density play roles in

parasite and predator control (Stephen and Undurraga, 1977; Stephen

et al., 1976), and larger populations have a lesser tendency to drift,

particularly domiciles moved during the flight season. Minimal drift

is due to high production of aggregating pheromone (Stephen and
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Undurraga, unpublished data), and to the good orientation marker which

the large domicile represents. Some domicile features concerning maxi-

mization of adult bee efficiency are discussed by Bohart (1972); how-

ever, general domicile conditions especially as they relate to early

larval mortality are poorly known. In this section, leafcutting bee

mortality in different domicile types is evaluated.

Materials and Methods

Sample boards with inserted straws were placed in grower's field

domiciles throughout the season (Table 8). Domiciles varied in size,

shape, construction, material, protection, and cost. They were classed

into types based on size and whether they had good ventilation. Large

domiciles were defined as those at least 5 m long, 2,5 m wide, and

2.5 m high, and containing between 150,000 and 200,000 nesting holes;

medium domiciles were 3-5 x 1.5-2.5 x 2-2.5 m with 75,000 to 150,000

nesting holes; and small domiciles were those with dimensions less

than those described above. Domiciles were also classed according to

the air circulation within them, determined by the presence of openings

between the ceiling and the back or side walls to permit good air move-

ment within the domicile.

The number and type of domiciles surveyed depended on their

availability. The data from this survey are based on 3 large,

well-ventilated domiciles; 2 medium, well-ventilated domiciles; 6

medium poorly ventilated domiciles; and 16 small, poorly ventila-

ted domiciles. All domiciles were located in the Treasure Valley of

eastern Oregon and western Idaho. After nest completion and larval

maturation, the cell series from each class of domicile were analyzed

by the x-ray technique described above and mortality recorded.

In the second trial (Table 9), sample nesting materials were

placed at the same site but given different degrees of shade and ven-

tilation. Some of the nesting materials were placed to receive direct

sunlight only during the morning hours (7:00 to 11:30 M.S.T.); half of

these were well ventilated and the other half only moderately so.

Other nesting materials were better protected from the morning sun,
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receiving sunlight from 7:00 to 9:30 M.S.T. These received good

protection in the afternoon hours, and were all poorly ventilated. The

last group of nesting materials was never exposed to direct sunlight

and were well ventilated. All tests were carried out simultaneously

and mortality was assessed from samples taken at two week intervals

throughout the season.

In the third trial (Table 10), sample nesting materials were

placed in three types of domiciles: type 1 were large and well venti-

lated, having three sections 2.4 x 2.4 x 2.4 m each, type 2 were large

and poorly ventilated, having just one section 3.7 x 2.4 x 1.8 m; type

3 domiciles were large and well ventilated with two sections

4.8 x 2.4 x 2.4 m each. In 1976, types 1 and 2 domiciles were sampled

by sections. In 1977, all domicile types were sampled but the analysis

conducted on a composite sample from the domicile rather than from

each section. All domiciles were located on the same farm in Nyssa,

Oregon and had the same common stock of bees. Mortality was assessed

at the end of the season in 1976, and during the season (June-August)

in 1977.

In the fourth trial (Table 11), sample nesting materials were

obtained from a single, large and poorly ventilated domicile at Adrian,

Oregon. This domicile faced east, so that the early morning sun struck

the nesting materials. The back wall (west) was subdivided into upper,

middle, and lower sections. Early in the morning, the sunlight struck

all the nesting materials regardless of position. However, due to the

domicile design, the duration of direct sunlight varied with nest posi-

tion. The upper section received direct sun from about 7:30 to 8:30

M.S.T. (1 hr); the middle from about 7:30 to 9:30 M.S.T. (2 hrs); and

the lower part from about 7:30 to 10:30 M.S.T. (3 hrs). Samples from

three sampling periods were taken during the season from each nest

section but in the same vertical plane.

In the fifth trial (Table 12), sample nesting materials were

placed in two types of domiciles at the same site. The small domicile

was 3 x 2.5 x 1.5 m and poorly ventilated, and the large domicile was.

25 x 15 x 5 m with good ventilation. Both domiciles were located close

to the Snake River in Oregon so that they receive cool breezes from the
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river. Samples were taken seven times during the season and analyzed

for mortality.

Results and Discussion

The incidence of pollen masses or early mortality was highest in

small and poorly ventilated domiciles (Table 8). Conversely, good sur-

vival of larvae was recorded only in large and well ventilated domi-

ciles. Contributing to good survival was a reduced incidence of chalk

brood disease, and parasites and predators.

Nesting materials that were protected from the direct sun and

provided with good ventilation had the lowest incidence of pollen

masses, 4.2% (Table 9). Partially protected nesting materials had a

lower percentage of pollen masses than unprotected nesting materials

especially where moderately ventilated. However, the incidence of

pollen masses was the highest in the unprotected nesting materials.

The 1976 season was cooler than normal and chalk brood was the princi-

pal cause of mortality in the protected nesting materials. It has

previously reported that the incidence of this disease is enhanced by

either excessively high or low temperatures (Stephen and Undurraga,

1976). It may be that the protection of some domiciles may have

created conditions that were too cool (below 17°C) for the immature

stages. The cool weather in 1976 may also explain the medium level

mortality of pollen masses under partial protection (17.7% and 27.1%).

Mortality in the egg and early instars was low during 1976 in

large and well ventilated domiciles (Table 10). The effect of domicile

size and ventilation on the incidence of pollen masses was more evident

in 1977. Weather during the 1977 season in the Treasure Valley was

normal. The mortality of eggs or early instars (Table 10, pollen

masses) was lowest in the domicile with two sections. Thus, these

data indicate that the larger and better ventilated the domicile is,

the lower the incidence of pollen masses. In 1977, the survival of

leafcutting bee progeny in the large, poorly ventilated domicile was

low (38.8%) and the incidence of pollen masses and chalk brood was

higher than in the well ventilated domiciles. As all domiciles had



Table 8. Effect of domicile size and ventilation on the survival of leafcutting bee progeny in the

Treasure Valley, 1977.

Domicile Type Live Larvae Range Pollen Masses Range No. Cells

Large, well ventilated-1 79.55 75-81
5/

10.5-
5/

9-1I
5/

2,047
5/

Medium, well ventilated? 35.0 30-46 13.4 11-15 477

Medium, poorly ventilated5 31.7 18-39 32.6 28-43 2,419

Small, poorly ventilated
4/

28.7 9-42 34.6 20-74 5,295

1/Samples from 3 domiciles.

?Samples from 2 domiciles.

NSamples from 6 domiciles.

A/Samples from 16 domiciles.

-YValues given in percentages.



Table 9. Effect of various types of domicile protection on leafcutting bee progeny survival, Ontario,

Oregon, June - September, 1976.

Domicile Conditions Total Cells Live Larvae

% Mortality

Pollen Masses Dead Larvae Chalk Brood Parasites

Morning sun,
1/

well ventilated

Morning sun,
1/

semi-ventilated

Partial sun,
poorly ventilated?/

No sun,
well ventilated

3/

240

343

412

998

63.4

56.6

72.8

79.7

20.8

27.1

17.7

4.2

2.1

6.7

1.2

2.7

4.6

5.0

5.3

11.4

9.2

4.1

2.7

2.0

1/Sun striking the nesting materials from 7:00 to 11:30 M.S.T. Nesting materials in the afternoon well

protected.

--?/Sun striking the nesting materials from 7:00 to 9:30 M.S.T. Nesting material conditions as 1/ but with

poor ventilation.

3/Nesting materials well protected all the time.



Table 10. Mortality factors associated with large domicile conditions on a common stock of leafcutting bees,

Nyssa, Oregon, 1976-1977.

% Mortality

Domiciles Total Cells Live Larvae Pollen Masses Dead Larvae Chalk Brood Parasites Year

South sectional' 558 74.2 8.8 2.9 12.4 1.8 1976

Center sections 519 82.7 6.7 2.1 6.6 1.9

North sections 530 76.0 8.5 2.6 8.9 3.0

Mean 77.5 8.0 2.6 9.3 2.2

Ceiling top sections?! 203 60.1 15.8 1.5 20.2 2.5 1976

South sections 215 57.7 12.6 3.3 25.1 1.4

East, west sections 180 62.2 10.0 3.3 21.1 2.8

Mean 59.9 12.9 2.7 22.2 2.2

With 3 sections 81.0 12.1 1.8 5.1 0.0 1977

With 2 sectionO! 424 81.4 6.6 5.9 6.6 0.5

With 1 section?! 245 39.8 28.2 9.0 17.1 4.5

1/Well ventilated domicile with three 2.4 x 2.4 x 2.4 m sections.

? /Poorly ventilated domicile with one 3.7 x 2.4 x 1.8 m section.

NWell ventilated domicile with two 4.8 x 2.4 x 2.4 m sections.
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the same stock of bees, the incidence of pollen masses and chalk brood

appear to be related to the higher temperatures developing in poorly

ventilated domiciles (Stephen and Undurraga, unpublished data).

Minor differences in mortality were recorded from different

sections of the same domicile (Table 10). This difference was found

in all types of domiciles suggesting that varying microclimate may

become established in a domicile depending on its insulation, ventila-

tion, and protection.

Different leafcutting bee progeny survival was obtained from

samples along the same vertical section in a given domicile (Table 11).

The highest survival was recorded from the middle section, the lowest

from the upper. Although the upper section received the least direct

sun, it was poorly ventilated, and the high mortality of eggs and

larvae probably resulted from heat trapped by the overhanging roof

during the day (Undurraga and Stephen, unpublished data). The differ-

ence in survival between the middle and the lower sections, however,

may be the result of sunlight hitting the lower section for longer

periods during the morning hours.

Survival of leafcutting bee progeny was higher in the large than

in the small domicile at the Oregon Slope (Table 12), and fewer pollen

masses occurred in the large domicile. The domiciles were separated

by no more than 100 m and both were exposed to the moderating effect

of the river. These data suggest that the differences in mortality

in eggs and early instars between the two domiciles is a result of the

difference in temperatures between the two domiciles (Undurraga and

Stephen, unpublished data).

The observations support all previous data that the incidence of

dead early instars and eggs is directly influenced by abiotic factors,

of which temperature may be the most important.



Table 11. Effect of nest position and percentage survival of
leafcutting bee progeny in a large, poorly ventilated,
east facing domicile, Adrian, 1972.

Date Upper Part Middle Part Lower Part

July 1 - 15 41.3 (75) 73.1 (104) 68.3 (104)

July 16 - 30 66.7 (90) 76.1 (46) 69.4 (62)

August 1 - 20 80.0 (30) 94.4 (36) 84.4 (32)

Mean 59.0 (195) 78.0 (186) 74.2 (198)

11( ) = Number of cells analyzed.

Table 12. Effect of small and large domiciles on leafcutting bee progeny survival throughout the season,

Oregon Slope, Oregon, 1976.

Domicile No. Cells Live Larvae

% Mortality

Pollen Masses Dead Larvae Chalk Brood Parasites

Small

Large

743

821

49.8

63.6

18.0

8.8

6.6

9.5

20.5

16.0

5.1

1.9
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III. TEMPERATURE AS A MORTALITY FACTOR

3.1 Introduction

High temperature has been suspected to be in part responsible for

the "unknown mortality" that occurs in eggs and early instars of leaf-

cutting bees. Stephen (1962) and Bacon et al., (1965) mentioned that

eggs or early instars may be killed if exposed to temperatures between

37.8 and 43.3°C. Arretz (1969) concluded that constant temperature of

43.3°C or daily exposures to 43.3°C for 6 and 12 hours caused total

mortality of immature stages. However, his data show that 43.3°C for

12 hours daily caused 86.7% mortality of the eggs and 96.7% mortality

of both eggs and first instars. Unfortunately, Arretz does not mention

the number of cells per treatment, how the leafcutting bee cells were

treated, nor whether the temperature measured was ambient or in the

cells. Tirgari (1963) reared eggs at 35°C and 22% R.H. or

32% R.H. and imparted 40% mortality. However, his sampling size was

only ten individuals. Eves and Johansen (1973) stated that mortality

of leafcutting bee immatures increases with temperatures above 26°C.

Tasei (1975) mentions that 39°C or above causes mortality within eggs

and larvae. In Arretz's study (1969), temperature associated mortality

in the first generation was different from that in the second, i.e.,

the treatment 40.6°C for 12 hours daily resulted in 51.7% mortality for

the same stadia in the second. The second generation treatment was an

even more severe, constant 40.6°C. The difference may be the result of

cell age at the moment of treatment. Leafcutting bee females seldom

make one cell per day during the second generation, often requiring

three to four days (Undurraga and Stephen, unpublished data). Arretz

(1969) does not mention the date when the treatments were carried out,

and unless samples of the same age structure are treated, conclusions

as to the susceptibility or tolerance for a given factor cannot be made.

In summary, the role of temperature as a mortality factor in the

leafcutting bee progeny is not well understood. It is the purpose of

these studies to determine the range of temperatures which occur in

leafcutting bee domiciles and cells, and if these temperatures affect
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the mortality of eggs and early instars.

3.2 Ambient Temperatures Found in Eastern Oregon

Although endemic to Eurasia, Megachile pacifica is now widely

distributed in the United States (Stephen, 1965). Today, leafcutting

bees are widely and successfully used for pollination in the Pacific

Northwest, including Utah and Nevada. In Oregon, the bee is found in

the Snake River Valley, the Milton-Freewater areas, the Columbia

River Basin Region, and the Rogue River Valley (Stephen, 1962). The

species is most abundant and most extensively utilized for alfalfa

seed production in the Snake River Valley of eastern Oregon.

The Snake River Valley is characterized by dry and hot weather

conditions during the spring and summer months. Ambient temperatures

(Table 13) were taken at the Malheur County Experiment Station, at

Ontario, Oregon. July and August are normally the hottest months, but

in some years the last part of June can be as hot as or hotter than

the hottest days in July. Leafcutting bees are active from mid June

through mid September. Based on mean temperature records from 1972 to

1976, the 1974 season (June through September) appears to have been the

hottest (31.7°C). However, as will be shown below, mean temperatures

are of little importance in biological studies, especially if they are

not tied to the microenvironment of the organism being studied.

3.3 Temperature in Nests and Domiciles

One of the limiting factors to leafcutting bee activity is

temperature, as adult bees usually do not forage at temperatures below

24°C (Klostermeyer and Gerber, 1969). It has been customary to face

the bee domiciles eastward so that the morning sun shining on the

nesting materials will induce early bee activity (Bohart, 1972). How-

ever, exposure to the direct sun can create unusually high temperatures

in the bee cells (Undurraga and Stephen, unpublished data). Often,

nesting materials are completely exposed to adverse weather conditions,

particularly when domiciles are not provided or when the domiciles are



Table 13. Mean maximum and minimum monthly ambient and soil temperatures (C °), Ontario,

Oregon, 1972 - 1976.

June July August September Mean

Max. Min. Max. Min. Max. Min. Max. Min. Max. Min.

Air 28.7 12.8 32.2 14.2 33.2 14.7 23.1 6.4 29.3 12.1
1972

Soil 30.6 20.7 32.9 24.2 30.1 24.3 24.3 16.2 29.5 21.3

Air 29.3 11.6 34.6 15.4 32.6 13.4 25.9 8.4 30.6 12.2
1973

Soil 29.3 20.8 33.7 25.0 32.3 24.2 25.9 18.3 30.3 21.9

Air 32.1 13.2 33.0 14.7 32.7 13.2 29.1 7.3 31.7 12.1
1974

Soil 30.8 22.6 32.8 24.3 32.7 24.2 27.8 19.7 31.1 22.7

1975
Air
Soil

26.8
26.4

10.9
18.7

34.7
33.4

17.2

25.7

29.7
29.9

12.4

22.1

28.2
26.3

8.3
19.1

29.8
29.0

12.2

21.4

Air 27.3 9.2 33.3 14.6 28.6 11.2 26.6 9.3 28.9 11.1
1976

Soil

Air 28.8 11.6 33.6 15.2 31.4 12.9 26.6 7.9
Mean

Soil 29.3 20.7 33.2 24.8 31.3 23.7 26.1 18.3
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poorly constructed so that they are exposed to direct sunlight. In

this section, temperatures developed in leafcutting bee cells under

different field conditions are described.

Materials and Methods

Temperature was measured continuously in leafcutting bee cells and

domiciles using thermocouples (copper-constantant) and a Speedomax W

multipoint recorder (Leeds and Northrup). The thermocouple was

inserted from the back of the nesting material (drilled boards, 6.4 mm

in diameter) so that the ends of the wires were in the most recently

constructed cells. The ultimate (bottom) and the penultimate cells

were removed from the tunnel to facilitate thermocouple penetration.

No cells were present in front of that containing the thermocouple,

which was located about 3 cm from the tunnel entrance. Once the

thermocouple was in place, the back of the tunnel was sealed with mask-

ing tape to secure and insulate the thermocouple. The nesting material

was placed in a leafcutting bee domicile facing east to simulate the

conditions found in the field. Direct sunlight shone on the board from

about 7:00 M.D.T. to 10:15 M.D.T. The ambient air temperature was

measured in the domicile with a thermocouple free and in the shade

constantly.

Temperatures were taken using a portable Temperature Potentiometer

(Leeds and Northrup, Cat. No. 8692) and/or a portable Tele-Thermometer

(Yellow Spring Instrument Co., model 44TD) in leafcutting bee cells

constructed in different nesting materials, under different conditions,

and in different localities. Readings were obtained after placing the

thermoprobe or thermocouple in the cells for 10-15 seconds. Tempera-

ture was measured in bottom cells as the first cell built in the ser-

ies; the top cell, defined as the last cell built in the cell series;

and the middle cell. Temperatures also were obtained from empty and

full tunnels from cells in direct sunlight and under shaded conditions,

cells in nests facing different cardinal directions, and cells in dif-

ferent nesting materials. Ambient air temperatures were taken simul-

taneously for comparison.



41

Results and Discussion

Observations on ambient and cell temperatures for July 25, 1972

are given in Figure 2. The temperature in the cell rose rapidly as

soon as the sun struck the board,reaching 58.9°C at 8:30 M.D.T. It

took less than 15 min of direct exposure to exceed 38°C in the cell.

The temperature remained above 38°C for more than 3.5 hrs, over 43.3°C

for more than 2.5 hrs, and over 54.4°C for more than 1 hour. The

ambient air temperature increased much more slowly than the cell tem-

perature. The ambient air temperature reached a maximum of 37.6°C at

15:15 M.D.T. and stayed above 36.6°C for more than 8 hrs. Cell

temperatures fell to lower than the ambient temperature particularly

in the afternoon due to the domicile shade. These data show that

extremely high temperatures may occur in cells when the nesting

material faces the rising sun.

The highest temperatures in the soda straws were found in the

top cells, i.e., 49.4 to 55.6°C (Table 14). Bottom cells had tempera-

tures higher than those of ambient but not as high as those of the top

cells. The bottom cells were insulated by the cells on top of them.

The temperatures in the top cells averaged 19.8°C higher than the am-

bient temperature in the domicile (Table 14). Bottom cells averaged

13.2°C higher than the ambient domicile temperature.

Temperatures in cells constructed in soda straws and boards were

higher in the top cells than the bottom cells. However, the middle

cell of a series in soda straw nesting material had the highest tem-

perature (Table 15). The capacity for heat conduction is better in

paper soda straws than in boards due to the greater insulating

capacity of wood. Temperatures averaged 20.5°C hotter in drilled

boards and 26.6°C hotter in soda straws than the ambient temperature

in the domicile (Table 15).

In Orovada, Nevada, the hottest temperature occurred in paper

soda straws and in top cells (Table 16). Unfortunately, temperatures

were not measured in the middle cells of a series as they were at

Lovelock (Table 15). The heating effect of sunlight raised the tem-

perature of top cells in the drilled boards 15.6°C and that of top
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Table 14. T0C occurring in leafcutting bee cells (soda straws) exposed to early morning sun at
different localities, 1972.

Locality Time Top Cell Bottom Cell Ambient 1.° Domicile

1/
Adrian, Oregon- 9:55 M.D.T. 55.6° 43.3° 30.5°

Madras, Oregon?" 9:25 P.D.T. 49.4° 38.6° 26.4°

Lovelock, Nevada' 9:15 P.D.T. 51.1° 45.6° 31.1°

Lovelock, Nevada 9:30 P.D.T. 52.5° 42.3° 31.1°

I/July 31, 1972

?August 5, 1972

2/August 6, 1972

Table 15. T°C occurring in leafcutting bee cells in relation to nesting position and materials,
Lovelock, Nevada, July 28, 1972 - 10:00 P.D.T.

1/Nest Position- Drilled Boards 6.4 mm Soda Straws 6.2 mm Ambient T° Domicile

Bottom cell 40.6° 40.6° 27.2°

Middle cell 50.6° 55.6° 27.2°

Top cell 50.0° 48.6°A/ 27.2°

I/Sun striking on nesting materials

WT0 taken 2.5 cm deep in cell.



Table 16. T°C occurring in leafcutting bee cells in relation to nesting materials, and sun and shade

effects, Orovada, Nevada, July 31, 1972 - 10:30 P.D.T.

Nest Position Drilled Boards 6.4 mm Soda Straws 6.2 mm Ambient T° Domicile

Bottom cell, sun

Bottom cell, shade

Top cell, sun

Top cell, shade

40.6°

33.4°

50.0°

34.4°

40.6°

33.5°

52.0°

34.4°

33.3°

33.3°

33.3°

33.3°

Ambient air T° = 27.2°C
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cells in the soda straws 17.6°C; the sunlight also raised the

temperature of bottom cells in the drilled boards 7.2°C and that of

bottom cells in the soda straws 7.1°C. Not much difference was found

between the temperatures in shaded cells and the ambient temperature in

the domicile. However, the ambient temperature outside of the domicile

was about 6°C cooler than the ambient domicile temperature or the cell

temperatures, indicating poor ventilation within the domicile. These

data indicate that the ambient temperature in the domicile or even

cell temperatures may be adequate for bee activity, particularly when

the sun shines directly inside the domicile or onto nesting materials,

but it is the outside temperature that ultimately controls foraging.

Empty tunnels had higher temperatures than filled tunnels in the

early morning (7:45 P.D.T.), except for the cell in the top position

(Table 17). It appears that in the morning completed cells in a tunnel

absorb more heat from the direct sun than do the empty tunnels. Middle

and top cells of filled nests receiving direct sunlight were at least

20.8°C warmer than the ambient temperature in the domicile. Tempera-

tures in cells not exposed to the direct sun did not differ greatly

from the ambient temperature in the domicile (Table 17). However, a

difference was evident 1 hour and 45 minutes later in this poorly

ventilated domicile (Table 17). Higher temperatures were found in

cells at 9:30 than at 7:45 P.D.T. (Table 17). Middle and top cell

positions had temperatures over 50°C regardless of whether the nesting

tunnels were empty or filled. In filled tunnels middle cells had

higher temperatures than the top cells, indicating poor heat dissipa-

tion. Top cells apparently dissipated some heat to the environment of

the domicile even though they received more direct sun in the earlier

hours. Temperatures in empty tunnels may determine rejection or

acceptance of these tunnels by nesting bees, and temperatures found in

the cells may determine whether the immature stages survive or die.

High afternoon temperatures were recorded in the bottom cells of

nesting materials resting against the west wall of east facing domi-

ciles (Tables 18 and 19). The bottom cells became hotter than the top

cells because the nesting materials were in contact with the back wall

of the domicile (west wall). Such high temperatures may persist for



Table 17. T°C occurring in leafcutting hee cells, Lovelock, Nevada, July 25, 1975 (nesting material =

soda straws - 6.2 mm in diameter).

Nest
Position

7:45 P.D.T.
Ambient T° 29.4 °C.

Empty Nests Filled Nests

9:30 P.D.T.
Ambient T° 33.9°C.

Empty Nests Filled Nests

Bottom cell 49.4 38.3 41.4 38.3

(sun) 42.8 40.0 43.9 37.5

42.8 37.8 41.1 37.8

51 Bottom cell 45.0 38.7 42.1 37.9

Middle cell 53.3 49.2 49.2 56.7

(sun) 49.2 45.3 53.1 54.4

53.9 56.1 54.4 55.0

Tc Middle cell 52.1 50.2 52.2 55.4

Top cell 45.6 52.8 56.7 52.2

(sun) 40.6 49.4 59.4 54.4

46.1 49.2 58.3 55.3

7( Top cell 44.1 50.5 58.1 54.0

Bottom cell 31.1 27.8 36.7 36.7

(no sun) 29.2 27.2 37.2 37.2

30.0 27.5 36.1 36.7

31 Bottom cell 30.1 27.5 36.7 36.9

Middle cell 31.1 31.1 38.3 36.9

(no sun) 30.6 30.6 37.8 38.1

30.6 31.1 38.9 37.8

Middle cell 30.8 30.9 38.3 37.6

Top cell 29.4 33.1 35.0 34.0

(no sun) 31.1 31.7 35.0 35.6

32.2 32.2 35.6 35.0

i Top cell 30.9 32.3 35.2 35.0
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Table 18. T°C occurring in leafcutting bee cells in relation to
afternoon effects of the sun (board domicile, 6.4 mm in
diameter, Lovelock, Nevada, July 14, 1973.

Direction Nest Position Temperature

West
1/ Back nesting material 48.9

West Front nesting material 34.4

/
South-

2
Back nesting material 34.4

South Front nesting material 32.1

North3/ Back nesting material 38.9

North Front nesting material 33.8

T° ambient 24.2°C, 20:00 P.D.T.

T° ambient in domicile 26.1°C

11Sun hitting the west side of the domicile.

?Glancing sun before 16:00 P.D.T.

3/Sun glancing off side of the domicile.



Table 19. T°C occurring in leafcutting bee cells in relation to
afternoon effects of the sun, Lovelock, Nevada, August 6,

1973.

Nesting Material Direction Nest Position x T°C

Boards1/ West
3/ Back Nesting Material 50.3

6.4 mm
West Front nesting material 42.2

South
4/

Back nesting material 44.0

South Front nesting material 40.9

North-
5/ Back nesting material 41.4

North Front nesting material 41.8

Straws
?! West Back nesting material 48.9

6.2 mm
West Front nesting material 40.6

1/T° ambient 39.2°C,

-2/T° ambient 38.3°C,

17:00 P.D.T.

17:15 P.D.T.

-'Sun hitting the west side of the domicile.

4 /Glancing sun before 16:30 P.D.T.

.VGlancing sun just starting.

48
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several hours, depending on the intensity of the sun on the domicile.

These data suggest that domicile insulation may be necessary to avoid

lethal in-cell temperatures during the afternoon hours.

Excessively high temperatures were recorded in unprotected nesting

materials placed on post-domiciles facing east, west, north and south

positions following exposures to the afternoon sun (Table 20). The

nesting materials facing west had the highest temperatures, followed by

those in the north position. Middle and top cells of the medium on

each face had the highest temperatures; bottom cells were the coolest

because of the buffering from the nesting material located on the oppo-

site side of the post. Boards consistently had the lowest temperatures

regardless of their positions, followed by the Kraft paper soda straws,

with highest temperatures recorded from the white soda straws. Ambient

temperature was always cooler than that in the nesting materials

regardless of nest position or material. Differences between the empty

nests and the filled nests were minimal, not more than 2°C.

It is evident that excessively high temperatures occur in

leafcutting bee nesting materials if they are exposed to the direct

sun. Temperatures were amplified in the nesting materials housed in

domiciles with poor insulation and ventilation, and temperatures in

wood tunnels were cooler than those in paper soda straws when given

identical exposures. Finally, it is evident from the data that there

is no direct relationship between ambient temperatures and nest tem-

peratures because the latter are influenced strongly by exposure,

nesting medium, and domicile structure. The latter could be avoided

as contributing mortality factor if well planned and constructed

domiciles were to be designed.

3.4 Bee Body Temperature

Daily leafcutting bee activity is correlated to a large extent

with morning ambient temperatures and the cessation of activity in

the evening by light intensity rather than temperature (Szabo and

Smith, 1972). However, there is no information available on the rela-

tionship between body temperature and ambient temperatures, or body
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Table 20. T°C. occurring in leafcutting bee cells in relation to nest positions and nest materials,
Oregon Slope, Oregon, July 28, 1975.

Brown Straws TO ambient: 36.1°C, 17:35 M.O.T.

6.3 mm Empty Nests Filled Nests

/
Positioall

b
1"-Y

East 38.3 38.3 37.3 28.1° 38.3 38.9 37.8 38.3°

West 42.2 49.7 51.1 47.7° 42.2 51.4 52.2 48.5
North 39.7 42.2 42.8 41.63 40.6 41.4 43.9 42.03

South 39.4 40.3 38.9 39.5° 39.7 39.4 39.7 39.6°

39.9° 42.6° 42.7° 41.7° 40.2° 42.3° 43.4° 42.1°

a/Direct sun on the west position; some on the north position.

-318 = bottom cell; M = middle cell; I = top cell.

3oards

6.4 mm

Position3/

East
West
North

South

T° ambient: 35.83C, 18:00 M.O.T.

Empty Nests Filled Nests

3 M T

35.3
42.2
37.2

37.8

35.8

46.7
37.3

37.3

35.3

55.6
38.3
36.1

35.3°
48.2°

37.2'

35.3
43.9
39.4
36.7

35.3
48.1

40.6
37.2

35.3

50.5
40.0
35.3

35.63
47.5
40.0°
36.6

o

38.3° 39.5° 41.5° 39.30 39.0° 40.4° 40.4° 39.93

1/Direct sun on the west position; some on the north position.

White Straws I.° ambient: 36.4°C, 18:15 M.D.T.

5.2 mm. Empty Nests Filled Nests

Positionl/ 3 M T z 3

East 39.7 38.9 37.2 38.6° 38.3 37.5 37.8 37.9°

West 43.3 50.0 49.7 47.7
o

46.7 49.2 50.0
441.r°North 39.4 42.2 42.3 41.5°, 43.9 44.2 43.3

South 41.1 41.7 38.9 40.6' 41.1 42.3 38.6 40.3°

40.9° 43.2° 42.2° 42.1° 42.5° 43.4° 42.4° 42.3°

a/ Direct sun on the west position; some on the north position.
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temperature resulting from different types of activity. The purpose of

this study was to determine whether the internal body temperature is

affected by the ambient temperature, direct exposure to sun, or by dif-

ferent activities.

Materials and Methods

Leafcutting bee body temperatures were measured using a Digital

Thermometer, Model BAT-8, Bailey Instrument Inc., and a Thermometer

Microprobe MT-3 (thermocouple, copper constantant), 29 gauge needle.

This apparatus has the capacity to read the temperature instantly.

A leafcutting bee female was captured with a fine forceps by grasping

the hind legs. The bee was turned upside down and the probe inserted

through the anal orifice to a depth of 2-4 mm. The temperature was

read and recorded immediately. The total process from the moment of

capture until temperature recording lasted 5-10 seconds. If bees

resisted and the temperature was not taken within 10 seconds, that

observation was discarded. If the adult bee was damaged by the probe

insertion, that observation was also eliminated. The assessment of bee

damage was determined at the moment of release. If the bee was able to

take off in a normal manner, that observation was kept and registered.

With practice, it was possible to take more than one observation on a

single bee. Thus, many observations were taken of bees doing different

activities. For example, body internal temperatures were obtained on

bees visiting flowers, returning with leaves to the nest, returning

with pollen to the nest, capping a given cell, working inside of a

nesting tunnel, fighting with another bee, and resting inside of the

tunnel. Temperatures were taken at the site where the bees were cap-

tured in the sun, but not touching any substrate, and in the shade

(ambient temperature). The time of day for the observation was also

recorded.

Results and Discussion

Bee body temperatures were always higher than the ambient
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temperatures or the site temperatures, particularly when the

temperature was taken on flowers. '-The temperature taken in the direct

sun was usually higher than the bee body temperatures (Table 21). How-

ever, there were ten observations where bee body temperatures were

higher than the former. The highest bee body temperatures were ob-

tained when bees were on a flower or when they were fighting (one

observation). Nevertheless, the internal body temperature did not dif-

fer greatly among bee activities (range 30.0° to 31.3°C), except when

at rest.

It was unexpected to find that internal body temperatures were

higher than ambient temperatures (Table 22). This was particularly

true, while resting. Studies carried out by Heinrich (1974), on

bumble bees showed that abdominal temperatures are lower than the

thoracic temperatures. Furthermore, bumble bees can increase the

internal body temperature to a limited extent by thoracic muscle con-

tractions. The phenomenon found in leafcutting bees is not due to

muscle contractions. Adult leafcutting bees have been known to forage

under extremely hot conditons, i.e., over 45°C (Stephen, personal com-

munication). Thus, if the ambient temperature in a given day in the

Treasure Valley reaches 38.9°C which is a normal temperature, I can

speculate on the basis of data (Table 22) that the internal bee body

temperature will be from 1.4°-6.5°C higher than the ambient tempera-

ture. Moreover, the average temperature in the direct sun does not

differ much from the average temperature found in the body of the bees

(Table 22). As it was shown above, the temperature in the nesting

materials can exceed 50°C, particularly when exposed to the direct sun.

Thus, these same levels could be reached in the bee body.

It has been demonstrated that high temperatures can reduce egg

laying and egg viability in some lepidopterous species (Henneberry

et al., 1977; Proverbs and Newton, 1962). Hence, as these high tem-

peratures are found to adversely affect the survival of eggs exposed

under controlled conditions, they may exert a similar effect on oogene-

sis or on the egg during pre-oviposition. Unfortunately, the above

experiment was carried out too late in the season to test this idea.



Table 21. Microenvironment and body temperatures of M. pacifica during various activities,

September 10, 1976.

Bee Activity

T°C
Mean

Ambient
Range

T °C

Mean
Direct Sun

Range

Body T°C
Mean Range

T °C

Mean

At Site
Range

At the flower 27.3 27.0 - 28.0 32.1 31.2 - 33.3 31.3 30.5 - 31.7 32.9 30.0 - 37.0 7

Returning with
leaf 27.3 26.5 - 28.2 32.0 29.0 - 34.5 30.7 29.2 - 32.8 28.0 26.0 - 29.5 11

Returning with
pollen 27.1 26.1 - 28.3 31.7 31.0 - 33.1 30.8 30.1 - 31.7 27.8 26.5 - 28.5 6

Fighting 27.0 29.5 31.2 28.0 1

Capping nest 26.9 25.7 - 28.0 31.0 23.0 - 33.1 30.0 28.7 - 31.7 27.9 27.0 - 30.0 15

Inside tunnel
working 27.5 27.2 - 27.8 30.6 28.6 - 31.8 30.0 30.0 - 30.1 28.2 28.0 - 28.5 3

Resting in
tunnel 25.1 25.0 - 25.2 28.3 27.2 - 29.0 28.7 28.4 - 29.3 27.2 26.5 - 27.5 3

No bee activity 21.6 21.0 - 22.0 21.6 21.0 - 22.0 25.8 25.3 - 26.7 23.4 23.0 - 24.5 5



Table 22. Temperature differences from gmbient, in direct sun and in internal

bee body, September 10, 1976.1/

Bee Activity Direct Sun Range Body Range

Visiting flowers 4.8 3.4 6.1 4.0 3.3 - 5.0

Carrying leaf
cutting 4.6 2.0 - 6.5 3.4 2.4 - 5.5

Carrying pollen
load 4.6 3.0 - 6.1 3.8 2.4 - 4.7

Fighting at nest 2.5 - 4.2 -

Capping nest 3.9 1.7 - 5.5 2.9 1.7 - 5.1

Inside tunnel 3.1 1.4 - 4.3 2.3 2.1 - 2.5

Resting 3.1 2.0 - 4.0 3.6 3.2 - 4.1

Resting in tunnel,
evening <21° 0 0 4.3 3.5 - 5.2

Mean 3.8 3.5

1/
All temperatures in °C C above ambient. Maximum ambient temperature 28.3 °C
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3.5 Early Larval Mortality Associated
with Low Temperatures

Introduction

Limited information is available on the effect of low temperatures

on the survival of the immature stages of the leafcutting bee. Tirgari

(1963) concluded that 21.1°C was the temperature thrshold for develop-

ment of eggs and young larvae. However, Arretz (1969) reared 31.7% of

eggs through to adult at a constant 21.1°C. He indicated that differ-

ences in relative humidity may account for the survival in his study

compared to those of Tirgari.

The purpose of this experiment was to study the survival of eggs

and larvae maintained at sub-normal ambient temperatures.

Materials and Methods

A leafcutting bee domicile was set up in a potato storage cellar

with the access doors removed. A nucleus of leafcutting bee pupae

ready to emerge was introduced into the domicile on July 1. On

July 8, the nesting material that served as the adult nucleus was

removed, leaving only the newly emerged adults and new nesting mater-

ials, i.e., Kraft paper straws and drilled boards (6.4 mm in diameter).

A portable thermograph was placed in the domicile and ambient tempera-

tures were recorded throughout the experiment. At 7-10 day intervals,

all the newly capped nests were marked so that the cells constructed

during each period could be evaluated and the survival correlated with

mean temperatures. Analyses were carried out once the larvae of each

interval had matured. Cell analysis was confined to recording dead

eggs, first, second, and third instars, live larvae, and larvae

infected with chalk brood.

Results and Discussion

The maximum ambient temperature in the domicile was 28.3°C and the

minimum 8.3°C. There were only three days with temperatures above
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27.2°C during the 44 days of the experiment. The average temperature

for the period was 19.6°C.

Survival of leafcutting bee progeny (healthy mature larvae) ranged

from 58.4 up to 75.1% (Table 23), even though ambient temperatures were

well below normal field temperatures. If live larvae and diseased

larvae (chalk brood) are pooled as survivors, no appreciable differ-

ences in survival was encountered between July 8 and August 18. How-

ever, there was a slight increase in egg and early instar mortality in

the last sampling period which was not related with higher maximum

temperatures. The "unknown mortality" in eggs is not only caused by

excessive heat but also occurred when eggs and young larvae were kept

below the development threshold of 21.1°C.

Contrary to the report of Tirgari (1963), leafcutting bee eggs and

larvae were able to complete development at temperatures below 21.1°C.

In the period from August 5 to 25, temperatures seldom rose above

21.1°C and 66 to 80% of the eggs matured to last instar.

It is generally accepted that adult leafcutting bees used a

minimum temperature of 21.1°C for the initiation of flight activity

(Bohart, 1972). Stephen (1972) mentioned that although 21.1°C is the

minimum temperature for leafcutting bee activity, temperatures from

24 to 26.5°C are more conducive to bee foraging. Thus, it is standard

practice to face bee domiciles toward the east so that early morning

sunlight will strike the nesting material, in which the bees spend the

night. However, the data show that the temperature threshold for

adult activity and nest production can be conditioned to a wide range

of temperatures. In the field, conditioning will result from high or

low temperatures to which the adults are exposed. For example, adult

bees which were exposed to high temperatures for several days (maximum

ambient temperatures of 43.3°C) did not initiate activity until the

temperature reached 29.4°C (Stephen, personal communication). Thus, it

appears that adult activity like metabolic development in the immature

stages, can be conditioned to unusually high or low temperatures.



Table 23. Effect of temperature on the survival of leafcutting bee immatures throughout the season
in a domicile placed in a cool potato cellar in Oregon Slope, Oregon, 1976.

Date

T°C.
R Hrs./Day
1-0 >21.1° % LL

% Mortality

No. CellsMax. 7( Min. R PM EI CB
1/

July 8 - 14 25.4 18.7 14.6 61.4 4.1 2.3 25.1 171

15 - 25 24.6 18.1 12.1 66.0 6.8 4.4 11.7 206

July 26 - Aug. 4 23.8 18.2 9.3 70.0 10.8 3.8 3.3 213

Aug. 5 - 11 19.9 16.9 2.0 70.3 3.0 8.2 8.2 232

12 - 18 19.4 14.6 2.7 75.1 9.6 1.9 3.8 209

19 - 25 21.3 13.9 2.9 58.4 10.2 7.1 7.6 197

Total 67.2 7.4 4.7 9.4 1,228

1/LL = live larvae; PM = dead eggs and first instars; EI = dead second and third instars;

CB = chalk brood disease. Nesting materials: Kraft paper straws and drilled boards.
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IV. EFFECT OF HIGH TEMPERATURES (400 - 50°C) ON THE

SURVIVAL OF EGGS AND EARLY INSTARS OF LEAFCUTTING BEES

4.1 Introduction

As mentioned above, high temperatures are suspected to be

involved in egg and larval mortality. Also, the range of temperatures

measured in the nesting materials under different domicile conditions

was discussed. Thus, the purpose of the following experiments was to

assess the effect of high temperatures, comparable to those recorded

from field domiciles, on the survival of eggs and early instars. This

research was conducted from 1973 through 1976. Because of variation in

weather and bee populations from year to year, tests were not repli-

cated identically. Thus, experimental procedures and results are

presented on a yearly basis.

4.2 1973 Materials and Methods

Several boxes of paper soda straws were introduced into a large

field domicile (± 100,000 nesting females) in order to obtain a large

sample of cells containing immature larvae and eggs of known age.

Once a nesting tunnel is accepted by a female, that bee normally con-

structs a complete cell each day (Stephen, 1973). The egg is usually

deposited in mid to late afternoon and the cell sealed with leaf cut-

tings. As eggs lacking exposure to high temperatures (which occur

particularly during early morning hours) were required for the tests,

straws containing recently formed cells were removed after dark on the

day of oviposition. Straws were then taken to the laboratory and

sorted carefully so that the eggs or early instars were not damaged.

Only uncapped straws were utilized in the experiment, and the topmost

cell of the series was ± 12 hours of age. The cells were treated at

different temperatures while in the nesting material (individual

straws) to avoid disturbing the cells and their contents.

Groups of straws containing cells were placed in open plastic

bags and exposed to different temperatures in controlled environment

chambers (Napco, E 9109 or equivalent). Temperatures in the chambers
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were monitored with a mercury thermometer (= the ambient temperature

of the chamber), and those of the cell by copper-constantant thermo-

couples, or by thermistors (portable temperature potentiometer, Leeds

and Northrup, Cat. No. 8692 and/or portable Tele-Thermometer, Yellow

Spring Instrument Co., model 44TD).

Cell treatments were made on July 30 and August 20. Four

temperature regimes were used: 30° (control), 40°, 45°, and 50°C; for

three durations; 1, 2, and 3 hours; and two occurrences, once and

thrice. The treatment duration refers to the length of exposure of the

nests at the ambient incubator temperatures, i.e., 1 hour at 40°C

means that nests were kept at an ambient incubator temperature of

40°C for 1 hour. The straws, which were kept between 29.0 and 32?C

before treatment, reached the ambient incubator temperature in less

than 5 minutes after being placed in the controlled environment

chambers. The exposure time was measured from that moment, and tem-

peratures monitored constantly during the treatments did not vary more

than 0.5°C. Occurrence was defined as the frequency of treatments,

i.e., 1 hour at 40°C, once, means that nests received the exposure of

ambient temperature of 40°C for 1 hour only one time. The treatments

called thrice meant that nests were exposed at a given temperature and

duration on three consecutive days. Treatments were carried out at

the same time each day.

The top cell (#1) in each series was at most 24-36 hours old at

the moment of treatment and cell 2, 36-60 hours old. Total cells were

defined as the entire cell series in a straw, which consisted of 1 to

5 cells. The first formed cell of a nest with 5 cells was no more than

a week old. After treatment, straws were kept at 30°C to permit eggs

and larvae to mature. The relative humidity at which the straws were

held during all experiments did not exceed 30%. Upon larval maturation

(15 days at 30°C) each cell was dissected and if the egg or larva was

dead, the cell was analyzed under the binocular microscope to determine

the cause of mortality. The content and position of each cell within

each cell series was recorded. Mortality attributed to the temperature

treatment was defined as dead eggs or first instars in cell 1 and/or

2, and dead eggs, first, second and third instars if the straw
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contained more than two cells. If a cell was found with a parasite,

predator, or disease, that cell series was eliminated from the analy-

sis. Incomplete cells (no signs of eggs or young larvae) were also

eliminated. Survival was defined as those cells containing mature

healthy fifth instars within cocoons. If a given cell contained dead

fourth or fifth instars not affected by the factors listed above, they

were not considered to have died as a result of the treatment and were

not included in the analysis.

Statistical analysis was only carried out for the 40° and 45°C

treatments. The experimental design was a complete randomized factor-

ial analysis as described by Snedecor (1964, p. 329-393). The data

were transformed into a modified inverse sine transformation, i.e.,

sine
-1

+ 4 / n + 1/2, because of percentages, unequal number of

observations, and values close to 0% and/or 100%. Because of missing

treatments, i.e., 1 hour at 40°, and at 45°C repeated thrice in the

August 20 sampling period, for total cells and cells 1 and 2, data

were estimated and the F values corrected for degrees of freedom

(K.E. Rowe, personal communication).

4.2 1973 Results and Discussion

There was significantly (P >0.99) more survival in the 40°C than

in the 45°C treatments for total cells and for cells 1 and 2 (Table

24). The interaction between temperature and duration for total cells

was significant (P >0.95), but not for cells 1 and 2 (P >0.90).

Significantly greater survival was obtained in single temperature

treatments than in those repeated thrice, for cells 1 and 2, but not

for total cells. No statistical differences in survival were found

between durations (1-3 hrs), nor interactions between temperature,

duration, and occurrence, except for that cited above.

All 50°C treatments, 1-3 hours and one or three occurrences

resulted in total mortality. The cells contained immatures from 36 to

120 hours old. The control treatments (cells kept constantly at 30°C)

had an average survival of 90% in total cells, and 87.9% for cells 1

and 2 (Table 24).



Table 24. Effect of 4 temperatures, 4 durations, and 3 occurrences on the survival of immatures,

Adrian, Oregon, 1973.

Treatments

July 30
% Survival

Total

n

Cells
August 20

% Survival n

July 30
% Survival

Cells

n

1 and 2
August 20

% Survival n

lhr 400C, once 81.1 37 91.4 35 86.4 22 95.2 21

lhr 40 C, thrice 77.4 31 77.3
1/

75- 73.3 15 82.4 341/2hrs40 °C, once 81.4 59 57.7 52 86.2 29 72.7 22

2hrs 40uC, thrice 85.0 40 76.7 172 85.7 28 70.8 72

3hrs 40 °C, once 68.2 44 72.5 80 74.1 27 82.1 28

3hrs 40 °C, thrice 66.7 24 72.2 36 66.7 15 73.1 26

lhrs 45 °C, once 4.7 43 50.0 60 3.8 26 65.5 29

lhrs 45°C, thrice 0.0 25 9.4
1/

5a- 0.0 21 13.8
/

29-
1

2hrs 45°C, once 47.8 67 63.2 57 66.7 27 60.7 28

2hrs 45°C, thrice 9.4 32 33.9 56 13.0 23 41.7 36

3hrs 45 °C, once 45.3 53 51.7 60 44.0 25 70.0 30

3hrs 45'C, thrice 43.8 32 43.8 32 47.4 19 47.6 21

Constant 30°C, controls 87.6 89 90.9 22 81.4 43 94.4 18

(No statistical analysis) 93.9 33 91.3 46 87.5 16 95.5 22

1/ Values were estimated statistically.

1-3 hrs, 50°C, once, thrice: 554 cells treated and no survivors. No statistical analysis.



Table 24. (Continued).

Analysis of Variance for Table 24

Total Cells Cells 1 and 2

ANOVA Fc (d.f.)-?.1 Fc (d.f.)-?-1

Date 2.39 (1,9) 2.92 (1,9)

Temperature 50.22 (1,9)** 32.12 (1,9)**

Duration 1.32 (2,9) 1.17 (2,9)

T° x Duration 5.54 (2,9)* 4.05 (2,9)

Occurrence 3.14 (1,9) 5.32 (1,9)*

T° x Occurrence 3.07 (1,9) 1.23 (1,9)

Duration x Occurrence 0.57 (2,9) 0.35 (2,9)

T° x Duration x Occurrence 1.07 (2,9) 0.46 (2,9)

**
P >0.99

*
P >0.95

2/Values given in degrees.
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The average values for survival listed in Appendix 10, differ

from the actual values shown on Table 28 because of the modified in-

verse sine transformation used. These differences do not affect the

validity of the tests.

The effect of 45°C treatments was more severe on the eggs and

immature stages treated during the first sampling period (29.8%

survival), than on those treated during the second (45.0% survival), on

both total cells and cells 1 and 2 combined. However, if the 40° and

45°C treatments are considered together (date effect), no statistical

difference in survival was obtained between the two sampling periods

for either total cells or for cells 1 and 2. The progeny treated on

July 30 were of the first generation, and the progeny treated on

August 20 of the second. The difference in survival between the two

dates at 45°C appears not to be related to the age of the laying

females (as suggested for other insects by Howe (1967)) because of

similar age between the first and second generation bees, nor differ-

ences in susceptibility or tolerance of the progeny between genera-

tions. A seasonal effect may be involved, as the month of July is

usually hotter than either June or August. Bursell (1964) stated that

in the month preceding the exposure to lethal temperatures, mean

temperatures are gradually rising, and a process of developmental

acclimation may help the insect (the progeny in this case) to withstand

high temperatures. Further, even though all cells were considered to

be the same age at the moment of treatment, leafcutting bee females may

not necessarily build one cell per day, particularly late in the

season. This could result in a difference in ages of cells treated on

each of the two dates, with possible age associated heat tolerance.

This possibility will be discussed further below.

A striking and significant difference in survival was obtained in

the interaction of temperature and duration, particularly in the 45°C

treatments. The 1 hour treatment at 45°C proved to be more detrimental

than two or three hours. This effect was obtained on both sampling

dates and in both total cells and cells 1 and 2. Evidence exists that

high temperatures cause denaturation of proteins, melting of cellular

lipids and phospholipids and in general, produce metabolic imbalance
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mainly by accumulation of toxic products (Bursell, 1964). Also,

temperatures above the tolerance limits may cause the inactivation or

destruction of enzymes and/or nutrients more rapidly than they are

synthesized (Howe, 1967). No attempt was made here to determine the

physiological or biochemical cause of the death by the extreme tempera-

tures. However, the more damaging effect of short than long exposures,

to my knowledge, has not been reported before.

In summary, all treatments, even 40°C for 1-3 hours caused higher

mortality than the control. However, as some survival was obtained

with the 45°C treatments, and no survival was obtained with the 50°C

treatments, it is concluded that the upper lethal temperature for leaf-

cutting bee eggs and larvae lies between these two temperatures, when

exposed for from 1 to 3 hours.

4.3 1974 Materials and Methods

Procedures for the 1974 tests were as outlined for 1973 (Section

4.2). However, the number of treatments, treatment dates, occurrences,

and conditions of the nesting materials containing the immature stages

at the moment of treatment differed.

Cell treatments were performed on July 19, August 1, and August

29 in 1974. The laying females of the first generation were about 15-

20 days old on July 19 and about 27-32 days old on August 1. On

August 29, the laying females were about 20-25 days old and belonged to

the second generation. Four temperature regimes were used: 30°

(control), 40°, 45°, and 50°C; with three durations, 1, 2, and 3 hours;

and, with occurrences once and thrice, or once, twice, and thrice.

Cell 1 in each cell series for all treatments was at most 24-36

hours old at the moment of treatment and cell 2, 36-60 hours old. All

nests were kept at room temperature (29° to 32°C) from the time of col-

lection up to the moment of treatment. After treatment, nests were

kept at 30°C, so that the larvae could mature. The relative humidity

during all experiments did not exceed 30%.

Cell and statistical analyses were conducted as in 1973. Cell

treatments for 1974 were subdivided into three categories in order to
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apply the statistical analysis mentioned above.

Category I represented treatments carried out on three dates

(July 19, August 1, and August 29), at two temperatures (40° and 45°C),

three durations (1, 2, and 3 hours), and two occurrences (once and

twice). Only uncapped nests containing from 1 to 5 cells were utilized

in this category. Category I was also subdivided into three subcate-

gories. CategonyI0 included total cells in the series; category I,b

was confined to cells 1 and 2 in the cell series; and category I,c was

confined to cells 1, 2, and 3. Results for category I are found in

Table 25 (A-C).

Category II represented treatments carried out on July 19 and

August 1, at two temperatures (40° and 45°C), three durations (1, 2,

and 3 hours), and three occurrences (1, 2, and 3 times). Only uncapped

nests containing 1 to 5 cells were utilized in this category. Category

II was subdivided into the same manner as for Category I, and the

results are found in Table 26 (A-C).

Category III included treatments carried out on July 19, at two

temperatures (40° and 45°C), one duration (3 hours), three occurrences

(1, 2, and 3 times), and two nest conditions (uncapped and capped

nests). The individual cells comprising the cell series whether

uncapped or capped were of the same age in this category (capped nests

were marked before the sampling). Category III was subdivided in the

same manner as for Categories I and II, and results are found in

Table 27 (A-C). The experimental design, a complete randomized factor-

ial analysis, differed from the above in that the F values as well as

the degrees of freedom were estimated as described by Snedecor (1964,

p. 358-364) because there were no replicates. Thus, a general variance

was calculated for total cells and for cells 1 and 2 based on all ex-

periments without replicates and compared to the specific variance for

each test. As mentioned above, the data were transformed to a modi-

fied inverse sine transformation. Thus, the specific variance for each

test was based upon the relatively constant variance of 821/n (when the

transformed data are expressed in degrees), with n being the common

denominator of all fractions (Steel and Torrie, 1960, p. 158). This

particular analysis will be discussed further below.
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4.3 1974 Results and Discussion

There was significantly greater mortality (P >0.99) in total

cells, cells 1 and 2, and cells 1, 2, and 3 in the first period

(July 19) than in the other two periods (Table 25). The same seasonal

trend was noticed during the 1973 treatments.

The 45°C treatments yielded a significantly greater mortality

(P >0.99), in total cells, cells 1 and 2, or cells 1, 2, and 3 than

the 40°C treatments. An average survival for all cells of 73.3% was

obtained in the 40°C treatments compared to 36.3% in the 45°C treat-

ments (Appendix 11).

The 50°C treatments killed all eggs and young larvae exposed for

1, 2, and 3 hours and one or three occurrences (n = 1176 cells). Cells

kept constantly at 30°C (controls) had an average survival of 78.9%

for total cells; 76.5% for cells 1 and 2; and 77.1% for cells 1, 2,

and 3 for the three periods (Table 25). The lowest survival for any of

the cells was obtained in the first period (July 19) and survival was

maximal in the last (August 29). Some of the mortality in the controls

may be attributed to handling, but this mortality should be more or

less constant for all periods. More likely, the difference in survival

is the result of higher field temperatures during the first period, and

hence sampling error expressed as some mortality previous to the treat-

ment, than in the other two periods (100% survival was obtained in the

last period in cell 3 versus an average survival of 71.0% in cell 3

during the first period). Nevertheless, the average survival in the

control (77.7%) is similar to that in the 40°C treatments (73.3%), but

differs from the average survival in the 45°C treatments (36.3%).

There was a significant difference in survival (P >0.95) between

1, 2, and 3 hours of exposures in the 40° and 45°C treatments combined.

The 1 hour treatments were more detrimental than the 2 or the 3 hour

treatments (Table 25; Appendix 11). The same trend was noticed in

1973. The interaction of temperature and duration was highly signifi-

cant for survival (P >0.99) of total cells and significant for survi-

val (P >0.95) of cells 1 and 2, or for cells 1, 2, and 3.

The effect of a single treatment on survival was not



Table 25. Effect of four temperatures, four durations, and three occurrences on the survival

of immatures, Adrian, Oregon, 1974 (A-C).

A.

Total Cells

July 19 August 1 August 29

Treatments % Survival n % Survival n % Survival n

1 hr 402C, once 79.2 53 84.0 75 71.2 52

1 hr 40%, thrice 72.3 47 86.9 107 75.0 56

2 hrs 40o C, once 62.3 53 83.1 83 78.3 60

2 hrs 40%, thrice 31.7 60 88.1 84 44.0 50

3 hrs 40o ,C, once 68.4 57 78.9 90 88.2 51

3 hrs 40%, thrice 68.5 54 78.6 84 79.3 58

1 hr 452C, once 3.5 57 43.0 100 24.6 57

1 hr 45%, thrice 0.0 49 6.8 59 27.9 68

2 hrs 45°0C, once 1.8 57 70.8 89 82.0 50

2 hrs 45 °C, thrice 10.6 66 62.5 88 67.6 71

3 hrs 45 °C, once 59.6 52 80.2 81 63.8 58

3 hrs 45%, thrice 22.6 62 72.7 77 41.5 41

Constant 30°C, controls 63.8 80 81.7 109 88.2 68

No statistical analysis 82.0 61 82.3 124

Total cells 70.7 41 - - -



Table 25. (Continued).

B.

Cells 1 and 2

July 19

Treatments % Survival n % Survival
August 1 August 29

% Survival n

1 hr 40 °C, once 83.7 43 78.8 52 63.9 36

1 hr 40"C, thrice 73.3 30 85.7 56 75.7 37

2 hrs 40 °C, once 74.3 35 87.8 49 72.7 33

2 hrs 40"C, thrice 24.2 33 85.4 48 42.9 35

3 hrs 402C, once 69.7 33 78.0 50 88.9 36

3 hrs 40"C, thrice 71.8 39 79.2 53 64.7 34

1 hr 452C, once 5.1 39 35.7 56 27.8 36

1 hr 45"C, thrice 0.0 36 4.7 43 22.5 40

2 hrs 452C, once 0.0 33 71.4 49 75.7 37

2 hrs 45 °C, thrice 7.3 41 58.8 51 57.5 40

3 hrs 45 °C, once 73.5 34 80.0 50 55.2 29

3 hrs 45"C, thrice 10.3 39 69.6 46 44.8 29

Constant 30°C, controls 66.1 56 79.4 63 83.7 43

No statistical analysis 80.0 45 79.7 69

Cells 1 and 2 65.4 26



Table 25. (Continued).

C.

Treatments

July 19

Cell 1 Cell 2 Cell 3

% Survival n % Survival n % Survival

lhr 402C, once 83.3 18 84.0 25 75.0 8

lhr 40'C, thrice 76.9 13 70.6 17 62.5 8

2hrs 40°C, once 66.7 18 82.4 17 50.0 8

2hrs 40°C, thrice 25.0 20 23.1 13 18.2 11

3hrs 40
o C, once 50.0 10 78.3 23 73.3 15

3hrs 40°C, thrice 88.9 18 57.1 21 75.0 8

lhr 45°C, once 9.1 22 0.0 17 0.0 10

lhr 45°C, thrice 0.0 23 0.0 13 0.0 7

2hrs 45
o
C, once 0.0 7 0.0 26 0.0 14

2hrs 45°C, thrice 8.3 24 5.9 17 11.1 9

3hrs 45°C, once 81.0 21 61.5 13 37.5 8

3hrs 45°C, thrice 8.7 23 12.5 16 12.5 8

Constant 30°C, control 68.0 25 64.5 31 57.1 14

No statistical analysis 88.5 26 68.4 19 88.9 9

Cells 1, 2, and 3 53.3 15 81.8 11 75.0 8

1-3 hrs 50°C, once, thrice: 1,176 cells treated and no survivors. No statistical analysis.



Table 25. (Continued).

C.

Treatments

August 1

Cell 1 Cell 2 Cell 3

% Survival n % Survival n % Survival

1 hr 402C, once 78.3 23 79.3 29 92.3 13

1 hr 40%, thrice 85.2 27 86.2 29 75.0 20

2 hrs 40°0C, once 87.5 24 88.0 25 81.3 16

2 hrs 40 °C, thrice 81.8 22 88.5 26 88.9 18

3 hrs 40,o C, once 70.4 27 87.0 23 87.5 16

3 hrs 40%, thrice 87.5 24 72.4 29 68.4 19

1 hr 45o ,C, once 50.0 28 21.4 28 41.2 17

1 hr 45%, thrice 4.3 23 5.0 20 11.1 9

2 hrs 45 °C, once 80.8 26 60.9 23 72.2 18

2 hrs 45 °C, thrice 62.5 24 55.6 27 80.0 15

3 hrs 452C, once 76.2 21 82.8 29 71.4 14

3 hrs 45%, thrice 72.7 22 66.7 24 70.6 17

Constant 30°C control 79.3 29 79.4 34 81.0 21

No statistical analysis 81.1 37 78.1 32 80.0 20

Cells 1, 2, and 3

1-3 hrs 50°C, once, thrice: 1,176 cells treated and no survivors. No statistical analysis.



Table 25. (Continued).

C.

August 29

Cell 1 Cell 2 Cell 3

Treatments % Survival n % Survival n % Survival

1 hr 40 °C, once 57.1 21 73.3 15 60.0 5

1 hr 40 °C, thrice 77.8 18 73.7 19 55.6 9

2 hrs 40 °C, once 57.1 14 84.2 19 90.0 10

2 hrs 40 °C, thrice 36.8 19 50.0 16 44.4 9

3 hrs 40o ,C, once 88.9 18 88.9 18 90.9 11

3 hrs 40%, thrice 60.0 20 71.4 14 100.0 8

1 hr 45°,C, once 40.0 20 12.5 16 33.3 9

1 hr 45%, thrice 27.3 22 16.7 18 27.3 11

2 hrs 45C, once 76.2 21 75.0 16 85.7 7

2 hrs 45 °C, thrice 52.9 17 60.9 23 78.9 19

3 hrs 45°C, once 54.5 11 55.6 18 75.0 12

3 hrs 45°C, thrice 47.1 17 41.7 12 0.0 6

Constant 30°C control 85.7 21 81.8 22 100.0 11

No statistical analysis - - - - -

Cells 1, 2, and 3 - - -

1-3 hrs 50°C, once, thrice: 1,176 cells treated and no survivors. No statistical analysis.



Table 25. (Continued).

ANOVA

Analysis of Variance for Tables 25 (A-C), 1974.

Total Cells Cells 1 and 2 Cells 1, 7, and 3

Fc (d.f.)1 / Fc (d.f.)1/ Fc (d.f.)1 /

Date
12.33 (2,22)** 8.17 (2,22)** 10.57 (2,22)**

T°
37.29 (1,22)** 34.66 (1,22)** 35.67 (1,22)**

Duration
4.66 (2,22)* 3.63 (2,22)* 3.98 (2,22)*

T° x Duration
7.19 (2,22)** 4.93 (2,22)* 4.71 (2,22)*

Occurrence
3.38 (1,22) 4.29 (1,22) 4.58 (1,22)*

T° x Occurrence
0.28 (1,22) 0.46 (1,22) 0.17 (1,22)

Duration x Occurrence 0.05 (2,22) 0.20 (2,22) 0.16 (2,22)

T
o x Duration x Occurrence 1.00 (2,27) 1.06 (2,22) 1.57 (2,22)

Cells

0.18 (2,48)

T° x Cells
2.53 (2,48)

Duration x Cells
0.75 (4,48)

TO x Duration x Cells
2.97 (4,48)*

Occurrence x Cells
0.08 (2,48)

T
o x Occurrence x Cells

3.48 (2,48)*

Duration x Occurrence x Cells
1.04 (4,48)

T
o x Duration x Occurrence x Cells

0.59 (4,48)

**
P >0.99; P >0.95

1 / Values given in degrees.
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statistically different than three occurrences in total cells or in

cells 1 and 2. However, there was a significant difference (P >0.95)

between once and thrice for cells 1, 2, and 3, the three occurrences

being more detrimental to the immatures than one.

Survival in cells 1, 2, and 3 was not statistically different

from each other for any temperature treatment, which indicates that

cells containing eggs and immatures from 24 to 84 hours old were

equally susceptible to high temperatures. Effects on survival due to

an interaction of factors were found to be significant only for tem-

perature, duration, and cells and for temperature, occurrence, and

cells (Table 25).

As already mentioned, all treatments carried out on July 19

resulted in the highest mortality in the immature stages. The 45°C

treatments on total cells resulted in an average survival of 16%

versus 57.9% for the second and 51% for the third period. The same

trend appeared in cells 1 and 2, and in cells 1, 2, and 3 (Table 25).

This difference in survival cannot be associated with age of the laying

females because during the first and the third dates, the age of the

females were about the same. A seasonal effect may be responsible for

these changes in susceptibility or in tolerance of the progeny toward

temperature.

The actual data (Table 25) differ to some extent with the mean

survival listed in Appendices 11 and 12 because of the transformation

used. This is particularly evident when the mean survival obtained was

composed of two or three observations which differed widely from each

other. The actual mean of the data is very similar to the mean ob-

tained after the transformation when the observations had similar

values. Finally, even though the cause of mortality was associated

with temperature, the physiological and biochemical causes of the

deaths were not determined.

The treatments presented in Table 26 are the same as those

presented in Table 25 except for an additional occurrence (thrice),

and a deletion of one sampling period (August 29). Nevertheless, the

data show the same trends as in Table 25. Dates, temperatures, dura-

tions, and the interaction of temperature and duration provided



Table 26. Effect of four temperatures, four durations, and four occurrences on the survival of

immatures, Adrian, Oregon, 1974 (A-B).

A.

Treatments

Total Cells Cells 1 and 2

July 19 August 1 July 19 August 1

% Survival n % Survival n % Survival n % Survival n

1 hr 40(°)C, once 79.2 53 84.0 75 83.7 43 78.8 52

1 hr 40,C, twice 80.6 67 80.2 96 82.9 41 74.6 59

1 hr 401, thrice 72.3 47 86.9 107 73.3 30 85.7 56

2 hrs 40 C, once 62.3 53 83.1 83 74.3 35 87.8 49

2 hrs 40o ,C, twice 75.0 32 82.1 67 72.0 25 77.3 44

2 hrs 40u0C, thrice 31.7 60 88.1 84 24.2 33 85.4 48

3 hrs 40,C, once 68.4 57 78.9 90 69.7 33 78.0 50

3 hrs 40u,C, twice 78.4 51 73.5 98 87.1 31 71.4 56

3 hrs 40uC, thrice 68.5 54 78.6 84 71.8 39 79.2 53

1 hr 45°C, once 3.5 57 43.0 100 5.1 39 35.7 56

1 hr 45°_,C, twice 1.7 60 23.3 103 2.5 40 12.5 56

1 hr 451, thrice 0.0 49 6.8 59 0.0 36- 4.7 43

2 hrs 45 C, once 1.8 57 70.8 89 0.0 33 71.4 49

2 hrs 45
o
C, twice 1.5 67 71.3 94 0.0 45 75.0 52

2 hrs 45
o
C, thrice 10.6 66 62.5 88 7.3 41 58.8 51

3 hrs 45o ,C, once 59.6 52 80.2 81 73.5 34 80.0 50

3 hrs 45`,0)C, twice 38.7 62 77.0 74 38.9 36 76.6 47

3 hrs 45 °C, thrice 22.6 62 72.7 77 10.3 39 69.6 46

Constant 30°C control 63.8 80 81.7 109 66.1 56 79.4 63

82.0 61 82.3 124 80.0 45 79.7 69

No statistical analysis 70.7 41 - - 65.4 26

1-3 hrs 50°C, once, twice, and thrice: 1,284 cells treated and no survivors. No statistical analysis.



fable 26. Effect of four temperatures, four durations, and four occurrences on the survival of ilmuatures, Adrian, Oregon, 1974.

1 red Wee tS

Cell 1

July 19

Cell 2 Cell 3

August 1

Cell 1 Cell 2 Cell 3

% Survival n % Survival it % Survival n % Survival n % Survival n % Survival n

1 hr 40°C, once 83.3 18 84.0 25 75.0 8 78.3 23 79.3 29 92.3 13

1 hr 40°C. twice 83.3 18 82.6 23 76.9 13 75.0 28 74.2 31 90.0 20

1 hr 401. thrice 76.9 13 70.6 17 62.5 8 85.2 27 86.2 29 75.0 20

2 hrs 40 C, once 66.7 18 82.4 17 50.0 8 87.5 24 88.0 25 81.3 16

2 'ins 40°C. twice 76.9 13 66.7 12 83.3 6 80.0 25 73.7 19 91.7 12

2 hrs 40°C, thrice 25.0 20 23.1 13 18.2 11 81.8 22 88.5 26 88.9 18

3 hrs 40°C, once 50.0 10 78.3 23 73.3 15 70.4 27 86.9 23 87.5 16

3 hrs 40 °C, twice 84.6 13 88.9 18 66.7 9 74.1 27 68.9 29 76.2 21

3 hrs 40 °C, thrice 88.9 18 57.1 21 75.0 8 87.5 24 72.4 29 68.4 19

1 hr 45°C, once 9.1 22 0.0 17 0.0 10 50.0 28 21.4 28 41.2 17

1 hr 45 °C, twice 4.2 24 0.0 16 0.0 7 16.7 30 7.7 26 10.5 19

1 hr 451, thrice 0.0 23 0.0 13 0.0 7 4.3 23 5.0 20 11.1 9

2 hrs 45 C, once 0.0 7 0.0 26 0.0 14 80.8 26 60.9 23 72.2 18

2 hrs 45°C, twice 0.0 24 0.0 21 0.0 11 90.5 21 64.5 31 52.9 17

2 hrs 45 °C, thrice 8.3 24 5.9 17 11.1 9 62.5 24 55.6 27 80.0 15

3 hrs 45 °C, once 81.0 21 61.5 13 37.5 8 76.2 21 82.8 29 71.4 14

3 hrs 45 °C, twice 25.0 16 50.0 20 36.4 11 72.0 25 81.8 22 75.0 12

3 hrs 45°C, thrice 8.7 23 12.5 16 12.5 8 72.7 22 66.7 24 70.6 17

Constant 30°C control 68.0 25 64.5 31 51.1 14 79.3 29 79.4 34 81.0 21

88.5 26 68.4 19 88.9 9 81.1 37 78.1 32 80.0 20

No statistical analysis 53.3 15 81.8 11 75.0 9 - -

1-3 hrs 50°C, once, twice, and thrice: 1,284 cells treated and no survivors. No statistical analysis.



Table 26. (Continued).

Analysis of Variance for Tables 26 (A-B), 1974

ANOVA

Total Cells

Fc (d.f.)11

Cells 1 and 2

Fc (d.f.)11

Cells 1, 2 and 3

Fc (d.f.)1/

Date 24.72 (1,11** 12.94 (1,171** 18.82 (1,11**

T° 49.05 (1,17 ** 36.27 (1,17 ** 43.17 (1,17 **

Duration 4.66 (2,17)* 3.81 (2,17)* 3.91 (2,17)*

To x Duration 7.81 (2,17)** 4.99 (2,17)* 5.59 (2,17)*

Occurrence 0.84 (2,17) 1.26 (2,17) 1.01 (2,17)

T° x Occurrence 0.31 (2,17) 0.24 (2,17) 0.18 (2,17)

Duration x Occurrence 0.11 (4,17) 0.04 (4,17) 0.06 (4,17)

T° x Duration x Occurrence 0.44 (4,17) 0.64 (4,17) 0.56 (4,17)

Cell - - 1.59 (2,36)

T° x Cell - 1.32 (2,36)

Duration x Cell - - 1.25 (4,36)

T° x Duration x Cell -
1.28 (4,36)

Occurrence x Cell - - 0.56 (4,36)

T° x Occurrence x Cell - - 6.11 (4,36)**

Duration x Occurrence x Cell - - 2.13 (8,36)

T° x Duration x Occurrence x Cell - 2.54 (8,36)*

**
P >0.99

*
P >0.95

liValues given in degrees.
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statistical differences about means. Occurrence did not show

statistical difference in survival between once, twice, and thrice, for

total cells, cells 1 and 2, or cells 1, 2, and 3. There were two sig-

nificant interactions within cells, i.e., temperature, occurrence, and

cell, and between temperature, duration, occurrence, and cell. The

remaining sources of variations between temperature, duration, occur-

rence, and cell were not statistically significant.

The 50°C treatments caused total mortality of eggs and immatures

when exposed from 1 to 3 hours, and treated 1, 2, and 3 times. All of

the 1284 cells treated were between 24 to 96 hours old. The 45°C

treatments caused a significantly greater mortality than the 40°C

treatments. No difference in survival was obtained between the control

and the 40°C treatments.

The cells treated at 45°C on July 19 had an average survival of

15.2% and 14.3% for total cells and for cells 1 and 2 respectively,

versus 56.7% and 53.6% survival for total cells and for cells 1 and 2

treated on August 1. One hour exposure at 45°C caused the greatest

mortality, followed by the 2 hour exposures, with the 3 hour

exposures being the least detrimental to immatures. It appears that

the larvae may adapt to high temperatures especially during a 3

hour period. There was a much lower survival of immatures in the 45 °C

treatment for 1 hour thrice than in the 45°C treatment for 3 hours

thrice. It appears that the short duration of the exposure is more

detrimental than the number of treatments.

The 45°C treatments produced a significantly lower survival than

the 400C treatments for total cells and for cells 1 and 2 (Table 27).

The effect of temperature on the immatures was the same for the uncap-

ped nests (open) and the capped nests (filled). No statistical differ-

ence in survival was obtained between occurrences, nor the interactions

between temperature, nest condition, and occurrences.

If leafcutting bee cells are exposed to high temperatures, i.e.,

45 °C or over, a detrimental effect is produced on the immatures whether or not

the nest had been completed. However, it should be noted that 450C expo-

sures for three hours, the only duration tested in this experiment, did not

cause the greatest mortality in the previous experiments.



Table 27. Effect of four temperatures, two durations, and four
occurrences on the survival of immatures, Adrian,

Oregon, 1974.

July 19

Treatments

Total Cells
% Survival n

Cells 1 and 2
% Survival n

3 hrs 40 °C, once 68.4 57 43.4 53

3 hrs 40u,C, twice Open 78.4 51 87.1 31

3 hrs 40 °C, thrice 68.5 54 71.8 39

3 hrs 40 °C, once 53.3 90 47.8 46

3 hrs 40XC, twice Filled 64.8 71 64.9 37

3 hrs 40uC, thrice 59.8 92 52.1 48

3 hrs 45 C, once 59.6 52 73.5 34
o

3 hrs 45,C, twice Open 38.7 62 38.9 36

3 hrs 45uC, thrice 22.6 62 10.3 39

3 hrs 45 °C, once 25.5 98 35.6 45

3 hrs 45u,C, twice Filled 26.9 108 40.0 55

3 hrs 45%, thrice 27.5 102 22.0 50

Constant 30 °C control 63.8 80 66.1 56
Open 82.0 61 80.0 45

No statistical analysis 70.7 41 65.4 26

Filled 70.0 70 74.4 43

3 hrs 50°C, once, twice, and thrice, open-filled: 466 cells

treated and no survivors. No statistical analysis.



Table 27. (Continued).

ANOVA

Analysis of Variance for Table 27, 1974

Total Cells Cells 1 and 2

Fc (d.f.)1/ Fc (d.f.)1/

Temperature 11.2 (1,38)** 7.3 (1,39)*

Open-filled 2.7 (2,38) 2.5 (3,39)

T° x Open-filled 1.2 N.S. 1.4 N.S.

Occurrence 1.2 N.S. 2.2 N.S.

To x Occurrence 1.4 N.S. 2.1 N.S.

Open-filled x Occurrence 1.4 N.S. 1.4 N.S.

To x Open-filled x Occurrence 1.1 N.S. 1.3 N.S.

** *
P >0.99; P >0.95

1/Values given in degrees.
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The 40°C treatments on immatures whether uncapped or capped in the

nests did not produce any appreciable difference in survival compared

to the control. The effect of 45°C treatments on immatures whether

uncapped or capped in the nest resulted in mortality, especially when

treatments were repeated twice or thrice: for total cells, survival

was 32.7% when treated twice and 25.2% when treated thrice, compared to

the control of 71.0%; and for cells 1 and 2 survival was 39.6% when

treated twice and 16.2% when treated thrice, compared to the control

of 71.8% (Table 27). The 50°C treatments repeated once, twice, or

thrice for three hours caused total mortality of eggs and immatures for

total cells (466 cells treated), regardless whether they were in uncap-

ped or capped nests.

In summary, these data clearly show that exposures at 45°C for

three hours can cause mortality of immature stages of leafcutting bees.

The percentage survival values listed in Appendix 13 are very similar

to those listed in Table 27, because each value represents a single

observation. This contrasts with the conclusions of the previous sec-

tion, in which the use of two or more observations per treatment

resulted in different values in the Table 26 and Appendix 12 because of

the transformation used.

4.4 1975-76 Materials and Methods

Leafcutting bee nesting material (paper soda straws) containing

cells with eggs and immature stages was treated at different tempera-

ture regimes as described in sections 4.2 and 4.3. Treatments in 1975

were divided into three groups: treatments conducted on July 26 and

August 7 at two temperatures (45° and 50°C) with five durations (0.5,

1.0, 1.5, 2.0, and 3 hours), and two occurrences (once and twice)

(Table 28); some treatments listed above were included but the

comparisons made between three dates, July 26, August 7, and July 24

(1976), at two temperatures (45° and 50°C), with three durations

(1, 1.5, and 2 hours), and two occurrences (once and twice) (Table 29);

and some treatments mentioned in the two preceding groups, but compar-

isons were made between two dates, July 26, 1975 and July 24, 1976,

at two temperatures (45° and 50°C), with three durations (1, 1.5, and
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2 hours), and three occurrences (once, twice, and thrice) (Table 30).

Cell 1 in each series was at most 24-36 hours old at the moment of

treatment, except for the cell series of July 24, 1976, in which cells

1 were between 28-40 hours old. However, these age differences between

larvae in different treatments were so small that the ages were con-

sidered to be identical for analysis.

Statistical analysis was only carried out for the 45°C treatments.

The experimental design was a complete randomized factorial analysis,

and the data were also transformed into a modified inverse sine trans-

formation.

4.4 1975-76 Results and Discussion

There was highly significantly greater survival of those cells

treated on July 26 than those treated on August 7, for total cells,

cells 1 and 2, or cells 1, 2, and 3 (Table 28). This differed from the

results obtained in the previous experiments in which the greatest

mortality occurred during the July sampling. There is only a 12 day

difference between the two sampling periods, and moreover, the cells

treated on July 26 and those treated on August 7 were of the same age

(26-28 days old) at the moment of treatment. Both groups of cells were

built by first generation bees, but the two groups of cells were

obtained from different localities. The July 26 cells came from

Adrian, and the August 7 cells came from the Oregon Slope area, about

60 km apart. Thus, the results may have been influenced by the micro-

climate of the specific locality, resulting in better predisposition

of those cells from Adrian than those from the Oregon Slope to the

shock of high temperatures.

No significant difference in survival was obtained between

durations, occurrences, and cells, nor the interactions among them for

total cells, cells 1 and 2, and cells 1, 2, or 3 (Table 28). Neverthe-

less, the average survival for all treatments exposed to 45
o
C was high

in comparison with the 1973 or 1974 treatments, especially the cells

treated on July 26. The results obtained for the August 7 cells are

similar to those of the mid-season sample in 1974 (50% survival).



Table 28. Effect of three temperatures, six durations, and three occurrences on the survival of

immatures, Adrian and Oregon Slope, Oregon, 1975 (A-B).

A.

Treatments

0.5 hr 45 °C, once

0.5 hr 15"C, twice

1 hr 45"C, once

1 hr 45 °C, twice

1.5 hrs 45-C, once

1.5 hrs 45°C, twice

2 hrs 45"C, once

2 hrs 45 °C, twice

3 hrs 45,.C, once

3 hrs 45"C, twice

Constant 30°C control

0.5 hr 50°C, once

0.5 hr ;0°C, twice

1 hr 50,,C, once

1 hr 50 °C, twice

1.5 hrs 50°C, once

1.5 hrs p°C, twice

2 hrs 50 C, once

2 hrs 50 °C, twice

3 hrs 50,(),C, once
3 hrs 50 °C, twice

Adrian

Total Cells
O. Slope Adrian

Cells 1 and 2
O. Slope

July 26
% Survival n

August 7
% Survival n

July 26
% Survival n

August 7
% Survival n

91.9 62 29.3 41 88.5 26 35.0 20

85.1 47 52.0 50 83.3 30 64.0 25

76.8 56 88.5 26 85.2 27 71.4 7

85.2 61 48.5 33 80.0 25 50.0 20

73.3 30 27.3 33 68.2 22 31.6 19

75.9 54 46.7 30 81.3 32 50.0 16

79.5 39 76.9 26 86.4 22 73.3 15

72.0 25 62.5 40 72.2 18 57.9 19

71.4 49 41.7 48 67.9 28 42.9 21

79.7 69 22.2 27 76.7 30 30.8 13

94.4 36 60.6 33 89.5 19 59.1 22

73.3 60
75.7 37

41.4 29 0.0 35 45.5 22 0.0 19

2.6 39 2.5 40 0.0 28 0.0 26

0.0 54 0.0 44 0.0 28 0.0 29

0.0 52 0.0 42 0.0 32 0.0 20

33.3 54 0.0 29 42.9 35 0.0 16

17.5 40 4.3 47 14.8 27 3.8 26

0.0 45 3.2 31 0.0 28 6.3 16

0.0 44 0.0 34 0.0 27 0.0 22

0.0 69 0.0 42 0.0 33 0.0 24

0.0 67 0.0 28 0.0 39 0.0 22



Table 28. (Continued).

8.

Treatments

0.5 hr 45°C. once
0.5 hr a5uC. twice
1 hr 45 C, once
1 hr 45°C, twice
1.5 hrs 45°C, once
1.5 hrs /5 o C, twice
2 hrs 45:',C. once
2 hrs 45 °C, twice
3 hrs 45 °C, once
3 hrs 45 °C. twice

Constant 30°C control

0.5 hr 50 °C, once
0.5 hr 80°C, twice
1 hr 50 C. once
1 hr 50 °C, twice
1.5 hrs 50°C, once
1.5 hrs p°C, twice
2 hrs 50 C, once
2 hrs 50°C. twice
3 hrs 50 °C, once
3 hrs 50°C, twice

July 26 - Adrian August 7 - 0. Slope

Cell 1

% Survival n

Cell 2
% Survival n

Cell 3
% Survival n

Cell 1

% Survival n

Cell 2
% Survival n

Cell 3
% Survival n

100.0 6 85.0 20 92.3 13 37.5 8 33.3 12 25.0 8
78.6 14 87.5 16 77.8 9 77.8 9 56.3 16 83.3 6
100.0 9 77.8 18 75.0 12 50.0 2 80.0 5 80.0 5
77.8 9 81.3 16 84.6 13 50.0 10 50.0 10 42.9 7
66.7 12 70.0 10 75.0 4 60.0 5 21.4 14 33.3 9
88.2 17 73.3 15 63.6 11 66.7 3 46.2 13 44.4 9
100.0 8 78.6 14 62.5 8 100.0 4 63.6 11 100.0 6
100.0 5 61.5 13 75.0 4 80.0 5 50.0 14 60.0 10
73.3 15 61.5 13 62.5 8 42.9 7 42.9 14 40.0 10
76.9 13 76.5 17 83.3 12 0.0 5 50.0 8 20.0 5

100.0 5 85.7 14 100.0 8 50.0 8 64.3 14 62.5 8
75.0 16 73.7 19 61.5 13

55.6 9 38.5 13 33.0 3 0.0 5 0.0 14 0.0 7
0.0 14 0.0 14 0.0 6 0.0 11 0.0 15 0.0 6
0.0 13 0.0 15 0.0 11 0.0 15 0.0 14 0.0 9
0.0 14 0.0 18 0.0 10 0.0 9 0.0 11 0.0 10
/2.7 11 29.2 24 8.3 12 0.0 7 0.0 9 0.0 8
33.3 3 21.4 14 11.1 9 14.3 7 0.0 19 12.5 8
0.0 12 0.0 16 0.0 8 0.0 4 8.3 12 0.0 5
0.0 12 0.0 15 0.0 8 0.0 8 0.0 14 0.0 8
0.0 15 0.0 18 0.0 14 0.0 8 0.0 16 0.0 8
0.0 20 0.0 19 0.0 12 0.0 10 0.0 12 0.0 4



Table 28. (Continued).

Analysis of Variance for Table 28 (A-B), 1975

ANOVA

Total Cells Cells 1 and 2 Cells 1, 2 and 3

Fc (d.f.)1/ Fc (d.f.)1/ Fc (d.f.)1/

Date 14.49 (1,9)** 45.96 (1,9)** 16.32 (1,9)**

Duration 1.23 (4,9) 2.95 (4,9) 2.11 (4,9)

Occurrence 0.16 (1,9) 0.03 (1,9) 0.11 (1,9)

Duration x Occurrence 0.42 (4,9) 2.17 (4,9) 0.75 (4,9)

Cell - 2.72 (2,20)

Duration x Cell - - 1.52 (8,20)

Occurrence x Cell - - 0.46 (2,20)

Duration x Occurrence x Cell 0.37 (8,20)

**
P >0.99

1/Values given in degrees.
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Therefore, it is concluded that 45°C treatments did not cause as severe

a mortality as in the previous seasons.

All 50°C treatments caused total mortality in 1973 and 1974.

However, in 1975, there was some survival at this temperature in 0.5

and 1.5 hour treatments not included in the previous years. The 0.5

hour treatment produced mixed responses, from total mortality up to

45.5% survival (Table 28). This survival was expected because, as it

will be shown below, during this short exposure the temperature inside

of the cells did not reach 50°C. However, as total mortality occurred

in cells 1 and 2 treated once and twice, and high mortality occurred in

total cells treated once and twice, it is concluded that 0.5 hour at

50°C is also detrimental to immatures from 24 to 120 hours old. The

increased survival of larvae treated at 50°C for 1.5 hours, particularly

in the July 26 treatments, is not well understood. One and 2 hour

exposures caused total mortality, hence the survival at 1.5 hour seems

illogical. However, as this duration was not included in the previous

years, no conclusions can be drawn. Apparently some mechanism was

triggered at this duration within the egg stage allowing them to sur-

vive the shock at 50°C.

The survival of the controls in 1975 was low, especially the 60%

average in the August 7 treatments. An average survival of 80% was

obtained in the July 26 period. Howe (1967) stated that most insects

survive better in a variable environment than in a constant one, and

the control cells were always maintained at a constant 30°C tempera-

ture. However, the high survival obtained in the previous years fol-

lowing the same conditions and procedures suggests his comments do not

apply to this species. Nevertheless, higher survival was obtained in

the control cells (60%) than in the 45°C treatments of August 7

(around 50%), and in any of the 50°C treatments. Almost no difference

in survival was obtained between the control cells and the 45°C treat-

ment carried out on July 26 (Appendix 14).

One, 1.5, and 2 hour exposures to 45°C resulted in significantly

more survival in the July 26, 1975 treatments than in either those of

August 7, 1975 or July 24, 1976, for total cells, cells 1 and 2, or

cells 1, 2, and 3 (Table 29). However, the average survival for total
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cells, cells 1 and 2, and cells 1, 2, and 3 of those cells treated on

July 24, 1976 was 35.3% (Appendix 15). The average survival of the

July 26 cells was 78% and of the August 7, 58.3%. Thus, these data

indicate that unusually high survival was obtained in 1975. The sur-

vival in 1976 is similar to that obtained in 1973 and 1974.

No statistical differences in survival were obtained between

duration, occurrence, and the interaction between them, for total cells

and for cells 1 and 2. The effect of 45°C treatments was more severe

(13 >0.95) on cells 2 and 3 than cell 1 (Table 29). These data suggest

that first or second instars are more susceptible than eggs when exposed

to high temperatures. However, previous experiments, particularly in

1974, did not show a significant difference in mortality between cells.

Only one of the 496 cells survived the 50°C treatments in 1976.

Thus, considering the unusual survival obtained in 1975 (0.5 and 1.5

hour) and the complete mortality obtained in the other years, it is

concluded that 50°C is the upper limit temperature that immatures can

tolerate when exposed for a short period of time.

The control survival on July 24, 1976 was high, 92.3% for total

cells, and 92% for cells 1 and 2. Except for the low survival obtained

in the August 7, 1975 sampling period, the low mortality indicates

that the procedure used to rear the immature stages was adequate, and

also points up the effect of high temperatures as a mortality factor.

The mean percentages of survival for all treatments are listed in

Appendix 15. As the results were highly variable, no statistical

differences were found.

The effect of 45°C on the survival of eggs and early instars was

more severe (I) >0.99) on those cells treated on July 24, 1976 than

those treated on July 26, 1975 (Table 30). Two hour exposures resulted

in more mortality than with 1 or 1.5 hour exposures. Also, cell 2 or

immatures of about 36-64 hours old had a significantly higher survival

than cell 1 or immatures of about 24-40 hours old (Appendix 16). Thus,

it appears that first or second instars are more susceptible to high

temperatures than are the eggs. Neither the interaction of duration of

exposure to 45°C, the number of exposures, nor the combined effect of

these two factors with cell age had a significant effect on survival.



Table 29. Effect of three temperatures, four durations, and three occurrences on the survival of immatures. Adrian and Oregon Slope

Oregon, 1975 - 1976 (A-8).

A.

lreatments

Total Cells Cells 1 and 2

July 26
% Survival

1975

n

August 7
Z Survival n

1976

July 24
% Survival n

July 26
% Survival

1915

n

August 7
% Survival n

1976

July 24
% Survival n

1 hr 45°C, once 76.9 56 88.5 26 79.2 77 85.2 27 71.4 7 62.5 16

1 hr 45 °C, twice 85.2 61 48.5 33 43.7 87 80.0 25 50.0 20 56.7 30

1.5 hrs 45%, once 73.3 30 27.3 33 40.7 81 68.2 22 31.6 19 43.5 23

1.5 hrs S5°C, twice 75.9 54 46.7 30 42.0 88 81.3 32 50.0 16 21.7 23

2 hrs 45 C. once 79.5 39 76.9 26 14.6 123 86.4 22 73.3 15 14.0 43

2 hrs 45°C, twice 72.0 25 62.5 40 4.6 108 72.2 18 57.9 19 13.9 36

Constant 30°C control 94.4 36 60.6 33 81.3 48 89.5 19 59.1 22 87.0 23

73.3 60 - - 92.9 142 75.7 37 - 92.3 39

- 95.5 134 - - 94.7 38

1 hr 50°C
,

once 0.0 54 0.0 44 0.8 118 0.0 28 0.0 29 2.6 38

1 hr 50 °C, twice 0.0 52 0.0 42 0.0 126 0.0 32 0.0 20 0.0 40

1.5 hrs 50 °C, once 33.3 54 0.0 29 - - 42.9 35 0.0 16 -

1.5 hrs C, twice 17.5 40 4.3 47 14.8 27 3.8 26 -
,;()

2 hrs 50C. once 0.0 45 3.2 31 0.0 141 0.0 28 6.3 16 0.0 48

2 hrs 50°C, twice 0.0 44 0.0 34 0.0 111 0.0 27 0.0 22 0.0 36



Table 29. (Continued).

Analysis of Variance for Table 29 (A-B), 1975-1976

ANOVA

Total Cells Cells 1 and 2 Cells 1, 2 and 3

Fc (d.f.)1/ Fc (d.f.)1/ Fc (d.f.)1/

Date 6.3 (2,10)* 12.2 (2,10)** 11.2 (2,10)**

Duration 2.1 (2,10) 2.3 (2,10) 1.8 (2,10)

Occurrence 1.0 (1,10) 0.6 (1,10) 0.9 (1,10)

Duration x Occurrence 0.9 (2,10) 0.4 (1,10) 0.6 (2,10)

Cell - - 4.2 (2,24)*

Duration x Cell - 1.7 (4,24)

Occurrence x Cell - 1.2 (2,24)

Duration x Occurrence x Cell - 0.4 (4,24)

** *
P >0.99; P >0.95

1/Values given in degrees.



89

Table 29. Effect of three temperatures, four durations, and three occurrences
on the survival of immatures, Adrian and Oregon Slope, Oregon,
1975 - 1976.

B.

Treatments

1975

July 26

Cell 1

% Survival n

Cell 2
% Survival n

Cell 3
% Survival n

1 hr 45 °C, once 100.0 9 77.8 18 75.0 12

1 hr 45 °C, twice 77.8 9 81.3 16 84.6 13

1.5 hrs 45'C
'

once 66.7 12 70.0 10 75.0 4

1.5 hrs 85
o
C, twice 88.2 17 73.3 15 63.6 11

2 hrs 450C, once 100.0 8 78.6 14 62.5 8

2 hrs 45 °C, twice 100.0 5 61.5 13 75.0 4

Constant 30°C control 100.0 5 85.7 14 100.0 8

75.0 16 73.7 19 61.5 13

- _ -

1 hr 50 °C, once 0.0 13 0.0 15 0.0 11

1 hr 50°C, twice 0.0 14 0.0 18 0.0 10

1.5 hrs 50 °C, once 72.7 11 29.2 24 8.3 12

1.5 hrs 50 °C, twice 7.7 13 21.4 14 11.1 9

2 hrs 50 °C, once 0.0 12 0.0 16 0.0 8

2 hrs 50 °C, twice 0.0 12 0.0 15 0.0 8
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Table 29B. (Continued).

Treatments

1975

August 7

Cell 1

% Survival n

Cell 2
% Survival n

Cell 3
% Survival n

o
1 hr 45

o
C, once

1 hr 45 C, twice

1.5 hrs 45°C, once
1.5 hrs 45 °C, twice

2 hrs 45 °C, once

2 hrs 45 °C, twice

50.0

50.0
75.0
66.6
100.0
80.0

2

10

5

3

4

5

80.0

50.0
21.4
46.2
63.6
50.0

5

10

14

13

11

14

80.0

42.9
33.3
44.4

100.0
60.0

5

7

9

9

6

10

Constant 30°C control 50.0 8 64.3 14 62.5 8

1 hr 502C, once

1 hr 50 °C, twice
1.5 hrs 502C, once

1.5 hrs 50"C, twice

2 hrs 50 °C, once
2 hrs 50 °C, twice

0.0

0.0
0.0
14.3
0.0
0.0

15

9

7

7

4

8

0.0

0.0
0.0
0.0
8.3
0.0

14

11

9

19

12

14

0.0

0.0

0.0
12.5
0.0
0.0

9

10

8

8

5

8
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Table 29B. (Continued).

Treatments

1976

July 24

Cell 1

% Survival n

Cell 2
% Survival n

Cell 3
% Survival n

1 hr 45o,L,., once 50.0 4 66.7 12 84.6 13

1 hr 45%, twice 75.0 8 50.0 22 28.6 14

1.5 hrs 450C, once 14.3 7 56.3 16 38.5 13

1.5 hrs 45
o
C, twice 40.0 5 16.7 18 29.4 17

2 hrs 45 °C, once 30.0 10 9.1 33 16.7 24

2 hrs 45 °C, twice 28.6 7 10.3 29 17.4 23

Constant 30°C control 100.0 9 78.6 14 100.0 7

90.9 22 94.1 17 86.7 15

90.5 21 100.0 17 100.0 19

1 hr 50 °C, once 10.0 10 0.0 28 0.0 26

1 hr 50 °C, twice 0.0 8 0.0 32 0.0 26

1.5 hrs 50 °C, once -

1.5 hrs 50 °C, twice -

2 hrs 50 °C, once 0.0 11 0.0 37 0.0 30

2 hrs 50 °C, twice 0.0 3 0.0 33 0.0 27



Table 30. Effect of three temperatures, four durations, and four occurrences on the survival of

immatures, Adrian, Oregon, 1975 - 1976 (A-B).

A.

Treatments

Total Cells Cells 1 and 2

1975 1976 1975 1976

July 26 July 24 July 26 July 24

% Survival n % Survival n % Survival n % Survival n

1 hr 45°,,C, once 76.8 56 79.2 77 85.2 27 62.5 16

1 hr 45u0C, twice 85.2 61 43.7 87 80.0 25 56.7 30

1 hr 45 °C, thrice 81.1 37 70.9 79 83.3 24 68.2 22

1.5 hrs 45 °C, once 73.3 30 40.7 81 68.2 22 43.5 23

1.5 hrs 45 °C, twice 75.9 54 42.0 88 81.3 32 21.7 23

1.5 hrs 45uC , thrice 79.3 58 21.8 101 72.0 25 6.3 32

2 hrs 45 C, once 79.5 39 14.6 123 86.4 22 14.0 43

2 hrs 45 °C, twice 72.0 25 4.6 108 72.2 18 13.9 36

2 hrs 45 °C, thrice 75.0 60 11.6 95 72.7 33 10.0 30

Constant 30°C. control 51.5 66 81.3 48 89.5 19 87.0 23

73.3 60 93.0 142 75.7 37 92.3 39

- 95.5 134 - - 94.7 38

1 hr 50 °C, once 0.0 54 0.8 118 0.0 28 2.6 38

1 hr 50,C, twice 0.0 52 0.0 126 0.0 32 0.0 40

1 hr 50%, thrice 1.6 62 0.0 112 0.0 32 0.0 40

1.5 hrs 502C, once 75.0 24 - 42.9 35 -

1.5 hrs 50%, twice 17.5 40 - - 14.8 27 -

1.5 hrs §0
o
C, thrice 0.0 76 - 0.0 40 -

2 hrs 50;;C, once 0.0 45 0.0 141 0.0 28 0.0 48

2 hrs 500C, twice 0.0 44 0.0 111 0.0 27 0.0 36

2 hrs 50 C, thrice 0.0 42 0.0 114 0.0 22 0.0 43



Table 30. (Continued).

Analysis of Variance for Table 30 (A-B), 1975-1976

ANOVA

Total Cells Cells 1 and 2 Cells 1, 2 and 3

Fc (d.f.)1/ Fc (d.f.)1I Fc (d.f.)1/

Date 22.8 (1,8)** 34.4 (1,8)** 30.3 (1,8)**

Duration 4.5 (1,8)* 5.2 (2,8)* 5.1 (2,8)*

Occurrence 0.3 (2,8) 0.5 (2,8) 0.2 (2,8)

Duration x Occurrence 0.2 (4,8) 0.3 (4,8) 0.4 (4,8)

Cell 6.3 (2,18)**

Duration x Cell - - 1.8 (4,18)

Occurrence x Cell 0.9 (4,18)

Duration x Occurrence x Cell - - 1.0 (8,18)

**
P >0.99; P >0.95

1/Values given in degrees.



Table 30. (Continued).

B.

July 26, 1975 July 24, 1976

Cell 1 Cell 2 Cell 3 Cell 1 Cell 2 Cell 3

treatments 7 Survival n % Survival A % Survival n % Survival n % Survival n % Survival n

1 he 45°C, once 100.0 9 77.8 18 /5.0 12 50:0 4 66.7 12 84.6 13

1 hr 45°C, twice 77.8 9 81.3 16 84.6 13 75.0 8 50.0 22 28.6 14

1 hr 45°C, thrice 100.0 10 71.4 14 66.7 6 100.0 3 63.2 19 78.6 14

1.5 hrs 45°C, once
.

1.5 hrs 45 °C, twice

66.7
88.2

12

17

70.0
73.3

10

15

75.0
63.6

4

11

14.3
40.0

7

5

56.3
16.7

16

18

38.5
29.4

13

17

1.5 hrs 95°C, thrice 85.7 7 66.7 18 75.0 12 0.0 9 8.7 23 19.0 21

2 hrs 45 C, once 100.0 8 78.6 14 80.0 8 30.0 10 13.0 23 16.7 24

2 hrs 45°C, twice 100.0 5 61.5 13 75.0 4 28.6 7 10.3 29 17.4 23

2 hrs 45°C, thrice 86.7 15 61.1 18 80.0 10 20.0 5 8.0 25 14.3 14

Constant 30°C control 100.0 5 85.7 14 100.0 8 100.0 9 78.6 14 100.0 7

75.0 16 73.7 19 61.5 13 90.9 22 94.1 17 86.7 15

- 90.5 21 100.0 17 100.0 19

1 hr 50,0,C, once 0.0 13 0.0 15 0.0 11 10.0 10 0.0 28 0.0 26

1 hr 507,C, twice 0.0 14 0.0 18 0.0 10 0.0 8 0.0 32 0.0 26

1 hr 50'C, thrice 0.0 15 0.0 17 0.0 12 0.0 8 0.0 32 0.0 26

1.5 hrs 50?,C, once 72.7 11 29.2 24 8.3 12

1.5 hrs 50°C, twice 7.7 13 21.4 14 11.1 9

1.5 hrs 50 °C, thrice 0.0 17 0.0 23 0.0 18 - -

2 hrs 50°C, once 0.0 12 0.0 16 0.0 8 0.0 11 0.0 37 0.0 30

2 hrs 50 °C, twice 0.0 12 0.0 15 0.0 8 0.0 3 0.0 33 0.0 27

2 hrs 50°C. thrice 0.0 7 0.0 15 0.0 11 0.0 10 0.0 33 0.0 25
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The effect of 50°C treatments on the eggs and young larvae

(July 26, 1975) was discussed in the previous section. However, from

the data presented in Table 30, one can notice that three exposures of

cells for 1.5 hours at 50°C yielded 100% mortality, compared to some

survival obtained with the once or twice exposures. Thus, this striking

survival or tolerance to heat presented by those individuals did not

appear when cells were treated three times. Under field conditions,

nesting materials and hence, cells, receive these types of exposures

day after day, particularly if the domiciles are facing east and no

protection is provided. The effect of occurrence, however, did not

show a difference in survival between once through thrice exposures,

and was similar to the previous experiments. This was due to the mag-

nitude of the error term used to calculate statistical differences

between the treatments. The data presented in Table 30 differ from the

average percentages of survival presneted in Appendix 16. This situa-

tion is magnified when the observations making that mean varied widely.

In summary, the effect of 45°C treatments on the survival of eggs

and immatures was not as detrimental as compared with either 1973,

1974 or the July 24 sample of 1976. Considering that the procedure,

age, and methods were identical in all years, the difference in sur-

vival can only be attributed to within year factors. The phenomenon of

acclimation may in part provide some answer to this problem, because

lethal temperatures may vary according to the thermal history of the

population tested. Hence, as it is very difficult to quantify pre-

cisely the microenvironmental conditions, particularly the thermal

history to which either the adult bees or the progeny were exposed

before the treatments, comparisons between years are not possible.

4.5 Larval Age and Temperature Tolerance

4.5.1 1975 Material and Methods

Four additional experiments were carried out in 1975 to determine

the effect of larval age on the tolerance to high temperatures. The

same procedure outlined for the previous experiments were followed.
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The first experiment was started on August 7 using nesting

material from Oregon Slope, Oregon. Progeny of two different ages were

compared, the last cells of the series being 60 hours old versus 36

hours old at the moment of treatment. The cells were treated at 45°

and 50°C ambient; three durations, 0.5, 1.0, and 1.5 hours; and one

occurrence. The statistical analyses were, as previously, a complete

randomized factorial design with no replicates. The F values as well

as the degrees of freedom were estimated as described in sub-section

4.6 (below). Results of these treatments are listed in Table 31.

The second experiment was started on July 26 using nesting

material from Adrian, Oregon. Some of the data presented here, partic-

ularly those cells 24-36 hours old, were already discussed in the pre-

vious experiment, but are included here for comparison. Two cell ages

were compared, 168 hours versus 36 hours old at the time of treatment.

These cells were treated at 50°C ambient temperature, and five dura-

tions (0.5, 1.0, 1.5, 2.0, and 3.0 hours), once. The statistical

analysis was the same as above and the results are listed in Table 32.

In the third experiment, cells were treated at 50°C ambient

temperature for 0.5 hour, with one occurrence. This experiment was

subdivided into two categories to reflect the date of treatment.

Category A included those treatments carried out on August 7 with

nesting material from Oregon Slope, and consisted of treating some

cells on day 1 (36 hours old), day 2 (60 hours old), day 4 (108 hours

old), and day 6 (156 hours old). In each instance, the age is that of

the last formed cell of each series. All cells were kept at 30°C

when not being treated. Category B included those treatments carried

out on July 26 with nesting materials from Adrian and consisted of

treating some cells on day 1 (36 hours old), day 1 and day 2, day 1

and day 4, day 1 and day 7, and the last group on day 1 and day 9.

Again, the cells not undergoing treatment were kept at 30°C. The same

statistical analyses discussed for the preceding experiments were fol-

lowed and the results are listed in Tables 33 and 34.

As mentioned in section 4.2, a leafcutting bee female may not

complete one cell each day late in the season. This often results in

the collection of last formed cells containing larvae much older than
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estimated. For this reason, cells obtained after August 29 were never

used. In this experiment cells obtained September 5 were examined to

determine the age of the immatures in the last formed cells. Cells

collected late in the season in the same manner described above and

estimated to be between 24-36 hours old, were placed directly into a

freezer at 0°C to stop development to determine the age of the progeny

in the last cell. Cell analyses were carried out as above and results

are listed in Table 35.

4.5.2 1975 Results and Discussion

No statistical differences in survival of eggs and early instars

were found between cells treated when 60 hours old and cells treated

when 36 hours old (Table 31 and Appendix 17). Thus, cells containing

eggs or early instars from about 36 up to 156 hours old are equally

susceptible to temperatures of 45° or 50°C.

A greater mortality was obtained from cells treated at 50°C than

in those treated at 45°C for total cells and for cells 1 and 2

(P >0.99). As the 45°C presented an average survival of 40% compared

to an average survival of 91% for the control, it is concluded that

45 °C temperatures are detrimental for eggs and immatures stages of

leafcutting bees (Table 31).

There was a greater mortality of eggs and young larvae when

exposed to 0.5 and 1.5 hours than to 1 hour for total cells (P >0.95).

No statistical difference in duration was found for cells 1 and 2, even

though the same trend of mortality can be noted (Appendix 17). The

immatures show a greater heat tolerance when treated for 1 hour

rather than 0.5 hour exposures. The same trend was evident in the 1973

and 1974 experiments. Thus, it appears that a heat tolerance or

resistance mechanism exists, but the nature of this phenomenon is

unknown.

There were two significant interactions between duration and

temperature, and temperature and age, for total cells, related to the

survival of eggs and young larvae (Table 31 and Appendix 17). The

first interaction reflects the resistance mechanism already discussed,
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Table 31. Effect of three temperatures, four durations, one
occurrence, and two ages on the survival of immatures,
Oregon Slope, Oregon, 1975.

Treatments

August 7

Total Cells
% Survival n

Cells 1 and 2
% Survival

0.5 hr 45°C, 60 hrs old 32.4 71 37.1 35

1 hr 45°C, 60 hrs old 56.6 76 52.6 38

1.5 hrs 45°C, 60 hrs old 16.3 86 16.7 42

0.5 hr 50°C, 60 hrs old 14.8 88 4.9 41

1 hr 50°C, 60 hrs old 8.2 98 6.4 47

1.5 hrs 50°C, 60 hrs old 15.9 88 4.7 43

0.5 hr 45°C, 36 hrs old 29.3 41 35.0 20

1 hr 45°C, 36 hrs old 88.5 26 71.4 7

1.5 hrs 45°C, 36 hrs old 27.3 33 31.6 19

0.5 hr 50°C, 36 hrs old 0.0 35 0.0 19

1 hr 50°C, 36 hrs old 0.0 44 0.0 29

1.5 hrs 50°C, 36 hrs old 0.0 29 0.0 16

Constant 30°C, 60 hrs old 94.1 85 91.5 47

(Controls), 36 hrs old 85.7 35 83.3 24



99

Table 31. (Continued).

ANOVA

Analysis of Variance for Table 31

Total Cells Cells 1 and 2

Fc (d.f.)1/ Fc (d.f.)1/

Duration 2.91 (4,40)* 1.81 (8,41)

Temperature 21.81 (1,39)** 18.36 (1,40)**

Duration x 1-0 4.04 (3,42)* 1.71 (9,45)

60 hrs old, 36 hrs old 1.40 N.S. 0.98 N.S.

Duration x Age 1.39 N.S. 0.97 N.S.

Temperature x Age 5.27 (1,41)* 1.91 (4,42)

Duration x 1-0 x Age 1.03 N.S. 0.91 N.S.

**
P >0.99; P >0.95

1/Values given in degrees.
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and the second shows that the 45°C treatment produced about 15% higher

mortality within the 60 hour old cells than within the 36 hour old

cells. However, the reverse is true with respect to the 50°C treat-

ments, where cells 60 hours old had a higher survival than cells 36

hours old. Nevertheless, the 50°C treatments produced a high mortal-

ity of eggs and immatures regardless of age. Although cells 1 and 2

show the same trend as the total cells, differences in survival were

not significant.

In summary, all treatments showed a lower survival than the

control indicating a harmful effect on the immatures when exposed to

high temperatures, even if the high temperatures last only for 0.5

hour or so. The means presented in Table 31 are not exactly identical

with the means listed in Appendix 17, due to the inverse sine trans-

formation used.

The striking survival obtained in those cells treated at 50°C

during the July 26 experiment, especially of those cells which were

between 24-36 hours old at the moment of treatment was already dis-

cussed in 4.4. The results presented above showed a low survival of

cells 60 hours old and no survival of cells 36 hours old to 50°C

treatments. The treatments presented in Table 32 show that there was

a higher survival of individuals treated at 50°C when they were 168

hours old than when they were 36 hours old, for total cells and

cells 1 and 2 (P >0.95). Thus, the older the larva is, the more

tolerant of high temperature it becomes. In other words, fourth and

fifth instars are more heat tolerant than eggs or first through third

instars.

One, 2, and 3 hours of exposure resulted in greater mortality of

immatures than 0.5 or 1.5 hours of exposures (Table 32). The duration

effect shows the same trend discussed in several experiments, i.e.,

greater mortality does not necessarily result from longer exposures in

older larvae. This age-related susceptibility to heat is present in

individuals which are from 24 to 168 or more hours old, indicating that

eggs, first through third instars, and possibly fourth and fifth in-

stars have the capacity of triggering this resistance mechanism under

stress conditions. Finally, there was a significant interaction in
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survival between duration and age for cells 1 and 2, but not for total

cells. This interaction is the result of the effect of duration and

age. The lack of a significant interaction found within the total

cells may be due to the statistical design (Table 32).

There were no statistical differences in survival between the

cells treated on day 1 (36 hours old), day 2, day 4, or day 6 at 50°C

for 0.5 hour (Table 33). However, more individuals survived the day 4

treatment than at any other age, for either total cells or for cells 1

and 2. Also, those cells treated on day 1 appeared to be most suscep-

tible to the treatment. Nevertheless, all treatments had a lower

survival than the control. Thus, 0.5 hour at 50°C was again found to

be detrimental to eggs and first through third instars.

There was greater survival (P >0.95) in those cells treated on

day 1, day 1 and 4, and day 1 and 9 than in those treated on day 1 and

2, or day 1 and 7, for total cells and for cells 1 and 2 (Table 34).

Three factors seem to account for the differences in survival: (1)

an age factor is present, 1 day old versus 9 days old; (2) occurrence

of treatment, once versus twice; and (3) the possibility of a condi-

tioning process. As discussed above, cells treated on day 4 or day 6

had a higher survival than those treated on day 1 or day 2. But be-

cause the lowest survival was obtained from treatments on day 1 and 7,

the acclimation of those individuals must have been broken during the

period of elapsed time. The low survival obtained with those cells

treated on both day 1 and 2 reflects the composite effect of two

short occurrences. The greater survival obtained with cells treated

on day 1 and 4 represents the effect of acclimation of individuals due

to the two exposures three days apart. Finally, the survival obtained

in those cells treated on day 1 and 9 may reflect the new condition of

an older stadium, compared to the other treatments.

In summary, these data indicate that there are differences in age

related susceptibility to heat between first and third or fourth

instars and that a conditioning process may be involved. This condi-

tioning process may, under some circumstances, have a significant

effect on the survival of immature stages of leafcutting bees.

Last formed cells estimated to be 24-36 hours old obtained late
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Table 32. Effect of two temperatures, six durations, one
occurrence, and two ages on the survival of immatures,
Adrian, Oregon, 1975.

Treatments

July 26

Total Cells
% Survival n

Cells 1 and 2
% Survival n

0.5 hr 50°C, 168 hrs old 67.0 100 65.1 43

1 hr 50°C, 168 hrs old 9.8 82 4.4 45

1.5 hrs 50°C, 168 hrs old 24.0 50 13.8 29

2 hrs 50°C, 168 hrs old 24.1 79 7.9 38

3 hrs 50°C, 168 hrs old 23.1 65 20.0 30

0.5 hr 50°C, 36 hrs old 41.4 29 45.5 22

1 hr 50°C, 36 hrs old 0.0 54 0.0 28

1.5 hrs 50°C, 36 hrs old 33.3 54 42.9 35

2 hrs 50°C, 36 hrs old 0.0 45 0.0 28

3 hrs 50°C, 36 hrs old 0.0 69 0.0 33

Constant 30°C, 168 hrs old 85.7 105 82.9 41

(Controls), 36 hrs old 94.4 36 89.5 19

91.7 60 97.3 37

ANOVA

Analysis of Variance for Table 32

Total cells Cells 1 and 2

Fc (d.f.)1/ Fc (d.f.)11

Duration 4.97 (6,42)** 2.61 (9,43)*

168 - 36 hrs old 6.08 (1,39)* 3.71 (2,39)*

Duration x Age 1.58 (18,47) 2.30 (10,50)*

**
P >0.99; P >0.95

1/Values given in degrees.
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Table 33. Effect of two temperatures, two durations, one
occurrence, and four ages on the survival of immatures,
Oregon Slope, Oregon, 1975.

Treatments

0.5 hr 50 °C,

0.5 hr 50 °C,

0.5 hr 50 °C,

0.5 hr 50%,

day 1
day 2
day 4
day 6

Mean % survival

Constant 30°C control

August 7

Total Cells
1/

% Survival n

Cells 1 and 2
2/

% Survival n

14.8 88 4.9 41

15.7 51 21.9 32

52.8 53 30.6 36

26.6 64 19.5 41

22.5 256 18.5 150

85.7 35 83.3 24

1/Fc = 1.21 degrees.

-/Fc = 1.31 degrees

NOT SIGNIFICANT

Table 34. Effect of two temperatures, two durations, two
occurrences, and four ages on the survival of immatures,

Adrian, Oregon, 1975.

Treatments

0.5 hr 50 °C, day 1

0.5 hr 50 °C, day 1,2

0.5 hr 50,,o C, day 1,4

0.5 hr 50u,,C, day 1,7

0.5 hr 50uC, day 1,9

Mean % survival

Constant 30°C, control

July 26

Total Cells
1/ Cells 1 and gi

% Survival n % Survival n

55.6 81 64.9 37

19.4 62 13.8 29

33.6 119 27.7 47

5.5 91 2.4 41

50.0 82 28.1 32

30.9 435 25.0 186

83.3 180 85.6 97

1/Fc (8,44) = 2.63* degrees
Sd = 15.17 degrees
LSD 0.05 (44) = 25.9%

*
P >0.95

2/
Fc (9,49) = 2.41* degrees
Sd = 18.17 degrees
LSD 0.05 (49) = 35.4%

*
P >0.95



Table 35. Stages of development of leafcutting bee progeny found in cells 24-36 hours old, late in

the season, Adrian and Oregon Slope, Oregon, 1975.

Date No. Cells Pollen Masses
1/

Dead 2-3 Instars Dead 4-5 Instars Live Larvae'

September 53/ 46 18 14 3 11

September 154 38 20 8 0 10

1/Includes eggs and first instars.

?Mature larvae with complete cocoons.

--q/Adrian, Oregon.

4 /Oregon Slope, Oregon.
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in the season did not contain only eggs and early instars. Fourth and

fifth instars, and even mature healthy fifth instars which had spun

cocoons were present in the uppermost cell (Table 35). The data indi-

cate that adult females do not build one cell per day late in the sea-

son. Thus, this can explain in part the heat tolerance found in

cells treated on August 20, 1973 and August 29, 1974 (Tables 24 and 25).

Therefore, it is necessary to test only cells produced earlier than

mid-August in experiments in which larval ages are estimated.

4.6 1976 Materials and Methods

Data from 1976 was presented in section 4.4 to facilitate

comparison with that of 1975, and is further analyzed in this section.

Paper straw nesting materials containing cells with eggs and imma-

tures were treated using the same procedures outlined in sections 4.2

and 4.3. The last formed cell in each series for all treatments was at

most 28-40 hours old at the moment of treatment. On July 24, cells

were exposed to 45°C for three durations (1, 1.5, and 2 hours), and

three occurrences (one-thrice). Results for this experiment are listed

in Table 36 and Appendix 18.

The data were transformed into a modified increase sine

transformation. Because there were no replicates, hence, no error

term, the F values were calculated by estimating the F values as a

function of622+ K +0
2
/11

2
+02, where cl

2
+ K equals the estimate of

e pi P2
the mean square of the source of variation; equals the variance of

the resulting observations having a value of 821/n divided by the fre-

quency of the source of variation tested, and where n equals the mean

number of observations;CY
e

2
is the standard variance for all experiments

without replicates and calculated as a function of the E x

degrees of freedom)/E Li' degrees of freedom. The standard variance

based on all experiments without replicates was equal to 105 for total

cell observations and 143 for cells 1 and 2 observations with 37

degrees of freedom. The ratio, 6p + K +a/613
2

+6e
2
does not follow

the F-distribution. However, by calculating de degrees of freedom as

suggested by Snedecor (1964, p. 362), the probability is approximated
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for the F-table. This procedure was used for all experiments without

replicates.

4.6 1976 Results and Discussion

Two hours of exposure to 45°C caused significantly more mortality

(P >0.99) than either 1 or 1.5 hour treatments (Table 36). These

results differ from those obtained either in 1973 or 1974, in which

the highest mortality occurred after 1 hour rather than 2 hour expo-

sures. Thus, it appears that the tolerance to heat is not purely a

function of longer exposure time. Possibly, it is related to acclima-

tion or preconditioning of the immatures by temperatures to which they

were exposed prior to test treatments.

Even though statistical differences in survival due to

differences in occurrence were not obtained because of the high error

term used, biological differences were shown. Two or three exposures

resulted in higher mortality (+ 28%) than the single exposure (+ 42%)

(Table 36, Appendix 18). However, as discussed in the previous experi-

ments, duration plays a more significant role on survival than occur-

rence. No interaction between duration and occurrence was obtained

in this experiment.

In summary, at 45°C, total cells and cells 1 and 2 had a lower

survival than those of the control (30°C). Thus, from these data, it

is concluded that 45°C ambient temperature has an adverse effect on

survival of eggs and early instars during development.

4.7 Effect of Age on Heat Tolerance

4.7.1 1976 Materials and Methods

Samples of cells were held at 29.4°, 29.4° - 32.0°, and 40°C

(controls); samples were held at 29.4°C but given a single treatment

at 45°C exposure of 1 hour on day 1, 2, 3, 4, or 5; samples were held

at 29.4°C but given a single treatment at 50°C exposure of 0.5 hour on

day 1, 2, 3, 4, or 5; samples were held at 29.4°C but with a single
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Table 36. Effect of two temperatures, four durations, and four
occurrences on the survival of immatures, Adrian, Oregon,
1976.

Treatments

July 24

Total Cells
% Survival n

Cells 1 and 2
% Survival

1 hr 45°C, once 79.2 77 62.5 16

1 hr 45°C, twice 43.7 87 56.7 30

1 hr 45°C, thrice 70.9 79 68.2 22

1.5 hrs 45°C, once 40.7 81 43.5 23

1.5 hrs 45°C, twice 42.0 88 21.7 23

1.5 hrs 45°C, thrice 21.8 101 6.3 32

2 hrs 45°C, once 14.6 123 14.0 43

2 hrs 45°C, twice 4.6 108 13.9 36

2 hrs 45°C, thrice 11.6 95 10.0 30

Constant 30°C control 81.3 48 87.0 23

93.0 142 92.3 39

95.5 134 94.7 38

ANOVA

Analysis of Variance for Table 36, 1976

Total Cells Cells 1 and 2

Fc (d.f.)1/ Fc (d.f.)11

Duration 9.64 (2,39)**

Occurrence 1.71 (10,39)

Duration x Occurrence 1.44 (23,44)

6.07 (3,42)**

1.31 (18,42)

1.20 (17,54)

**
P > 0.99

1/Values given in degrees.
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treatment at 45°C exposure of 2 hours on day 1, 2, or 3. The last

formed cell of each series was between 36-40 hours old on day 1 of

treatment. This experiment was begun on July 24, with nesting material

from Adrian. Cell analyses followed the same procedure outlined above

and the results are listed in Table 37. Statistical analysis was the

same as for section 4.2 or 4.3.

4.7.2 1976 Results and Discussion

There were highly significant differences in survival between

treatments for total cells and for cells 1 and 2 (Table 37). The

average survival of the controls, included in the statistical analysis,

was 90% for total cells and 90.2% for cells 1 and 2, excluding the 40°C

temperature. By keeping the cells at constant 40°C for 15 days, sig-

nificantly greater mortality was obtained compared to the other

controls.

Treating the cells at 45°C for 1 hour from day 1 through 5 (40 to

160 hours old) resulted in higher mortality than the 29.4° - 32°C

controls (Table 37). However, the most severe effect on the immatures

was obtained in cells treated on day 4 and day 5 (total cells and cells

1 and 2). Thus, it appears that third instars are more susceptible

than first or second instars to the 1 hour exposure at 45°C.

The 2 hour exposures at 45°C resulted in a high mortality

regardless of larval age (Table 37). No statistical differences in

survival were found between cells treated on day 1 (about 40 hours

old) compared to those treated on day 1 or day 3 (total cells or

cells 1 and 2).

The 50°C treatments for 0.5 hour, in general, resulted in high

mortality in young larvae. However, the greatest mortality was

obtained with those cells treated on day 1 (40 hours old). Larvae

of other ages did not show significant differences in survival which

would suggest no differences in susceptibility or tolerance among

stadia. Thus, it is concluded that eggs and first through third in-

stars are susceptible to brief exposure to 45° or 50°C. Moreover,

even 40°C was shown to be detrimental when eggs and larvae were held



Table 37. Effect of four temperatures, four durations, one occurrence, and
five ages on the survival of *matures, Adrian, Oregon, 1976.

Treatments

July 24

Total Cells
1/

% Survival n

Cells 1 and 2
2/

% Survival n

Constant 29.4°C controls 81.3 48 87.0 23

93.0 142 92.3 39

95.5 134 94.7 38

Room T°: 29.4° - 32°C 81.0 84 81.8 22

Constant 40°C, 15 days 35.0 120 7.1 42

45°C (1 hr) + 29.4°C., day 1 79.2 77 62.5 16

29.4° (24) + 45° (1) + 29.4°, day 2 80.5 82 66.7 21

29.4° (48) + 45° (1) + 29.4°, day 3 83.6 110 78.3 23

29.4° (72) f 45° (1) + 29.4°, day 4 63.6 107 40.0 35

29.4° (96) + 45° (1) + 29.4°, day 5 57.2 166 56.4 39

45° (2) + 29.4°, day 1 14.6 123 14.0 43

29.42 (24) + 45° (2) + 29.4°, day 2 31.6 79 16.7 18

29.4" (48) 4 45° (2) + 29.4°, day 3 28.1 114 9.7 31

50° (0.5) + 29.4°, day 1 2.1 97 3.3 30

29.4° (24) + 50° (0.5) + 29.4°, day 2 50.0 88 41.7 24

29.4° (48) + 50° (0.5) + 29.4°, day 3 41.2 68 36.6 30

29.4', (72) + 50° (0.5) + 29.4°, day 4 37.5 72 27.6 29

29.4- (96) f 50° (0.5) + 29.4°, day 5 25.6 90 31.4 35

llic = 4.06** degrees
d.f. = 27,44
LSD 0.05 = 25.91
0.01 = 43.0%

**
P >0.99

?-/Fc = 3.21** degrees
d.f. = 29,54
LSD 0.05 = 36.9%
0.01 = 57.5%

**
P >0.99
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for protracted periods of time.

4.8 Effect of Pretreatments Before
Exposure to High To

4.8.1 1976 Materials and Methods

Samples were held at 28° - 30°C from the time of removal from the

field until the moment of treatment. Then, they were given 48 hour

pretreatments at 4.4°, 7.2°, 20°, 29.4°, and 12 hours at 37.8°C plus

36 hours at 20°C. Following the pretreatments, samples were either

held at 29.4°C or given a brief exposure to 42.5°, 45°, 47.5 °, and

50 °C (Table 38). The last formed cell of the series was 90 hours old

on day 1 of treatment. This experiment was started on July 19, with

nesting material from Oregon Slope, and the results are listed in

Table 38.

4.8.2 1976 Results and Discussion

Pretreatments at 4.4°, 7.2°, and 20°C for 48 hours had no effect

on survival of immatures when compared to the controls (Table 38).

Temperatures of 37.8°C for 12 hours plus and 20°C for 36 hours, did

not cause any significant mortality with respect to the control either.

In general, temperatures of 42.5° and 45°C for 0.5 hours did not

cause significantly greater mortality of immatures than the control

cells

Exposure to 47.5° and 50°C for 0.5 hours following pretreatments

yielded almost complete mortality in all treatments. However, some

survival was obtained at 47.5°C in two extreme pretreatment tempera-

tures, i.e., 4.4° and 37.8° + 20°C had an average survival of 30% and

10% respectively. It seems that two different survival mechanisms

must be involved. At 4.4°C development may be arrested in some

individuals allowing them to survive. The duration of arrested

development which can be tolerated is unknown. On the other hand, the

exposure to 37.8°C for 12 hours may have resulted in acclimation or



Table 38. Effect of previous temperatures
(4.4°, 7.2°, 20°, 29.4°, and 37.8°C) before

the treatments at high temperatures (42.5 °, 45°, 47.5°, and 50°C) for 0.5

hour on the survival of inmnatures, Oregon Slope, Oregon, 1976.

Treatments

July 19

2/
Total Cells-
% Survival n

Cells 1 and 2
3/

% Survival n

4.4°C (48 hr) + 2.4°C, constant °
4.4C (48) + 47.5"C (0.5) + 29.4 C

4.4-C (48) + 47.5°C (0.5) + 29.4°C

80.6
83.3
35.5

72

102
76

80.0
91.2
25.0

25
34

20

7.2 °C (48) + 29.4°C, constant

7.2 °C (48) + 42.5°C (0.5) + 29.4 °C

7.2 °C (48) + 45.0°C (0.5) + 29.4 °C

7.2 °C (48) + 47.5°C (0.5) + 29.4°C

7.2 °C (48) + 50.0°C (0.5) + 29.1°C

85.4
69.1
74.1

2.4

0.0

239
110

85
84

169

83.6
55.6
76.9
0.0
0.0

67
45
26
43
36

20.0°C (48) + 29.4°C, constant
o o o

20.0,C (48) + 42.5,C (0.5) + 29.4C

20.0;:C (48) + 45.0"C (0.5) + 29.4"C

20.0 °C (48) + 47.5°,C (0.5) + 29.4°C

20.0"C (48) + 50.0"C (0.5) + 29.4°C

83.7
81.3
64.8
2.4
2.2

246
107
108
125
137

77.6
85.7
53.6
4.3
5.9

76
42
28
47
34

29.4 °C (48) + 29.4°C, constant-
1/

29.4 °C (48) + 42.5°C (0.5) + 29.4°C

29.4 °C (48) + 45.0°C (0.5) + 29.4°C

29.4 °C (48) + 47.5°C (0.5) + 29.4 °C

29.4"C (48) + 50.0°C (0.5) + 29.4 °C

88.0
91.5
87.5
0.0
0.0

98
118
128

95

107

93.9
90.7
87.9
0.0
0.0

33
43
33
37

38

37.8°C (12) + 20.0°C (36) + 29.4°C, constant

37.8 °C (12) +
20.0°C (36) 4 42.5 °C (0.5) + 29.4°C

37.8 C (12) + 20.0°C (36) t 45.0 °C (0.5) + 29.4!C

37.8°C (12) + 20.0°C (36) + 47.5'C (0.5) + 29.4"C

37.8 °C (12) + 20.0°C (36) + 50.0°C (0.5) + 29.4°C

78.3
93.8
77.1

11.6
0.0

249
97

96

121

72

75.9
87.5
77.8
10.3

0.0

58
24

27
39
33

1/Control
/Fc = 7.7** degrees
d.f. = 32,43
LSD 0.05 = 25.6%
0.01 = 42.4%

**P 0.99

3/Fc = 5.1 ** degrees
d.f. = 35,50
LSD 0.05 = 35.9%
0.01 = 56.1%

**P =.0.99
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preconditioning of the larvae subsequently exposed to 47.5°C.

In summary, the 50°C treatments for 0.5 hours caused almost total

mortality of the immatures, for total cells and for cells 1 and 2,

regardless of the previous temperature conditions to which they were

exposed. Thus, it is concluded that immature stages have an upper

limit temperature for development and survival which lies between 45°

and 50°C ambient temperature. However, the exact temperatures can vary

depending on the thermal history of the individuals.

4.9 Effect of Conditioning of Immatures
to High T°

4.9.1 1976 Materials and Methods

Cell series were accorded the following temperature treatments

(time in hours is indicated in parentheses):

Treatment 1. 40°C (2 hrs) + 29.4°C (22 hrs) + 29.4°C - constant

2. 29.4° (24) + 45° (1) + 29.4° - constant

3. [40° (2) + 29.4° (22) + 45° (1)] + 29.4° - constant

4. [40° (2) + 29.4° (22) + 45° (1)] + 29.4° (23) +

50° (0.5) + 29.4° - constant

5. [40° (2) + 29.4° (22) + 45° (1)] + 29.4° (47) +

50° (0.5) + 29.4° - constant

6. [40° (2) + 29.4° (22) + 45° (1)] + 29.4° (71) +

50° (0.5) + 29.4° - constant

7. 29.4° (48) + 50° (0.5) + 29.4° - constant

8. 29.4° (72) + 50° (0.5) + 29.4° - constant

9. 29.4° (96) + 50° (0.5) + 29.4° - constant

10. 40° (2) + 29.4° (22) + 29.4° - constant

11. 29.4° (24) + 45° (2) + 29.4° - constant

12. [40° (2) + 29.4° (22) + 45° (2)] + 29.4° - constant

13. [40° (2) + 29.4° (22) + 45° (2)] + 29.4° (22) +

50° (0.5) + 29.4° - constant

14. [40° (2) + 29.4° (22) + 45° (2)] + 29.4° (46) +

50° (0.5) + 29.4° - constant
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15. [40° (2) + 29.4° (22) + 45° (2)] + 29.4° (80) +

50° (0.5) + 29.4° - constant

16. 29.4
o

- constant - (control).

The last formed cell of each series was between 36-40 hours old at

the moment of treatment. This experiment was started on July 24, with

nesting material from Adrian. Cell analysis was carried out following

the procedure outlined above and the results are listed in Table 39.

Statistical analysis was the same as for section 4.2 or 4.3.

4.9.2 1976 Results and Discussion

All treatments, except for treatment 2 for total cells (1 hour at

40°C), and treatment 6 for total cells and cells 1 and 2 (conditioned)

resulted in higher mortality than the controls (Table 39). Hence, the

data indicate the detrimental effect of widely fluctuating temperatures

on the survival of immatures when they were 40 hours old.

Treatments 4, 7, and 13, as well as treatments 5, 8, and 14, and

treatments 6, 9, and 15, were of the same age. However, treatments

4-6 and 13-15 were conditioned to rising high temperatures, but treat-

ments 7-9 were not. Differences in survival were obtained between the

three groups, with the unconditioned cells being the lowest in sur-

vival. More survival was obtained in those cells conditioned at 45°C

for 1 hour than in those cells conditioned at 45°C for 2 hours, indi-

cating the detrimental effect of the longer duration (Table 39). Thus,

the data clearly show that a given temperature may be lethal for

immature leafcutting bees under one condition, i.e., 50°C for 0.5 hours,

but some survival may result at the same temperature and length of

exposure due to phenomena like acclimation or conditioning, depending

on the thermal history of the individuals exposed.

4.10 Effect of In-Cell Temperatures
of 50°C on Survival

4.10.1 1976 Materials and Methods

Cells, 36-40 hours old, were treated at 50°C for 15 minutes, once



Table 39. Effect of conditioning at temperatures of 40° and 45°C before the treatment at high

temperature, 50°C for 0.5 hour,on the survival of immatures, Adrian, Oregon, 1976.

Treatments

July 24

Total Cells!/
% Survival

Cells 1 and 2-21

% Survival n

1. 40°C (2 hrs) + 29.4°C, constant 70.1 97 44.1 34

2. 29.4°C (24) + 45°C (1) + 29.4°C 91.7 72 66.7 21

3. 40°C (2) + 29.4°C (22) + 45 °C (1) + 29.4° 69.8 129 50.0 32

4. 40°C (2) + 29.4°C (22) + 45°C (1) + 29.4°C (23) + 50°C (0.5) +

29 4 °C
35.4 82 10.7 28

5. 40
oC (2) + 29.4°C (22) + 45°C (1) + 29.4°C (47) + 50°C (0.5) +

29.4 0C
62.8 113 48.4 31

6. 40°C_(2) + 29.4°C (22) + 45°C (1) + 29.4°C (71) + 50°C (0.5) +

29.4 °C
89.7 107 80.6 31

7. 29.4°C (48) + 50°C (0.5) i 29.4°C 41.2 68 36.7 30

8. 29.4 °C (72) + 50°C (0.5) + 29.4°C 37.5 72 27.6 29

9. 29.4 °C (96) + 50°C (0.5) + 29.4°C 25.6 90 31.4 35

10. 40 °C (2) + 29.4%, constant
70.1 97 44.1 34

11. 4 °C29.4°C (24) + 45"C (2) + 29 9ACC 31.6 79 16.7 18

12. 40 °C (2) + 29.4°C (22) + 45uC (2) + 29.42C 30.0 90 3.8 26

13. 40 °C (2) + 29.4°C (22) + 45°C (2) + 29.4 °C (22) + 50°C (0.5) +

29.4°C
28.4 81 29.2 24

14. 40°C (2) + 29.4°C (22) + 45°C (2) + 29.4°C (46) + 50°C (0.5) +

29.4°C
31.0 113 25.0 24

15. 40°C (2) + 29.4°C (22) + 45°C (2) + 29.4°C (80) + 50°C (0.5) A

29.4°C
69.0 100 57.6 33

16. Constant 29.4°C, controls 81.3 48 87.0 23

93.0 142 92.3 39

95.5 134 94.7 38

1/Fc = 2.74** degrees
d.f. = 29,44
LSO 0.05 = 25.8%
0.01 = 42.7%

**
P >0.99

2/Fc = 1.85* degrees
d.f. = 37,54
LSO 0.05 = 36.7%
0.01 = 57.3%

P >0.95
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through four times. Rather than basing the exposure on an ambient

temperature of 50°C, an internal cell temperature of 50°C was used as

the experimental temperature. The experiment was carried out on

July 24 and cell analysis was as above.

4.10.2 1976 Results and Discussion

Total mortality of eggs and young larvae was obtained when

temperature reached 50°C inside the cells for 15 minutes (n = 444),

for total cells and for cells 1 and 2. Cells maintained at constant

30°C had an average survival of 92.3% for total cells (n = 324) and

92.0% for cells 1 and 2 (n = 100). Therefore, it is concluded that a

cell temperature of 50°C for 15 minutes is a lethal temperature for

eggs and first through third instars of leafcutting bees. Differences

between ambient and cell temperatures are discussed below.
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V. TEMPERATURE USED IN THE EXPERIMENTS

5.1 Increments of Cell Temperatures as
a Function of Ambient Temperatures

Paper soda straws containing cells were treated at desired

temperatures in controlled environment chambers. Simultaneously,

temperatures within the cells were recorded every minute to determine

the exact temperatures to which the immature stages and eggs were

exposed. Although all temperatures differed from the ambient incubator

temperatures, reference to the treatment temperatures in all tests was

to that of ambient incubator temperatures.

The temperature differential between ambient incubator temperature

and internal cell temperature for the 40°, 45°, and 50°C treatments are

shown in Figure 3, and Tables 40-42. The internal cell temperatures

were consistently below the ambient temperatures in all tests. The

maximum temperature reached in the cell held at 50°C ambient for 90

minutes was 47.2°C and the mean maximum of cell temperature after 60

minutes was 46.2°C. Thus, although a given treatment is referred to as

1 hour at 50°C, the internal cell temperature was actually 44.0°C for

that period. Other internal cell temperatures after different times

of exposures at 40°, 45°, and 50°C are cited in Tables 40-42.

Cell temperatures were measured using fine thermocouples or

thermistors inside of the nesting media which contained approximately

the same number of cells. As cells differ in size and number of leaves

(constructed by different females), some variation was expected. Each

cell temperature was obtained independently from each other and

obtained on different dates.

The maximum in-cell temperature for the 45°C treatment was 41.0°C

and the mean maximum temperature was 40.7°C after 90 minutes, and the

internal average cell temperature was actually 40.4°C for that period.

The maximum in-cell temperature in the 40°C treatments was 38.0°C

which was within 2° of the ambient temperatures. However, the mean

maximum temperature for all observations was only 37.1°C. The in-cell

temperatures for each temperature at each time interval and the mean

temperatures for the periods are given in Tables 40-42.



55

T. INCUBATOR

50-

T°CELL

45- T° INCUBATOR

T. CELL

--
....-.

.....

...'

TeINCURATOR40 .../u
. /

/
.................................................................................

T° CELL

;

:30
E..

...........

-.25

20

15

10

5-

I 0 20 30 40 50 60 70 90 v 180

Minutes
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Table 40. Internal cell temperatures (°C) when exposed to 50°C ambient temperatures

from 1 to 180 minutes.

Exposure (min)
Range

Min. T° Max. T°
Mean

-1-0-Period

Mean
T° at time x Observations

1 26.7 32.0 30.4 30.4 15

15 41.0 45.6 39.6 43.8 15

30 44.0 46.2 42.2 45.2 15

45 45.0 46.9 43.3 46.0 7

60 45.1 47.1 44.0 46.2 6

90 45.2 47.2 44.8 46.3 6

120 45.2 46.0 45.0 45.6 3

180 45.2 46.0 45.1 45.6 2



Table 41. Internal cell temperatures (°C) when exposed to 45°C ambient temperatures

from 1 to 180 minutes.

Exposure (min)

Range
Min. T° Max. T°

Mean
T°-Period

Mean
To at time x Observations

1 26.7 31.9 29.8 29.8 7

15 39.2 41.0 37.0 40.0 7

30 39.9 41.0 38.7 40.5 7

45 40.0 41.0 39.3 40.5 7

60 40.0 41.0 39.6 40.6 7

90 40.0 41.0 40.4 40.7 4

120 40.0 41.0 40.4 40.5 3

180 40.0 41.0 40.5 40.5 2



Table 42. Internal cell temperatures (°C) when exposed to 40°C ambient temperatures

from 1 to 180 minutes.

Exposure (min)
Range

Min. T° Max T°
Mean

1-0-Period

Mean
T° at time x Observations

1 23.6 29.0 26.0 26.0 5

15 28.2 32.6 28.1 30.4 5

30 32.4 35.4 30.3 33.8 5

45 34.6 37.2 31.8 35.5 5

60 35.6 37.8 32.8 36.3 5

90 36.0 38.0 34.1 36.9 5

120 36.7 37.4 34.8 37.1 4

180 36.8 37.4 35.4 37.1 4
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5.2 Ambient Temperatures Required to
Obtain Desired Cell Temperatures

An attempt was made to determine the ambient temperatures and

duration of exposure necessary to raise the in-cell temperatures to 45°

and 50°C. These data have a direct bearing on temperatures found in

nesting media, in the field particularly in domiciles facing east

and/or nesting media in poorly ventilated domiciles. The direct sun

causes a very rapid elevation of the temperature in the nesting tunnel

as previously discussed. These temperatures, often in excess of 50°C,

are of short duration (0.5-3 hours). Results are presented in Figure 4

and Table 43.

The incubator temperature had to be kept between 51° and 55°C for

23 minutes before in-cell temperature reached 50°C (Figure 4). The

45°C temperature was reached after 11 minutes of exposure at incubator

temperatures of 45° to 48.7°C.

As expected, once the in-cell temperatures reached either 45° or

50 °C, the ambient temperatures of the incubator had to be reduced to

avoid exceeding the established limits. Therefore, it can be concluded

that the temperature which can develop in cells is a function of the

intensity and duration of exposure.
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Table 43. Ambient temperatures (°C) required to obtain desired cell
temperatures (°C) from 1 to 40 minutes.

Exposure (min)

1/
50°C

T° ambient T° cell
45

o
C
2/

T° ambient T° cell

1 51.0 34.1 45.0 34.6

5 52.5 41.7 48.3 41.6

10 54.2 46.5 48.5 44.9

15 54.8 48.9 47.6 45.0

20 54.3 49.8 46.9 45.0

25 53.5 50.0 46.6 45.0

30 53.2 50.0 46.6 45.0

35 53.2 50.0 46.3 45.0

40 53.4 50.0 46.3 45.0

1/Represents eight observations.

?Represents four observations.
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VI. EFFECT OF TEMPERATURE ON DEVELOPMENT IN
POST-DIAPAUSING PREPUPAE AND PUPAE

6.1 Effect of 45° and 50 °C Temperatures
on Development in Post-Diapausing
Leafcutting Bee Prepupae and Pupae

6.1.1 Materials and Methods

Diapausing leafcutting bee prepupae were purchased in Winnet,

Montana, in late September, 1975, and kept at 1.5°C and 55-60% R.H.

until March, 1976.

The cells were transferred to an ambient temperature of 21-22°C

for a conditioning period of three days and then incubated at 29.5°C

and 25-30% R.H. in a controlled environment chamber (Sherer, model

CEL 4-4).

Incubations started on March 2, 1976. On the 16th day of

incubation the cells were x-rayed using a Faxitron-804 x-ray unit

(Stephen and Undurraga, 1976), to determine the stage of development

and sex of the pupae within the cells. The x-ray analysis also per-

mitted the elimination of those cells containing dead larvae.

Three groupings were made on the basis of the images on the x-ray

plates. Pupae with the most obscure images were classified as medium

light pupae and corresponded to those cells containing pupae with dark

eyes and with some integumental melanization. A second group, light

pupae, were represented by extremely sharp images on the x-ray plate

and corresponded to pupae in which integumental melanization had not

yet begun. Increasing melanization in the pupa resulted in increased

obscurity of the image on the x-ray plate. The third group contained

as yet undifferentiated prepupae. Samples of from 25-30 cells were

selected from each of the three groups and placed in individual Petri

dishes. The handling of the cells was performed in less than two hours

outside of the controlled environment chamber.

Temperature treatments were accorded each group on the 17th day

after the onset of the incubation and the first emergence of the most

advanced pupa was recorded on the 22nd day. Samples from each group
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were exposed to temperatures of 45° and 50°C for 1, 2 or 3 hours. In

addition, samples were given a short 50°C temperature exposure for one

two, or three consecutive days. The treatments are detailed below.

The temperature exposures were performed in controlled environment

chambers, Napco, Model 320, or equivalent. The Petri dishes containing

the leafcutting bee cells were transferred directly from the rearing

environmental chamber (29.5°C and 25-30% R.H.) to either 45° or 50°C

environmental treatment chambers. Cells reached the desired tempera-

ture of 45 or 50°C in less than 3-5 minutes. The Petri dishes were

kept open during incubation and treatment. After the treatment, each

sample was returned to the control temperature, 29.5°C. Emergence of

the bees was recorded daily and those cells from which emergence had

not occurred by the 40th day after the onset of incubation were dis-

sected to determine the stage in which mortality had occurred.

The 'medium light pupae' were divided into two subgroups. The

first group was treated as described above on the 17th day after the

onset of incubation (Treatments 1-12). The second subgroup was not

treated until the 22nd day (Treatments 13-19), at the time emergence

was beginning, to determine the susceptibility of the late pupa to high

temperatures. Four of the samples were sexed prior to treatment to

determine the effect of high temperatures on each sex (Treatments 10,

11, 29, and 30). All other samples consisted of a mixed sample of

25-30 cells in which the proportion of males to females was 1.7 to 1.

Description of the treatments. Samples previously incubated

at a constant 29.5°C were accorded the following temperature

treatments (time is indicated in parentheses, hours).

Treatments

Medium Light Pupae

1. 45
oC (1 hr) - once

2. 45
o
C (2 hrs) - once

3. 45,C (3 hrs) - once

4. 50",C (1 hr) - once

5. 50'C (2 hrs) - once

6. 50
o
C (3 hrs) - once

7. _50
o
C (1 hr) - twice

8. 50
o
C (1 hr) - thrice

9. 50,C (3 hrs) - thrice

10. 50'C (3 hrs) - once

11. 50°C0(3 hrs) - once

12. 29.5 °C constant - control

13. 452C (1 hr) - once

14. 45",C (2 hrs) - once

15. 45",C (3 hrs) - once

16. 50"0C (0.5 hr) - once

17. 50
o
C (1 hr) - once

18. 50 C,(1.5 hr) - once

19. 29.5'C constant - control
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Light Pupae

20. 45 C (1 hr) - once 26. 50,,C (1 hr) - twice

21.
o

45 C (2 hrs) - once 27. 50,V,C (1 hr) - thrice

22.
o

45 °C (3 hrs) - once 28. 50:C (3 hrs) - thrice

23. 50 °C (1 hr) - once 29. 50',C (3 hrs) - once

24. 50,,jC (2 hrs) - once 30. 50vC (3 hrs) - once

25. 50% (3 hrs) - once 31. 29.5°C constant - control

Undifferentiated Larvae

32. 45,°,C hr) - once 37. 50 °C (3 hrs) - once

33. 45v,C (2 hrs) - once 38. 50v,,C (1 hr) - twice

34. 45v,C (3 hrs) - once 39. 50 °C (1 hr) - thrice

35. 50',.:C (1 hr) - once 40 50 °C (3 hrs) - thrice

36. 50vC (2 hrs) - once 41. 29.5 °C constant - control

The statistical analyses used with these data were based on a

binomial distribution. The normal deviate Z was used to compare the

difference in survival (emergence) between the treatments, as described

by Snedecor and Cochran (1967, p. 220).

6.1.2 Results and Discussion

A sharp difference in the survival of the immature stages of

leafcutting bees was apparent between the 45° and the 50°C treatments

(Tables 44-46). All 50°C treatments caused total mortality, regardless

of the stage of development. The 45°C treatments were more severe on

the pupae treated five days before emergence than on those treated at

the beginning of emergence. Thus, the susceptibility to 45°C decreases

as the bee approaches emergence. The mortality, however, is low on

both dates (never more than 28%). Nevertheless, because the mortality

on the early treatment is significantly different than the control,

45°C for short periods appears to be the upper temperature limit that

developing leafcutting bee larvae can tolerate during incubation. The

data indicate that a single three hour exposure to 45°C is more detri-

mental to the pupae than a one hour period (72.0% versus 100%, Table

44).

Sexual differences in heat tolerance were not determined because

of the temperature used in the experiment (50°C was lethal, Table 44).

Although the duration of emergence of bees from 45°C treated cells
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was similar to the control, there was a marked difference in the time

of 50% and 90% emergence. The delay in emergence was probably caused

by the heat treatment and may indicate aestivation within the pupal

stage under stress conditions. Similar results were obtained by

Stephen (1965a) working with pupae of alkali bees. The delay in emer-

gence is not shown in the bees treated at the time of emergence

(March 24), indicating that the capacity to arrest development is lost

when pupae are about to emerge.

Light pupae responded to the 45° and 50°C treatments as did

medium light pupae (Table 45). Although there was some mortality at

45°C, it was not significantly different from the control.

The effect of 45° and 50°C treatments on undifferentiated larvae

is similar to their effect on medium light and light pupae. Mortality

was complete at 50°C but there was no significant difference in mor-

tality between the 45°C treatments and the control. However, the

duration of emergence is slightly shorter than the control. Also, the

developmental time is shortened compared to the control. This sug-

gests an acceleration in the prepupal development and/or a loss in

ability of the undifferentiated larvae to enter aestivation.

Another effect may be seen in Tables 44-46. Mortality decreases

from the faster developing (medium light pupae) to the slower develop-

ing larvae (undifferentiated larvae) even when the incubation condi-

tions were optimal. Although males have a shorter incubation time

than females, sex of the developing bees did not account for this dif-

ference. This difference may be because susceptible individuals

develop faster. Also, the slower development of individuals may be

the effect of another factor unrelated to susceptibility or tolerance

to heat.

One last noteworthy point is that the low relative humidity

(25-30%) did not have a measurable effect on development of the imma-

ture leafcutting bees.



Table 44. Effect of 45° and 50°C temperature treatments during incubation on medium light pupa

category, 1976.

March 19: 5 days before emergence

Treatments Sex
1/

No. Cells No. Bees Emergence Sig.

2/

Duration of Emergence (days)

Range 50% 90%
vs. control
50% 90%

3/

1. 45,, 1 hr, once
2. 45' 2 hrs, once
3. 45°, 3 hrs, once

M
M

25
25

25

25
21

18

100.0
84.0
72.0

N.S.

**

7

9

7

5

6

4

7

9

7

+2
+2
+2

+2
+3
+3

4. 50
o

o'
1 hr, once

5. 500, 2 hrs, once
6. 50

o'
3 hrs, once

7. 50,, 1 hr, twice
8. 501,' , 1 hr, thrice
9. 50' 3 hrs, thrice
10. 50,o, 3 hrs, once
11. 50', 3 hrs, once

M
M
M
M
M
M
OF

25

25
25

25

25
25

30
30

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

**
**
**
**
**
**
**
**

12. 29.5°, control M 25 25 100.0 9 6 8



Table 44. (Continued).

March 24: at emergence

Treatments Sex
1/

No. Cells No. Bees Emergence Sig.

2/

Duration of Emergence (days)

Range 50% 90%

vs. control
50% 90%

3/

13. 45°, 1 hr, once
14. 45°0, 2 hrs, once
15. 45 °, 3 hrs, once

M
M

28

28
28

26

26

25

92.9
92.9
89.3

N.S.

N.S.
N.S.

7

8
8

4

4

5

6

7

7

-0

0

0

16. 502, 0.5 hr, once
17. 50:, 1 hr, once
18. 50 °, 1.5 hr, once

M
M

M

28
28
28

0

0

0

0

**
**
**

19. 29.5°, control 27 26 96.3 8 5 7

1/Mixture Sex:M

-?-/Significance compared to control: N.S. = not significant; *P >0.95; **P >0.99

-V(+) indicates delay of emergence; (-) indicates earliness of emergence; (o) indicates no difference

with respect to the control.



Table 45. Effect of 45° and 50°C temperature treatments during incubation on the light pupa

category, 1976.

March 19: 5 days before emergence

Duration of Emergence (days)

vs. control

Treatments Sex No. Cells No. Bees Emergence Sig. Range 50% 90% 50% 90%

1/ 2/ 3/

20. 45, 1 hr, once M 25 22 88.0 N.S. 9 6 8 +2 0

21. 45 2 hrs, once M 26 23 88.5 N.S. 8 5 7 +3 +2

22. 45", 3 hrs, once M 26 24 92.3 N.S. 7 5 6 +4 +2

23. 50
o

1 hr, once M 26 0 0 **
o'

24. 50 2 hrs, once M 26 0 0 **
o'

25. 50, 3 hrs, once M 25 0 0 **

26. 50: 1 hr, twice M 26 0 0 **

27. 50'
'

1 hr, thrice M 25 0 0 **

28. 50o, 3 hrs, thrice M 26 0 0 **

29. 50: 3 hrs, once e 30 0 0 **

30. 50', 3 hrs, once ? 30 0 0 **

31. 29.5°, control M 26 24 92.3 10 4 7

1/Mixture Sex:M

VSignificance compared to control: N.S. = not significant; *P >0.95; **P >0.99

N(+) indicates delay of emergence; (-) indicates earliness of emergence; (o) indicates no difference

with respect to the control.



Table 46. Effect of 45° and 50°C temperature treatments during incubation on the undifferentiated
prepupa category, 1976.

March 19: 5 days before emergence

Treatments Sex
1/

No. Cells No. Bees Emergence Sig.

2/

Duration of Emergence (days)

Range 50% 90%
vs. control
50% 90%

3/

32. 45c) 1 hr, once
33. 45",, 2 hrs, once
34. 45', 3 hrs, once

M

M

26
26

27

20
21

19

76.9
80.8
70.4

N.S.

N.S.

N.S.

6

6

7

2

2

2

4

4

4

-1

0

-1

-2

-1

-2

35. 50o ,, 1 hr, once
36. 50'0, 2 hrs, once
37. 50,' , 3 hrs, once
38. 50' 1 hr, twice

39. 50,o, 1 hr, thrice
40. 50', 3 hrs, thrice

M
M
M
M
M
M

26
27

26
26

26

26

0
0

0

0

0

0

0

0

0

0

0

0

**
**
**
**

**
**

41. 29.5°, control M 26 22 84.6 6 3 6

1/Mixture Sex:M

?/Significance compared to control: N.S. = not significant; *P >0.95; **P >0.99

N(+) indicates delay of emergence; (-) indicates earliness of emergence; (o) indicates no difference

with respect to the control.
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6.2 Effect of Low Temperatures During
Development of Post-diapausing
Leafcutting Bee Larvae

Substantial leafcutting bee losses have occurred during

incubation, particularly when leafcutting bee cells are transferred

from the incubator to the field to emerge (Stephen and Undurraga,

unpublished data). Temperatures during the bee emergence (mid June

to early July) fluctuate drastically. This was especially true during

the last three years in eastern Oregon, where prolonged low tempera-

tures occurred at the time of emergence. It has been suspected that

low temperatures following incubation at 29.5°C were responsible for

the observed mortality. Hence, a set of experiments was designed to

determine the role of fluctuating temperatures on mortality of

developing bee pupae and prepupae.

6.2.1 Materials and Methods

Bee cells, from the same stock used in the prior experiment, were

incubated on March 2, 1976, at 29.5°C and 25-30% R.H. using the same

procedure outlined above. One of the controls was x-rayed to deter-

mine the approximate time of emergence. Each of 30 samples of 49-56

live cells per sample, were treated just as the first emergents

appeared (21st day of incubation). This was done to simulate condi-

tions found in the field. The temperatures used in this experiment

are commonly found in the field during emergence.

Treatments 1-9 received a basic treatment that consisted of

decreasing the temperature from 29.5°C to 1.6°C at the rate of 5.6°C/

hour. The temperature then was maintained at 1.6°C for 2.5 hours,

after which, the temperature was raised in increments of 13.8°C/hour.

Upon reaching 15.6°C, the samples were treated according to the list

of treatments (found below), i.e., cells of treatment 1 were main-

tained for 5 hours at 15.6°C and then kept at 29.5°C for 10.5 hours,

completing a 24 hour cycle. This last step was accomplished by direct

transfer from one temperature regime to the other.

Treatments 10, 11 and 12 received a basic treatment that consisted
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of decreasing the temperature from 29.5° to -1.1°C in 5 hours, at the

rate of 6.1°C/hour. The temperature was maintained at -1.1°C for

2.5 hours, then increased to 35.0°C in 2.5 hours, at the rate of

14.4°C/hour. Once the temperature of 35.0°C was obtained, the samples

were treated according to the treatments listed below.

Treatments 13, 14 and 15 had a basic treatment of decreasing the

temperature from 29.5° to -3.8°C in 5 hours, at the rate of 6.7°C/hour.

The temperature was maintained at -3.8°C for 2.5 hours, then increased

to 35°C in 2.5 hours, at the rate of 15.5°C/hour. After reaching 35°C

the samples were treated according to the treatments listed below.

Treatments 16-19 received a basic treatment of decreasing the

temperature from 29.5° to 1.6°C in 5 hours at the rate of 5.6°C/hour.

The temperature was maintained at 1.6°C for 2.5 hours, then increased

to 29.5°C in 2 hours at the rate of 14°C/hour. After reaching 29.5 °C,

the samples were treated according to the treatments listed below.

Treatment 19 received temperature regimes on alternate rather than suc-

cessive days. These cells were kept at 29.5°C while not in the cycle

(from hour 24-48 and from hour 72-96).

Treatments 20-31 were treated according to the list of treatments

by direct transfer from one temperature regime to the next.

After treatment, cells were returned to a constant 29.5°C for

emergence. Emergence of bees was recorded daily and mortality assessed

at the end of the emergence period by dissecting the cells. All

treatments were carried out in controlled environment chambers

(Percival, Model 1-30 BLL).

Description of the treatments. Developing bees were kept at

constant 29.5°C, except for the periods of exposure indi-

cated below. Time in hours is indicated in parentheses.

Treatments 1-9 had a basic treatment of: 29.5°C (5 hrs)/1.6°C
(2.5 hrs) /15.6 C (1 hr)

Treatment 1. (Basic treatment (8.5)) + 15.6° (5) + 29.5°C (10.5) -

1 day

2. (Basic treatment (8.5)) + 15.6° (5) + 29.5° (10.5) -

2 days

3. (Basic treatment (8.5)) + 15.6° (5) + 29.5° (10.5) -

3 days
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Treatment 4. [Basic treatment (8.5)] + 15.6° (10) + 29.5° (5.5) -

1 day

5. [Basic treatment (8.5)] + 15.6° (10) + 29.5° (5.5) -

2 days

6. [Basic treatment (8.5)] + 15.6° (10) + 29.5° (5.5) -

3 days

7. [Basic treatment (8.5)] + 15.6° (15) + 29.5° (0.5) -

1 day

8. [Basic treatment (8.5)] + 15.6° (15) + 29.5° (0.5) -

2 days

9. [Basic treatment (8.5)] + 15.6° (15) + 29.5° (0.5) -

3 days

Basic treatment for 10, 11, and 12: 29.5°C (5 hrs)/-1.1°C (2.5 hrs)/
35°C (2.5 hrs)

10. [Basic treatment (10)] + 35° (4) + 29.5° (10) - 1 day

11. [Basic treatment (10)] + 35° (4) + 29.5° (10) - 2 days

12. [Basic treatment (10)] + 35° (4) + 29.5° (10) - 3 days

Basic treatment for 13, 14, and 15: 29.5°C (5 hrs)/-3.8°C (2.5 hrs)/
35 °C (2.5 hrs)

13. [Basic treatment (10)] + 35° (4) + 29.5° (10) - 1 day

14. [Basic treatment (10)] + 35° (4) + 29.5° (10) - 2 days

15. [Basic treatment (10)] + 35° (4) + 29.5° (10) - 3 days

Basic treatment for 16-19: 29.5°C (5 hrs)/1.6°C (2.5 hrs)/29.5°C
(2 hrs)

16. [Basic treatment (9.5)] + 29.5° (14.5) - 1 day

17. [Basic treatment (9.5)] + 29.5° (14.5) - 2 days

18. [Basic treatment (9.5)] + 29.5° (14.5) - 3 days

19. [Basic treatment (9.5)] + 29.5° (14.5) - Day 1, 3, and 5

Basic treatment for 20-30: 29.5°C (24 hrs)

20. (Basic treatment) + 15.6° (24) - 1 day

21. (Basic treatment) + 15.6° (24) - 3 days

22. (Basic treatment) + 15.6° (24) - 6 days

23. (Basic treatment) + 15.6° (24) - 9 days

24. (Basic treatment) + 4.4° (24) - 1 day

25. (Basic treatment) + 4.4° (24) - 3 days

26. (Basic treatment) + 4.4° (24) -.6 days

27. (Basic treatment) + 4.4° (24) - 9 days
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Treatment 28. (Basic treatment) + 15.6° (14) + 29.5° (10) - 7 days

29. (Basic treatment) + 15.6° (18) + 29.5° (6) - 7 days

30. (Basic treatment) + control

31. (Basic treatment) + control - x-rayed

6.2.2 Results and Discussion

Survival of bee larvae to emergence was very high for most

treatments (Table 47). Only in treatments 4, 8, 9, 23, and 27 were the

mortalities significantly greater than the controls. However, even in

these treatments, the percent of survival was relatively high. When

compared with the 25-30% losses that occurred in the field, the losses

resulting from these temperature treatments were minor.

The effect of treatment 4 compared to treatment 5 or 6 seems to

be due to experimental error or some unexplained reason. Treatments 8

and 9 significantly affected emergence. It appears that emerging bees

exposed to an optimal temperature for development (29.5°C) for a very

short period (0.5 hour) and then exposed to cool temperatures each day,

develop during the hot period but not long enough for emergence, as the

cool period arrests development. The end result may be an excessive

expenditure of stored energy and finally death (compared with treat-

ments 28 or 29). The 12% mortalities of treatments 23 and 27 are the

result of prolonged exposure to temperatures of 15.5°C and 4.4°C. A

period of nine days of repressed development resulted in a sharp in-

crease in mortality but did not approach that often found in the

field. It may, however, be approaching the limit of cold induced delay

of emergence.

With respect to the other treatments, the data in Table 47

indicates that cool temperatures, even freezing temperatures, are not

the sole cause of mortality found during emergence. The emerging bees

were able to tolerate temperatures of -3.8°C for 2.5 hours. Moreover,

a rapid change in temperature from -3.8° to 35.5°C in 2.5 hours did not

cause any significant mortality.

The same statistical analysis described for the previous

experiment was used in the present experiment.



Table 47. Effect of low temperatures during leafcutting bee emergence, 1916.

lreatment Nos. No. Cells No. Bees Emergence Sig.

1/

Duration of Emergence (days)

Range 50% 90%

vs. control
50% 90%

2/

1. 29.4 f 1.6 4 15.5 (5 hrs) + 29.4 °C (10.5 hrs): 1 day 52 51 98.1 N.S. 18 6 10 0 +1

2. 29.4 + 1.6 4 15.5 (5 hrs) + 29.4 °C (10.5 hrs): 2 days 54 51 94.4 N.S. 15 8 11 +1 +1

3. 29.4 + 1.6 + 15.5 (5 hrs) + 29.4°C (10.5 hrs): 3 days 50 47 94.0 N.S. 13 9 12 +2 42

4. 29.4 4 1.6 4 15.5 (10 hrs) + 29.4°C (5.5 hrs :1 day 52 47 90.4 * 11 6 9 41 +1

5. 29.4 4 1.6 4 15.5 (10 hrs) 4 29.4 °C (5.5 hrs): 2 days 53 49 92.5 N.S. 12 7 10 +2 +2

6. 29.4 + 1.6 + 15.5 (10 hrs) + 29.4 °C (5.5 hrs): 3 days 52 50 96.2 N.S. 14 8 12 +2 +3

7. 29.4 + 1.6 4 15.5 (15 hrs) f 29.4°C (0.5 hr): 1 day 53 50 94.3 N.S. 13 6 10 0 41

8. 29.4 + 1.6 4 15.5 (15 hrs) + 29.4°C 0.5 hr): 2 days 52 46 88.5 # 13 9 11 42 +1

9. 29.4 + 1.6 + 15.5 (15 hrs) + 29.4"C 0.5 hr): 3 days

10. 29.4 + -1.1 4 35.0 (4 hrs) + 29.4:C 10 hrs): 1 day

51

51

46

51

90.2
100.0

*

N.S.

16

14

10

7

13

10

*3

+1

+3

+1

11. 29.4 + -1.1 + 35.0 (4 hrs) + 29.4"C 10 hrs): 2 days 52 50 96.2 N.S. 11 7 10 +1 +1

12. 29.4 4 -1.1 4 35.0 (4 hrs) + 29.4°C (10 hrs): 3 days 53 51 96.2 N.S. 13 8 11 +1 +1

13. 29.4 + -3.8 + 35.0 (4 hrs) + 29.4 °C (10 hrs): 1 day 50 47 94.0 N.S. 11 7 10 41 +1

14. 29.4 4 -3.8 + 35.0 (4 hrs) + 29.4 °C (1U hrs): 2 days 53 51 96.2 N.S. 14 9 12 +2 42

15. 29.4 + -3.8 + 35.0 (4 hrs) + 29.4 °C (10 hrs): 3 days 54 52 96.3 N.S. 12 8 11 +1 +1

16. 29.4 4 1.6 1 29.4°C (14.5 hrs): 1 day 50 48 96.0 N.S. 13 7 10 0 0

17. 29.4 4 1.6 + 29.42C (14.5 hrs): 2 days 51 48 94.1 N.S. 13 8 11 +1 +1

18. 29.4 + 1.6 + 29.4"C (14.5 hrs): 3 days 51 48 94.1 N.S. 14 7 11 0 +1

19. 29.4 4 1.6 + 29.4°C (14.5 hrs: Days 1, 3 and 5 52 49 94.2 N.S. 13 8 11 #1 +1

20. 29.4 + 15.5",,C (24 hrs): 1 day 56 53 94.6 N.S. 13 7 10 +1 +1

21. 29.4 + 15.5 °C (24 hrs): 3 days 53 49 92.5 N.S. 14 6 10 +2 +3

22. 29.4 4 15.5 °C (24 hrs): 6 days 53 51 96.2 N.S. 12 7 10 +6 +6

23. 29.4 f 15.5 °C (24 hrs): 9 days 49 43 87.8 A 11 6 10 ili, +9

24. 29.4 + 4.4°C (24 hrs): 1 day 52 50 96.2 N.S. 12 8 11 +1 +1

25. 29.4 + 4.4°C (24 hrs): 3 days 52 50 96.2 N.S. 15 8 11 +3 13

26. 29.4 4 4.4°C (24 hrs): 6 days 55 51 92.7 N.S. 13 El 11 +7 +7

27. 29.4 4 4.4°C (24 hrs): 9 days 49 43 07.8 " 11 5 9 +8 +9

28. 29.4 (10 hrs) + 151°C (14 hrs): 7 days 54 53 98.2 N.S. 17 10 13 +4 +4

29. 29.4 (6 hrs) + 15.5 C (18 hrs): 7 days 50 47 94.0 N.S. 18 11 15 +4 +5

30. 29.4 (24 hrs), control 55 55 100.0 16 7 10

31. 29.4 (24 hrs), x-rayed, control 53 50 94.3 15 7 11

4/Significance compared to control: N.S. = not significant; I) >0.95; ''P >0.99

?-/(4) indicates delay of emergence; (-) indicates earliness of emergence; (o) indicates no difference with respect to the controls.
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Emergence occurred from 11 to 18 days in all treatments.

However, the range is of little importance compared with the time at

which 50 or 90% of the individuals emerged. The greatest difference is

found in treatments 9, 28, and 29 when compared to the controls.

Treatments 9 and 28 took three days and treatment 29, four days longer

to achieve 50 and 90% emergence. This delay is ascribed to the length

of the suboptimal temperatures at which the cells were held and its

depressant effect on the normal development of the emerging bees.

Other treatments did not differ to any great extent from the controls.

If we compare the emergence of cold treated bees with that of the

controls, a delay in the treated samples is usually evident. The delay

in treatments 1-9 corresponded to the number of days that the emerging

bees were treated. Treatments 10-19 had no effect on emergence, except

for treatment 14. All of these treatments received at least 14 hours

of temperatures above 29.5°C, which seems adequate for emergence.

Treatment 14 resulted in a delay of two days compared to the controls,

the cause of which is not understood. Treatments 20-27 exhibited a

delay corresponding exactly to the number of days that bee cells were

cold treated. In other words, if bee cells were treated for nine days,

50 or 90% of the bees emerged nine days later than the controls.

Hence, these data show that temperatures of 4.4° or 15.6°C are below

the threshold at which bee development occurs. These data also show

that bee emergence can be delayed for up to nine days without any

appreciable mortality by holding them at temperatures between 4.4° and

15.6°C.

Treatments 28 and 29 also showed a delay in emergence compared to

the controls. However, the delay in days did not correspond to the

number of days of treatment.

Treatments 1-9 which had 0.5 to 10.5 hours of 29.5°C per day, had

a delay in bee emergence. On the other hand, treatments 10-19 with at

least 14 hours at 29.5°C did not exhibit the emergence delay. Thus,

these results indicate that optimal emergence can proceed with 14

hours at 29.5°C.

In treatments 28 and 29, emergence was delayed four days rather

than seven days. Considering that the cells received from 6 to 10
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hours at 29.5°C, one can deduce that bee development may be an additive

process of optimal temperatures, similar to the degree-hour concept.

The fact that 14 hours at 29.5°C yielded no delay in bee emergence

may indicate that the capacity for development of individuals per day

is a process limited by factors other than the environment. In other

words, individuals do not require 24 continuous hours of optimal

temperatures to undergo maximal development. Individuals exposed to

29.5°C for 24 hours will not emerge any earlier because those individ-

uals have a finite daily potential for development. Similar results

were obtained with alkali bee pupae (Nomia melanderia Ckll.) during

emergence (Stephen, W.P., personal communication).

6.3 Effect of Suboptimal Temperatures
(15.6 ° - 29.5 °C) and Field Temperatures

During Bee Emergence

The purpose of this experiment was to determine the role of

suboptimal temperatures for bee emergence. In the previous experiment,

it was concluded that 15.6°C was below the developmental threshold for

prepupae and pupae and that they could be held at that temperature

for short periods without any mortality. This experiment was carried

out to determine to what extent emergence could be delayed in a field

management program.

6.3.1 Materials and Methods

Live bee cells from Montana were incubated on March 21, 1976, at

29.5°C and 25-30% R.H., following the same procedure outlined for the

previous experiment. Treatments of cells were carried out on April 9

(20th day of incubation), when first male bees started to emerge.

Forty-two treatments with 26-58 cells each, were carried out as

follows:

Description of treatments. Samples previously incubated at a

constant 29.5°C were accorded the following temperature

treatments. Time in hours is indicated in parentheses.



Treatment 1. 15.6°C

2. 15.6°

3. 15.6°

4. 15.6°

5 15.6°

6 15.6°

(22) + 29.5°C (2) - 4 days

(22) + 29.5° (2) - 8 days

(22) + 29.5° (2) - 16 days

(20) + 29.5° (4) - 4 days

(20) + 29.5° (4) - 8 days

(20) + 29.5° (4) - 16 days
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7 15.6° (24) day 1, 3, and 5: 29.5° (24) day 2, 4, and 6

8. 15.6° (24) day 1, 3, 5, 7, and 9: 29.5° (24) day 2, 4,

6, 8, and 10

9. 15.6° (24) day 1, 3, 5, 7, 9, and 11: 29.5° (24) day 2,

4, 6, 8, 10 and 12

10. 15.6° (24) day 1, 2, 4, 5, 7, and 8: 29.5° (24) day 3,

6, and 9

11. 15.6° (24) day 1, 2, 4, 5, 7, 8, 10 and 11: 29.5° (24)

day 3, 6, 9, and 12

12. 15.6° (24) day 1, 2, 4, 5, 7, 8, 10, 11, 13, and 14:
29.5° (24) day 3, 6, 9, 12, and 15

13. 15.6° (24) day 1-3, 5-7, 9-11: 29.5° (24) day 4, 8, and

12

14. 15.6° (24) day 1-3, 5-7, 9-11, 13-15: 29.5° (24) day 4,

8, 12, and 16

15. 15.6° (24) - 6 days

16. 15.6° (24) - 9 days

17. 15.6° (24 ) - 12 days

18. 15.6° (24) - 15 days

19. 18.3° (24) - 4 days

20. 18.3° (24) - 6 days

21. 18.3° (24) - 8 days

22. 18.3° (24) - 10 days

23. 18.3° (24) - 16 days

24. 21.1° (24) - 4 days

25. 21.1° (24) - 6 days

26. 21.1° (24) - 8 days

27. 21.1° (24) - 10 days

28. 21.1° (24) - 16 days

29. 23.9° (24) - 4 days

30. 23.9° (24) - 6 days

31. 23.9° (24) - 8 days
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Treatment 32. 23.9° (24) - 10 days

33. 23.9° (24) - 16 days

34. 26.7! (5.75) + 4.4° (18.25) + 29.5° (5.5) + 1.7° (18.5)+
29.5° (8.0) + 100 (13.0) + 12.8° (3) + 32.2° (8) + 100

(16)

35. As in No. 34 + 29.5° (8) + 10° (16) + 32.2° (10) + 10°
(14) + 35' (13) + 7.2° (11) + 29.5° (10) + 15.6° (14)

36. As in No. 35 + 29.5° (3.5) + 21.1° (20.5) + 29.5° (4.5) +
15.6° (19.5) + 29.5° (4) + 15.6° (20) + 26.7° (10) +
15.6° (14)

37. As in No. 36 + 29.5° (8) + 12.8° (16) + 26.7° (17) +
12.8° (7) + 26.7° (2) + 12.8° (22) + 26.7° (7.5) +
15.6° (16.5)

38. 15.6° (12) + 8.6° (12) + 21.1° (3.75) + 10° (20.25) +
26.7° (3) + 15.6° (21) + 21.1° (8) + 10° (16)

39. As in No. 38 + 15.6° (6) + 10° (18) + 21.1° (2) +
4.4° (22) + 21.1° (2) + 4.4° (22) + 21.1° (0.5) +
100 (23.5)

40. As in No. 39 + 15.6° (7) + 10° (17) + 4.4° (24) +
21.1° (2) + 4.40 (22) + 26.7° (2) + 15.6° (22)

41. As in No. 40 + 26.7° (3) + 21.1° (21) + 15.6° (9) +

4.4° (15) + 21.10 (3) + 10° (21) + 21.10 (9) + 10° (15)

42. 29.5° (24) constant - control

In all treatments, cells were transferred directly from one

temperature regime to the next, except for treatments 34-41. These

treatments took about 5-10 minutes going from one regime to the next.

Once each specific treatment was completed, the treated cells were

exposed to a constant 29.5°C until emergence was complete. Bee emer-

gence was recorded daily and mortality assessed. The same statistical

analysis was used as described for prior experiments.

6.3.2 Results and Discussion

Low temperatures do not affect the survival of bees during

emergence (Tables 48-56). Only two treatments in 42 affected bee

emergence mortality; treatment 18 (cells maintained at constant 15.6°C

for 15 consecutive days) and, treatment 40 (alternated field tempera-

tures with an exposure of 90 hours at 4.4°C, 106.75 hours at 10.0°C,
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68 hours at 15.6°C, 18.25 hours at 2.1°C and 5 hours at 26.7°C;

Table 57). Nevertheless, the percent of survival of treatments 18 and

40 is relatively high, 82.4% and 76.7% respectively. The results

obtained from treatment 18 were expected because in the previous

experiment, emergence was completely supressed at 15.6°C for the length

of time that the treatment was applied. However, in the previous

experiment, survival of bees decreased after the cells were exposed for

nine days at 15.6°C (only as related to the control). This experiment

shows that only a 16 day exposure to 15.6°C had some effect on the

emerging bees (Table 50). Nine days or even 12 days at 15.6°C did not

interfere with emergence. Thus, it appears that if one desires to

delay emergence safely at 15.6°C, it should not be done for more than

nine days.

The larval mortality from treatment 40 may be explained by the

data in Table 57. If we compare the percent of emergence from treat-

ments 38-42, as already mentioned, the lowest survival occurred in

treatment 40, followed by treatment 39 (86.7% emergence). Treatments

39 and 41, which had the longest exposure of any of the treatments,

presented similar survival. Table 57 shows that treatment 40 received

the least amount of hours at 21.1°C, expressed as percent of the total

number of hours (6.34%), compared to treatment 39 with 8.46%, and

treatments 38 and 41 with over 12.0%. Moreover, treatments 39 and 40

had the least amount of hours expressed as percent of the total with

temperatures of 26.7°C or higher (1.56% and 1.74%), in comparison

to treatments 38 and 41. Also, treatment 40 presented the lowest

number of hours expressed as a percentage from the total if 21.1° and

26.7°C combined, 8.08%, in contrast with treatment 39 with 10.02%,

treatment 38 with 15.37%, or treatment 41 with 15.63%. Thus, it

appears that exposure of leafcutting bee pupae to low temperatures for

a prolonged period of time with some hours at warmer temperatures (but

not long enough to allow emergence), increases mortality before emer-

gence. In other words, treatment 40 received an average 1.94 hours/

day of temperatures above 21.1°C (adding the number of hours over

21.1°C and over 26.7°C divided by the number of days for the treatment)

in contrast with treatment 39 that received 2.41 hours/day over 21.1°C,
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treatment 38 with 3.69 hours/day over 21.1°C, and treatment 41 with

3.70 hours/day over 21.1°C. Therefore, the greater the number of hours

received above 21.1°C, the less the mortality.

The results obtained from the temperature regimes simulating

field conditions in the locality of Orovada, Nevada (Tables 54 and 55)

were not statistically different in survival from the control. The

range of survival was from 88.2 to 100.0%. In contrast, the locality

of Madras, Oregon (Tables 56 and 57) had a range of survival from

76.1 to 93.6%. The main difference between the two localities is that

the former received many more hours of temperatures over 21.1°C than

the latter (8.79 hours/day versus 2.91 hours/day). Hence, it seems

that leafcutting bee pupae require 2.5 hours/day with temperatures

above 21.1°C to survive during emergence. Moreover, as was already

discussed in preceding experiments, there is no development of leaf-

cutting bee pupae at 15.6°C. However, it is more convenient to expose

pupae to constant cool conditions (below 15.6°C) than to expose them

for a few hours per day above 21.1°C, allowing some development but

not enough for emergence. Therefore, these temperature regimes may

explain the mortality found within the leafcutting bee pupae when

exposed to field temperature conditions while emerging.

It was mentioned earlier that the low temperatures used in this

experiment caused no significant mortality in emerging bees with the

exceptions already discussed. However, there was an effect on the

duration of emergence, both in the elapsed time during emergence and

in a delay of the onset of emergence, with respect to the controls.

The cycle of 22 hours at 15.6°C and 2 hours at 29.5°C as well as the

cycle of 20 hours at 15.6°C and 4 hours at 29.5°C (Table 48) produced

a delay in bee emergence that depended on the number of days that the

treatments were applied. Treatments 1, 4, and 5 had a duration for

the bees to achieve 50 and 90% emergence which was similar to that of

the controls. However, treatments 2, 3, and 6 had a prolonged emer-

gence compared to the control. Also, in all treatments (1-6) bee

emergence was delayed as compared to the control. The delay of emer-

gence can be explained by the fact that 2 or 4 hours at 29.5°C are

not adequate for bee emergence. Bees need more than 10 hours/day at
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29.5°C to achieve a normal emergence, as was shown in previous

experiments. The number of days that emergence was suppressed is not

directly correlated with the number of days of treatment. The differ-

ence can be accounted for by assuming a little development each day

when the pupae were in the warm cycle. The prolonged emergence of

treatments 2, 3, and 6 suggests a re-induction of diapause within the

pupal stage. Twenty-two hours at 15.6°C for more than 8 days or 20

hours at 15.6°C for more than 16 days may trigger this re-induction.

If no re-induction to diapause had occurred, the duration of emergence

would have been the same, but this is not the case.

Alternating daily cycles of 15.6°C and 29.5°C did not

significantly increase mortality of emerging bees (Table 49). However,

the daily cycles of 15.6° and 29.5°C prolonged and delayed the emer-

gence compared to the control. The results presented in Table 49 show

responses in bee emergence similar to the results already discussed

from Table 48. These data confirm that 15.6°C is below the develop-

mental threshold for the bees. Treatments 7, 8, and 9 did not have as

much effect on duration of emergence as treatments 10-14. Neverthe-

less, the prolonged emergence of the treated bees again suggests an

induction of a temporary diapause may be occurring under adverse

temperature conditions.

Developing bees exposed to constant 15.6°C temperature did not

have significantly lower survival than the control (Table 50), with the

exception of treatment 18 (discussed above). The duration of emer-

gence was similar for all treatments (with the control as a reference)

in contrast with the results shown in Tables 48 and 49. A non-induc-

tion of diapause was observed with these treatments. Hence, it

appears that in developing bees exposed to constantly unfavorable con-

ditions during emergence, the re-induction of diapause suggested above

is not triggered. Such a mechanism would be of advantage to the bees

if it delayed emergence but did not trigger diapause when weather con-

ditions were unstable. The emergence of bees was delayed for all

treatments corresponding exactly to the number of days for which the

bees were cool treated. Again, the data show a complete suppression

of emergence when emerging bees are exposed to 15.6°C.
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The effect of constant 18.3°C on bee emergence is shown in

Table 51. This temperature did not affect the bee survival with

respect to the control. Treatments 19-23 had similar duration of

emergence as did the control. However, there was a delay of the onset

of emergence with respect to the control. The delay of emergence was

not exactly the number of days of treatment as the effect of constant

15.6°C had on the emerging bees. However, the delay obtained by keep-

ing pupae at 18.3°C suggests that this temperature is not completely

adequate for bee development. Thus, it appears that the threshold of

temperature for development of leafcutting bees lies between 15.6° and

18.3°C. Stephen and Osgood (1965b) stated that below 19°C development

did not occur.

The effects of constant 21.1° and 23.9°C temperatures are shown

in Tables 52 and 53. The duration of emergence for all these treat-

ments was more or less similar to the control. The emergence period

was not prolonged for any of the treatments. Conversely, some of the

treatments had a shorter emergence period than the control, i.e.,

treatments 26 and 31. This shorter emergence period is not related to

a specific number of days of treatment. The reasons for this result

are not very well understood. Delay in emergence of the treatments is

noticeable on Tables 52 and 53. However, the delay decreased from the

18.3°C treatment toward the 23.9°C treatment, as expected. Thus, one

can conclude that leafcutting bee pupae can develop and emerge if the

incubation temperature is over 21.1°C.

6.4 Effect of Pre-cooling and Post-cooling,
and Conditioning Leafcutting Bee Pupae
Before Short Exposures at 400, 45° and

50°C Temperatures

The purpose of this experiment was to determine the effect of

chilling pupae before and after the treatments. Also, it was decided

to study the effect of conditioning pupae to increasing warm tempera-

tures. During leafcutting bee incubation, the immature stages are

exposed to adverse weather conditions especially when they are trans-

ferred from the incubator to the field. Thus, this experiment as well



Table 48. Effect of various 15.6° - 29.5°C temperatures, 24 hour cycles, on bee
emergence, 1976.

Duration of Emergence (days)

vs. control

Treatment No. Cells No. Bees Emergence Sig. Range 50% 90% 50% 90%

1/ 2/

1. 29 29 100.0 N.S. 11 5 8 +3 +3

2. 28 27 96.4 N.S. 17 12 15 +6 +6

3. 29 25 86.2 N.S. 26 19 21 +13 +12

4. 26 25 96.2 N.S. 14 8 11 +3 +3

5. 29 26 89.7 N.S. 17 8 11 +6 +6

6. 30 27 93.1 N.S. 20 16 18 +11 +10

42. 58 54 93.1 12 7 10

1/ Significance compared to control; N.S. = not significantly different from the control.

-?-1(+) indicates delay of emergence compared to the control.



Table 49. Effect of alternated 15.6° and 29.5°C temperatures, 24 hour cycles, on bee
emergence, 1976.

Duration of Emergence (days)

vs. control

Treatment No. Cells No. Bees Emergence Sig. Range 50% 90% 50% 90%

1/ 2/

7. 28 27 96.4 N.S. 12 7 11 +4 +5

8. 29 26 89.7 N.S. 14 9 13 +4 +5

9. 29 28 96.6 N.S. 15 8 13 +6 +8

10. 27 27 100.0 N.S. 16 12 16 +7 +8

11. 27 24 88.9 N.S. 20 12 16 +7 +8

12. 29 27 93.1 N.S. 20 14 18 +9 +10

13. 29 29 100.0 N.S. 19 13 14 +g +8

14. 29 28 96.6 N.S. 24 14 16 +11 +10

42. 58 54 93.1 12 7 10

1/Significance compared to control; N.S. = not significantly different from the control.

2/(+) indicates delay of emergence compared to the control.



Table 50. Effect of constant 15.60C temperature on bee emergence, 1976.

Duration of Emergence (days)

vs. control

Treatment No. Cells No. Bees Emergence Sig. Range 50% 90% 50% 90%

1/ 2/

15. 34 31 91.2 N.S. 13 6 9 +6 +6

16. 33 33 100.0 N.S. 10 6 10 +9 +10

17. 31 27 87.1 N.S. 14 7 9 +13 +12

18. 34 28 82.4 * 11 6 9 +15 +15

42. 58 54 93.1 12 7 10

1/Significance compared to control; N.S. = not significant; *P >0.95.

--?/(+) indicates delay of emergence compared to the control.



Table 51. Effect of constant 18.30C temperature on bee emergence, 1976.

Duration of Emergence (days)

Treatment No. Cells No. Bees Emergence Sig.
1/

Range 50% 90%
vs. control
50% 90%

2/

19. 29 28 96.6 N.S. 11 6 8 +4 +3

20. 28 26 92.9 N.S. 11 7 9 +6 +5

21. 27 25 92.6 N.S. 13 7 11 +7 +8

22. 30 27 90.0 N.S. 15 7 13 +7 +10

23. 31 26 83.9 N.S. 10 5 8 +15 +15

42. 58 54 93.1 12 7 10

1/Significance compared to control; N.S. = not significant; *P >0.95.

?/(+) indicates delay of emergence compared to the control.



Table 52. Effect of constant 21.1°C temperature on bee emergence, 1976.

Duration of Emergence (days)

vs. control

Treatment No. Cells No. Bees Emergence Sig. Range 50% 90% 50% 90%

1/ 2/

24. 30 28 93.3 N.S. 15 7 10 +3 +3

25. 30 27 90.0 N.S. 13 6 12 +4 +8

26. 28 28 100.0 N.S. 10 5 8 +5 +6

27. 29 27 93.1 N.S. 13 7 10 +7 +8

28. 30 27 90.0 N.S. 16 9 13 +11 +12

42. 58 54 93.1 12 7 10

1/Significance compared to control; N.S. = not significantly different from the control.

V(+) indicates delay of emergence; (o) indicates no difference with respect to control.



Table 53. Effect of constant 23.9°C temperature on bee emergence, 1976.

Duration of Emergence (days)

vs. control

Treatment No. Cells No. Bees Emergence Sig. Range 50% 90% 50% 90%

1/ 2/

29. 29 28 96.6 N.S. 14 8 11 +3 +3

30. 28 27 96.4 N.S. 12 7 9 +2 0

31. 29 26 89.7 N.S. 9 5 9 +3 +4

32. 28 26 92.9 N.S. 13 6 10 +4 +5

33. 28 25 89.3 N.S. 13 6 10 +4 +5

42. 58 54 93.1 12 7 10

"Significance compared to control; N.S. = not significantly different from the control.

V(+) indicates delay of emergence; (o) indicates no difference with respect to control.



Table 54. Effect of laboratory temperatures corresponding to the field temperatures at

Orovada, Nevada during emergence in 1975.

Duration of Emergence (days)

vs. control

Treatment No. Cells No. Bees Emergence Sig. Range 50% 90% 50% 90%

1/ 2/

34. 34 30 88.2 N.S. 13 5 9 +5 +6

35. 32 32 100.0 N.S. 15 10 13 +6 +6

36. 34 32 94.1 N.S. 19 12 15 +8 +8

37. 33 30 90.9 N.S. 21 12 16 +11 +11

42. 58 54 93.1 12 7 10

1/Significance compared to control; N.S. = not significantly different from the control.

Z-/(+) indicates delay of emergence compared to the control.



Table 55. Number of hours and percentage distribution of temperatures, °C, received by the

treatments to Orovada, Nevada conditions.1/

Treatment 4.4° 10.00 15.6° hrs 21.1° 26.7° hrs Total hrs

34.

35.

36.

37.

hr

%
hr

hr
%

hr

36.75
38.28
36.75

19.14
36.75
12.76
36.75
9.57

32.00
33.33
73.00
38.02
73.00
25.35
73.00
19.01

0

0

14.00
7.29

67.50
23.44

129.00
33.59

0
217.1g-/

123.75
15.47-Y

177.25
14.77?/

238.75
14.92

2/-

0

0

0

0

20.50
7.12

20.50
5.34

27.25
28.39
68.25
35.55
90.25
31.34

124.75
32.49

27.25
6.81

V

68.25
8.53-

110.75,
9.238

145.25
9.08±/

,,

96

192

288

384

Total hr 147.00
15.31

251.00
26.15

210.50
21.93

608.50
15.21-Z/

41.00
4.27

310.50
32.34

351.50 ,1 960

/
Temperatures that fell between two
recorded as 100C.

intervals were added to the greater temperature, i.e., 7.2 °C was

2/Represents hours/day.



Table 56. Effect of laboratory temperatures corresponding to the field temperatures
at Madras, Oregon during emergence in 1975.

Duration of Emergence (days)

vs. control

Treatment No. Cells No. Bees Emergence Sig. Range 50% 90% 50% 90%

1/ 2/

38. 31 29 93.6 N.S. 20 11 15 +4 +5

39. 30 26 86.7 N.S. 13 6 9 +8 +8

40. 30 23 76.7 ** 25 18 22 +11 +12

41. 29 27 93.1 N.S. 22 19 19 +15 +15

42. 58 54 93.1 12 7 10

1/Significance compared to control; N.S. = not significant; **P >0.99.

-?/(+) indicates delay of emergence compared to the control.



Table 57. Number of hours and percentage distribution of temperatures, 0C, received by the
treatments to Madras, Oregon conditions. 1/

Treatment 4.4° 10.00 15.6° E hrs 21.1° 26.7° E hrs Total hrs

38.

39.

40.

41.

hr

%
hr

hr
%

hr

0

0

44.00
22.92
90.00
31.25
105.00
27.34

48.25
50.26
89.75
46.74
106.75
37.07
142.75
37.17

33.00
34.38
39.00
20.31
68.00
23.61
77.00
20.05

81.25
20.3g/
172.75
21.592./

264.75
2/

22.06-
324.75W,,
20.30?/

11.75
12.24
16.25
8.46

18.25
6.34

51.25

3.00
3.13
3.00
1.56

5.00
1.74

8.00
2.08

14.75
3.6g-
19.25
2

2/
.41-

23 25
2/

1.94-
59.25 ,

3.702/

96

192

288

384

Total hr 239.00
24.90

387.50
40.36

217.00
22.60

843.50,,
21.0%!

97.50
10.16

19.00
1.98

116.50
2.91

2/
960

1
/Temperatures that fell between two intervals were added to the greater temperature,i.e., 7.2°C was

recorded as 100C.

? /Represents hours/day.
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as the previous ones will yield some information concerning the most

efficient manner to handle the pupae during and after incubation.

6.4.1 Materials and Methods

Prepupae from the Montana stock were incubated on March 21, 1976,

at 29.5°C and 25-30% R.H. as described for the previous experiments.

On the 13th day of incubation, cells were x-rayed to determine the

stage of bee development. The immature bees were separated into three

groups: (1) the most advanced pupae (black eyes and thorax) were

designated as medium pupae; (2) non-melanized pupae were designated

as light pupae; and (3) undifferentiated prepupae which were elim-

inated.

Treatments were conducted after 21 days of incubation at which

time the first males had emerged from the medium pupae. Twenty-six

to 31 live bee cells were included in each of 26 treatments. The

Petri dishes containing the leafcutting bee cells were transferred

directly from one temperature to the next. Cells reached the desired

temperatures in less than 3-5 minutes. Treated cells were returned to

29.5 °C and 25-30% R.H. to complete emergence. Bee emergence was

recorded daily and mortality assessed. The same statistical analysis

was used as described for prior experiments.

Description of the treatments. Samples previously incubated
at a constant 29.5`T were accorded the following tempera-
ture treatments. Time in hours is indicated in parentheses.

Treatment 1. 40° (2) - 1 day

2. 40° (2) - 2 days

3. 40° (2) - 3 days

4. 45° (2) - 1 day

5. 45° (2) - 2 days

6. 45° (2) - 3 days

7. 15.6° (48) + 29.5° (24)

8. 15.6° (48) + 40° (3) + 29.5° (24)

9. 15.6° (48) + 45° (1) + 29.5° (24)

10. 15.6° (48) + 45° (3) + 29.5° (24)
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Treatment 11.

12.

13.

14.

15.

16.

15.6° (48) + 50° (0.5) + 29.5° (24)

29.5° (48) + 15.6° (48) + 29.5° (24)

29.5° (48) + 40° (3) + 15.6° (48) + 29.5° (24)

29.5° (48) + 45° (1) + 15.6° (48) + 29.5° (24)

29.5° (48) + 45° (3) + 15.6° (48) + 29.5° (24)

29.5° (48) + 50° (0.5) + 15.6° (48) + 29.5° (24)

17. 40° (5) + 29.5° (19) + 45° (5) + 29.5° (19)

18. 40°, (5) + 29.5° (19) + 45° (5) + 29.5° (19) +

50° (0.5) + 29.50 (23.5)

19. 40°, (5) + 29.5° (19) + 45° (5) + 29.5° (19) +

50° (0.25) + 29.50 (23.75)

20. 29.5° (48) + 50° (0.5) + 29.5° (24)

21. 40° (2) + 29.5° (22)

22. 40° (2) + 29.5° (22) + 45° (2) + 29.5° (22)

23. 40(,) (2) + 29.5° (22) + 45° (2) + 29.5° (22) +

50° (0.5) + 29.50 (23.5)

24. 40° (2) + 29.5° (22) + 45° (2) + 29.5° (22) +

29.5° (24) + 50° (0.5) + 29.50 (23.5)

25. 40° + 29.5°,(22) + 45° (2) + 29.5° (22) +

29.5 (48) + 50° (0.5) + 29.5° (23.5)

26. 29.5° (24) control

6.4.2 Results and Discussion

Brief exposures of pupae to 40° or 45°C repeated one, two, or

three times, on consecutive days did not significantly affect the sur-

vival nor the duration of emergence of leafcutting bees (Table 58).

Treatments 1 and 4 had shorter durations of emergence than the control,

suggesting that the single temperature treatments accelerated develop-

ment without causing mortality. The emergence of bees from treatments

2, 3, 5, and 6 and the control was well synchronized.

Taking into consideration the high survival of bees, similar

duration and no delay of emergence with respect to the control, one

can conclude that emerging leafcutting bees are able to tolerate up to

two hours at 45°C during three consecutive days. However, Table 44

has shown that significant mortality of emerging bees occurred when

exposed to three hours at 45°C.
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The effects of cooling emerging bees prior to and following brief

exposures to 40°-50°C temperatures are presented in Table 59. Cooling

emerging bees at 15.6°C for 48 hours and then exposing them to 40°C

for three hours (or to 45°C for one or three hours) did not cause any

significant increase in mortality. However, cooling the cells at

15.6°C for 48 hours and then exposing them to 50°C for 0.5 hour caused

a highly significant increase in mortality.

Cooling the cells at 15.6°C for 48 hours following exposure to

40
o
C for three hours, or exposure to 45°C for 1 hour, had no effect on

bee survival. However, cooling the cells after exposure to 45°C for

3 hours or exposure to 50°C for 0.5 hour resulted in significantly

greater mortality than the control. Thus, emerging leafcutting bees

appear more sensitive to successive high and low or low and high tem-

peratures than to constant high, constant low, or constant normal

temperatures during emergence.

The effect of cooling emerging bees on the duration of emergence

is shown in Table 59. Treatments 7, 11, 12 and 16 had a shorter dura-

tion of emergence than the control. It was previously shown by Tweedy

and Stephen (1970, 1971) that leafcutting bees synchronized their

emergence when exposed to cool temperatures during emergence. This

seems to be the case, because even though treatments 7 and 12 received

48 hours less heat they required fewer days to complete emergence than

the control. However, treatments 7 and 12 had a delay of emergence

compared to the control. These results are in agreement with previous

experiments in which development of bees was completely suppressed at

15.6
o
C.

Treatment 11 and, to a lesser extent, treatment 16, had shorter

durations of emergence than the control. It appears that the shorter

duration resulted from a greater number of heat units received by

these treatments which caused faster development of the emerging bees.

On the other hand, the extra heat was accompanied by increased mortal-

ity.

The bees in most of the treatments emerged later than the control

and in some cases the delay was longer than the time of treatment.

This was particularly noticeable in the 45°C treatments, suggesting an
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arrested development of the emerging bees.

Conditioning by brief exposures to 40°, 45° and 50°C on

successive days allowed leafcutting bee pupae to tolerate the high

temperature without increased mortality (Table 60, treatments 17-19).

In contrast, bee pupae exposed to 50°C for 30 minutes without condi-

tioning sustained 17% greater mortality than the control pupae (treat-

ment 20, significant at P >0.95). Therefore, it is concluded that

leafcutting bee pupae close to emergence can be conditioned to tolerate

short periods of high temperatures. Moreover, this conditioning pro-

cess has to be gradually achieved in time and temperature in order to

avoid mortality of the emerging bees. Excessive differences in the

pre- and post-incubation conditions to which the bees are exposed

result in increased mortality if temperatures as high as 50°C are

experienced. Finally, if these results are compared to the previous

experiments, significant mortality always occurred when the emerging

bees were exposed to 50°C for 0.5 hour or longer.

The duration of emergence of the conditioned emerging bees is

very close to the control, except for treatment 19. It appears that

50°C for only 0.25 hour after conditioning at 40° and 45°C accelerated

emergence without affecting bee survival. There was no delay of these

treated bees compared to the control.

Conditioning of treatments 21-23 presented a significantly

similar level of survival compared to the control. In contrast,

treatments 24 and 25 are highly significantly different from the con-

trol with respect to survival (Table 61). Treatments 24 and 25 were

conditioned at 40° and 45°C; however, the 50°C treatment for 0.5 hour

was carried out on day 4 or day 5, instead of day 3. The data sug-

gests that the conditioning effect did not last for more than one

day. It can be concluded that 50°C is the uppermost temperature for

emerging bees. Emerging bees may tolerate 50°C only under very

special circumstances, such as when conditioned, but this phenomenon

is only temporary. If for any reason under field conditions, the

temperature of incubating leafcutting bees goes beyond the critical

temperature of 45°C, the cells should be kept close to upper threshold

temperature for a short period and then the temperature slowly



Table 58. Effect of short exposures to 400 and 45°C temperatures repeated once,
twice, and thrice during

bee emergence on the medium pupa category, 1976.

Treatment
No. Cells No. Rees Emergence Sig.

1/

Duration of Emergence (days)

Range 50% 90%

vs. control

50% 901:

2/

1. 40
o
o'

2 hrs, once

2. 40
'

2 hrs, twice
3. 40 °, 2 hrs, thrice
4. 45- 2 hrs, once
5. 45°' 2 hrs, twice
6. 45 °, 2 hrs, thrice

28
29
28
28
29
29

27

29

27

27

24

28

96.4
100.0

96.4
96.4
82.8
96.6

N.S.

N.S.

N.S.
N.S.

N.S.
N.S.

8
10

11

8
9
11

4

5

6

3

6

6

7

9

10

7

9
9

-2

-1

-1

-1

0
0

-1

+1

41

+1

+1
41

26. 29.5°, control
29 28 96.6 11 7 9

11Significance compared to control; N.S. = not significantly
different from the control.

2/ (+) indicates delay of emergence;
(-) indicates earliness of emergence;

(o) indicates no difference with

respect to control.



lable 59. Effect of pre-cooling and post-cooling
emerging bees exposed to 40°, 45° and 50°C temperatures for

a short period of time on medium pupa category, 1976.

Treatment Ho. Cells No. Bees Emergence Sig.

1/

Duration of Emergence (days)

Range 50% 90%

vs. control

50% 90%
2/

7. 15.6 °, 29.5° 30 28 93.3 N.S. 9 6 8 +2 +2

8. 15.6°, 40°, 29.5° 30 28 93.3 N.S. 10 7 9 +1 41

9. 15.6 °, 45 °, 29.5° 30 29 96.7 N.S. 10 6 10 +1 +2

10. 15.6 °, 45°, 29.5° 30 25 83.3 N.S. 12 7 12 +1 +4

11. 15.6°, 50°, 29.5° 30 17 56.7
** 7 3 6 +2 +3

12. 12.5°, 15.6°, 29.5° 29 26 89.7 N.S. 7 5 7 +2 +1

13. 40°, 15.6°, 29.5° 30 27 90.0 N.S. 9 5 9 +1 +3

14. 45 °, 15.6°, 29.5° 29 27 93.1 N.S. 11 5 10 0 +3

15. 45 °, 15.6°, 29.5° 27 21 77.8 * 10 6 10 +2 +4

16. 50°, 15.6°, 29.5° 27 22 81.5 * 9 6 8 42 +2

26. 29.5°, control 29

- -
28

- -
96.6 11 7 9

AlSignificance compared to control; N.S = not significant; *P >0.95; **P >0.99.

-21(+) indicates delay of emergence; (o) indicates no
difference with respect to control.



Table 60. Effect of conditioning to high temperatures, 50°C during bee emergence on medium pupa category, 1976.

Treatment No. Cells No. Bees Emergence Sig.

Duration of Emergence (days)

Range 50% 90%

vs. control
50% 90%

2/

17. 40°, 45° , 29.5° 31 29 93.6 N.S. 11 6 10 -1 +1

18. 40 °, 45°, 50° 29.5°
o o o' o

19. 40 , 45 , 50 , 29.5°

26

31

24

30

92.3
96.8

N.S.

N.S.

11

9

7

5

9

8

+1

0

+1

+1

20. 29.5°, 50 °, 29.5° 29 23 79.3 * 10 7 9 +1 +1

26. 29.5°, control 29 28 96.6 11 7 9

1/Significance compared to control; N.S. = not significant; *P )0.95; **P '0.99.

?/(+) indicates delay of emergence; (-) indicates earliness of emergence; (o) indicates no difference with

respect to control.



Table 61. Effect of conditioning to high temperatures, 50°C during bee emergence on light pupa category, 1976.

Treatment No. Cells No. Bees Emergence Sig.
1/

Duration of Emergence (days)

Range 50% 90%

vs. control
50% 907.

2/

21. 40°, 29.5° 29 27 93.1 N.S. 14 6 10 0 +2

22. 21. + 45° 30 29 96.7 N.S. 11 6 9 -1 0

23. 22. + 50,°, 30 26 86.7 N.S. 11 4 5 41 0

24. 22. + 50° 29 12 41.4 ** 5 2 3 +3 +2

25. 22. + 50° 30 4 13.3 ** 3/ qi 3/ 3/ 3/

26. 29.5°, control 29 28 96.6 11 7 9

1/Significance compared to control; N.S. = not significant; *P >0.95; **P >0.99.

?/(+) indicates delay of emergence; (-) indicates earliness of emergence; (o) indicates no difference with

respect to control.

3 /The sample size was too small to determine the duration of emergence.
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decreased to an optimal level fo 28°-30°C. This would be practical

only if the incubating cells are exposed to high temperatures for a

very short period of time.

The duration of emergence of the conditioned cells was similar to

the control, except for treatments 23 and 24. Treatment 23 took less

time to achieve 50% and 90% of emergence. The additional heat units

received by this treatment may explain this shortened developmental

time. There was no appreciable delay of emergence of the treated bees

compared to the control, except for treatment 24, in which too few

surviving bees were available to draw meaningful conclusions.

6.5 Effect of Short Exposures to 45°
and 50°C Temperatures, Seven to
Three Days Before Leafcutting
Bee Emergence

The purpose of this experiment was to determine the

susceptibility of pupae when exposed to high temperatures close to the

time of emergence. In addition, it was decided to study in more

detail the role of conditioning of pupae to high temperatures.

6.5.1 Materials and Methods

Leafcutting bee prepupae, from the Montana stock used for the

previous experiments, were incubated at 29.5°C and 25-30% R.H.,

May 11, 1976, following the same procedure described above. Ten days

later, the developing prepupae were x-rayed to determine the stage of

development and young pupae separated for treatment.

Twenty-six treatments, with from 36-43 live pupae each, were

subdivided into two groups. One group of pupae were treated on the

14th day of incubation, seven days before the emergence of the first

males. The second group of pupae were treated on the 17th day on in-

cubation, four days before the beginning of emergence. The treat-

ments are cited below. Cell temperature increases in each of the

treatments were reached in less than 3-5 minutes. Following treat-

ment, the pupae were returned to the rearing conditions of 29.5°C and
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25-30% R.H. to complete emergence. Emergence of bees was recorded

daily and mortality assessed at the end of the emerging period. The

same statistical analysis described for the previous experiments was

used.

Description of treatments. Samples previously incubated at
a constant 29.5°C were accorded the following temperature
treatments. Time in hours is indicated in parentheses.

Treatment 1. 45°C (2 hrs) - 7 days before emergence

2. 45° (2) - 5 days before emergence

3. 45° (2) - 3 days before emergence

4. 50° (0.5) - 7 days before emergence

5. 50° (0.5) - 5 days before emergence

6. 50° (0.5) - 3 days before emergence

7. 50° (0.5) - 0 days before emergence

8. 15.6° (48) + 45° (2) - 7 days before emergence

9. 15.6° (96) + 45° (2) - 7 days before emergence

10. 15.6° (48) + 45° (2) - 4 days before emergence

11. 15.6° (96) + 45° (2) - 4 days before emergence

12. 15.6° (48) + 50° (0.5) - 7 days before emergence

13. 15.6° (96) + 50° (0.5) - 7 days before emergence

14. 15.6° (48) + 50° (0.5) - 4 days before emergence

15. 15.6° (96) + 50° (0.5) - 4 days before emergence

16. 40° (2) + 29.5° (22) - 7 days before emergence

17. 40° (2) +29.5° (22) + 45° (2) + 29.5° (22) - 7 days
before emergence

18. 40° (2) + 29.5° (22) + 45° (2) + 29.5° (22) + 50°(0.5)+
29.5° (23.5) - 7 days before emergence

19. 40° (c2) + 29.5°,(22) + 45° (2) + 29.5° (22) +

29.5 (24) + 50° (0.5) + 29.5u (23.5) - 7 days before
emergence

20. 40° (2) + 29.5°(22) + 45° (2) + 29.5° (22) +
29.5u (48) + 50' (0.5) + 29.5° (23.5) - 7 days before

emergence

21. 40° (2) + 29.5° (22) - 4 days before emergence

22. 40° (2) + 29.5° (22) + 45° (2) + 29.5° (22) - 4 days

before emergence
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Treatment 23. 40! (2) + 29.5° (22) + 45° (2) + 29.5° (22) +
50° (0.5) + 29.5° (23.5) - 4 days before emergence

24. 40° (2) + 29.5° (22) + 45° (2) + 29.5° (22) +
29.5° (24) + 50° (0.5) + 29.5° (23.5) - 4 days before

emergence

25. 40° (2) + 29.5° (22) + 45° (2) + 29.5° (22) +
29.5° (48) + 50° (0.5) + 29.5° (23.5) - 4 days before
emergence

26. 29.5° (24) - control

6.5.2 Results and Discussion

Exposures to two hours at 45°C for three, five and seven days

before the starting of emergence did not affect the survival of emerg-

ing bees (Table 62). Conversely, 0.5 hour of exposure at 50°C from

seven days up to the moment of emergence, resulted in almost total

mortality of the emerging bees (Table 62). Thus, the 45°C treatments

did not yield significant information about aging and tolerance to

heat during bee emergence.

The duration of emergence was a little longer for treatment 1

(45°C for two hours applied seven days before emergence) in comparison

to the control. Treatments 2 and 3 (45°C for two hours, applied five

and three days before emergence, respectively) did not differ from the

control in emergence duration. Thus, it can be concluded that two

hours at 45°C exposure does not affect survival nor change the timing

of emergence.

Leafcutting bee pupae chilled for 48 or 96 hours at 15.6°C and

treated at 45°C for two hours, seven or four days before emergence,

were not significantly different in survival from the control (Table

63). Bee pupae chilled for 48 or 96 hours at 15.6°C and treated at

50°C for 0.5 hour sustained almost total mortality. However, as was

shown previously, the exposure to 50°C for 0.5 hour appears to be the

primary factor responsible for the mortality (Table 62).

The only difference in the duration of emergence of the treated

bees was obtained by measuring the 90% emergence. The duration of

emergence of the treated bees at 50°C was not analyzed due to the

high mortality. Emergence in treatments 8-11 was later than that of
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the control, probably due to chilling at 15.6°C. It was shown in

previous experiments that 15.6°C was below the threshold for develop-

ment and activity.

Conditioning leafcutting bee pupae to normally lethal

temperatures (50°C) is possible (Table 64). The mortality was high,

but some of the individuals were able to survive. With conditioning,

50°C heat shock applied four days before emergence (treatments 24 and

25) appears to be more detrimental than seven days before emergence

(treatments 18 and 19). The results shown in Table 64 also agree with

the previous experiment in that the effect of conditioning lasts only

one to two days, after which almost total mortality occurs. Data on

the duration of emergence are highly variable, with no evident trends

for solid conclusions.



Table 62. Effect of high temperatures (45° and 50°C) and aging during bee emergence. 1976.

Treatment No. Cells No. Bees Emergence Sig.

1/

Duration of Emergence (days)

Range 50% 907

vs. control
507 90%

2/

1. 7 B.E., 45
o

, 2 hrs 39 36 92.3 N.S. 14 8 11 0 0

2. 5 B.E., 45°, 2 hrs 38 36 94.7 M.S. 9 6 9 0 0

3. 3 B.E., 45'0, 2 hrs 39 38 97.4 N.S. 12 6 9 0 0

4. 7 B.E.. 50 °, 0.5 hr 36 2 5.6 ** a3/ a a a a

5. 5 B.E., 50°, 0,5 hr 36 0 0
** a a a a a

6. 3 B.E., 50 °, 0.5 hr 42 0 0 ** a a a a a

7. 0 B.E., 50 °, 0.5 hr 36 0 0 ** a a a a a

26. 29.5°, control 38 36 94.7 12 6 9

Jisignificance compared to control; N.S. = not significant; **P

?/(+) indicates delay of emergence; (o) indicates no difference with respect to control.

3/ The sample size was too small to determine the duration of emergence.



Table 63. Effect of chilling, 15.6°C followed by high temperatures (45° and 50°C), seven and four days before
bee emergence, 1976.

Treatment No. Cells No. Rees Emergence Sig.

1/

Duration of Emergence (days)

Range 50% 907;

vs. control
50% 90%

2/

8. 48 hrs 15.6
o

'

2 hrs 45
o

n'
7 days

9. 96 hrs 15.6 °, hrs 45 7 days

10. 48 hrs 15.62: 2 hrs 45°,, 4 days
11. 96 hrs 15.6 2 hrs 45', 4 days
12. 48 hrs 15.6 °, 0.5 hr 50°, 7 days
13. 96 hrs 15.6°o'

o'
0.5 hr 50°

' '
7 days

14. 48 hrs 15.6n 0.5 hr 50 4 days
15. 96 hrs 15.6", 0.5 hr 50°, 4 days

38
36

43
39

30
34

36

34

37

33

43
38

0

2

0

0

97.4
91.1
100.0
97.4

0

5.9
0
0

N.S.
N.S.

N.S.

N.S.
**
**

**

**

12

12

12

12,,a2/aaaa
a

a

a

6

7

6

7

a

a

a

12

12

12

12

a

a

a

0

+3
0
+3

a

a

a

+3
45
43
+5

a

a

a

26. 29.5°, constant 38 36 94.7 12 6 9

1/Significance compared to control; N.S. = not significant; **P >0.99.

31(+) indicates delay of emergence; (o) indicates no difference with respect to control.

3 /The sample size was too small to determine the duration of emergence.



Table 64. Effect of conditioning to high temperatures, 50 °C, seven and four days before bee emergence, 1976.

Treatment No. Cells No. Rees [mergence Sig.

1/

Duration of Emergence (days)

Range 50% 90%

vs. control
507, 907.

2/

7 days
16. 40°, 29.5° 34 33 97.1 N.S. 12 6 9 0 0

17. 16. + 45g 37 35 94.6 N.S. 12 6 9 0 0

18. 17. + 50° 41 19 46.3 ** 10 4 7 0 0

19. 17. + 50°
20. 17. + 50'

37

38

22

0

59.5
0

**
**

10

a3/a
4 10

a

0
a

0
a

4 days
21. 40 °, 29.5° 38 37 97.4 N.S. 14 5 11 -3 0

22. 21. + 45° 38 37 97.4 M.S. 11 5 11 -3 0

23. 22. + 50° 35 12 34.3
** a a a a a

24. 22. + 50° 40 5 12.5
** a a a a a

25. 22. + 50° 37 1 2.7 ** a a a a a

26. 29.5°, control 38 36 94.7 12 6 9

11Significance compared to control; N.S. = not significant; "1' >0.99.

2/ (+) indicates delay of emergence; (-) indicates earliness of emergence; (o) indicates no difference with

respect to control.

2/The sample size was too small to determine the duration of emergence.
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VII. CONCLUSIONS

A survey of mortality factors affecting leafcuttingbee progeny

from 1973-1976 reveals that total larval mortality usually exceeds 50%.

Principal larval mortality occurred in the egg and early instars.

Parasites and predators are not a limiting factor in population

increase because they can be held at subeconomic levels if bee popu-

lations are managed efficiently. The incidence of the disease chalk

brood has increased dramatically in the Northwest since 1974.

Inadequate food supply, i.e., pollen and nectar, may also affect

survival of immatures. Variation in cell production as well as in

larval survival within and between populations can be attributed to

the interaction between the bees and their specific microenvironment

rather than the genetic differences among populations. The saponin

content of alfalfa leaves is not responsible for the mortality

encountered within the immature stages. Leafcutting bee cells are

rarely composed of leaves of one species of plant, even though

females are exposed to an unlimited supply of one type as in an

alfalfa field. Cells with both live and dead progeny contain similar

numbers of leaves, therefore difference in leaf insulation cannot be

considered a mortality factor. Cell 1, or the outermost cell in a

series, has more leaves than any of the others whether they contain

live or dead progeny. Cell 1 is more exposed to unfavorable environ-

mental conditions, and the greater number of leaves in the cap may

provide additional protection.

Domicile design and protection may have a great influence on the

survival of eggs and immatures. The larger, better protected and ven-

tilated the domiciles are, the lower the incidence of early mortality

(eggs and young larvae).

Extremely high temperatures occur in cells when nesting material

faces the direct sun, particularly during the early morning. These

high temperatures may exceed 50°C depending on the length of exposure

and the degree of protection. There is a temperature differential

between cells in a series, i.e., between the inner, middle, and outer

cells. Higher temperatures are found in outer than inner cells,
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especially when exposed to the direct sun. However, the reverse is

true in nesting material housed in domiciles with poor ventilation and

insulation. Under identical conditions, cells in wood tunnels do not

reach the temperatures of those in paper soda straws. Finally, there

is no direct relationship between ambient temperature and nest tempera-

ture because the latter is influenced strongly by exposure, nesting

media, placement, and domicile structure. Thus, cell temperatures will

ultimately determine the fate of the progeny.

Bee body temperatures are higher than ambient temperatures but

usually not as high as the temperatures of black bodies in the direct

sun. Except when at rest, internal body temperatures do not differ

greatly relative to bee activities.

The unknown mortality occurring in eggs and early instars is not

only caused by excessive heat because although larval development can

proceed at temperatures below 21°C, survival is reduced. Adult activ-

ity, like metabolic development in the immature stages, can be condi-

tioned to unusually high or low temperatures; thus, there is no

absolute temperature threshold in the leafcutting bee.

Ambient temperatures of 45°C applied for one to three hours

resulted in higher mortality of eggs and early instars than the con-

trol temperature of 30°C in all years, except for one sampling period

in 1975. Ambient temperatures of 50°C applied for one to three hours

resulted in complete mortality of eggs and young larvae in all treat-

ments, except for some survival (less than 30%) of larvae older than

second instars when treated for 1.5 hours in 1975. Some survival

was also obtained when immatures were exposed for 0.5 hour at 50°C.

However, the survival was lower than in those maintained at the con-

trol temperatures. Ambient temperatures of 40°C for one to three

hours did not yield greater mortality of immatures than did control

temperatures. However, some detrimental effect was observed in the

1973 treatments. Constant 40°C for 15 days caused greater mortality

in eggs and young larvae than did the control temperatures. The tem-

peratures inside cells were much lower than the ambient temperatures

of the treatments. Thus, ambient temperatures of 45° and 50°C, which

caused severe to total mortality, were at least 5°C more than the
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in-cell temperatures. Temperature was shown to be a causal agent in

egg and larval mortality.

The number of daily exposures to high temperatures was not as

severe as the duration of the treatments. In some years treating two

or three times resulted in higher mortality than a single treatment

but this trend did not apply all the time. On the other hand, dura-

tion of treatments, and particularly its interaction with temperature,

resulted in higher mortality when exposed at both 45° or 50°C for one

hour rather than those exposed for two to three hours. The mechanism

for this heat tolerance is not understood, but it may be a result of

preconditioning of the immatures to sudden changes in temperatures.

However, in other years longer exposures resulted in greater mortality

than shorter.

Greater mortality at high temperatures was obtained with those

treatments carried out in July, progeny of first generation bees, than

in those carried out in August, progeny of second generation bees.

This difference in survival appears not to be related to the age of

the laying females, rather to the thermal history or seasonal effect

to which the immatures were exposed. However, a high mortality was

obtained in the August 1975 samples, which ruled out the possibility

of differences in heat tolerance between generations.

Differences in survival between total cells and cells 1 and 2

upon heat treatments were minimal in most years, indicating that heat

susceptibility of eggs and first, second, or third instars are simi-

lar. Moreover, when mortality was compared among cell 1, cell 2, and

cell 3, no significant differences were found in most cases. Some of

the data suggest that eggs were more heat tolerant than early in-

stars. There were indications that the fourth and fifth instars were

more heat tolerant than younger larvae.

Immatures maintained at the control temperatures of 30°C had a

survival of over 85%, except for one sampling period in 1975 when

only 60% survived. Thus, the rearing techniques used were adequate

and clearly show the adverse effects of high temperatures on the imma-

ture stages of leafcutting bees.

Exposure of larvae to low temperatures, i.e., 4.4°, 7.2°, or
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20°C before they were exposed to high temperatures did not increase

mortality. However, sublethal and lethal high temperatures were less

severe on immatures that were first conditioned to high temperatures, a

phenomenon that would be advantageous for leafcutting bee progeny in

nature. Acclimation of the immatures did not occur at lethal cell tem-

peratures, i.e., 50°C for 15 minutes.

It is concluded that temperature plays a significant role in the

mortality of immature stages of leafcutting bees. Upper threshold tem-

perature limits cannot be precisely defined because of acclimation

and/or resistance mechanisms that operate in the immatures. Further-

more, as none of the temperatures to which the immatures were exposed

were constant during the experiments (except for the controls), no

absolute temperature or time values could be ascertained. Neverthe-

less, it can be said that if temperatures over 40°C occur in leafcut-

ting bee cells, a detrimental effect can be expected.

High temperatures were also harmful during bee emergence. A

temperature of 45°C was the upper limit that developing pupae could

tolerate for short exposures. Temperatures of 50°C were lethal. Pupae

are more heat sensitive between three and six days before emergence

than any other time. When exposed to high temperatures, pupae and

emerging adults were able to arrest development and hence delay emer-

gence. However, undifferentiated mature larvae exposed to the same

treatments did not arrest development. Pupae and emerging adults can

be conditioned to tolerate short exposures of lethal temperatures; how-

ever, this acclimation process did not last for more than 24 hours.

The pupa was capable of being conditioned from seven days up to the

moment of emergence.

At a given incubation temperature, individuals with a slower rate

of development had a higher mortality than the more rapidly developing

larvae. Relative humidity during incubation did not play a signifi-

cant role in survival.

Low temperatures, even freezing temperatures, did not

significantly affect the survival of emerging bees nor the developing

pupae. Development of pupae and emerging adults can be arrested for up

to a week at 15.6°C or below without any mortality. Development and
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emergence proceed at 21°C, but pupae need at least 2.5 hours per day of

temperature above 21°C to survive when not in an arrested state. Short

periods, 0.5 hour per day, above the developmental threshold (29.5°C)

was detrimental to the emerging bees. Survival was better when pupae

were kept below 15.6°C to arrest development than when short periods

above the developmental threshold occurred.

A temperature of 29.5°C for 14 hours daily was sufficient for

optimal development and did not cause any significant mortality to the

emerging bees, regardless of the temperatures at which they were held

for the other ten hours of the cycle. Thus, developing pupae do not

grow continuously at optimum temperature. Incubation at 29.5°C for

less than ten hours per day resulted in a delay in the emergence.

Maintaining pupae at 15.6°C for 22 hours daily for 8 days, or,

20 hours daily for 16 days triggered a partial re-induction to dia-

pause. The re-induction did not appear when the pupae were kept under

constant 15.6°C or below. Chilling pupae at 15.6°C for 48 or 96 hours,

4 and 7 days before emergence did not cause significant mortality, nor

delay or accelerate emergence. Cooling the emerging bees after high

temperature treatments appears to be more detrimental than cooling

before high temperature treatments.

In summary, temperature is an important element in the survival of

immature stages of leafcutting bees. The detrimental effect of tem-

perature can be minimized with efficient bee management. Nevertheless,

the data presented above clearly show that organisms like leafcutting

bee immatures do not express all their physiological responses in the

constant environment in which most studies on abiotic factors have been

made. The effect of temperature was assessed only on survival of

the larvae and did not consider any chronic effects such treatment may

have on the imago or adult, i.e., deformations of body parts, reduction

of fecundity, reduced sperm viability, and shortened life span of

adults. Finally, as it was impossible to test and replicate many tem-

peratures, durations, and occurrences, and because the combinations

resulting from them are enormous, only a selected group of variables

were analyzed.
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APPENDICES



Appendix 1, Table 1. Incidence of larval mortality and parasitism-predation in percentages at
Madras, Oregon in M. pacifica = rotundata, 1972.

Nesting Material: Straw

Date
No. Cells
Examined

Parasites and
Predators

Early Larval
Mortality

Late Larval
Mortality

Total Larval
Mortality

July 5 - 13 -

14 - 25 107 0 14.9 37.4 52.3
July 26 - Aug. 4 184 0 48.4 7.6 56.0
Aug. 5 - 11 116 2.6 53.4 3.4 56.9

12 - 18 6 0 33.3 0 33.3
19 - 25 11 0 45.4 18.2 63.6

Aug. 26 - Sept. 7 26 0 42.3 11.5 53.8

Mean 0.7 41.1 14.0 55.1

Nesting Material: Board

Date
No. Cells Parasites and
Examined Predators

Early Larval
Mortality

Late Larval
Mortality

Total Larval
Mortality

July 5 - 13 - - -

14 - 25 277 1.1 21.7 16.2 37.9
July 26 - Aug. 4 498 3.0 36.1 3.6 39.7
Aug. 5 - 11 264 1.1 29.9 0.8 30.7

12 - 18 28 7.1 14.3 0 14.3
19 - 25 63 7.9 39.7 0 39.7

Aug. 26 - Sept. 7 71 1.4 33.8 2.8 36.6

Mean 2.4 30.9 5.6 36.5



Appendix 2, Table 1. Incidence of larval mortality and parasitism-predation in percentages at
Nyssa, Oregon in M. pacifica = rotundata, 1972.

Nesting Material: Straw

Date
No. Cells
Examined

Parasites and
Predators

Early Larval
Mortality

Late Larval
Mortality

Total Larval
Mortality

July 4 - 16 26 0 42.3 50.0 92.3

17 - 27 271 0.4 49.8 12.0 62.0

July 28 - Aug. 6 238 0 79.8 0 79.8

Aug. 7 - 14 90 1.1 60.0 2.2 62.2

15 - 21 45 0 64.4 2.2 66.6

22 - 28 28 0 50.0 3.6 53.6

Aug. 28 - Sept. 8 57 0 68.4 0 68.4

Mean 0.3 62.5 6.6 69.1

Nesting Material: Board

Date
No. Cells
Examined

Parasites and
Predators

Early Larval
Mortality

Late Larval
Mortality

Total Larval
Mortality

July 4 - 16 217 0 24.9 42.9 67.8

17 - 27 459 0.4 29.2 22.0 51.2

July 28 - Aug. 6 362 2.2 32.9 2.5 35.4

Aug. 7 - 14 312 4.5 35.9 3.8 39.7

15 - 21 175 0.6 37.1 0 37.1

22 - 28 96 1.0 30.2 0 30.2

Aug. 28 - Sept. 8 127 0 44.1 1.6 45.7

Mean 1.5 32.6 12.4 45.0



Appendix 3, Table 1. Incidence of larval mortality and parasitism-predation in percentages at
Orovada, Nevada in M. pacifica = rotundata, 1976.

Nesting Material: Straw

Date
No. Cells
Examined

Parasites and
Predators

Early Larval
Mortality

Late LarvalY
Mortality

Total Larval
Mortality

July 1 - 10
11 - 20
21 - 30

July 31 - Aug. 9
Aug. 9 - 20

21 - 29
Aug. 30 - Sept. 8

219

763
717
663
350
286

104

0

0.1
1.3
1.1

1.7

4.6
0

34.7
35.8
44.8
42.4
48.4
59.1
33.7

10.1

18.9
16.7
14.8
20.6
28.3
44.2

44.8
54.7

61.5
57.2
68.6
87.4
77.9

Mean 1.2 42.7 18.8 67.7

Nesting Material: Board

Date

No. Cells
Examined

Parasites and
Predators

Early Larval
Mortality

Late Larval
Mortality

Total Larval
Mortality

July 1 - 10 472 0 13.1
/

6.61 19.7

11 - 20 839 0.2 22.4 15.3 37.7

21 - 30 568 0 35.2 19.0 54.2

July 31 - Aug. 9 435 1.8 55.2 8.7 63.9

Aug. 9 - 20 783 2.6 38.4 12.1 50.6

21 - 29 511 6.9 36.6 22.5 59.1

Aug. 30 - Sept. 8 255 3.1 38.4 29.0 67.5

Mean 1.9 33.0 15.3 48.3

1/Includes the disease called "chalk brood" caused by Ascosphaera ? sp. fungus.



Appendix 4, Table 1. Incidence of larval mortality and parasitism-predation in percentages at

Shelibrook, Saskatchewan, in M. pacifica = rotundata, 1976.

Nesting Material: Straw

Date

No. Cells
Examined

Parasites and
Predators

Early Larval
Mortality

Late Larval
1/

Mortality

Total Larval
Mortality

July 1 - 11 0 0 0 0 0

12 - 21 104 0 2.9 2.9 5.8

21 - 31 686 0 5.3 3.1 8.4

Aug. 1 - 10 447 0 6.5 2.7 9.2

11 - 20 377 0 8.0 11.9 19.9

21 - 30 371 0.3 11.3 13.2 24.5

Mean 0.1 7.1 6.6 13.6

Nesting Material: Board

Date

No. Cells
Examined

Parasites and
Predators

Early Larval
Mortality

Late Larval
Mortality

Total Larval
Mortality

July 1 - 11 21 0 0 33.31 33.3

12 - 21 434 0 5.5 8.5 14.0

21 - 31 356 0 5.1 12.4 17.5

Aug. 1 - 10 351 0 2.3 21.9 24.2

11 - 20 215 0 17.7 34.4 52.1

21 - 30 245 0 21.2 26.1 47.3

Mean 0 8.6 18.7 27.3

1/Includes mortality due to molds and fungi displacement.



Appendix 5, Table 2. Incidence of parasitism and predation on leafcutting bees, at three locations

in Oregon, 1974.

Nesting Material: Board

Date

Succor Creek
% Predators

No. Cells and Parasites No. Cells

Nyssa
% Predators
and Parasites

Madras
% Predators

No. Cells and Parasites

July 1 - 10 - - 14 35.7 - -

11 - 20 108 24.1 466 35.4 14 0

21 30 443 50.6 482 25.1 237 8.4

Aug. 1 - 10 494 13.4 452 7.5 222 31.5

11 - 20 457 5.5 487 7.4 150 32.7

21 - 30 443 2.5 380 6.3 245 16.7

Sept. 1 - 10 162 8.0 462 26.4 133 16.5

Mean 17.3 18.6 20.2



Appendix 6, Table 2. Incidence of parasitism and predation on lealcutting bees, in Oregon and Canada,

1976.

Nesting Material: Board

Succor Creek Oregon Slope Shellbrook, Canada

% Predators % Predators % Predators

Date No. Cells and Parasites No. Cells and Parasites No. Cells and Parasites

July 1 - 10 21 0 14 0 21 0

11 20 110 2.7 401 1.5 434 0

21 - 30 208 3.8 218 6.0 356 0

Aug. 1 - 10 184 0 329 14.0 351 0

11 - 20 123 1.6 257 15.6 215 0

21 - 30 90 2.2 162 9.9 245 0.3

Sept. 1 - 10 99 1.0 37 5.4 -

Mean 1.9 8.7 0.1



Appendix 7, Table 6.

Live Cells

Leaf analyses of live and dead cells of leafcutting bees in percentages
throughout the season, Adrian, Oregon, 1973.

Date No. Cells No. Leaves Type a1/ b c d e f g

July 1 - 14 10 94 38.3 6.4 5.3 7.5 0 0 42.6

15 - 18 30 311 34.4 7.7 0.3 19.0 0.3 0 38.3

Aug. 1 - 10 20 281 42.0 17.1 0 8.9 3.6 2.9 25.6

11 - 20 30 453 13.5 1.1 0 39.5 0 0 45.9

20 - 30 30 429 28.4 0.5 0 38.9 0.2 0 31.9

July 30 - Aug. 20 30 393 34.4 0.8 0 54.2 3.6 0 7.1

Total 150 1,961 29.5 4.5 0.3 33.2 1.3 0.4 30.8

Dead Cells

Date No. Cells No. Leaves Type a1/ c d e f g

July 1 - 14 10 97 21.7 7.2 0 27.8 3.1 0 40.2

14 - 18 30 371 16.7 2.2 0 13.8 0.8 0 66.6

Aug. 1 - 10 20 232 13.4 28.5 0 19.8 0 0 38.4

11 - 20 19 278 15.5 15.1 0 40.3 0 0 29.1

20 - 30 30 364 12.1 2.2 0 50.8 0 0 34.9

July 30 - Aug. 20 14 183 23.0 0 0 56.8 1.6 0 18.6

Total 123 1,525 15.9 8.6 0 34.4 0.6 0 40.5

1/Types of leaves
a = alfalfa leaves, Medicago sativa L.
b = lambsquarter, Chenopodium album L.
c = nightshade, Solanum tuberosum L.

d = potato, Solanum nigrum L.
e = ladino 06767c-Trifolium repens var. giganteum L.

f = sunflower petals, Helianthus annus L.
g = undetermined leaves.



Appendix 8, Table 12.

Small Domicile

Effect of small and large domiciles on leafcutting bee progeny survival
throughout the season, Oregon Slope, Oregon, 1976.

% Mortality

Date No. Cells Live Larvae Pollen Masses Dead Larvae Chalk Brood Parasites

22 June - 2 July 141 56.0 21.3 2.1 17.0 3.5

8 July - 30 July 173 59.5 17.9 3.0 16.2 3.5

16 July - 30 July 67 46.3 16.4 7.5 20.9 9.0

31 July - 5 Aug. 135 47.4 24.4 2.9 20.0 5.2

19 Aug. - 30 Aug. No Data

16 July - 17 Sept. 164 48.2 16.5 14.0 14.0 7.3

31 Aug. - 17 Sept. 63 22.2 3.2 14.3 57.1 3.2

Mean 49.8 18.0 6.6 20.5 5.1

Large Domicile

% Mortality

Date No. Cells Live Larvae Pollen Masses Dead Larvae Chalk Brood Parasites

22 June - 2 July 89 74.2 12.4 1.1 11.2 0.0

8 July - 30 July 95 65.5 9.5 4.1 18.6 1.1

16 July - 30 July 329 72.9 8.8 1.2 16.1 0.6

31 July - 5 Aug. 40 35.0 12.5 32.5 15.0 5.0

19 Aug. - 30 Aug. 167 50.3 7.8 20.8 17.4 3.6

16 July - 17 Sept. No Data

31 Aug. - 17 Sept. 101 54.5 5.0 20.8 14.9 5.0

Mean 63.6 8.8 9.5 16.0 1.9
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Appendix 9, Table 21. Microenvironment and body temperatures of M.
during various activities, September 10, 1876.

pacifica

Activities

T °C

Ambient

T°C
Direct
Sun

Body
Internal
ToC Time

T °C at

Site

At the flower 27.0 32.5 31.5 16:20 35.0

27.2 33.3 31.2 16:25 33.0

27.0 32.3 31.7 16:30 37.0

27.0 31.9 32.0 16:35 35.5

27.2 31.8 30.5 16:40 30.0

28.0 31.3 31.3 17:55 30.0

27.8 31.2 31.1 17:57 30.0

R 27.3 32.1 31.3 32.9

Returning with leaf 26.5 30.8 30.1 15:55 26.0

26.5 31.5 29.5 16:00 28.0

27.8 32.6 31.1 16:50 28.0

27.5 31.7 30.9 17:00 27.5

27.0 32.0 32.5 17:05 28.0

28.0 34.5 30.9 17:10 29.5

27.3 32.3 32.8 17:15 28.5

27.5 32.5 30.2 17:40 27.5

28.2 33.8 30.6 17:45 29.0

27.0 29.0 29.9 18:15 27.0

26.8 30.5 29.2 18:20 28.5

i 27.3 32.0 30.7 28.0

Returning with pollen 25.1 31.5 30.4 15:47 26.5

26.5 31.2 30.4 16:05 28.0

27.0 33.1 31.7 16:10 28.0

27.0 31.0 30.1 16:12 28.0

27.6 32.0 31.7 17:20 28.5

28.3 31.3 30.7 18:02 28.0

i 27.1 31.7 30.3 27.8

Fighting with other bee 27.0 29.5 31.2 18:17 28.0

Capping nest 25.3 30.2 30.9 15:45 27.0

26.2 31.0 29.1 15:50 27.5

27.0 32.2 28.7 16:07 28.5

26.9 32.0 28.9 16:15 28.0

27.2 32.5 29.0 16:45 28.0

27.3 32.4 30.3 17:50 28.5

28.0 33.1 31.7 17:42 28.5

27.2 29.9 30.1 17:50 28.0

28.0 31.8 31.2 18:00 30.0

26.8 29.8 30.5 18:10 27.5

26.6 32.0 31.2 18:25 27.5

27.0 31.5 29.1 18:30 28.0

27.0 30.2 30.2 13:32 28.0

26.8 28.5 29.2 18:35 27.0

25.7 28.0 29.5 18:40 27.0

x 26.9 31.0 30.0 27.9
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Appendix 9, Table 21. (Continued).

T°C Body

T
o
C Direct Internal T

o
C at

Activities Ambient Sun T°C Time Site

Inside tunnel, working 27.5 31.8 30.0 16:55 28.0

27.8 31.5 30.1 17:17 28.5

27.2 28.6 30.0 18:05 28.0

Z 27.5 30.6 30.0 28.2

Resting in tunnel 25.2 27.2 29.3 18:45 27.5

25.2 28.6 28.4 18:50 26.5

25.0 29.0 28.4 18:55 27.5

R 25.1 28.3 28.7 27.2

No activity Toa = 25.0, Tos = 29.81

21.3 22.0 25.3 19:55 24.5

22.0 22.0 25.5 20:00 23.5

21.5 21.5 26.1 20:03 23.0

21.5 21.5 26.7 18:05 23.0

21.0 21.0 25.5 18:10 23.0

21.6 21.5 25.8 23.4

1/To o o
. a = ambient T ; s = in the sun.
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Appendix 10, Table 28. 1973.

Mean % Survival
Treatments Total Cells Cells 1 and 2

Date - July 30 48.8 52.1

August 20 58.9 65.3

LSD Not Significant

T° - 40°C 75.9 79.1

45 °C 30.9 36.7

LSD 0.01 4.5 6.4

Sd 1/ 3.8 4.5

Duration - 1 hour 46.3 50.3

2 hours 57.0 62.6

3 hours 58.2 63.3

LSD Not Significant
Occurrence - once 59.5 67.6

thrice 47.9 49.8

LSO 0.01 Not Significant 6.4

Sd 4.5

T° x Duration
40 °C - 1 hour 81.9 84.4

2 hours 75.6 78.8

3 hours 69.7 73.6

45°C - 1 hour 12.8 16.2

2 hours 37.2 44.6

3 hours 46.2 52.4

LSD 0.05 6.5 Not Significant

LSD 0.01 _ 13.2

T
o
,x Occurrence Sd 6.5

40 °C - once 75.3 82.8

thrice 75.8 75.2

45
o
C - once 42.0 50.0

thrice 20.8 24.4

LSD Not Significant

Duration x Occurrence
1 hour - once 56.3 62.9

thrice 36.4 37.7

2 hours - once 62.9 71.8

thrice 50.9 53.0

3 hours - once 59.5 67.9

thrice 56.8 58.7

LSD Not Significant

T
o

x Duration x Occurrence
40°C - 1 hour - once 86.2 90.3

thrice 77.1 77.4

2 hours - once 70.0 79.2

thrice 80.8 78.4

3 hours - once 74.8 77.7

thrice 69.2 69.4

45 °C 1 hour - once 23.7 30.0
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Appendix 10, Table 28. (Continued).

Treatments

Mean % Survival
Total Cells Cells 1 and 2

thrice 4.9 6.0

2 hours - once 55.4 63.4

thrice 20.8 26.7

3 hours - once 48.4 57.1

thrice 43.9 47.6
LSD Not Significant

11ScI values given in degrees.
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Appendix 11, Table 25 (A-C). 1974.

Treatments
Mean % Survival

Total Cells Cells 1 and 2 Cells 1, 2 and 3

Date - July 19 35.7 36.4 34.9

August 1 70.2 68.2 68.9
August 29 62.6 59.5 59.4

LSD 0.01 4.3 5.6 4.8
SO 1/ 4.3 4.9 4.5

T° - 402C 73.9 73.6 72.5
45"C 38.1 35.2 35.7

LSD 0.01 3.0 3.8 3.2

Sd 3.5 4.0 3.6

Duration - 1 hour 45.1 43.7 43.4
2 hours 56.1 54.7 55.1

3 hours 67.4 65.6 65.0

LSD 0.05 2.3 3.1 2.6

LP 0.01 4.3 5.6 4.8
Sd 4.3 4.0 4.5

Occurrence - once 61.9 61.8 61.2

thrice 50.9 47.9 47.7

LSD 0.05 Not Significant 1.7

LSD 0.01 Not Significant 3.2

Sd Not Significant 3.6

T° x Duration
40°C - 1 hour 78.2 76.9 74.7

2 hours 65.8 68.2 64.8

.

3 hours
44

4
C - 1 hour

77.4

14.4

75.6
13.4

78.0
14.6

2 hours 46.2 40.8 45.1

3 hours 57.0 55.1 50.7

LSD 0.05 4.7 6.1 5.1

LSD 0.01 8.5 11.0 9.3

Sa 6.0 6.9 6.3

T° x Occurrence
40°C - once 77.2 77.7 77.4

thrice 70.3 69.4 67.6

45"C - once 45.1 44.3 43.7

thrice 31.1 26.7 28.2

LSD Not Significant
Duration x Occurrence
1 hour - once 49.7 48.3 47.9

thrice 40.8 39.3 38.8

2 hours - once 61.6 61.4 61.8

thrice 50.7 48.4 48.3

3 hours - once 73.6 74.5 73.2

thrice 60.9 56.3 56.3

LSD Not Significant
T
o

x Duration x Occurrence
40°C - 1 hour - once 78.1 75.6 75.8
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Appendix 11, Table 25 (A-C). (Continued).

Treatments

Mean A Survival
Total Cells Cells 1 and 2 Cells 1, 2 and 3

thrice 78.2 78.1 73.5

2 hours - once 74.8 78.4 76.6

thrice 56.1 57.3 51.7

3 hours - once 78.8 79.1 79.7

thrice 75.5 71.9 76.3

45 °C - 1 hour - once 21.2 21.3 20.8

thrice 8.7 7.1 9.5

2 hours - once 47.2 42.9 45.5

thrice 45.1 38.8 44.3

3 hours - once 68.1 69.9 66.3

thrice 45.5 39.9 35.0

LSD Not Significant

1/Sd values given in degrees.
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Appendix 11, Table 25 (C). 1974.

Treatments x % Survival

Cell 1 55.1

2 53.5

3 54.9

LSD Not Significant

To x Cell

40°C - c-1 70.7

c-2 74.7

c-3 73.9

45°C - c-1 38.9

c-2 31.6

c-3 36.7

LSD Not Significant

Duration x Cell
1 hour - c-1 46.9

c-2 40.3

c-3 42.7

2 hours - c-1 52.3

c-2 55.1

c-3 57.8

3 hours - c-1 65.9

c-2 65.0

c-3 63.9

LSD Not Significant

Occurrence x Cell
Once - c-1 61.4

c-2 60.9

c-3 61.4

Thrice - c-1 45.3

c-2 46.2

c-3 48.3

LSD Not Significant

To ,x Duration x Cell
40 °C - 1 hour - c-1 76.2

c-2 77.5

c-3 70.0

2 hours - c-1 59.9

c-2 70.7

c-3 63.3

3 hours - c-1 75.0

c-2 75.9

c-3 82.7

45°C - 1 hour - c-1 18.7

c-2 8.7

c-3 17.6

2 hours - c-1 44.4

c-2 38.8

c-3 52.1
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Appendix 11, Table 25 (C). (Continued).

Treatments x % Survival

3 hours - c-1
c-2
c-3

L$D 0.05
Sd 1/

56.1
53.3
42.9
1.9

3.9

Occurrence x Cell
40 °C - once - c-1 71.4

c-2 82.3

c-3 77.8

thrice - c-1 69.9

c-2 66.4

c-3 66.6

45
o
C - once - c-1 50.7

c-2 37.1

c-3 43.4

thrice - c-1 27.9

c-2 26.4

c-3 30.3

LSD 0.05 1.3

Sd 1/ 3.2

Duration x Occurrence x Cell
1 hour - once - c-1 52.6

c-2 42.4

c-3 49.0

thrice - c-1 41.3

c-2 38.4

c-3 36.6

2 hours - once - c-1 60.6

c-2 63.1

c-3 61.4

thrice - c-1 43.7

c-2 46.7

c-3 54.0

3 hours - once - c-1 70.5

c-2 76.1

c-3 73.0

thrice - c-1 61.1

c-2 53.1

c-3 54.4

LSD Not Significant

T° x Duration x Occurrence x Cell

40°C - 1 hour - once - c-1 73.0

c-2 78.4

c-3 75.8

thrice - c-1 79.2

c-2 76.6

c-3 63.9
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Appendix 11, Table 25 (C). (Continued).

Treatments x % Survival

2 hours - once - c-1 70.8
c-2 84.1

c-3 74.2

thrice - c-1 48.4

c-2 55.2

c-3 51.6

T
o

x Duration x Occurrence x Cell

40°C - 3 hours - once - c-1 70.5

c-2 84.1

c-3 83.2

thrice - c-1 79.2

c-2 66.8

c-3 82.0

45°C - 1 hour - once - c-1 31.8

c-2 10.4

c-3 22.3

thrice - c-1 8.5

c-2 7.2

c-3 13.2

2 hours - once - c-1 49.7

c-2 39.1

c-3 47.7
thrice - c-1 39.3

c-2 38.4

c-3 56.4

3 hours - once - c-1 70.7

c-2 66.9

c-3 61.4

thrice - c-1 41.1

c-2 39.4

c-3 25.3

LSD Not Significant

1/Sci value given in degrees.
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Appendix 12, Table 26 (A-8). 1974.

Treatments

Mean % Survival
Total Cells Cells 1 and 2 Cells 1, 2 and 3

Date - July 19 37.6 38.4 37.1

August 1 69.5 66.9 67.8

LSD 0.01 3.6 5.3 4.3

Sd 1/ 3.8 4.6 4.1

T
o

- 40°C 75.5 75.8 75.0

45°C 31.3 29.2 29.5

LSD 0.01 3.6 5.3 4.3

Sd 3.8 4.6 4.1

Duration - 1 hour 43.0 41.1 41.5

2 hours 51.2 49.7 50.5

3 hours 66.8 67.3 65.5

LSD 0.05 2.8 4.3 3.4

L50 0.01 5.3 7.9 6.4

Sd 4.6 5.6 5.0

Occurrence - once 58.2 60.1 58.2

twice 55.1 53.7 53.7

thrice 48.1 44.6 45.8

LSD Not Significant
Tox Duration
40 °C - 1 hour 74.4 76.2 75.3

2 hours 80.5 79.7 79.1

3 hours 71.4 71.0 70.3

45
o
C - 1 hour 9.3 8.2 8.8

2 hours 30.8 28.2 30.6

3 hours 58.9 57.8 55.1

LSD 0.05 5.6 8.4 6.8

L5D 0.01 10.5 15.4 12.5

Sd 6.5 8.0 7.1

T
o

x Occurrence
40 °C - once 76.2 78.7 77.5

twice 78.1 77.5 78.1

thrice 72.1 70.8 69.1

T
o
nx Occurrence

45 °C - once 39.1 39.9 37.4

twice 30.8 28.9 28.2

thrice 24.5 20.0 23.8

LSD Not Significant
Duration x Occurrence
1 hour - once 50.5 49.5 49.1

twice 43.2 39.6 40.1

thrice 35.5 34.5 35.2

2 hours - once 51.4 54.7 53.1

twice 54.4 51.4 53.5

thrice 48.1 42.7 45.1

3 hours - once 71.9 75.2 71.8

twice 67.4 69.4 66.9
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Appendix 12, Table 26 (A-8). (Continued).

Treatments

Mean % Survival
Total Cells Cells 1 and 2 Cells 1, 2 and 3

3 hours - thrice
LSD

T
o

x Duration x Occurrence

60.7
Not Significant

57.0 57.5

40°C - 1 hour - once 81.5 81.1 81.5

twice 80.2 78.5 80.0

thrice 80.0 79.5 75.9

2 hours - once 73.2 81.1 76.3

twice 78.4 74.2 78.0

thrice 62.1 56.1 55.6

3 hours - once 73.6 73.6 74.5

twice 75.8 79.4 76.2

thrice 73.5 75.3 75.0

45°C - 1 hour - once 19.5 18.3 17.2

twice 10.2 7.2 7.0

thrice 2.9 2.4 4.5

2 hours - once 29.3 26.8 29.2

twice 29.2 28.1 27.9

thrice 34.1 29.8 34.9

3 hours - once 70.3 76.6 68.7

twice 58.5 58.3 57.0

thrice 47.4 37.6 38.9

LSD Not Significant
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Appendix 12, Table 26 (B). 1974.

Treatments x % Survival

Cell 1 54.5

2 51.4

3 51.7

LSD Not Significant

T° x Cell
40°C - c-1 75.5

c-2 75.5

c-3 74.1

45°C - c-1 32.9

c-2 27.0

c-3 29.0

LSD Not Significant

Duration x Cell
1 hour - c-1 44.1

c-2 38.2

c-3 42.0

2 hours - c-1 53.1

c-2 47.9

c-3 50.7

3 hours - c-1 66.3

c-2 67.8

c-3 62.6

LSD Not Significant

Occurrence x Cell
Once - c-1 60.6

c-2 58.7

c-3 55.7

Twice - c-1 55.2

c-2 52.3

c-3 53.5

Thrice - c-1 47.9

c-2 43.0

c-3 46.7

LSD Not Significant

To ,x Duration x Cell
40t1C - 1 hour - c-1 79.7

c-2 79.1

c-3 78.4

2 hours - c-1 70.2

c-2 71.3

c-3 69.9

3 hours - c-1 76.2

c-2 75.6

c-3 73.9

45°C - 1 hour - c-1 11.7

c-2 5.4

c-3 10.1
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Appendix 12, Table 26 (B). (Continued).

Treatments x % Survival

45°C - 2 hours - c-1 35.9

c-2 25.0

c-3 31.4

3 hours - c-1 55.4

c-2 59.2

c-3 50.3

LSD Not Significant
130x Occurrence x Cell
40 °C - once - c-1 72.9

c-2 82.5

c-3 76.6

twice - c-1 78.4

c-2 75.6

c-3 80.2

thrice - c-1 75.2

c-2 67.3

c-3 64.8

45°C - once - c-1 47.6

c-2 32.4

c-3 32.7

twice - c-1 30.9

c-2 28.2

c-3 25.6

thrice - c-1 21.3

c-2 20.6

c-3 28.9

LSD 0.01 1.7

Sd 2.8

Duration x Occurrence x Cell
1 hour - once - c-1 54.5

c-2 42.7

c-3 50.2

twice - c-1 42.4

c-2 36.2

c-3 42.0

thrice - c-1 35.7

c-2 35.5

c-3 34.2

2 hours - once - c-1 57.5

c-2 54.5

c-3 47.4

twice - c-1 58.9

c-2 46.7

c-3 54.7

thrice - c-1 43.2

c-2 42.4

c-3 50.0
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Appendix 12, Table 26 (8). (Continued).

Treatments x % Survival

3 hours - once - c-1 69.4

c-2 77.4

c-3 67.9

twice - c-1 64.3

c-2 73.0

c-3 63.4

thrice - c-1 64.8

c-2 51.4

c-3 56.1

LSD Not Significant

T° ,x Duration x Occurrence x Cell
40 °C - 1 hour - once - c-1 80.1

c-2 81.1

c-3 83.1

twice - c-1 78.7

c-2 78.0

c-3 82.9

thrice - c-1 80.4

c-2 78.2

c-3 68.2

2 hours - once - c-1 77.2

c-2 84.5

c-3 65.9

twice - c-1 77.7

c-2 69.5

c-3 85.7

thrice - c-1 54.0

c-2 57.6

c-3 55.1

3 hours - once - c-1 60.2

c-2 82.1

c-3 79.8

twice - c-1 78.7

c-2 79.1

c-3 70.8

thrice - c-1 87.3

c-2 64.6

c-3 70.7

45°C - 1 hour - once - c-1 27.6

c-2 8.9

c-3 17.2

twice - c-1 10.4

c-2 4.3

c-3 6.9

thrice - c-1 2.8

c-2 3.7

c-3 7.5
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Appendix 12, Table 26(B). (Continued).

Treatments x % Survival

2 hours - once - c-1 36.2

c-2 22.5

c-3 29.2

twice - c-1 38.8
c-2 24.5

c-3 21.5

thrice - c-1 32.7

c-2 27.8

c-3 44.8

3 hours - once - c-1 78.0

c-2 72.2

c-3 54.7

twice - c-1 48.4

c-2 66.4

c-3 55.9

thrice - c-1 38.1

c-2 38.1

c-3 40.8

LSD 0.05 2.9

LSD 0.01 5.2

Sd 4.8
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Appendix 13, Table 27. 1974.

Treatments
Mean % Survival

Total Cells Cells 1 and 2

-10 - 40°C 65.6 65.9
45 °C 32.2 35.9
LSD 0.05 4.4 5.9

LP 0.01 7.8 10.5
Sd 1/ 6.0 7.0

Nest
Open 56.1 58.5

Filled 42.5 43.6
LSD Not Significant
Occurrence
Once 51.6 56.8

Twice 52.4 58.7

Thrice 44.1 37.6

LSD Not Significant
T° x Nest
40% - open 71.8 76.3

filled 59.4 54.9

45 C - open 39.9 39.4
filled 26.7 32.4

LSD Not Significant
T° Occurrence
40 °C C - once 60.9 58.9

twice 71.6 76.5

thrice 64.2 62.1
45 °C - once 42.2 54.9

twice 32.7 39.6

thrice 25.2 16.2

LSD Not Significant
Nest x Occurrence
Open - once 63.9 71.3

twice 59.2 64.8

thrice 44.9 38.6

Filled - once 39.1 41.7

twice 45.5 52.4

thrice 43.2 36.6

LSD Not Significant
To 0x Nest x Occurrence
40 °C - open - once 68.2 69.4

twice 78.1 86.4

thrice 68.4 71.4

filled - once 53.3 47.9

twice 64.6 64.6

thrice 59.7 52.1

45
o
C - open - once 59.5 73.2

twice 38.8 39.1

thrice 22.8 10.7
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Appendix 13, Table 27. (Continued).

Mean % Survival

Treatments Total Cells Cells 1 and 2

45°C - filled - once
twice
thrice

LSD

25.6 35.7

27.0 40.1
27.6 22.3

Not Significant

1/ Sd values given in degrees.
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Appendix 14, Table 28 (A-8). 1975.

Treatments
Mean % Survival

Total Cells Cells 1 and 2 Cells 1, 2 and 3

Date - July 26 79.2 78.8 78.8

August 7 49.8 50.7 53.0

LSD 0.05 3.4 1.0 2.4

LSD 0.01 7.0 2.1 4.9

Sd 1/ 4.7 2.5 3.9

Duration -0.5 hour 66.8 68.9 70.7

1 hour 75.8 71.8 71.3

1.5 hours 56.1 58.2 58.9

2 hours 72.5 72.4 78.1

3 hours 54.0 54.9 52.3

LSD Not Significant
Occurrence - once 66.8 65.8 67.6

twice 63.6 65.1 65.5

LSD Not Significant
Duration x Occurrence
0.5 hour - once 63.8 63.8 65.0

twice 69.7 73.8 76.1

1 hour - once 82.5 77.7 77.4

twice 68.2 65.5 64.8

1.5 hour - once 50.3 49.8 53.8

twice 61.8 66.3 63.8

2 hours - once 77.8 79.4 84.6

twice 67.1 64.8 71.0

3 hours - once 56.8 55.4 53.8

twice 51.4 54.4 50.5

LSD Not Significant

Cell - 1 - 72.4

2 62.4

3 - 64.5

LSD Not Significant

1 /Sd values given in degrees.
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Appendix 14, Table 28 (A-B). (Continued).

X % Survival

Treatments Cells 1, 2 and 3

Duration x Cell
0.5 hour - c-1 74.8

c-2 66.6

c-3 70.3

1 hour - c-1 71.8

c-2 71.8

c-3 70.3

1.5 hours - c-1 69.9

c-2 52.4

c-3 53.7

2 hours - c-1 92.3

c-2 63.3

c-3 71.6

3 hours - c-1 46.7

c-2 57.8

c-3 52.1

LSD Not Significant

Occurrence x Cell
Once - c-1 75.5

c-2 61.4

c-3 65.5

Twice - c-1 69.2

c-2 63.6

c-3 63.4

LSD Not Significant

Duration x Occurrence x Cell
0.5 hour - once - c-1 72.5

c-2 60.6

c-3 61.4

twice - c-1 76.9

c-2 72.5

c-3 78.5

1 hour - once - c-1 79.1

c-2 77.4

c-3 75.6

twice - c-1 63.6

c-2 65.9

c-3 64.6

1.5 hours - once - c-1 62.6

c-2 45.1

c-3 53.5

twice - c-1 76.6

c-2 59.7

c-3 54.0

2 hours - once - c-1 95.8

c-2 70.5
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Appendix 14, Table 28 (A-B). (Continued).

% Survival

Treatments Cells 1, 2 and 3

2 hours - once - c-3 82.4

twice - c-1 87.8

c-2 55.6

c-3 65.9

3 hours - once - c-1 58.3

c-2 52.1

c-3 51.2

twice - c-1 35.4

c-2 63.3

c-3 53.0

LSD Not Significant

1/Sd values given in degrees.
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Appendix 15, Table 29 (A-B). (Continued).

Treatments

% Survival
Cells 1, 2 and 3

Duration x Cell

1 hour - c-1 68.6

c-2 67.3

c-3 66.1

1.5 hours - c-1 55.9

c-2 46.9

c-3 47.2

2 hours - c-1 75.6

c-2 43.7

c-3 55.6

LSD Not Significant
Occurrence x Cell
Once - c-1 66.1

c-2 57.3

c-3 63.3

Twice- c-1 67.9

c-2 48.1

c-3 49.3

Duration x Occurrence x Cell
1 hour - once - c-1 70.2

c-2 73.6

c-3 78.4

twice - c-1 67.1

c-2 60.7

c-3 52.8

1.5 hours - once - c-1 46.3

c-2 48.8

c-3 48.6

twice - c-1 65.5

c-2 44.8

c-3 45.8

Duration x Cell
2 hours - once - c-1 80.0

c-2 48.4

c-3 61.6

twice - c-1 71.1

c-2 38.9

c-3 49.3

LSD Not Significant
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Appendix 15, Table 29 (A-B). 1975 - 1976.

Treatments
Mean % Survival

Total Cells Cells 1 and 2 Cells 1, 2 and 3

Date - July 26 76.9 78.7 78.4

August 7 59.2 55.6 60.2

July 24 35.5 34.2 36.2

LSD 0.05 7.1 4.3 4.3

L5D 0.01 14.2 8.6 8.5

Sd 1/ 7.0 5.4 5.4

Duration
1 hour 71.4 67.8 67.4

1.5 hours 51.2 49.5 50.0

2 hours 49.7 52.3 58.7

LSD Not Significant
Occurrence
Once 62.4 59.7 62.3

Twice 52.8 53.7 55.2

LSD Not Significant

Duration x Occurrence
1 hour - once 81.3 72.9 74.1

twice 60.2 62.6 60.2

1.5 hours - once 47.0 47.7 47.9

twice 55.2 51.2 52.1

2 hours - once 56.6 57.6 63.9

twice 42.9 46.9 53.3

LSD Not Significant

Cell - 1 - 66.9

2 52.8

3 56.4

LSD 0.05 1.2

LSD 0.01 2.1

Sd 3.0

1/
Sd values given in degrees.
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Appendix 16, Table 30 (A-B). 1975 - 1976.

Treatments

Mean % Survival
Total Cells Cells 1 and 2 Cells 1, 2 and 3

Date - July 26 77.4 77.7 78.0

July 24 34.7 30.9 34.9

LSD 0.05 4.5 3.6 3.5

L5D 0.01 9.4 7.6 7.4

Sd 1/ 5.3 4.8 4.7

Duration
1 hour 73.3 72.9 74.5

1.5 hours 55.7 47.7 48.1

2 hours 40.1 43.4 47.6

LSD 0.05 6.8 5.4 5.3

LP 0.01 14.0 11.3 10.9

Sd 6.6 5.8 5.8

Occurrence
Once 60.9 60.2 60.2

Twice 53.0 54.0 55.7

Thrice 56.3 50.3 55.2

LSD Not Significant
Duration x Occurrence
1 hour - once 77.8 74.1 76.6

twice 65.9 68.6 66.3

thrice 75.9 75.6 80.1

1.5 hours - once 57.3 55.9 52.8

twice 59.5 51.9 52.3

thrice 50.5 35.4 39.4

2 hours - once 46.0 50.0 50.0

twice 33.2 41.3 48.6

thrice 41.3 39.1 44.3

LSD Not Significant

Cell- 1 - 66.6

2 50.3

3 54.2

LSD 0.05 1.1

LSD 0.01 2.0

Sd 2.8

1/S; values given in degrees.



215

Appendix 16, Table 30 (A-B). (Continued).

% Survival

Treatments Cells 1, 2 and 3

Duration x Cell
1 hour - c-1 84.6

c-2 68.2
c-3 69.7

1.5 hours - c-1 47.7

c-2 47.2

c-3 49.5

2 hours - c-1 64.6

c-2 35.4

c-3 42.9

LSD Not Significant
Occurrence x Cell
Once - c-1 63.8

c-2 58.7

c-3 58.2

Twice - c-1 69.7

c-2 47.9

c-3 49.3
Thrice - c-1 66.3

c-2 44.4

c-3 54.9

LSD Not Significant
Duration x Occurrence x Cell
1 hour - once - c-1 79.1

c-2 71.6

c-3 78.8

twice - c-1 75.0

c-2 65.9

c-3 57.5
thrice - c-1 95.5

c-2 66.8

c-3 71.6

1.5 hours - once - c-1 39.9

c-2 62.6

c-3 55.9

twice - c-1 66.1

c-2 44.1

c-3 46.3

thrice - c-1 37.2

c-2 34.9

c-3 46.3

2 hours - once - c-1 70.3

c-2 41.1

c-3 38.2

twice - c-1 67.8

c-2 33.6
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Appendix 16, Table 30 (A-B). (Continued).

% Survival
Treatments Cells 1, 2 and 3

LSD

c-3 44.3
thrice - c-1 55.2

c-2 31.8
c-3 46.2

Not Significant



Appendix 17, Table 31. 1975.

Mean % Survival
Treatments Total Cells Cells 1 and 2

Duration
0.5 hours
1 hour
1.5 hours
LSD 0.05
LSD 0.01
Sd 1/
T° - 45°C

50 °C

LP 0.01
Sd

Age
60 hours old
36 hours old
LSD
Duration x T

o

0.5 hour - 45 °C

50 °C

1 hour - 45°C
50

o
C

1.5 hours - 45 °C

50 °C

LSD 0.05
LSD 0.01
sa
Duration x Age
0.5 hour - 60 hours old

36 hours old
1 hour - 60 hours old

36 hours old
1.5 hours - 60 hours old

36 hours old
LSD

o
x Age

45 °C - 60 hours old 34.2

36 hours old 49.5

50
o
C - 60 hours old 13.0

36 hours old 0.7

LSD 0.05 8.8

LSD 0.01 15.4

Sd 8.6

Duration x To x Age
0.5 hour - 45°C

60 hours old
36 hours old

16.3

32.6
13.0
6.6
11.6
7.4

41.8
5.0
7.8
6.0

15.9
26.4
11.5

Not Significant

22.6
17.5
Not Significant

30.9
5.7

73.6
3.4
21.8
6.3
13.3
22.9
10.6

40.3
3.1
10.6
7.0

17.9

17.1

36.4
3.0

61.4
3.1

24.1
3.1

Not Significant

23.2
10.5

29.3
36.1
16.3
10.1
Not Significant

18.7
13.4

26.2
26.5
10.4
12.6

34.9
45.8
5.8
1.2

Not Significant

32.6 37.2

29.5 35.4
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Appendix 17, Table 31. (Continued).

Treatments

Mean % Survival
Total Cells Cells 1 and 2

0.5 hour - 50°C
60 hours old 15.0 5.4

36 hours old 0.7 1.3

1 hour - 45°C
60 hours old 56.6 52.6

36 hours old 87.7 70.0

1 hour - 50°C
60 hours old 8.4 6.9

36 hours old 0.6 0.9

1.5 hours - 45 °C

60 hours old 16.4 17.1

36 hours old 27.6 32.1

1.5 hours - 50°C
60 hours old 16.2 5.1

36 hours old 0.9 1.5

LSD Not Significant

J/sa values given in degrees.
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Appendix 18, Table 36. 1976.

Mean % Survival

Treatments Total Cells Cells 1 and 2

Duration
1 hour 65.1 62.3

1.5 hours 34.5 22.5

2 hours 10.1 13.1

LSD 0.05 8.7 12.2

L5D 0.01 15.3 21.0

Sd 1/ 8.5 10.1

Occurrence
Once 44.3 38.8

Twice 27.3 29.8

Thrice 33.1 24.8

LSD Not Significant
Duration x Occurrence
1 hour - once 79.0 62.1

twice 43.7 56.6

thrice 70.8 67.8

1.5 hours - once 40.8 43.6

twice 42.0 22.3

thrice 21.9 7.0

2 hours - once 14.8 14.4

twice 4.8 14.4

thrice 11.8 10.7

LSD Not Significant

1/Sd values given in degrees.


