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A STUDY OF FACTORS AFFECTING QUEEN SURVIVAL, NEST INITIATION, 
AND NEST DEVELOPMENT IN THE BALDFACED HORNET 

Dolichovespula maculata (L.) (Hymenoptera: Vespidae) 

Abstract 

Mating success and nutrient reserve effects on queen survivial and nest 

initiation were examined with respect to the reproductive fitness of queens of the 

baldfaced hornet, Dolichovespula maculata. The sperm content of the 

Spermatheca was examined in queens of this hornet species and in queens of 10 

other yellowjacket species collected in spring and summer of 1987, 1988 and 

1989. Queens of the baldfaced hornet, D. maculata, were also analyzed for 

sperm content prior to nest initiation and during colony development. A 

regression model was employed to determine sperm utilization. Based on total 

cell counts and adult census, the sperm use efficiency of this species changed 

from approximately 90-100 sperm released per egg in the initial stages of colony 

development, to 2-3 sperm released per egg after 1000 eggs had been laid. Near 

the end of the season the predicted number of sperm released per egg was 0-1. 

The number of sperm in D. maculata males ranged from 2-2.5 million; a value 

considerably greater than the mean sperm number (20,223; +4,669) found in 

mated spring queens (n=15). Nineteen (18.4%) of 103 yellowjacket queens 

analyzed in the spring seasons of 1987 and 1988 were uninseminated. The 

effects of mating success and sperm utilization on colony development are 

discussed. A significant regression of sperm content on colony size was also 

found for 8 species of yellowjacket. 

Queens of D. maculata were collected for studies of nutrient reserves 

before hibernation in the fall, during nest initiation, and after colonies had



produced more than 2 worker broods. Fresh and dry weights were determined 

for all queens and a seasonal comparison of the energy reserves of lipids, sugar, 

and glycogen was performed on the thoracic and abdominal tagmata. Total 

nitrogen was also quantified to estimate protein changes by season. The results 

show that lipids accounted for 35% of the weight lost during hibernation, sugars 

12%, and glycogen 6%. Total thoracic nitrogen remained constant throughout 

the year, whereas abdominal nitrogen was the same in the fall and spring queens 

but increased in the summer queens. The results from this study suggest that 

most queens which survive the winter and successfully initiate nests have similar 

energy reserve quantities. The implications of these findings to solitary foraging 

behavior are discussed. 

The eggs of D. maculata were examined in the spring and summer to 

quantify the energetic contributions provided by the queen. Mean egg weight 

was highest in the spring and decreased with progressive nest development. | 

Both egg weight and energy reserves were variable among and within nests. The 

nutrient reserves for eggs in embryo nests, in order of importance, were lipid 

(22%), glucose (9.5%), and glycogen (5%). A 10-day egg incubaton experiment 

demonstrated a mean loss of 83 ug dry weight; lipids could not completely 

account for the weight loss, either quantitatively or qualitatively. A study on egg 

developmental time failed to provide sufficient data; all eggs eventually died 

although embryonic larval movement was detected in 2 eggs after 16 days. The 

energetic contributions which a queen provides to the eggs are discussed with 

respect to foraging behavior and environmental influences.
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CHAPTER 1 - INTRODUCTION 

Introduction 

Hornets, yellowjackets, and other social wasps have been regarded 

throughout history as volatile and enigmatic insects. King Menes, the first 

Pharaoh of Egypt, used the hornet as a symbol of power and strength in Lower 

Egypt, nearly 5000 years ago. Hornets and other wasps have received some 

attention in the ancient literature as well. Aristophanes the Greek dramatist, 

satirized the ancient Athenians in a play entitled The Wasps. He likened those 

who served as jurors in law courts to wasps for their irascible nature and love of 

money. Many of the early Roman scholars, including Virgil, Ovid, and Pliny the 

Elder, made references to hornets and wasps in their writings. 

The earliest written accounts of social wasp biology and behavior, 

however, come from the writings of Aristotle in Book IX of Historia Animalia. His 

descriptions were fairly accurate, although the queen was referred to as the king 

and the workers were considered males. It was only in later centuries that a 

distinction was made between the sexes. The foundress queen or "leader" 

received some attention from Aristotle; specifically, the overwintering and nest 

intiation phases, as well as her interactions with the workers. 

Most of the modern accounts of vespine biology and behavior have been 

written in the last 85 years, beginning with the work of R. DuBuysson in 1905. His 

monograph described general vespine biology with identification keys from many 

countries throughout the world. In 1939, C. Duncan published a major account of 

North American vespine biology, which included a number of anatomical 

drawings. In the 1970’s and 1980’s much of the North American yellowjacket



biology and behavior was reported (review in Akre et al. 1981) and it was during 

these years that an interest was rekindled in the factors affecting annual colony 

abundance. Numerous biological and environmental factors have been used to 

explain variation in queen abundance. Most recently, several authors have 

suggested that the condition or fitness of the queen may affect annual population 

cycles. | 

In northern temperate regions of the world, solitary queens of the Vespinae 

enter hibernation sites in late summer and early autumn. At this time, survival is 

dependent upon their inherent physiological condition, as well as their choice of 

hibernation site. Queens become vulnerable to many environmental pressures, 

resulting in high levels of queen mortality. It has often been suggested the queen 

mortality is the greatest at this point in the life cycle. 

In the springtime, surviving queens emerge from their hibernation sites, 

usually in late April or early May. The queens feed on floral nectar, honeydew, 

and insects before they begin construction of their nests. This period of initial 

nest construction and brood production is an energetically demanding one of the 

queen. As in the winter, the queen in spring is vulnerable to numerous 

environmental influences; queen and incipient colony mortality are very high, with 

some estimates as high as 99% (Spradbery 1973; Edwards 1980). 

The present study of queens of the baldfaced hornet, Dolichovespula 

maculata (L.) was conducted to better understand the specific physiological, 

behavioral, and ecological factors which can affect solitary queen survival, nest 

initiation, and nest development. Although some general accounts of queen 

behavior at these points in the life cycle are available, in-depth biological studies



have not been made. 

This investigation consists of three major parts. The first part is a study of 

the effects of mating success and sperm utilization on nest initiation and 

subsequent colony growth. The second part is a seasonal comparison of the 

weight and energy reserve changes in queens, with an emphasis on spring 

queens and the changes that occur at the critical point in the life cycle. Finally, 

the third part of this investigation involves a study of the energetics concerned 

with initial egg and brood production.



CHAPTER 2 - Literature Review 

Ecological and Economic Importance 

Yellowjackets are among the most ubiquitous and important wasps of 

North America (Akre et al. 1981). Although general aspects of yellowjacket 

biology and behavior are well-known, the knowledge of their ecology and 

economic importance is far from complete (Davis 1978; Akre and Davis 1978). 

Furthermore, the dichotomous nature of the yellowjacket, as a beneficial predator 

of pest insects and as an economic pest, precludes an accurate estimation of its 

overall impact. 

Yellowjackets prey upon many pest insects. The literature is replete with 

references to yellowjackets preying upon calliphorid and muscid flies, 

orthopterans, homopterans, lepidopterous larvae, to mention only a few (Morris 

1972; Spradbery 1973; MacDonald et al 1974; Greene et al. 1976; Schmidtmann 

1977; Edwards 1980; Akre et al. 1981). However, the inclination of yellowjackets 

to nest in areas associated with human activity, their strong attraction to human 

foods, and their tendency towards stinging has earned the yellowjacket its 

reputation as a nuisance. In addition, yellowjackets have, at times, caused severe 

economic problems to agricultural, forest and fruit industries. Akre et al. (1981), 

Akre and Davis (1978), and Akre and MacDonald (1986) have cited numerous 

cases in which yellowjacket densities were so high that workers in the affected 

industries refused to work for fear of being stung. Hawthorne (1969) reported 

that yellowjackets in California cost agricultural operations an estimated $ 200,000 

in 1968 from losses that were primarily associated with attacks on fruit pickers 

and field workers. Davis (1978) also estimated that thousands of dollars are lost 

4



annually by beekeepers throughout the world because of yellowjackets. Stein 

and Wrensch (1988) surveyed the county extension agents and pest control 

operators in Ohio and found that most economic disturbances were attributed to 

yellowjackets associated with homeowners, outdoor businesses and outdoor 

recreational facilities. Ascerno (1981 ) reported that between 1976-79, the Insect 

Information Service at the University of Minnesota received an average of 1,000 

telephone calls per year from people with yellowjacket problems. 

Yellowjacket Biology 

Yellowjacket biology and behavior differ among the various species, but 

the following description provides a general life cycle pattern based on the reports 

provided by Duncan (1939), Spradbery (1973), Edwards (1980), and Akre et al. 

(1981). 

In late spring, hibernating yellowjacket queens emerge from their 

hibernaculae. Typical hibernaculae are located inside decayed logs, under loose 

bark, and in the ground. Although there is no experimental evidence, several 

theories suggest that a combination of temperature and photoperiod provide the 

cues for yellowjacket emergence from the hibernaculum and subsequent nest 

initiation. After emergence, the queens begin to search for nesting sites in various 

locations. Species of Dolichovespula build their nests on branches of trees, or on 

artificial structures such as soffets, awnings, etc. The members of this genus 

make their nest paper from wood that is weathered but still has some structural 

integrity. Other paper sources such as cardboard, paper cartons, and mulch are 

often used as well. Species of Vespu/a which includes the Vespula vulgaris and



Vespula rufa species groups, build their nests in the ground, although they may 

place them inside structures, such as wall voids and the attics of houses. The 

nest paper of the Vespu/a is made from weathered and decayed wood, dead 

grasses, and the stems of other dead plants. Unlike the Dolichovespula which 

have relatively strong nests, the nests of the Vespula species groups tend to be 

weak and very brittle. 

After locating a nesting site, the queen begins to form a nest pedicel by 

adding well-masticated wood or plant materials to this site (Spradbery 1973; 

Edwards 1980). After pedicel formation, more paper pulp is added for the 

manufacture of hexagonal nest cells and a surrounding paper envelope. Jeanne 

(1977a) found that queens of D. maculata (L.) and D. arenaria (F.) coat the 

pedicel of the nest with a rubbery, translucent material that enables the nest to 

swing from side to side. The flexible pedicel permits the queen to move freely 

between the comb and nest envelope, as the space between these structures 

becomes restricted due to nest growth. Most foundress queens build 20-45 cells 

during the nest initiation period (Spradbery 1973; Akre and MacDonald 1986). 

However, the number of cells produced by the queens of a given species are 

variable; the number of cells which are produced by queens of D. maculata has 

not been reported. The foundress queen performs all duties during the period of 

nest initiation with major efforts devoted to nest construction, nectar foraging, and 

prey collection. 

The queen will lay an egg in each of the cells, after a cell is partially built. 

Eggs hatch within approximately 5 days (Spradbery 1973; Edwards 1980), giving 

rise to larvae which pass through 5 instars. The larvae require proteinaceous



foods for their development; the most common being live arthropod prey 

(Spradbery 1973; Edwards 1980; Akre et al. 1981). However, Edwards (1980) 

suggested that larvae will occasionally feed on carbohydrates. He provided 

several anecdotal accounts of workers passing colored sugar water and the 

juices of cherries to larvae. In colonies with adult workers, differences exist 

between species with regard to the types of food collected. Yellowjackets of the 

Vespula vulgaris species group tend to be both predators and scavengers (Akre 

et al. 1981). In contrast, members of the V. rufa species group and the 

Dolichovespula are exclusively predaceous (Akre et al. 1981). Prey are collected 

by an adult and malaxated for some time before being given to the larvae 

(Spradbery 1973; Edwards 1980; Akre et al. 1981). Larvae chew on the prey, 

swallowing both digestible and non-digestible parts. The larvae will often discard 

uningested portions of the prey, if it has not been sufficiently malaxated 

(Spradbery 1973). 

During the larval stage, the hindgut is occluded and the Malpighian tubules 

are functionless; therefore, the larvae cannot excrete wastes in the usual manner 

(Spradbery 1973). The larvae void water and excess free sugars and amino acids 

via labial gland (trophallactic) secretions. The labial glands extend nearly the 

entire length of the body and are thought to provide a type of water excretion 

which substitutes for the non-functioning excretory system. Ishay and Ikan 

(1968a) have questioned whether the sugars produced by the larvae are in fact 

excess. They found that larvae of Vespa orientalis (F.) are able to convert 

proteins into sugar; thus, sugars in the saliva originated from the excess proteins 

on which the larvae were fed. Ishay and Ikan (1968b) also demonstrated the



importance of the trophallactic secretions to colony survival. They found that 

colonies of V. orientalis could not survive when the adults were deprived of larval 

secretions; therefore, colony survival is dependent on the reciprocal feeding 

relationship that exists between the larvae and adults. 

After completing development in the 5th instar, a larva spins a silken 

cocoon and develops into an exarate pupa. After approximately 10-15 days, it 

emerges as a worker and assumes the duties previously performed by the queen 

(Spradbery 1973; Edwards 1980). As the worker population increases, the queen 

is relegated to the role of egg-layer. 

The nest continues to grow by the addition of concentric rings of cells 

added to the periphery of the comb. Nest construction is a gradual process. 

Nest paper is removed from the internal envelopes, re-chewed and used to make 

new cells. Simultaneously, new paper is added to expand the outer envelope. 

A colony normally produces workers until a sufficient worker population is 

present (mid-summer), at which time the workers begin to construct cells for the 

production of queens and males. The transition from worker to reproductive 

production is a gradual one (Greene 1984) and the factors which stimulate the 

building of cells for both queens and males have not been fully examined. 

However, several studies have been made. Potter (1964) transferred a foundress 

queen from a nest with large cells to a young nest without large cells; the transfer 

resulted in the construction of large cells by the workers. Ishay (1975) found that 

in the absence of the queen, large cells were never initiated at the end of the 

season. Apparently, the presence of a strong queen influences male and queen 

cell construction.



As queen and male cells are constructed, the queen begins to produce 

eggs destined to become reproductives. Males are produced from unfertilized 

eggs. Queens, like the workers, develop from fertilized eggs. Currently, there are 

no definitive explanations for why queens are larger than workers. Edwards 

(1980) reviewed caste determination and suggested that whether an egg 

becomes a worker or queen larva would depend on cell size and the amount of 

food which the larva is given. Montagner (1967; cited in Spradbery 1973) found 

that the transfer of a larva from a large cell to a worker cell would result in the 

production of a worker. However, when the reverse was done, the worker larva 

did not become a queen larva. 

Sometime in late summer and/or early autumn, the newly emerged queens 

and males mate. Mated queens then seek hibernation sites. At this time, the 

cohesive behavior of the colony dissipates as males and new queens leave and 

the old queen and workers die. The nest then decomposes; a process which is 

facilitated by various scavenging Coleoptera, Diptera, Lepidoptera, and 

Orthoptera. 

Pre-Wintering and Wintering Biology of Queens 

Foraging Behavior 

Newly emerged queens exhibit a variety of foraging behaviors. Edwards 

(1980) reported that new queens feed on nectar and other carbohydrates 

collected by workers. Similarly, Spradbery (1973) found that young queens feed 

on larval secretions and regurgitated foods, but would collect food while foraging
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outside of the colony. Akre et al. (1982) reported queens of V. consobrina 

(Saussure) to obtain liquid food from workers. In addition, Akre et al. (1982) and 

Greene et al. (1976) reported that new Dolichovespula queens will malaxate prey 

which has been collected by workers. The feeding and foraging behavior of the 

pre-wintering queens provides the queens with increased energy reserves before 

leaving the nest to hibernate. Spradbery (1963) reported that new queens 

increase their lipid reserves by as much as 40% before the overwintering period. 

The Biology of Winter Queens 

The queen spends the winter in a hibernaculum and unless disturbed, 

remains in this site. There are, however, accounts of yellowjacket queens flying 

on warm winter days (Fox-Wilson 1946; Spradbery 1973). These queens are 

believed to return to their original hibernation site, although a new site may be 

located. Occasionally, queens will die by failing to return to a site before the onset 

of cold temperatures. 

Queens of D. maculata are typically found inside decomposing logs during 

the winter (Rau 1929 and 1934; Gibo 1972). Gibo (1972) demonstrated 100% 

survival of D. maculata and D. arenaria queens at a temperature of 0°C, at -5°C 

he found that only 80% of the D. arenaria queens survived, whereas none of the 

D. maculata queens died. At temperatures ranging from -5°C to -10°C all of the 

queens died. Gibo (1972) recorded temperatures within the hibernation sites of 

both species in Toronto, Canada, and found a gradient of temperatures, with the 

surface temperatures being the coldest. He concluded that both species were 

sufficiently isolated from the extreme cold and would rarely be exposed to lethal
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temperatures. 

Duman and Patterson (1978) and Duman et al. (1984) investigated the 

survival strategies of D. maculata queens and found that ice-nucleating proteins 

(MW 74,000) were used in conjunction with glycerol as a frost tolerant 

mechanism. They also reported that queens were tolerant of ice formation in their 

body fluids at temperatures as low as -14°C. These results conflict with those 

reported by Gibo (1972); however, Gibo (1972) has provided the only study of the 

effects of temperature on adult queen mortality for any vespine species. 

Studies which have extensively examined the biology of winter queens are 

lacking. This is due in part to the difficulty of locating natural hibernation sites 

selected by queens and to a lack of success in finding sufficient queens for 

analysis. 

Archer (1980) has reported that approximately 98% of yellowjacket queens 

die during the winter, but did not describe specific mortality factors. In addition, 

his estimates came from a study in which he counted 20,500 queens in the fall 

(from one area) and was able to locate only three nests in the same area in the 

spring. Archer (1980) also made calculations from the thesis data of Arnold 

(1966) and reported the following winter queen mortalities: V. germanica (F.), 

85%; V. rufa (L.), 59%; D. sylvestris (Scopoli), 98%. Unfortunately, he did not 

provide any data, such that, the fate of most winter queens is still largely 

unknown.
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Biology of Spring Queens and Embryo Nests 

The Spring Queen and Embryo Nest 

Few studies have examined the physiological condition of post-hibernating 

queens. Spradbery (1973) reported that yellowjacket queens in Britain lose 30% 

of their dry weight during the hibernation period. Similarly, Matsuura (1969) found 

that Vespa queens in Japan lose 38% of their dry weight during hibernation. 

The energy reserves of queens are low after the hibernation period and 

queens begin feeding shortly after emergence. Spradbery (1973) and Edwards 

(1980) reviewed several anecdotal accounts of the foraging behavior of spring 

queens, noting that queens have been observed to collect honeydew, tree sap, 

floral nectar, and live arthropod prey. These authors also noted that queens will 

delay nest construction for 2-3 weeks after the hibernation period. During this 

time, queens not only forage; but simultaneously begin to develop their ovaries. 

After this initial foraging period, queens begin to construct nests and lay eggs. At 

this time, a queen forages exclusively for nesting materials until the eggs hatch 

and the larvae require feeding (Spradbery 1973). 

Although many details of nest construction and development have been 

reported, the biology of the queen, eggs, and larvae have not been studied as 

well. Several authors (Spradbery 1973; Brian and Brian 1952; Potter 1964) have 

examined the egg development process in the springtime nests. Most vespine 

eggs are reported to hatch within 5 days in young colonies, although 

developmental times are variable and are probably influenced by temperature. 

Spradbery (1973) found that eggs of V. crabro required from 5-18 days to hatch;



13 

however, during the summer, the average developmental time was reported to be 

5 days. The time required for complete larval development is variable as well. 

Potter (1965) reported developmental times of 9-17 days in V. vulgaris (L.), with 

an average developmental time of 14.5 days. The time spent in the pupal stage 

has also been found to be variable among species with an average 

developmental time ranging from 9-15 days (Spradbery 1973; Edwards 1980). 

Thermoregulation in Embryo Nests 

Thermoregulation in embryo nests has been studied by Gibo et al. (1977) 

and Makino and Yamane (1980). Gibo et al. (1977) found that a nest of D. 

arenaria with the foundress queen and 15 eggs had elevated temperatures of no 

more than 1°C above ambient, but in a nest with larvae found the nest 

temperatures increased by 2-3°C. Upon death of the queen, the larvae were still 

able to maintain the nest temperature 1°C above ambient. In comparison, 

temperatures higher than ambient were not found within a D. maculata nest until 

the larvae were half-grown. At that time, temperatures were found to be 3-4°C 

higher than ambient temperature. Makino and Yamane (1980) found that resting 

queens of Vespa simillima Smith were able to increase internal nest temperatures 

by 3-4°C. Whether a 3-4°C increase in temperature is significant to brood 

development has not been thoroughly investigated, nor has the possibility of 

more direct heat transfer to larvae. However, it is doubtful that queens of the 

Vespinae could produce the same quantities of heat as bumble bee queens. 

Heinrich (1974) demonstrated that bumble bee queens can maintain brood 

temperatures as much as 25°C higher than ambient, even in the absence of nest
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insulation. 

Thermoregulation in the summer nests has received more attention. Ishay 

and Ruttner (1971) found that nests of V. orientalis maintain a constant 

temperature of 30°C and that the adults are stimulated to produce heat by the 

presence of pupae. In addition, Ishay (1973) found that larvae of Vespa crabro 

(L.) significantly contributed to heat production. Gibo et al. (1974) reported 

average Summer nest temperatures for D. maculata and D. arenaria of 28.9°C 

and 31.0°C, respectively. 

Springtime Mortality 

Yellowjacket wasps are most commonly observed in the summer during 

the exponential phase of colony growth. However, many colonies do not reach 

this developmental stage, since many queens and colonies die before or during 

nest establishment. 

Although yellowjackets suffer heavy losses in the winter, mortality in the 

springtime is also high. Factors often attributed to mortality include adverse 

weather, disease, predation, competition for nest sites, nest usurpations and the 

quality or fitness of the queens (Beirne 1944; Fox-Wilson 1946; Spradbery 1973, 

Archer 1980, 1981 and 1982; Akre and Reed 1981; MacDonald and Matthews 

1981; Roth and Lord 1987). 

The embryo nest is believed to be the most vulnerable stage of colony 

development with estimated mortality rates as high as 99% (Spradbery 1973; 

Edwards 1980). Unfortunately, few studies have followed an appreciable number 

of embryo nests throughout the spring season. Brian and Brian (1952) are most



15 

often cited for their study of D. sy/vestris in which they reported that 1 nest of 12 

successfully produced workers (92% mortality). Although they could not account 

for all of the nest failures, they suggested that the physiological condition of the 

queen, effective foraging, and efficient regulation of nesting behaviors contributed 

to colony success. MacDonald and Matthews (1981) have also reported high 

mortalities of spring and summer nests and found that a small percentage of 

observed nests produced queens. 

Mating and Reproductive Biology of Queens 

Mating Locations 

MacDonald et al. (1974) presented a compilation of the mating behaviors 

for yellowjacket species which have been observed by various researchers in 

Europe and North America. Most of these observations were restricted to cage 

studies, although several accounts from field studies have been published. The 

initiation of matings on vegetation has been reported for V. germanica (Thomas 

1960) and V. crabro (Rouget 1873; cited in MacDonald et al. 1974). Spradbery 

(1973) presented 2 accounts of matings that occurred near the nest entrance for 

D. sylvestris and V. germanica. Mating in the nest is also a possibility for many 

species. Schremmer (1962) and Kemper and Dohring (1967) both reported that 

mating will occur in the nests of D. saxonica (F.), V. germanica, V. vulgaris, and V. 

crabro. Akre et al. (1982) reported that queens of V. consobrina mate inside of 

the nest. Similarly, MacDonald et al. (1974) observed that matings occur inside 

the nests of both V. atropilosa and V. pensylivanica. According to most of these 

authors, mating-site location and mating duration are variable behaviors.
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Sibling Mating 

Ross (1983) found that queens of V. maculifrons (Buysson) readily mated 

with both sibling and non-sibling males when each of these groups was presented 

to the exclusion of the other. However, when presented with a choice between 

non-sibling or sibling males, the queens chose the latter. This finding agrees with 

the observations of Akre et al. (1982) who suggested that “sibling matings may be 

the rule, rather than the exception in yellowjackets", with most matings occurring 

‘inside the nest. Their conclusions were based on observations of the mating 

biology of V. consobrina and the reports of Spradbery (1973) who found that new 

queens are rarely seen after leaving the parent nest in the autumn. In contrast, 

Edwards (1980) reported that yellowjackets mate more frequently with other 

males outside of the colony. Edwards (1980) believed that matings can occur 

within a nest, but suggested that a species can only “retain its vigor" by mating 

with males from other colonies. 

Aggregations of male vespines away from nests, which have been likened 

to leks, have also been observed (Ross 1983; MacDonald et al. 1974; Batra 1980; 

Yamane et al. 1980). Lekking behavior certainly indicates the likelinood of mating 

outside of the nest, perhaps, with siblings and non-siblings alike. 

Single and Multiple Matings 

A considerable volume of literature has been devoted to studies of 

polyandry, sperm utilization, and kin selection theory in social insects such as 

ants, honey bees, and polistine wasps (Cole 1983; Page and Metcalf 1982; Ross 

1983; Page and Metcalf 1984; Page 1986). Unfortunately, the yellowjackets have
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received scant attention. Few studies have been made on the frequency of single 

and multiple matings with most observations reported from laboratory studies. 

Thomas (1960) observed that queens of V. germanica mate once under field 

conditions, but found that they would mate multiple times in the laboratory. 

MacDonald et al. (1974) reported that multiple matings occur in the lab in both V. 

atropilosa and V. pensylivanica. In the latter species, the queens were observed 

to mate with the same males twice. Similarly, Ross (1983) observed queens of V. 

maculifrons mating multiple times in the laboratory. From these studies, it 

appears mating frequency may be a variable behavior that can be influenced by a 

number of factors. Several mating strategies may exist and they could be 

mediated by both genetic and environmental factors. 

The Spermatheca and Sperm Utilization 

Yellowjackets and other social insects store the sperm received during 

mating in the spermatheca. The mating process is assumed to provide the queen 

with sufficient sperm to produce fertilized eggs throughout her reproductive life. 

However, few studies with social insects have attempted to examine the mated 

condition and sperm utilization patterns. 

Matsuura (1969) reported that approximately 2/3 of Vespa mandarinia 

Smith queens survive the winter without being inseminated. This report conflicts 

with the findings of MacDonald et al. (1974) who found that queens of D. arenaria, 

Vespula atropilosa (Sladen), and V. pensyivanica (Saussure) are almost always 

inseminated. 

Harbo (1979) studied the process of sperm utilization using artificially



18 

inseminated queens of the honey bee Apis mellifera (L.). He suggested that 

sperm were released from the spermatheca in a constant volume of spermathecal 

fluid. As the sperm and fluid are released, the spermathecae fills with fluid, the 

sperm redistribute, and the number of sperm released per fertilization becomes 

progressively smaller. Harbo (1979) presented a sperm utilization model for his 

hypothesis which indicated a logarithmic depletion of sperm. 

In the fire ant, Solenopsis invicta (Buren), Tschinkel (1987a) found that the 

age of the queen could be estimated by quantifying the sperm available in the 

spermatheca. Tschinkel and Porter (1988) reported that queens of S. invicta 

release an average of 2.6 sperm per female egg. Tschinkel (1987b) also 

demonstrated a relationship between sperm number and ovariole number in ant 

queens from several different subfamilies. 

Population Dynamics 

Beirne (1944) and Fox-Wilson (1946) presented evidence that yellowjacket 

populations fluctuate from year to year. Years of abundance were followed by 

years of scarcity. Beirne (1944) believed that an "unknown disease" contributed 

to these fluctuations, whereas Fox-Wilson simply ascribed these fluctuations to an 

“unknown factor". Archer (1982 and 1985) tested the effects of spring and 

summer weather on wasp abundance and found no significant weather effects. 

He did find that: 1) there were large variations in yearly abundance, 2) that there 

were 2, and possibly, 7 year cycles of abundance, 3) years of abundance tended 

to occur in pairs, and 4) during years of abundance, spring queens were scarce; 

and during years of low populations the converse was true. 

e
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Archer (1981) and Roth and Lord (1987) both demonstrated a relationship 

between queen-cell size and the abundance of yellowjacket colonies. In years 

when yellowjacket colonies were abundant, queen-cell size was small. 

Conversely, queen-cell size was larger in years when colonies were less 

abundant. According to Roth and Lord (1987), high springtime densities of large 

foundress queens results in a large number of colonies. This is followed by 

increased competition for food resources which results in the production of fewer, 

smaller queens at the end of the reproductive season. The more fit queens would 

be favored through competition with weaker queens the following year, resulting 

in the establishment of fewer colonies. The subsequent low colony densities 

would reduce worker competition for the available food, resulting in better fed 

larvae and bigger queens for the following year.



CHAPTER 3 

Sperm Utilization Rates Of Baldfaced Hornet Queens, Dolichovespula Maculata 

(L.) And The Regression of Mean Sperm Content On Colony Size Of Vespu/a And 

Dolichovespula Queen Spp. (Hymenoptera: Vespidae) 
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�a�n�d� �e�x�a�m�i�n�e�d� �f�o�r� �s�p�e�r�m�a�t�h�e�c�a�l� �l�o�a�d�i�n�g� �o�v�e�r� �a� �3�-�y�e�a�r� �p�e�r�i�o�d�.� �Q�u�e�e�n�s� �w�e�r�e� 

�c�a�u�g�h�t� �i�n� �t�h�e� �s�p�r�i�n�g� �s�e�a�s�o�n�s� �o�f� �1�9�8�7�-�1�9�8�9� �w�h�i�l�e� �t�h�e�y� �w�e�r�e� �c�o�l�l�e�c�t�i�n�g� �n�e�c�t�a�r�,� 

�w�a�t�e�r�,� �o�r� �w�o�o�d� �f�i�b�e�r�s�.� �A�f�t�e�r� �c�o�l�l�e�c�t�i�o�n�,� �q�u�e�e�n�s� �w�e�r�e� �k�e�p�t� �a�l�i�v�e� �i�n� �g�l�a�s�s� �v�i�a�l�s� 

�p�l�a�c�e�d� �o�n� �i�c�e� �a�n�d� �b�r�o�u�g�h�t� �b�a�c�k� �t�o� �t�h�e� �l�a�b�o�r�a�t�o�r�y�.� �W�h�e�n� �p�o�s�s�i�b�l�e�,� �q�u�e�e�n�s� �w�e�r�e� 

�d�i�s�s�e�c�t�e�d� �i�m�m�e�d�i�a�t�e�l�y� �t�o� �r�e�m�o�v�e� �t�h�e� �s�p�e�r�m�a�t�h�e�c�a� �f�o�r� �s�p�e�r�m� �c�o�u�n�t�i�n�g�.� �H�o�w�e�v�e�r�,� 

�t�h�e�y� �c�o�u�l�d� �b�e� �f�r�o�z�e�n� �a�t� �-�1�0�°�C� �f�o�r� �u�p� �t�o� �2� �w�e�e�k�s� �w�i�t�h�o�u�t� �a�n�y� �n�o�t�i�c�e�a�b�l�e� 

�d�e�g�r�a�d�a�t�i�o�n� �o�f� �t�h�e� �s�p�e�r�m�a�t�h�e�c�a�l� �c�o�n�t�e�n�t�s�.� �A�f�t�e�r� �t�w�o� �w�e�e�k�s� �i�n� �t�h�e� �f�r�e�e�z�e�r�,� �t�h�e� 

�s�p�e�r�m�a�t�h�e�c�a�l� �c�o�n�t�e�n�t�s� �b�e�c�a�m�e� �d�i�s�c�o�l�o�r�e�d�,� �c�h�a�n�g�i�n�g� �f�r�o�m� �w�h�i�t�e� �t�o� �l�i�g�h�t� �b�r�o�w�n�,



�2�3� 

�a�n�d� �t�h�e� �s�p�e�r�m� �c�o�u�l�d� �n�o� �l�o�n�g�e�r� �b�e� �c�o�u�n�t�e�d�.� 

�S�p�e�r�m�a�t�h�e�c�a�e� �w�e�r�e� �d�i�s�s�e�c�t�e�d� �f�r�o�m� �q�u�e�e�n�s� �u�n�d�e�r� �a� �m�o�d�i�f�i�e�d� �H�y�e�s �� 

�d�i�l�u�e�n�t�:� �N�a�C�l� �(�0�.�9�%�)�,� �C�a�C�l�o� �(�0�.�0�2�%�)�,� �a�n�d� �N�a�H�C�O�3� �(�0�.�0�1�%�)� �i�n� �d�i�s�t�i�l�l�e�d� �w�a�t�e�r� 

�(�R�u�t�t�n�e�r�,� �1�9�7�5�;� �M�o�r�i�t�z�,� �1�9�8�4�)�.� �A�f�t�e�r� �d�i�s�s�e�c�t�i�o�n�,� �t�h�e� �s�p�e�r�m�a�t�h�e�c�a� �w�a�s� �p�l�a�c�e�d� �o�n� 

�t�h�e� �i�n�s�i�d�e� �w�a�l�l� �o�f� �a� �1�.�5�m�l� �p�l�a�s�t�i�c� �m�i�c�r�o�c�e�n�t�r�i�f�u�g�e� �t�u�b�e�.� �T�w�e�n�t�y� �m�i�c�r�o�l�i�t�e�r�s� �o�f� �H�y�e�s �� 

�d�i�l�u�e�n�t� �w�e�r�e� �a�d�d�e�d� �t�o� �t�h�e� �t�u�b�e� �a�n�d� �t�h�e� �s�p�e�r�m�a�t�h�e�c�a� �w�a�s� �g�r�o�u�n�d� �w�i�t�h� �a� 

�m�i�c�r�o�c�e�n�t�r�i�f�u�g�e� �p�e�s�t�l�e� �f�o�r� �1� �m�i�n�u�t�e�.� �W�h�i�l�e� �g�r�i�n�d�i�n�g�,� �i�t� �w�a�s� �i�m�p�o�r�t�a�n�t� �t�h�a�t� �t�h�e� 

�s�p�e�r�m�a�t�h�e�c�a� �r�e�m�a�i�n� �i�n� �c�o�n�t�a�c�t� �w�i�t�h� �t�h�e� �t�u�b�e� �a�n�d� �p�e�s�t�l�e�,� �o�t�h�e�r�w�i�s�e� �t�h�e� �s�p�e�r�m� 

�w�e�r�e� �n�o�t� �t�h�o�r�o�u�g�h�l�y� �d�i�s�p�e�r�s�e�d� �i�n� �t�h�e� �d�i�l�u�e�n�t�.� �A�f�t�e�r� �g�r�i�n�d�i�n�g�,� �t�h�e� �p�e�s�t�l�e� �w�a�s� �r�i�n�s�e�d� 

�w�i�t�h� �8�0� �m�i�c�r�o�l�i�t�e�r�s� �o�f� �d�i�s�t�i�l�l�e�d� �w�a�t�e�r� �t�o� �b�r�i�n�g� �t�h�e� �f�i�n�a�l� �v�o�l�u�m�e� �t�o� �1�0�0� �m�i�c�r�o�l�i�t�e�r�s�.� 

�I�n�d�i�v�i�d�u�a�l� �1�0� �m�i�c�r�o�l�i�t�e�r� �s�a�m�p�l�e�s� �w�e�r�e� �w�i�t�h�d�r�a�w�n� �a�n�d� �p�l�a�c�e�d� �o�n� �a� �B�r�i�g�h�t�-�L�i�n�e�,� 

�R�e�i�c�h�e�r�t�®� �h�e�m�a�c�y�t�o�m�e�t�e�r� �f�o�r� �c�o�u�n�t�i�n�g�.� �T�h�r�e�e� �r�e�p�l�i�c�a�t�e� �c�o�u�n�t�s� �w�e�r�e� �m�a�d�e� �f�o�r� 

�e�a�c�h� �e�x�t�r�a�c�t�i�o�n�,� �a�n�d� �t�h�e� �r�e�s�u�l�t�s� �w�e�r�e� �a�v�e�r�a�g�e�d�.� 

�T�w�e�l�v�e� �m�a�l�e�s� �o�f� �D�.� �m�a�c�u�l�a�t�a� �w�e�r�e� �a�l�s�o� �a�n�a�l�y�z�e�d� �b�y� �d�i�s�s�e�c�t�i�n�g� �o�u�t� �t�h�e� 

�t�e�s�t�e�s� �a�n�d� �s�e�m�i�n�a�l� �v�e�s�i�c�l�e�s� �f�o�r� �t�h�e� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �s�p�e�r�m� �n�u�m�b�e�r�.� �T�h�e� �s�a�m�e� 

�p�r�o�c�e�d�u�r�e� �w�a�s� �u�t�i�l�i�z�e�d�,� �b�u�t� �t�h�e� �H�y�e�s �� �d�i�l�u�e�n�t� �s�o�l�u�t�i�o�n� �w�a�s� �i�n�c�r�e�a�s�e�d� �i�n� �v�o�l�u�m�e� �t�o� 

�1�m�l�;� �c�a�l�c�u�l�a�t�i�o�n�s� �w�e�r�e� �a�d�j�u�s�t�e�d� �a�c�c�o�r�d�i�n�g�l�y�.� 

�E�s�t�i�m�a�t�e�s� �o�f� �s�p�e�r�m� �u�t�i�l�i�z�a�t�i�o�n� �r�a�t�e�s� �w�e�r�e� �m�a�d�e� �f�o�r� �q�u�e�e�n�s� �o�f� �D�.� �m�a�c�u�l�a�t�a� 

�b�y� �c�o�l�l�e�c�t�i�n�g� �q�u�e�e�n�s� �f�r�o�m� �e�s�t�a�b�l�i�s�h�e�d� �n�e�s�t�s� �a�t� �v�a�r�i�o�u�s� �s�t�a�g�e�s� �o�f� �d�e�v�e�l�o�p�m�e�n�t� 

�d�u�r�i�n�g� �t�h�e� �s�u�m�m�e�r� �s�e�a�s�o�n�.� �T�h�e� �n�e�s�t�s� �w�e�r�e� �o�b�t�a�i�n�e�d� �a�t� �n�i�g�h�t� �b�y� �p�l�u�g�g�i�n�g� �t�h�e� 

�n�e�s�t� �e�n�t�r�a�n�c�e� �w�i�t�h� �c�o�t�t�o�n�,� �r�e�m�o�v�i�n�g� �t�h�e� �n�e�s�t�,� �a�n�d� �t�h�e�n� �f�r�e�e�z�i�n�g� �t�h�e� �e�n�t�i�r�e� �n�e�s�t�.� 

�T�h�e� �f�o�l�l�o�w�i�n�g� �d�a�y�,� �t�h�e� �n�e�s�t� �w�a�s� �d�i�s�s�e�c�t�e�d� �a�n�d� �t�h�e� �f�o�u�n�d�r�e�s�s� �q�u�e�e�n� �r�e�m�o�v�e�d� �f�o�r� 

�d�i�s�s�e�c�t�i�o�n� �a�n�d� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �s�p�e�r�m�a�t�h�e�c�a�l� �s�p�e�r�m� �q�u�a�n�t�i�t�i�e�s�.� 

�S�p�e�r�m� �u�t�i�l�i�z�a�t�i�o�n� �r�a�t�e�s� �w�e�r�e� �c�a�l�c�u�l�a�t�e�d� �i�n� �D�.� �m�a�c�u�/�a�t�a� �q�u�e�e�n�s� �i�n� �1�9�8�7� �a�n�d
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�1�9�8�9� �b�y� �a� �r�e�g�r�e�s�s�i�o�n� �o�f� �t�h�e� �s�p�e�r�m� �c�o�u�n�t�s� �o�f� �i�n�d�i�v�i�d�u�a�l� �q�u�e�e�n�s� �o�n� �t�h�e� �t�o�t�a�l� �n�e�s�t� 

�c�e�l�l�s� �f�r�o�m� �w�h�i�c�h� �t�h�e� �q�u�e�e�n�s� �w�e�r�e� �o�b�t�a�i�n�e�d� �a�n�d� �o�n� �t�h�e� �e�s�t�i�m�a�t�e�d� �n�u�m�b�e�r� �o�f� 

�f�e�r�t�i�l�i�z�e�d� �e�g�g�s� �p�r�o�d�u�c�e�d�.� �V�e�s�p�i�n�e�s� �r�e�u�s�e� �c�e�l�l�s� �a�f�t�e�r� �a�d�u�l�t� �e�m�e�r�g�e�n�c�e�;� �t�h�e�r�e�f�o�r�e�,� 

�t�h�e� �e�s�t�i�m�a�t�e�d� �n�u�m�b�e�r� �o�f� �f�e�r�t�i�l�i�z�e�d� �e�g�g�s� �p�r�o�d�u�c�e�d� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �c�e�l�l� �r�e�u�s�e� 

�d�a�t�a� �p�r�o�v�i�d�e�d� �f�o�r� �V�e�s�p�u�l�a� �v�u�l�g�a�r�i�s� �(�L�.�)� �b�y� �S�p�r�a�d�b�e�r�y� �(�1�9�7�3�)�.� �T�h�e� �c�e�l�l�s� �f�r�o�m� 

�e�m�b�r�y�o� �n�e�s�t�s� �c�o�l�l�e�c�t�e�d� �i�n� �M�a�y� �a�n�d� �e�a�r�l�y� �J�u�n�e� �w�o�u�l�d� �h�a�v�e� �b�e�e�n� �u�s�e�d� �o�n�l�y� �o�n�c�e� 

�d�u�r�i�n�g� �t�h�i�s� �d�e�v�e�l�o�p�m�e�n�t�a�l� �s�t�a�g�e�.� �W�i�t�h�i�n� �t�h�e� �J�u�l�y� �n�e�s�t�s�,� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�0�%� �o�f� �t�h�e� 

�c�e�l�l�s� �w�e�r�e� �e�s�t�i�m�a�t�e�d� �t�o� �h�a�v�e� �b�e�e�n� �r�e�u�s�e�d�.� �T�h�i�s� �r�e�u�s�e� �v�a�l�u�e� �w�a�s� �e�s�t�i�m�a�t�e�d� �t�o� 

�i�n�c�r�e�a�s�e� �t�o� �3�0�%� �i�n� �A�u�g�u�s�t� �a�n�d� �7�0�%� �i�n� �S�e�p�t�e�m�b�e�r�.� �T�h�e� �t�o�t�a�l� �n�e�s�t� �c�e�l�l�s� �(�i�n�c�l�u�d�i�n�g� 

�w�o�r�k�e�r�,� �q�u�e�e�n�,� �a�n�d� �m�a�l�e� �c�e�l�l�s�)� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �n�e�s�t�s� �i�n� �J�u�l�y�,� �A�u�g�u�s�t�,� �a�n�d� 

�S�e�p�t�e�m�b�e�r�,� �w�e�r�e� �m�u�l�t�i�p�l�i�e�d� �b�y� �1�.�1�,� �1�.�3�,� �a�n�d� �1�.�7� �r�e�s�p�e�c�t�i�v�e�l�y�.� �A�l�t�h�o�u�g�h� �m�a�l�e�s� �a�r�e� 

�r�e�a�r�e�d� �i�n� �b�o�t�h� �w�o�r�k�e�r� �a�n�d� �q�u�e�e�n� �c�e�l�l�s� �(�S�p�r�a�d�b�e�r�y� �1�9�7�3�,� �E�d�w�a�r�d�s� �1�9�8�0�)�,� �t�h�e� �c�e�l�l� 

�r�e�u�s�e� �e�s�t�i�m�a�t�e�s� �a�r�e� �p�r�o�b�a�b�l�y� �l�o�w�.� �T�h�u�s�,� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �u�n�f�e�r�t�i�l�i�z�e�d� �e�g�g�s� �f�o�r� 

�m�a�l�e� �p�r�o�d�u�c�t�i�o�n� �i�n� �A�u�g�u�s�t� �a�n�d� �S�e�p�t�e�m�b�e�r� �n�e�s�t�s� �s�h�o�u�l�d� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� �a�f�f�e�c�t� �t�h�e� 

�e�s�t�i�m�a�t�e�s� �o�f� �f�e�r�t�i�l�i�z�e�d� �e�g�g� �p�r�o�d�u�c�t�i�o�n�.� �A�l�s�o�,� �s�i�n�c�e� �t�h�e� �c�e�l�l� �r�e�u�s�e� �e�s�t�i�m�a�t�e�s� �w�e�r�e� 

�b�a�s�e�d� �o�n� �d�a�t�a� �f�r�o�m� �V�.� �v�u�l�g�a�r�i�s�,� �d�i�f�f�e�r�e�n�t� �c�e�l�l� �r�e�u�s�e� �e�s�t�i�m�a�t�e�s� �w�e�r�e� �u�s�e�d� �i�n� �t�h�e� 

�r�e�g�r�e�s�s�i�o�n� �m�o�d�e�l� �t�o� �a�c�c�o�u�n�t� �f�o�r� �h�i�g�h�e�r� �l�e�v�e�l�s� �o�f� �f�e�r�t�i�l�i�z�e�d� �e�g�g� �p�r�o�d�u�c�t�i�o�n� �b�y� �D�.� 

�m�a�c�u�l�a�t�a� �q�u�e�e�n�s�.� �T�h�e�s�e� �o�t�h�e�r� �e�s�t�i�m�a�t�e�s� �w�e�r�e� �o�b�t�a�i�n�e�d� �b�y� �m�u�l�t�i�p�l�y�i�n�g� �t�h�e� �t�o�t�a�l� 

�n�e�s�t� �c�e�i�l�s� �i�n� �J�u�l�y�,� �A�u�g�u�s�t�,� �a�n�d� �S�e�p�t�e�m�b�e�r� �b�y�:� �1�.�2�,� �1�.�5�,� �1�.�9�,� �a�n�d� �1�.�5�,� �1�.�9�,� �a�n�d� �2�.�2�,� 

�r�e�s�p�e�c�t�i�v�e�l�y�.� 

�A�n� �a�n�a�l�y�s�i�s� �o�f� �c�o�v�a�r�i�a�n�c�e� �i�n� �t�h�e� �G�L�M� �p�r�o�c�e�d�u�r�e� �(�S�A�S� �I�n�s�t�i�t�u�t�e�,� �1�9�8�5�)� �w�a�s� 

�p�e�r�f�o�r�m�e�d� �o�n� �t�h�e� �1�9�8�7� �a�n�d� �1�9�8�9� �m�o�d�e�l�s� �t�o� �t�e�s�t� �w�h�e�t�h�e�r� �t�h�e� �d�a�t�a� �f�r�o�m� �t�h�e� �t�w�o� 

�d�i�f�f�e�r�e�n�t� �y�e�a�r�s� �c�o�u�l�d� �b�e� �c�o�m�b�i�n�e�d� �i�n�t�o� �a� �s�i�n�g�l�e� �r�e�g�r�e�s�s�i�o�n�.� �C�o�n�f�i�d�e�n�c�e� �i�n�t�e�r�v�a�l�s� 

�w�e�r�e� �c�a�l�c�u�l�a�t�e�d� �w�i�t�h� �t�h�e� �R�E�G� �p�r�o�c�e�d�u�r�e� �(�S�A�S� �I�n�s�t�i�t�u�t�e�,� �1�9�8�5�)� �b�y� �t�r�a�n�s�f�o�r�m�i�n�g� �t�h�e



�2�5� 

�e�x�p�o�n�e�n�t�i�a�l� �m�o�d�e�l�s� �t�o� �l�o�g�a�r�i�t�h�m�i�c� �f�o�r�m�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �i�n�t�e�r�v�a�l�s� �w�e�r�e� �t�h�e�n� 

�u�n�t�r�a�n�s�f�o�r�m�e�d� �a�n�d� �g�r�a�p�h�e�d� �a�c�c�o�r�d�i�n�g�l�y�.� 

�T�h�e� �s�p�e�r�m� �c�o�n�t�e�n�t� �d�a�t�a� �c�o�l�l�e�c�t�e�d� �o�n� �e�i�g�h�t� �y�e�l�l�o�w�j�a�c�k�e�t� �s�p�e�c�i�e�s� �(�V�e�s�p�u�l�a� 

�m�a�c�u�l�i�f�r�o�n�s� �(�B�u�y�s�s�o�n�)�,� �V�.� �s�q�u�a�m�o�s�a� �(�D�r�u�r�y�)�,� �V�.� �f�l�a�v�o�p�i�l�o�s�a� �J�a�c�o�b�s�o�n�,� �V�.� 

�p�e�n�s�y�l�v�a�n�i�c�a� �(�S�a�u�s�s�u�r�e�)�,� �V�.� �v�i�d�u�a� �(�S�a�u�s�s�u�r�e�)�,� �V�.� �c�o�n�s�o�b�r�i�n�a� �(�S�a�u�s�s�u�r�e�)�,� �D�.� 

�m�a�c�u�l�a�t�a�,� �a�n�d� �D�.� �a�r�e�n�a�r�i�a� �(�F�.�)�)� �w�e�r�e� �a�l�s�o� �e�x�a�m�i�n�e�d� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �p�o�s�s�i�b�l�e� 

�r�e�l�a�t�i�o�n�s�h�i�p�s� �b�e�t�w�e�e�n� �m�e�a�n� �s�p�e�r�m� �c�o�n�t�e�n�t� �a�n�d� �c�o�l�o�n�y� �s�i�z�e�.� �T�h�e� �n�e�s�t�i�n�g� 

�b�i�o�l�o�g�i�e�s� �o�f� �m�o�s�t� �o�f� �t�h�e� �N�o�r�t�h� �A�m�e�r�i�c�a�n� �y�e�l�l�o�w�j�a�c�k�e�t�s� �h�a�v�e� �b�e�e�n� �d�e�s�c�r�i�b�e�d� �(�A�k�r�e� 

�e�t� �a�l�.�,� �1�9�8�1�)�,� �w�i�t�h� �v�a�l�u�e�s� �p�r�o�v�i�d�e�d� �f�o�r� �t�h�e� �m�e�a�n� �n�u�m�b�e�r� �o�f� �t�o�t�a�l� �w�o�r�k�e�r� �a�n�d� �q�u�e�e�n� 

�c�e�l�l�s� �p�r�o�d�u�c�e�d� �b�y� �e�a�c�h� �c�o�l�o�n�y�.� �T�y�p�i�c�a�l�l�y�,� �m�e�m�b�e�r�s� �o�f� �t�h�e� �V�e�s�p�u�l�a� �v�u�l�g�a�r�i�s� 

�s�p�e�c�i�e�s� �g�r�o�u�p� �h�a�v�e� �l�a�r�g�e�r� �c�o�l�o�n�i�e�s� �t�h�a�n� �e�i�t�h�e�r� �t�h�e� �D�o�l�i�c�h�o�v�e�s�p�u�l�a� �o�r� �V�e�s�p�u�l�a� �r�u�f�a� 

�s�p�e�c�i�e�s� �g�r�o�u�p� �(�A�k�r�e� �e�t� �a�l�.� �1�9�8�1�)�.� 

�R�E�S�U�L�T�S� �&� �D�I�S�C�U�S�S�I�O�N� 

�S�p�e�r�m� �U�t�i�l�i�z�a�t�i�o�n� �i�n� �Q�u�e�e�n�s� �o�f� �t�h�e� �B�a�l�d�f�a�c�e�d� �H�o�r�n�e�t� 

�T�h�e� �v�a�l�u�e�s� �f�o�r� �m�e�a�n� �s�p�e�r�m� �c�o�n�t�e�n�t� �i�n� �s�p�r�i�n�g� �y�e�l�l�o�w�j�a�c�k�e�t� �q�u�e�e�n�s� �c�o�l�l�e�c�t�e�d� 

�d�u�r�i�n�g� �1�9�8�7�,� �1�9�8�8�,� �a�n�d� �1�9�8�9� �a�r�e� �s�h�o�w�n� �i�n� �T�a�b�l�e� �1�.� �T�h�e� �m�e�a�n� �q�u�a�n�t�i�t�y� �o�f� �s�p�e�r�m� 

�v�a�r�i�e�d� �f�r�o�m� �a� �l�o�w� �o�f� �3�,�1�6�7� �i�n� �V�.� �c�o�n�s�o�b�r�i�n�a�,� �t�o� �a� �h�i�g�h� �o�f� �1�7�6�,�0�0�0� �i�n� �V�.� �s�q�u�a�m�o�s�a�.� 

�T�h�e� �m�e�a�n� �n�u�m�b�e�r� �o�f� �s�p�e�r�m� �a�l�s�o� �v�a�r�i�e�d� �a�m�o�n�g� �q�u�e�e�n�s� �o�f� �a� �g�i�v�e�n� �s�p�e�c�i�e�s� 

�c�o�l�l�e�c�t�e�d� �i�n� �d�i�f�f�e�r�e�n�t� �y�e�a�r�s�.� 

�T�h�e� �m�o�s�t� �e�x�t�e�n�s�i�v�e� �d�a�t�a� �e�x�a�m�i�n�e�d� �i�n� �t�h�i�s� �s�t�u�d�y� �i�n�v�o�l�v�e�d� �t�h�e� �c�o�l�l�e�c�t�i�o�n� �o�f� 

�D�.� �m�a�c�u�l�a�t�a� �n�e�s�t�s� �i�n� �a�n� �e�f�f�o�r�t� �t�o� �c�o�r�r�e�l�a�t�e� �s�p�e�r�m� �u�t�i�l�i�z�a�t�i�o�n� �p�a�t�t�e�r�n�s� �w�i�t�h� �c�o�l�o�n�y� 

�s�i�z�e� �a�n�d� �c�o�l�o�n�y� �g�r�o�w�t�h�.� �T�h�e� �M�a�y� �c�o�l�l�e�c�t�i�o�n� �p�e�r�i�o�d�,� �p�e�r�f�o�r�m�e�d� �i�n� �2� �d�i�f�f�e�r�e�n�t� 

�y�e�a�r�s�,� �c�o�i�n�c�i�d�e�d� �w�i�t�h� �n�e�s�t� �i�n�i�t�i�a�t�i�o�n�.� �A�t� �t�h�i�s� �t�i�m�e�,� �v�e�r�y� �l�i�t�t�l�e� �s�p�e�r�m�,� �i�f� �a�n�y�,� �w�o�u�l�d



�2�6� 

�h�a�v�e� �b�e�e�n� �u�s�e�d�.� �I�n� �M�a�y� �1�9�8�7�,� �t�h�e� �m�e�a�n� �s�p�e�r�m� �c�o�n�t�e�n�t� �f�o�r� �t�h�e� �9� �q�u�e�e�n�s� �s�a�m�p�l�e�d� 

�w�a�s� �1�2�,�8�7�2�,� �+� �2�,�0�8�2� �(�T�a�b�l�e� �1� �a�n�d� �F�i�g�.�1�)�.� �N�i�n�e� �q�u�e�e�n�s� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �n�e�s�t�s� �i�n� �l�a�t�e� 

�J�u�l�y� �1�9�8�7� �(�F�i�g�.� �1�)�,� �h�a�d� �a� �m�e�a�n� �o�f� �1�1�,�7�2�2� �s�p�e�r�m� �w�h�i�c�h� �s�u�g�g�e�s�t�e�d� �a� �s�l�i�g�h�t� 

�d�e�c�r�e�a�s�e� �i�n� �s�p�e�r�m� �n�u�m�b�e�r� �f�r�o�m� �M�a�y�.� �T�h�e� �J�u�l�y� �v�a�l�u�e� �w�a�s� �m�u�c�h� �l�o�w�e�r� �t�h�a�n� �i�n� 

�1�9�8�8� �a�n�d� �1�9�8�9�,� �b�u�t� �w�a�s� �n�o�t� �s�t�a�t�i�s�t�i�c�a�l�l�y� �s�i�g�n�i�f�i�c�a�n�t� �(�P�=�0�.�8�5�)�.� �E�i�g�h�t� �o�f� �t�h�e� �9� 

�i�m�m�a�t�u�r�e� �n�e�s�t�s� �c�o�l�l�e�c�t�e�d� �d�u�r�i�n�g� �t�h�e� �J�u�l�y� �p�e�r�i�o�d� �h�a�d� �1� �c�o�m�b�,� �t�h�e� �o�t�h�e�r� �h�a�d� �t�w�o� 

�c�o�m�b�s�.� �T�h�e� �m�e�a�n� �c�e�l�l� �c�o�u�n�t� �o�f� �t�h�e�s�e� �n�i�n�e� �n�e�s�t�s� �w�a�s� �3�3�0� �+� �6�6� �a�n�d� �m�e�a�n� �w�o�r�k�e�r� 

�n�u�m�b�e�r� �w�a�s� �6�2� �+� �2�0�.� 

�F�o�u�r� �o�f� �5� �n�e�s�t�s� �c�o�l�l�e�c�t�e�d� �i�n� �A�u�g�u�s�t� �1�9�8�7� �c�o�n�t�a�i�n�e�d� �t�h�e� �f�o�u�n�d�r�e�s�s� �q�u�e�e�n�;� 

�t�h�e� �m�e�a�n� �s�p�e�r�m� �c�o�n�t�e�n�t� �o�f� �t�h�e�s�e� �4� �q�u�e�e�n�s� �w�a�s� �2�,�1�2�5� �+� �6�8�8� �(�F�i�g�.� �1�)�.� �T�h�i�s� 

�i�l�l�u�s�t�r�a�t�e�s� �a� �s�i�g�n�i�f�i�c�a�n�t� �d�e�c�r�e�a�s�e� �(�P�=�0�.�0�0�1�)� �i�n� �s�p�e�r�m� �n�u�m�b�e�r� �f�r�o�m� �t�h�e� �p�r�e�c�e�d�i�n�g� 

�m�o�n�t�h�s� �w�h�i�c�h� �c�o�r�r�e�s�p�o�n�d�e�d� �w�e�l�l� �w�i�t�h� �r�a�p�i�d� �c�o�l�o�n�y� �g�r�o�w�t�h� �t�h�a�t� �o�c�c�u�r�r�e�d� �i�n� �t�h�e� 

�p�r�e�c�e�d�i�n�g� �p�e�r�i�o�d�.� �O�n�e� �o�f� �t�h�e� �5� �n�e�s�t�s� �c�o�l�l�e�c�t�e�d� �i�n� �l�a�t�e� �A�u�g�u�s�t� �h�a�d� �2� �c�o�m�b�s�,� �t�h�r�e�e� 

�n�e�s�t�s� �c�o�n�t�a�i�n�e�d� �t�h�r�e�e� �c�o�m�b�s�,� �a�n�d� �o�n�e� �n�e�s�t� �h�a�d� �f�o�u�r� �c�o�m�b�s�.� �M�e�a�n� �c�e�l�l� �a�n�d� 

�w�o�r�k�e�r� �n�u�m�b�e�r� �i�n� �t�h�e�s�e� �f�i�v�e� �n�e�s�t�s� �w�a�s� �7�9�1� �+� �1�4�4� �a�n�d� �2�1�4� �+� �2�1�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�D�a�u�g�h�t�e�r� �q�u�e�e�n�s� �w�e�r�e� �a�l�s�o� �p�r�e�s�e�n�t� �i�n� �2� �o�f� �t�h�e� �5� �n�e�s�t�s�.� �O�n�e� �n�e�s�t� �c�o�n�t�a�i�n�e�d� �2�9� 

�q�u�e�e�n�s� �a�n�d� �t�h�e� �o�t�h�e�r�,� �o�n�l�y� �a� �s�i�n�g�l�e� �q�u�e�e�n�.� �C�a�p�p�e�d� �c�e�l�l�s� �w�i�t�h� �q�u�e�e�n� �p�u�p�a�e� 

�(�n�=�3�3�)� �w�e�r�e� �p�r�e�s�e�n�t� �i�n� �o�n�e� �o�f� �t�h�e�s�e� �n�e�s�t�s�,� �b�u�t� �n�u�m�e�r�o�u�s� �q�u�e�e�n� �a�n�d� �m�a�l�e� �l�a�r�v�a�e� 

�w�e�r�e� �p�r�e�s�e�n�t� �i�n� �b�o�t�h�.� �T�h�e�s�e� �d�a�t�a� �r�e�f�l�e�c�t�e�d� �a� �s�m�a�l�l�e�r� �t�h�a�n� �a�v�e�r�a�g�e� �c�o�l�o�n�y� 

�p�o�p�u�l�a�t�i�o�n� �o�v�e�r� �t�h�e� �3� �y�e�a�r� �p�e�r�i�o�d�.� 

�T�h�e� �l�a�s�t� �g�r�o�u�p� �o�f� �1�9�8�7� �q�u�e�e�n�s� �w�a�s� �t�a�k�e�n� �b�e�t�w�e�e�n� �S�e�p�t�e�m�b�e�r� �1� �a�n�d� 

�O�c�t�o�b�e�r� �5� �(�F�i�g�.� �1�)�.� �T�h�i�r�t�e�e�n� �n�e�s�t�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �d�u�r�i�n�g� �t�h�i�s� �t�i�m�e� �p�e�r�i�o�d�,� �b�u�t� �o�n�l�y� 

�4� �n�e�s�t�s� �(�3�0�.�7�%�)� �c�o�n�t�a�i�n�e�d� �t�h�e� �f�o�u�n�d�r�e�s�s� �q�u�e�e�n�.� �A�n� �a�n�a�l�y�s�i�s� �f�a�i�l�e�d� �t�o� �d�e�t�e�c�t� �a�n�y



�T�a�b�l�e� �1�.� �S�p�e�r�m� �c�o�u�n�t�s� �o�f� �s�p�r�i�n�g� �v�e�s�p�i�d� �q�u�e�e�n�s�.�"� 

�2�7� 

� � 

� � 

�S�p�e�c�i�e�s� �Y�e�a�r� �N� �M�e�a�n� �S�E�M� �R�a�n�g�e� 

�V�.� �m�a�c�u�l�i�f�r�o�n�s� �1�9�8�7� �2�6� �8�5�,�4�7�1� �+� �1�4�,�3�7�4� �1�0�,�0�0�0�-�2�5�5�,�0�0�0� 

�1�9�8�8� �8� �1�6�8�,�7�5�0� �+� �2�7�,�1�4�2� �6�2�,�5�0�0�-�2�9�2�,�5�0�0� 

�1�9�8�9� �1�0� �1�4�9�,�4�7�5� �+� �2�7�,�3�7�0� �5�,�7�5�0�-�2�8�0�,�0�0�0� 

�V�.� �f�l�a�v�o�p�i�l�o�s�a� �1�9�8�8� �3� �9�0�,�4�1�7� �+� �3�8�,�6�7�8� �2�1�,�2�5�0�-�1�5�5�,�0�0�0� 

�V�.� �g�e�r�m�a�n�i�c�a� �1�9�8�7� �9� �1�0�2�,�7�5�0� �+� �2�3�,�8�9�8� �4�0�,�0�0�0�-�2�5�5�,�0�0�0� 

�V�.� �p�e�n�s�y�l�v�a�n�i�c�a� �1�9�8�9� �9� �5�7�,�5�0�0� �+� �1�5�,�4�1�3� �1�8�,�7�5�0�-�1�5�8�,�7�5�0� 

�V�.� �s�q�u�a�m�o�s�a� �1�9�8�7� �4� �1�0�0�,�4�3�8� �+� �2�9�,�3�2�2� �2�3�,�7�5�0�-�1�5�4�,�0�0�0� 

�1�9�8�8� �5� �1�7�6�,�0�0�0� �+� �4�6�,�1�9�4� �7�5�,�0�0�0�-�3�1�8�,�7�5�0� 

�1�9�8�9� �1� �9�0�,�0�0�0� 

�V�.� �v�i�d�u�a� �1�9�8�8� �2� �1�0�,�5�0�0� �+� �1�,�5�0�0� � �9�,�0�0�0�-�1�2�,�0�0�0� 

�1�9�8�9� �3� �8�,�4�1�7� �+� �4�,�2�8�3� �1�,�5�0�0�-�1�6�,�2�5�0� 

�V�.� �c�o�n�s�o�b�r�i�n�a� �1�9�8�7� �2� �4�,�5�0�0� �+� �5�0�0� �4�,�0�0�0�-�5�,�0�0�0� 

�1�9�8�8� �3� �3�,�1�6�7� �+� �6�0�0� �2�,�0�0�0�-�4�,�0�0�0� 

�1�9�8�9� �2� �5�,�0�0�0� �+� �1�,�2�5�0� �3�,�7�5�0�-�6�,�2�5�0� 

�D�.� �a�r�e�n�a�r�i�a� �1�9�8�8� �1�3� �3�4�,�7�5�0� �+�6�,�1�2�6� �1�8�,�7�5�0�-�7�8�,�7�5�0� 

�1�9�8�9� �9� �2�5�,�2�5�0� �+�5�,�3�5�3� �3�,�0�0�0�-�5�7�,�5�0�0� 

�D�.� �a�r�c�t�i�c�a� �1�9�8�9� �4� �2�3�,�1�2�5� �+�2�,�3�1�0� �1�8�,�7�5�0�-�2�8�,�7�5�0� 

�D�.� �m�a�c�u�l�a�t�a� �1�9�8�7� �9� �1�2�,�8�7�2� �+� �2�,�0�8�2� �5�,�0�0�0�-�2�6�,�2�5�0� 

�1�9�8�9� �6� �3�1�,�2�5�0� �+� �1�0�,�0�8�2� �5�,�2�5�0�-�6�7�,�5�0�0� 

�D�.� �n�o�r�v�e�g�i�c�o�i�d�e�s� �1�9�8�8� �1� �1�8�,�7�5�0� 
� � 

�'�1�V�.� �p�e�n�s�y�l�v�a�n�i�c�a� �q�u�e�e�n�s� �c�a�m�e� �f�r�o�m� �a� �H�a�w�a�i�i�a�n� �p�o�p�u�l�a�t�i�o�n�.� �A�l�l� �o�t�h�e�r� �q�u�e�e�n�s� 
�c�a�m�e� �f�r�o�m� �M�o�n�t�g�o�m�e�r�y� �a�n�d� �G�i�l�e�s� �c�o�u�n�t�i�e�s� �V�i�r�g�i�n�i�a�.
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�S�s� �6�  �� �1�9�8�7� 
�n�=� 

�©� �4�0� �n�=�4� 

�o�O� �-�-�-�-� �1�9�8�8� 
�=� �i� 

�r�e� �w�e�e� �n�e�e� �1�9�8�9� 

�c� �3�0� �F� 

�S�a�m� �L� 
�o� 
�P�y� 

�Y�2� �2�0� �-� 

�C�e� 
�o�  �� 

�S�u�m�y� �p�e�n�e� 

�©� �t�o�e� �-� �1�0� �r� �n�=�9� 

�a�n� �L� 

�Z�a� 
�@�)� �l�L�.� 

�M�a�y ��J�u�n�e� �J�u�l�y� �A�u�g� �S�e�p�t ��O�c�t� 

�M�o�n�t�h� 

�F�i�g�u�r�e� �1�.� �T�h�e� �m�e�a�n� �n�u�m�b�e�r� �o�f� �s�p�e�r�m� �i�n� �t�h�e� �s�p�e�r�m�a�t�h�e�c�a� �o�f� �D�.� �m�a�c�u�l�a�t�a� �q�u�e�e�n�s� 
�p�r�i�o�r� �t�o� �n�e�s�t� �i�n�i�t�i�a�t�i�o�n� �a�n�d� �d�u�r�i�n�g� �c�o�l�o�n�y� �d�e�v�e�l�o�p�m�e�n�t�.� �B�a�r�s� �i�n�d�i�c�a�t�e� 
�S�E�M�;� �s�a�m�p�l�e� �s�i�z�e�s� �a�r�e� �a�d�j�a�c�e�n�t� �t�o� �S�E�M� �b�a�r�s�.



�2�9� 

�s�p�e�r�m� �w�i�t�h�i�n� �t�h�e� �s�p�e�r�m�a�t�h�e�c�a�e� �o�f� �t�h�e� �4� �q�u�e�e�n�s� �a�n�d� �a�n� �e�x�a�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �o�v�a�r�i�e�s� 

�r�e�v�e�a�l�e�d� �e�x�t�e�n�s�i�v�e� �a�t�r�o�p�h�y�.� �T�h�e� �f�o�u�r� �n�e�s�t�s� �a�n�a�l�y�z�e�d� �w�i�t�h�i�n� �t�h�e� �S�e�p�t�e�m�b�e�r� �1�-� 

�O�c�t�o�b�e�r� �5� �t�i�m�e� �p�e�r�i�o�d� �h�a�d� �a� �m�e�a�n� �t�o�t�a�l� �c�e�l�l� �n�u�m�b�e�r� �o�f� �1�,�5�2�3� �+� �1�3�2�.� �A�l�l� �n�e�s�t�s� �h�a�d� 

�4� �c�o�m�b�s�,� �w�i�t�h� �o�n�e� �n�e�s�t� �b�e�g�i�n�n�i�n�g� �a� �f�i�f�t�h� �c�o�m�b� �w�i�t�h� �e�i�g�h�t� �c�e�l�l�s�.� 

�I�n� �1�9�8�8�,� �n�o� �D�.� �m�a�c�u�l�a�t�a� �q�u�e�e�n�s� �w�e�r�e� �a�n�a�l�y�z�e�d� �f�o�r� �s�p�e�r�m� �c�o�n�t�e�n�t� �p�r�i�o�r� �t�o� 

�n�e�s�t� �i�n�i�t�i�a�t�i�o�n�.� �F�o�u�r� �n�e�s�t�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �d�u�r�i�n�g� �t�h�e� �l�a�s�t� �w�e�e�k� �o�f� �J�u�l�y� �a�n�d� �t�h�e� 

�m�e�a�n� �s�p�e�r�m� �c�o�n�t�e�n�t� �o�f� �t�h�e�s�e� �4� �q�u�e�e�n�s� �w�a�s� �2�7�,�8�7�5� �+� �1�1�,�1�4�9� �(�F�i�g�.� �1�)�.� �M�e�a�n� �c�e�l�l� 

�n�u�m�b�e�r� �f�o�r� �t�h�e�s�e� �n�e�s�t�s� �w�a�s� �7�3�1� �+� �8�1�.� �T�h�i�s� �g�r�o�u�p� �o�f� �q�u�e�e�n�s� �h�a�d� �t�h�e� �h�i�g�h�e�s�t� �J�u�l�y� 

�s�p�e�r�m� �c�o�u�n�t�s� �o�b�s�e�r�v�e�d� �f�o�r� �D�.� �m�a�c�u�l�a�t�a� �o�v�e�r� �t�h�e� �t�h�r�e�e� �y�e�a�r� �p�e�r�i�o�d�.� �O�n�e� �q�u�e�e�n� 

�h�a�d� �4�1�,�0�0�0� �s�p�e�r�m� �a�n�d� �a�n�o�t�h�e�r�,� �s�l�i�g�h�t�l�y� �o�v�e�r� �5�0�,�0�0�0�.� �T�h�e� �o�t�h�e�r� �t�w�o� �q�u�e�e�n�s� �h�a�d� 

�l�e�s�s� �t�h�a�n� �1�0�,�0�0�0� �s�p�e�r�m�.� �A�l�t�h�o�u�g�h� �t�h�e� �m�e�a�n� �c�e�l�l� �n�u�m�b�e�r�s� �w�e�r�e� �h�i�g�h�e�r� �i�n� �J�u�l�y� 

�1�9�8�8� �t�h�a�n� �i�n� �J�u�l�y� �1�9�8�7�,� �n�o�n�e� �o�f� �t�h�e� �J�u�l�y� �1�9�8�8� �n�e�s�t�s� �c�o�n�t�a�i�n�e�d� �q�u�e�e�n� �l�a�r�v�a�e� �o�r� 

�q�u�e�e�n� �p�u�p�a�e�.� �N�e�s�t� �d�e�v�e�l�o�p�m�e�n�t� �i�n� �t�h�e� �1�9�8�8� �n�e�s�t�s� �s�h�o�w�e�d� �a� �m�o�r�e� �r�a�p�i�d� �e�a�r�l�y� 

�g�r�o�w�t�h� �i�n� �c�o�m�p�a�r�i�s�o�n� �w�i�t�h� �t�h�o�s�e� �c�o�l�l�e�c�t�e�d� �i�n� �1�9�8�7� �a�n�d� �1�9�8�9�;� �h�o�w�e�v�e�r�,� �t�h�e�r�e� �w�a�s� 

�a� �r�e�d�u�c�t�i�o�n� �i�n� �c�o�l�o�n�y� �g�r�o�w�t�h� �a�s� �t�h�e� �s�e�a�s�o�n� �p�r�o�g�r�e�s�s�e�d�.� �T�h�i�s� �w�a�s� �p�r�o�b�a�b�l�y� �a� 

�r�e�s�u�l�t� �o�f� �t�h�e� �d�r�o�u�g�h�t� �e�x�p�e�r�i�e�n�c�e�d� �b�y� �m�u�c�h� �o�f� �t�h�e� �c�o�u�n�t�r�y� �i�n� �1�9�8�8�.� 

�F�o�u�r� �q�u�e�e�n�s� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �n�e�s�t�s� �i�n� �l�a�t�e� �A�u�g�u�s�t� �1�9�8�8� �h�a�d� �a� �m�e�a�n� �s�p�e�r�m� 

�c�o�n�t�e�n�t� �o�f� �4�,�3�0�0� �(�S�E�M� �=�2�,�5�0�1�;� �F�i�g�.� �1�)�.� �T�h�i�s� �w�a�s� �a� �s�i�g�n�i�f�i�c�a�n�t� �d�e�c�r�e�a�s�e� �(�P� �=�0�.�0�0�3�)� 

�i�n� �s�p�e�r�m� �n�u�m�b�e�r� �f�r�o�m� �t�h�e� �J�u�l�y� �p�e�r�i�o�d� �a�n�d� �f�o�l�l�o�w�e�d� �t�h�e� �s�a�m�e� �t�y�p�e� �o�f� �t�r�e�n�d� 

�o�b�s�e�r�v�e�d� �i�n� �1�9�8�7�.� �T�h�e� �l�a�s�t� �g�r�o�u�p� �o�f� �q�u�e�e�n�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �n�e�s�t�s� �i�n� 

�S�e�p�t�e�m�b�e�r�.� �M�e�a�n� �s�p�e�r�m� �c�o�n�t�e�n�t� �o�f� �t�h�e�s�e� �q�u�e�e�n�s� �w�a�s� �3�,�0�7�1� �+� �1�,�8�2�5� �(�F�i�g�.�1�)�.� 

�T�w�o� �o�f� �t�h�e� �q�u�e�e�n�s� �c�o�l�l�e�c�t�e�d� �h�a�d� �n�o� �d�e�t�e�c�t�a�b�l�e� �s�p�e�r�m� �i�n� �t�h�e� �s�p�e�r�m�a�t�h�e�c�a�.� �O�n�e� 

�n�e�s�t� �c�o�l�l�e�c�t�e�d� �o�n� �S�e�p�t�e�m�b�e�r� �2� �c�o�n�t�a�i�n�e�d� �o�n�l�y� �1�0�7� �c�e�l�l�s�.� �T�h�i�s� �n�e�s�t� �h�a�d� �o�n�l�y� �3� 

�w�o�r�k�e�r�s� �i�n� �a�d�d�i�t�i�o�n� �t�o� �t�h�e� �f�o�u�n�d�r�e�s�s� �q�u�e�e�n�.� �T�h�e� �q�u�e�e�n� �o�f� �t�h�i�s� �n�e�s�t� �h�a�d� �2�5�0



�3�0� 

�s�p�e�r�m� �i�n� �t�h�e� �s�p�e�r�m�a�t�h�e�c�a�,� �a�n�d� �e�v�i�d�e�n�c�e� �o�f� �a�n� �o�v�a�r�i�a�n� �d�y�s�f�u�n�c�t�i�o�n� �(�F�y�g� �1�9�6�4�)�.� 

�T�h�e� �p�r�e�s�e�n�c�e� �o�f� �a� �w�e�l�l�-�i�n�s�e�m�i�n�a�t�e�d� �f�o�u�n�d�r�e�s�s� �q�u�e�e�n� �i�n� �l�a�t�e� �s�u�m�m�e�r� �n�e�s�t�s� �m�a�y� 

�n�o�t� �a�l�w�a�y�s� �s�u�g�g�e�s�t� �r�e�p�r�o�d�u�c�t�i�v�e� �c�o�m�p�e�t�e�n�c�e�.� �G�r�e�e�n�e� �e�t� �a�l�.� �(�1�9�7�6�)� �r�e�p�o�r�t�e�d� 

�o�b�s�e�r�v�i�n�g� �a� �D�.� �a�r�e�n�a�r�i�a� �n�e�s�t� �t�h�a�t� �c�o�n�t�a�i�n�e�d� �1�,�5�0�0� �m�a�l�e�s� �a�n�d� �o�n�l�y� �8� �q�u�e�e�n�s�.� �T�h�e� 

�a�u�t�h�o�r�s� �d�e�s�c�r�i�b�e�d� �t�h�e� �s�p�e�r�m�a�t�h�e�c�a� �o�f� �t�h�e� �f�o�u�n�d�r�e�s�s� �q�u�e�e�n� �a�s� �"�p�a�c�k�e�d� �w�i�t�h� 

�s�p�e�r�m�"� �a�l�t�h�o�u�g�h� �n�o� �c�o�u�n�t�s� �w�e�r�e� �m�a�d�e�.� �U�n�d�o�u�b�t�e�d�l�y�,� �m�a�n�y� �f�a�c�t�o�r�s� �a�f�f�e�c�t� 

�i�n�d�i�v�i�d�u�a�l� �q�u�e�e�n� �f�e�c�u�n�d�i�t�y�.� 

�I�n� �M�a�y� �1�9�8�9�,� �t�h�e� �m�e�a�n� �s�p�e�r�m� �q�u�a�n�t�i�t�y� �o�f� �6� �D�.� �m�a�c�u�l�a�t�a� �q�u�e�e�n�s� �a�n�a�l�y�z�e�d� 

�(�F�i�g�.� �1�;� �T�a�b�l�e� �1�)� �w�a�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �g�r�e�a�t�e�r� �t�h�a�n� �t�h�e� �v�a�l�u�e� �r�e�c�o�r�d�e�d� �i�n� �1�9�8�7�,� �a�n�d� 

�s�u�p�p�o�r�t�s� �t�h�e� �i�d�e�a� �o�f� �h�i�g�h� �i�n�s�e�m�i�n�a�t�i�o�n� �v�a�r�i�a�b�i�l�i�t�y�,� �n�o�t� �o�n�l�y� �b�e�t�w�e�e�n� �i�n�d�i�v�i�d�u�a�l�s�,� �b�u�t� 

�a�l�s�o� �b�e�t�w�e�e�n� �p�o�p�u�l�a�t�i�o�n�s� �i�n� �d�i�f�f�e�r�e�n�t� �y�e�a�r�s�.� �O�n�l�y� �3� �o�f� �5� �n�e�s�t�s� �s�a�m�p�l�e�d� �i�n� �J�u�l�y� 

�1�9�8�9� �c�o�n�t�a�i�n�e�d� �t�h�e� �f�o�u�n�d�r�e�s�s� �q�u�e�e�n�;� �t�h�e� �m�e�a�n� �s�p�e�r�m� �n�u�m�b�e�r� �o�f� �t�h�e�s�e� �3� �q�u�e�e�n�s� 

�w�a�s� �1�2�,�7�5�0� �+� �3�,�4�6�4� �(�F�i�g�.� �1�)�.� �T�h�e� �m�e�a�n� �c�e�l�l� �n�u�m�b�e�r� �o�f� �t�h�e�s�e� �3� �n�e�s�t�s� �w�a�s� �3�8�0� �+� 

�1�9�1�.�6�.� �T�h�e�s�e� �r�e�s�u�l�t�s� �c�o�m�p�a�r�e�d� �f�a�v�o�r�a�b�l�y� �w�i�t�h� �t�h�o�s�e� �f�r�o�m� �J�u�l�y� �1�9�8�7�.� 

�I�n� �A�u�g�u�s�t� �1�9�8�9�,� �t�h�e� �m�e�a�n� �s�p�e�r�m� �q�u�a�n�t�i�t�i�e�s� �o�f� �6� �q�u�e�e�n�s� �s�a�m�p�l�e�d� �w�a�s� 

�4�,�6�9�4� �+� �1�,�2�0�8� �(�F�i�g�.� �1�)�.� �F�o�r� �A�u�g�u�s�t� �q�u�e�e�n�s�,� �t�h�e� �n�u�m�b�e�r�s� �o�f� �s�p�e�r�m� �i�n� �t�h�e� 

�s�p�e�r�m�a�t�h�e�c�a� �o�v�e�r� �t�h�e� �3� �y�e�a�r� �p�e�r�i�o�d� �w�e�r�e� �s�m�a�l�l� �a�n�d� �s�h�o�w�e�d� �a� �s�i�g�n�i�f�i�c�a�n�t� 

�d�e�c�r�e�a�s�e� �(�P� �=� �0�.�0�0�3�)� �f�r�o�m� �t�h�e� �J�u�l�y� �g�r�o�u�p�s�.� �T�h�e� �m�e�a�n� �n�u�m�b�e�r� �o�f� �c�e�l�l�s� �f�r�o�m� �n�e�s�t�s� 

�c�o�l�l�e�c�t�e�d� �i�n� �A�u�g�u�s�t� �1�9�8�9� �w�a�s� �1�,�0�3�9� �+� �1�9�2�.�1�.� �B�a�s�e�d� �o�n� �t�h�e� �s�i�z�e� �o�f� �S�e�p�t�e�m�b�e�r� 

�n�e�s�t�s� �c�o�l�l�e�c�t�e�d� �o�v�e�r� �a� �3�-�y�e�a�r� �p�e�r�i�o�d�,� �t�h�e�s�e� �r�e�s�u�l�t�s� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �A�u�g�u�s�t� �1�9�8�9� 

�n�e�s�t�s� �h�a�d� �n�o�t� �a�t�t�a�i�n�e�d� �m�a�x�i�m�u�m� �s�i�z�e�.� �I�n� �a�d�d�i�t�i�o�n�,� �o�n�l�y� �1�5� �o�f� �2�7� �n�e�s�t�s� �(�5�5�%�)� 

�c�o�n�t�a�i�n�e�d� �t�h�e� �f�o�u�n�d�r�e�s�s� �q�u�e�e�n�.� �L�o�s�s� �o�f� �t�h�e� �f�o�u�n�d�r�e�s�s� �q�u�e�e�n� �i�s� �t�h�e�r�e�f�o�r�e� 

�c�o�m�m�o�n� �a�s� �t�h�e� �c�o�l�o�n�y� �n�e�a�r�s� �t�h�e� �e�n�d� �o�f� �t�h�e� �r�e�p�r�o�d�u�c�t�i�v�e� �s�e�a�s�o�n�.� 

�D�u�r�i�n�g� �S�e�p�t�e�m�b�e�r� �1�9�8�9�,� �2�0� �D�.� �m�a�c�u�l�a�t�a� �n�e�s�t�s� �w�e�r�e� �e�x�a�m�i�n�e�d�;� �o�n�l�y� �f�o�u�r
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�(�2�0�%�)� �c�o�n�t�a�i�n�e�d� �t�h�e� �f�o�u�n�d�r�e�s�s� �q�u�e�e�n�.� �T�h�r�e�e� �o�f� �t�h�e�s�e� �q�u�e�e�n�s� �s�h�o�w�e�d� �n�o� 

�d�e�t�e�c�t�a�b�l�e� �l�e�v�e�l�s� �o�f� �s�p�e�r�m� �i�n� �t�h�e� �s�p�e�r�m�a�t�h�e�c�a�;� �t�h�e� �o�t�h�e�r� �q�u�e�e�n� �h�a�d� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �6�0�0� �s�p�e�r�m�.� �T�h�e� �m�e�a�n� �n�u�m�b�e�r� �o�f� �c�e�l�l�s� �i�n� �4� �n�e�s�t�s� �c�o�l�l�e�c�t�e�d� �i�n� 

�S�e�p�t�e�m�b�e�r� �1�9�8�9� �w�a�s� �1�,�7�4�9� �+� �1�5�3�.� 

�F�o�r� �c�o�m�p�a�r�a�t�i�v�e� �p�u�r�p�o�s�e�s�,� �t�w�e�l�v�e� �m�a�l�e�s� �o�f� �D�.� �m�a�c�u�l�a�t�a� �w�e�r�e� �a�n�a�l�y�z�e�d� �f�o�r� 

�s�p�e�r�m� �q�u�a�n�t�i�t�i�e�s� �i�n� �1�9�8�7�.� �T�h�e� �s�p�e�r�m� �n�u�m�b�e�r�s� �o�f� �t�h�o�s�e� �m�a�l�e�s� �r�a�n�g�e�d� �f�r�o�m� �2�-�2�.�5� 

�m�i�l�l�i�o�n� �s�p�e�r�m�.� �T�h�i�s� �q�u�a�n�t�i�t�y� �i�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �o�n�e� �h�u�n�d�r�e�d� �t�i�m�e�s� �t�h�e� �m�e�a�n� 

�n�u�m�b�e�r� �f�o�u�n�d� �i�n� �t�h�e� �s�p�e�r�m�a�t�h�e�c�a� �o�f� �m�a�t�e�d� �q�u�e�e�n�s� �a�n�d� �s�u�p�p�o�r�t�s� �t�h�e� �h�y�p�o�t�h�e�s�i�s� 

�t�h�a�t� �m�a�l�e�s� �h�a�v�e� �t�h�e� �p�o�t�e�n�t�i�a�l� �t�o� �m�a�t�e� �m�u�l�t�i�p�l�e� �t�i�m�e�s�.� �Y�e�l�l�o�w�j�a�c�k�e�t� �q�u�e�e�n�s� �m�a�y� 

�m�a�t�e� �s�e�v�e�r�a�l� �t�i�m�e�s� �i�n� �t�h�e� �l�a�b�o�r�a�t�o�r�y� �(�R�o�s�s�,� �1�9�8�3� �a�n�d� �M�a�c�D�o�n�a�l�d� �e�t� �a�l�.�,� �1�9�7�4�)�,� �b�u�t� 

�t�h�e� �f�r�e�q�u�e�n�c�y� �o�f� �m�u�l�t�i�p�l�e� �m�a�t�i�n�g� �i�n� �t�h�e� �f�i�e�l�d� �r�e�m�a�i�n�s� �u�n�k�n�o�w�n�.� �F�u�r�t�h�e�r�m�o�r�e�,� �t�h�e� 

�n�u�m�b�e�r� �o�f� �s�p�e�r�m� �t�r�a�n�s�f�e�r�r�e�d� �p�e�r� �m�a�t�i�n�g� �h�a�s� �n�o�t� �b�e�e�n� �d�e�t�e�r�m�i�n�e�d�,� �a�l�t�h�o�u�g�h� �t�h�e� 

�h�i�g�h� �d�e�g�r�e�e� �o�f� �v�a�r�i�a�b�i�l�i�t�y� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �s�p�e�r�m� �n�u�m�b�e�r�s� �b�e�t�w�e�e�n� �q�u�e�e�n�s� �w�o�u�l�d� 

�s�u�g�g�e�s�t� �t�h�e� �p�o�s�s�i�b�i�l�i�t�y� �o�f� �m�u�l�t�i�p�l�e� �m�a�t�i�n�g�s�.� �|� 

�D�.� �m�a�c�u�l�a�t�a� �s�p�e�r�m� �u�s�e� �a�n�d� �c�o�l�o�n�y� �s�i�z�e� �d�a�t�a� �o�b�t�a�i�n�e�d� �d�u�r�i�n�g� �1�9�8�7� �a�n�d� 

�1�9�8�9� �w�e�r�e� �u�s�e�d� �t�o� �d�e�v�e�l�o�p� �a� �s�p�e�r�m� �u�t�i�l�i�z�a�t�i�o�n� �m�o�d�e�l�.� �A�n� �a�n�a�l�y�s�i�s� �o�f� �c�o�v�a�r�i�a�n�c�e� 

�r�e�v�e�a�l�e�d� �t�h�a�t� �t�h�e� �s�p�e�r�m� �u�t�i�l�i�z�a�t�i�o�n� �r�e�g�r�e�s�s�i�o�n� �m�o�d�e�l�s� �f�o�r� �1�9�8�7� �a�n�d� �1�9�8�9� �w�e�r�e� �n�o�t� 

�d�i�f�f�e�r�e�n�t� �(�F�=�4�.�6�9�;� �d�f�=�1�,� �4�1�;� �N�S�)�.� �T�h�u�s�,� �t�h�e� �1�9�8�7� �a�n�d� �1�9�8�9� �d�a�t�a� �w�e�r�e� �c�o�m�b�i�n�e�d� 

�a�n�d� �t�h�e� �r�e�s�u�l�t�s� �a�r�e� �p�r�e�s�e�n�t�e�d� �a�s� �2� �s�e�p�a�r�a�t�e� �r�e�g�r�e�s�s�i�o�n�s�;� �o�n�e� �t�o� �e�s�t�i�m�a�t�e� �s�p�e�r�m� 

�u�s�e� �o�n� �t�h�e� �b�a�s�i�s� �o�f� �n�e�s�t� �c�e�l�l� �n�u�m�b�e�r�,� �t�h�e� �o�t�h�e�r�,� �t�o� �d�e�p�i�c�t� �s�p�e�r�m� �d�e�p�l�e�t�i�o�n� �a�s� �a� 

�f�u�n�c�t�i�o�n� �o�f� �t�h�e� �e�s�t�i�m�a�t�e�d� �n�u�m�b�e�r� �o�f� �f�e�r�t�i�l�i�z�e�d� �e�g�g�s� �p�r�o�d�u�c�e�d� �(�F�i�g�.� �2�)�.� �A� 

�c�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e� �2� �m�o�d�e�l�s� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �t�h�e� �r�e�g�r�e�s�s�i�o�n� �o�f� �s�p�e�r�m� �n�u�m�b�e�r� 

�a�g�a�i�n�s�t� �e�s�t�i�m�a�t�e�d� �e�g�g� �p�r�o�d�u�c�t�i�o�n� �p�r�o�v�e�d� �t�o� �b�e� �a� �b�e�t�t�e�r� �i�n�d�i�c�a�t�o�r� �o�f� �s�p�e�r�m� �u�s�e� 

�(�r�2�=� �0�.�6�5� �v�s�.� �r�?�=� �0�.�5�4�)�.
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�W�i�t�h�i�n� �b�o�t�h� �m�o�d�e�l�s�,� �t�h�e� �h�i�g�h�e�s�t� �v�a�r�i�a�b�i�l�i�t�y�,� �w�h�i�c�h� �r�e�f�l�e�c�t�s� �i�n�s�e�m�i�n�a�t�i�o�n� 

�v�a�r�i�a�b�i�l�i�t�y�,� �w�a�s� �o�b�s�e�r�v�e�d� �d�u�r�i�n�g� �t�h�e� �e�a�r�l�y� �g�r�o�w�t�h� �p�e�r�i�o�d� �o�f� �t�h�e� �c�o�l�o�n�i�e�s�,� �a�s� 

�i�n�d�i�c�a�t�e�d� �b�y� �t�h�e� �9�5�%� �c�o�n�f�i�d�e�n�c�e� �i�n�t�e�r�v�a�l�s� �(�F�i�g�.� �2�)�.� �Q�u�e�e�n�s� �c�o�l�l�e�c�t�e�d� �a�t� �n�e�s�t� 

�i�n�i�t�i�a�t�i�o�n� �h�a�d� �p�r�o�b�a�b�l�y� �u�s�e�d� �v�e�r�y� �l�i�t�t�l�e� �s�p�e�r�m� �a�n�d� �t�h�e�r�e�f�o�r�e�,� �t�h�e� �o�b�s�e�r�v�e�d� �s�p�e�r�m� 

�q�u�a�n�t�i�t�i�e�s� �r�e�f�l�e�c�t� �t�h�e� �m�a�t�e�d� �c�o�n�d�i�t�i�o�n�.� �I�t� �i�s� �a�l�s�o� �p�o�s�s�i�b�l�e� �t�h�a�t� �t�h�e� �i�n�i�t�i�a�l� �v�a�l�u�e�s� 

�o�b�s�e�r�v�e�d� �i�n� �t�h�e� �l�o�w�e�r� �a�n�d� �u�p�p�e�r� �c�o�n�f�i�d�e�n�c�e� �b�a�n�d�s� �a�r�e� �i�n�d�i�c�a�t�i�v�e� �o�f� �s�i�n�g�l�e� �a�n�d� 

�m�u�l�t�i�p�l�e� �i�n�s�e�m�i�n�a�t�i�o�n�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�;� �h�o�w�e�v�e�r�,� �t�h�e� �o�c�c�u�r�r�e�n�c�e� �o�r� �f�r�e�q�u�e�n�c�y� �o�f� 

�s�i�n�g�l�e� �a�n�d� �m�u�l�t�i�p�l�e� �i�n�s�e�m�i�n�a�t�i�o�n�s� �w�a�s� �n�o�t� �e�x�a�m�i�n�e�d�.� �-� 

�D�u�e� �t�o� �t�h�e� �h�i�g�h� �v�a�r�i�a�b�i�l�i�t�y� �i�n� �s�p�e�r�m� �q�u�a�n�t�i�t�i�e�s� �a�m�o�n�g� �s�p�r�i�n�g� �q�u�e�e�n�s�,� �t�h�e� 

�d�a�t�a� �w�e�r�e� �a�n�a�l�y�z�e�d� �w�i�t�h� �t�h�e� �s�p�r�i�n�g� �q�u�e�e�n� �d�a�t�a� �o�m�i�t�t�e�d�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �a�n�a�l�y�s�i�s� 

�w�h�i�c�h� �o�n�l�y� �e�x�a�m�i�n�e�d� �q�u�e�e�n�s� �t�a�k�e�n� �f�r�o�m� �n�e�s�t�s� �a�l�s�o� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �a�n� �e�x�p�o�n�e�n�t�i�a�l� 

�d�e�c�a�y� �m�o�d�e�l� �b�e�s�t� �d�e�s�c�r�i�b�e�d� �t�h�e� �d�a�t�a�.� �A�d�d�i�t�i�o�n�a�l� �a�n�a�l�y�s�e�s� �o�f� �t�h�e� �s�p�e�r�m� �u�t�i�l�i�z�a�t�i�o�n� 

�r�e�g�r�e�s�s�i�o�n� �m�o�d�e�l� �u�s�i�n�g� �t�h�e� �h�i�g�h�e�r� �e�s�t�i�m�a�t�e�s� �f�o�r� �f�e�r�t�i�l�i�z�e�d� �e�g�g� �p�r�o�d�u�c�t�i�o�n�,� �c�a�u�s�e�d� 

�o�n�l�y� �a� �s�l�i�g�h�t� �d�e�c�r�e�a�s�e� �i�n� �t�h�e� �c�o�e�f�f�i�c�i�e�n�t� �o�f� �d�e�t�e�r�m�i�n�a�t�i�o�n�.� �T�h�e�s�e� �a�n�a�l�y�s�e�s� 

�s�u�g�g�e�s�t�e�d� �t�h�a�t� �c�h�a�n�g�e�s� �i�n� �c�e�l�l� �r�e�u�s�e� �e�s�t�i�m�a�t�e�s� �f�o�r� �t�o�t�a�l� �e�g�g� �p�r�o�d�u�c�t�i�o�n� �d�i�d� �n�o�t� 

�h�a�v�e� �a� �s�i�g�n�i�f�i�c�a�n�t� �e�f�f�e�c�t� �o�n� �t�h�e� �m�o�d�e�l�.� 

�G�i�v�e�n� �t�h�a�t� �a�l�l� �q�u�e�e�n�s� �d�o� �n�o�t� �h�a�v�e� �s�i�m�i�l�a�r� �s�p�e�r�m� �q�u�a�n�t�i�t�i�e�s�,� �i�t� �f�o�l�l�o�w�s� �t�h�a�t� 

�i�n�i�t�i�a�l� �s�p�e�r�m� �d�e�p�l�e�t�i�o�n� �r�a�t�e�s� �m�a�y� �b�e� �d�i�f�f�e�r�e�n�t� �a�s� �w�e�l�l�.� �T�h�i�s� �m�o�d�e�l� �p�r�e�d�i�c�t�s� �t�h�a�t� 

�t�h�o�s�e� �q�u�e�e�n�s� �w�i�t�h� �l�a�r�g�e�r� �s�p�e�r�m� �q�u�a�n�t�i�t�i�e�s� �w�o�u�l�d� �u�s�e� �s�p�e�r�m� �a�t� �a� �f�a�s�t�e�r� �r�a�t�e� �t�h�a�n� 

�w�o�u�l�d� �t�h�o�s�e� �h�a�v�i�n�g� �s�m�a�l�l�e�r� �a�m�o�u�n�t�s�.� �F�u�r�t�h�e�r�,� �t�h�e� �r�a�t�e� �o�f� �s�p�e�r�m� �u�s�e� �d�e�p�e�n�d�s� �o�n� 

�t�h�e� �n�u�m�b�e�r� �o�f� �e�g�g�s� �f�e�r�t�i�l�i�z�e�d� �w�h�i�c�h� �a�r�e� �c�l�o�s�e�l�y� �c�o�u�p�l�e�d� �t�o� �t�h�e� �a�b�i�l�i�t�y� �o�f� �t�h�e� 

�w�o�r�k�e�r�s� �t�o� �c�o�n�s�t�r�u�c�t� �c�e�l�l�s�.� �T�h�u�s�,� �d�i�f�f�e�r�e�n�t�i�a�l� �g�r�o�w�t�h� �r�a�t�e�s� �i�n� �t�h�e� �e�a�r�l�y� �p�h�a�s�e�s� �o�f� 

�c�o�l�o�n�y� �d�e�v�e�l�o�p�m�e�n�t�,� �c�o�u�l�d� �b�e� �a� �s�o�u�r�c�e� �o�f� �v�a�r�i�a�b�i�l�i�t�y� �w�i�t�h�i�n� �t�h�e� �m�o�d�e�l� �a�s� �w�e�l�l�.� 

�H�o�w�e�v�e�r�,� �a�f�t�e�r� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�,�0�0�0� �e�g�g�s� �h�a�v�e� �b�e�e�n� �l�a�i�d�,� �w�h�i�c�h� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �a



�3�3� �-� 

�n�e�s�t� �t�h�a�t� �i�s� �a� �t�h�i�r�d� �g�r�o�w�n�,� �t�h�e� �r�a�t�e�s� �o�f� �s�p�e�r�m� �u�t�i�l�i�z�a�t�i�o�n� �a�m�o�n�g� �q�u�e�e�n�s� �a�p�p�e�a�r� �t�o� 

�b�e� �s�i�m�i�l�a�r� �a�n�d� �s�p�e�r�m� �u�s�e� �b�e�c�o�m�e�s� �a�s�y�m�p�t�o�t�i�c� �t�o� �z�e�r�o� �(�F�i�g�.� �2�B�)�.� 

�T�h�e� �e�s�t�i�m�a�t�e�s� �o�f� �s�p�e�r�m� �r�e�l�e�a�s�e�d� �p�e�r� �i�n�d�i�v�i�d�u�a�l� �e�g�g� �w�e�r�e� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� 

�t�h�e� �p�a�r�a�m�e�t�e�r�s� �p�r�e�s�e�n�t�e�d� �i�n� �F�i�g�.� �2�B�.� �E�a�r�l�y� �i�n� �t�h�e� �s�e�a�s�o�n�,� �d�u�r�i�n�g� �t�h�e� �e�m�b�r�y�o� �n�e�s�t� 

�s�t�a�g�e�,� �a�n� �e�s�t�i�m�a�t�e�d� �9�0�-�1�0�0� �s�p�e�r�m� �a�r�e� �r�e�l�e�a�s�e�d� �p�e�r� �f�e�r�t�i�l�i�z�e�d� �e�g�g�.� �A�f�t�e�r� �5�0�0� �e�g�g�s� 

�h�a�v�e� �b�e�e�n� �l�a�i�d�,� �w�h�i�c�h� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �l�a�t�e� �J�u�l�y� �c�o�l�o�n�i�e�s�,� �t�h�e� �n�u�m�b�e�r� �o�f� �s�p�e�r�m� 

�r�e�l�e�a�s�e�d� �d�e�c�r�e�a�s�e�s� �t�o� �a�b�o�u�t� �1�3�-�1�4� �s�p�e�r�m� �p�e�r� �e�g�g�.� �A� �q�u�e�e�n� �t�h�a�t� �b�e�g�i�n�s� �h�e�r� �n�e�s�t� 

�w�i�t�h� �i�n�i�t�i�a�l� �s�o�e�r�m� �q�u�a�n�t�i�t�i�e�s� �f�a�r� �b�e�l�o�w� �t�h�e� �o�v�e�r�a�l�l� �m�e�a�n� �o�f� �2�0�,�0�0�0� �m�a�y� �s�t�i�l�l� �h�a�v�e� �a� 

�s�u�c�c�e�s�s�f�u�l� �n�e�s�t� �a�t� �t�h�i�s� �p�o�i�n�t�,� �w�i�t�h� �n�o�r�m�a�l� �n�u�m�b�e�r�s� �o�f� �w�o�r�k�e�r�s�.� �H�o�w�e�v�e�r�,� �r�e�s�u�l�t�i�n�g� 

�l�o�w� �s�p�e�r�m� �n�u�m�b�e�r�s� �i�n� �l�a�t�e� �J�u�l�y� �o�r� �e�a�r�l�y� �A�u�g�u�s�t� �c�o�u�l�d� �f�a�c�i�l�i�t�a�t�e� �n�e�s�t� �f�a�i�l�u�r�e� �o�r� 

�e�x�c�e�s�s�i�v�e� �m�a�l�e� �p�r�o�d�u�c�t�i�o�n� �b�e�f�o�r�e� �t�h�e� �n�o�r�m�a�l� �o�n�s�e�t� �o�f� �r�e�p�r�o�d�u�c�t�i�v�e� �p�r�o�d�u�c�t�i�o�n�.� 

�I�n� �m�i�d�-�t�o�-�l�a�t�e� �A�u�g�u�s�t�,� �o�r� �w�h�e�n� �a�p�p�r�o�x�i�m�a�t�e�t�y� �1�,�3�0�0� �-�1�,�5�0�0� �f�e�r�t�i�l�i�z�e�d� �e�g�g�s� �h�a�v�e� 

�b�e�e�n� �l�a�i�d�,� �t�h�e� �s�p�e�r�m� �u�s�e� �i�n� �n�o�r�m�a�l�l�y� �i�n�s�e�m�i�n�a�t�e�d� �q�u�e�e�n�s� �d�e�c�r�e�a�s�e�s� �t�o� �a�n� 

�a�v�e�r�a�g�e� �o�f� �1�-�2� �s�p�e�r�m� �r�e�l�e�a�s�e�d� �p�e�r� �f�e�r�t�i�l�i�z�e�d� �e�g�g�.� �A�t� �t�h�i�s� �p�o�i�n�t� �i�n� �t�h�e� �s�e�a�s�o�n�,� 

�w�o�r�k�e�r� �p�r�o�d�u�c�t�i�o�n� �d�e�c�l�i�n�e�s�,� �b�u�t� �d�o�e�s� �n�o�t� �c�e�a�s�e�.� �A�l�l� �o�f� �t�h�e� �c�o�l�o�n�i�e�s� �c�o�l�l�e�c�t�e�d� 

�w�e�r�e� �p�r�o�d�u�c�i�n�g� �r�e�p�r�o�d�u�c�t�i�v�e�s�,� �a�l�t�h�o�u�g�h� �t�h�e�r�e� �w�a�s� �c�o�n�s�i�d�e�r�a�b�l�e� �v�a�r�i�a�t�i�o�n� �i�n� �t�h�e� 

�n�u�m�b�e�r�s� �p�r�o�d�u�c�e�d� �a�m�o�n�g� �n�e�s�t�s�.� �B�y� �l�a�t�e� �S�e�p�t�e�m�b�e�r�,� �m�a�n�y� �o�f� �t�h�e� �n�e�s�t�s� �w�e�r�e� 

�q�u�e�e�n�l�e�s�s�,� �a�n�d� �o�f� �t�h�e� �n�e�s�t�s� �t�h�a�t� �h�a�d� �q�u�e�e�n�s�,� �t�h�e�s�e� �q�u�e�e�n�s� �h�a�d� �l�i�t�t�l�e� �s�p�e�r�m� �i�n� �t�h�e� 

�s�p�e�r�m�a�t�h�e�c�a�.� �A�t� �t�h�i�s� �t�i�m�e�,� �i�t� �i�s� �p�r�o�b�a�b�l�e� �t�h�a�t� �t�h�o�s�e� �q�u�e�e�n�s� �c�a�p�a�b�l�e� �o�f� �l�a�y�i�n�g� �e�g�g�s� 

�w�o�u�l�d� �r�e�l�e�a�s�e� �a�n� �a�v�e�r�a�g�e� �o�f� �n�o� �m�o�r�e� �t�h�a�n� �0�-�1� �s�p�e�r�m� �p�e�r� �a�t�t�e�m�p�t�e�d� �e�g�g� 

�f�e�r�t�i�l�i�z�a�t�i�o�n�.� 

�H�a�r�b�o� �(�1�9�7�9�)� �h�y�p�o�t�h�e�s�i�z�e�d� �t�h�a�t� �e�a�c�h� �t�i�m�e� �a� �q�u�e�e�n� �h�o�n�e�y� �b�e�e� �l�a�y�s� �a�n� �e�g�g�,� 

�a� �s�p�e�c�i�f�i�c� �v�o�l�u�m�e� �o�f� �s�p�e�r�m�a�t�o�z�o�a�-�c�o�n�t�a�i�n�i�n�g� �f�l�u�i�d� �i�s� �r�e�l�e�a�s�e�d� �f�r�o�m� �t�h�e� 

�s�p�e�r�m�a�t�h�e�c�a�.� �A�s� �t�h�e� �n�u�m�b�e�r� �o�f� �s�p�e�r�m� �i�s� �r�e�d�u�c�e�d�,� �t�h�e� �s�p�e�r�m�a�t�h�e�c�a� �f�i�l�l�s� �w�i�t�h
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�E�s�t�i�m�a�t�e�d� �N�u�m�b�e�r� �o�f� �F�e�r�t�i�l�i�z�e�d� �E�g�g�s� �P�e�r� �C�o�l�o�n�y� 

�F�i�g�u�r�e� �2�.� �S�p�e�r�m� �d�e�p�l�e�t�i�o�n� �i�n� �D�.� �m�a�c�u�l�a�t�a� �q�u�e�e�n�s� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �n�u�m�b�e�r�s� �o�f� 
�c�e�l�l�s� �p�r�o�d�u�c�e�d� �b�y� �t�h�e� �c�o�l�o�n�y� �(�A�)� �a�n�d� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� �e�s�t�i�m�a�t�e�d� 
�n�u�m�b�e�r� �o�f� �f�e�r�t�i�l�i�z�e�d� �e�g�g�s� �l�a�i�d� �(�B�)�.� �E�a�c�h� �s�q�u�a�r�e� �r�e�p�r�e�s�e�n�t�s� �t�h�e� 
�s�p�e�r�m�a�t�h�e�c�a�l� �s�p�e�r�m� �q�u�a�n�t�i�t�y� �o�f� �o�n�e� �q�u�e�e�n� �a�n�d� �t�h�e� �n�u�m�b�e�r� �o�f� �c�e�l�l�s� �(�A�)� 
�a�n�d� �e�s�t�i�m�a�t�e�d� �e�g�g�s� �(�B�)� �f�r�o�m� �h�e�r� �n�e�s�t�.� �T�h�e� �e�x�p�o�n�e�n�t�i�a�l� �c�u�r�v�e� �i�s� 
�b�o�u�n�d�e�d� �b�y� �9�5�%� �c�o�n�f�i�d�e�n�c�e� �i�n�t�e�r�v�a�l�s� �(�d�o�t�t�e�d� �l�i�n�e�s�)�.
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�f�l�u�i�d�.� �T�h�e� �s�a�m�e� �a�m�o�u�n�t� �o�f� �f�l�u�i�d� �i�s� �r�e�l�e�a�s�e�d� �w�i�t�h� �e�a�c�h� �s�u�c�c�e�s�s�i�v�e� �e�g�g�;� �t�h�u�s�,� �t�h�e� 

�n�u�m�b�e�r� �o�f� �s�p�e�r�m� �r�e�l�e�a�s�e�d� �p�e�r� �f�e�r�t�i�l�i�z�e�d� �e�g�g� �b�e�c�o�m�e�s� �p�r�o�g�r�e�s�s�i�v�e�l�y� �s�m�a�l�l�e�r�.� 

�H�a�r�b�o� �(�1�9�7�9�)� �c�i�t�e�d� �r�e�p�o�r�t�s� �t�h�a�t� �h�o�n�e�y� �b�e�e� �q�u�e�e�n�s� �u�s�e� �1�0�-�1�0�0� �s�p�e�r�m� �p�e�r� �e�g�g�,� �b�u�t� 

�e�x�p�e�r�i�m�e�n�t�a�l�l�y� �d�e�m�o�n�s�t�r�a�t�e�d� �t�h�a�t� �q�u�e�e�n�s� �u�s�e� �2�0�-�3�0� �s�p�e�r�m� �p�e�r� �e�g�g�.� �A�l�t�h�o�u�g�h� 

�H�a�r�b�o� �(�1�9�7�9�)� �p�r�e�s�e�n�t�e�d� �a� �d�e�t�a�i�l�e�d� �t�r�e�a�t�m�e�n�t� �o�f� �h�o�w� �s�p�e�r�m� �d�e�p�l�e�t�i�o�n� �o�c�c�u�r�s� �a�s� �a� 

�l�o�g�a�r�i�t�h�m�i�c� �d�e�c�r�e�a�s�e�,� �h�i�s� �r�e�p�o�r�t�e�d� �a�v�e�r�a�g�e�s� �r�e�f�l�e�c�t�e�d� �a� �l�i�n�e�a�r� �r�e�s�p�o�n�s�e�.� �S�i�m�i�l�a�r�l�y�,� 

�T�s�c�h�i�n�k�e�l� �a�n�d� �P�o�r�t�e�r� �(�1�9�8�8�)� �d�i�s�c�u�s�s�e�d� �t�h�e� �d�e�p�l�e�t�i�o�n� �o�f� �s�p�e�r�m� �w�i�t�h�i�n� �f�i�r�e� �a�n�t� 

�q�u�e�e�n�s� �a�s� �a� �l�i�n�e�a�r� �f�u�n�c�t�i�o�n�;� �r�e�p�o�r�t�i�n�g� �t�h�a�t� �q�u�e�e�n�s� �o�f� �S�.� �i�n�v�i�c�t�a� �r�e�l�e�a�s�e� �a�n� �a�v�e�r�a�g�e� 

�o�f� �2�.�6� �s�p�e�r�m� �p�e�r� �e�g�g�.� �I�f� �H�a�r�b�o� �(�1�9�7�9�)� �i�s� �c�o�r�r�e�c�t�,� �a�s� �a�p�p�e�a�r�s� �f�r�o�m� �t�h�e�s�e� �d�a�t�a�,� 

�t�h�e�n� �t�h�e�s�e� �t�y�p�e�s� �o�f� �e�s�t�i�m�a�t�e�s� �d�o� �n�o�t� �a�c�c�u�r�a�t�e�l�y� �r�e�f�l�e�c�t� �t�r�u�e� �s�p�e�r�m� �u�s�e� �p�a�t�t�e�r�n�s� 

�a�n�d� �o�f�t�e�n� �u�n�d�e�r�e�s�t�i�m�a�t�e� �p�o�t�e�n�t�i�a�l� �s�p�e�r�m� �u�s�e� �e�f�f�i�c�i�e�n�c�i�e�s�,� �e�s�p�e�c�i�a�l�l�y� �a�t� �l�o�w� 

�s�p�e�r�m�a�t�h�e�c�a�l� �s�p�e�r�m� �n�u�m�b�e�r�s�.� �.� 

�O�n�e� �p�r�o�b�l�e�m� �w�h�i�c�h� �o�c�c�u�r�s� �w�i�t�h� �t�h�e�s�e� �e�s�t�i�m�a�t�e�s�,� �p�r�e�s�e�n�t�l�y�,� �i�s� �t�h�a�t� �t�h�e� 

�n�u�m�b�e�r� �o�f� �s�p�e�r�m� �w�h�i�c�h� �m�u�s�t� �b�e� �r�e�l�e�a�s�e�d� �t�o� �e�n�s�u�r�e� �f�e�r�t�i�l�i�z�a�t�i�o�n� �i�s� �n�o�t� �k�n�o�w�n�.� 

�Q�u�e�e�n�s� �w�i�t�h� �n�u�m�b�e�r�s� �o�f� �s�p�e�r�m� �s�i�g�n�i�f�i�c�a�n�t�l�y� �b�e�l�o�w� �t�h�e� �s�p�e�c�i�e�s� �m�e�a�n� �c�a�n� 

�s�u�c�c�e�s�s�f�u�l�l�y� �e�s�t�a�b�l�i�s�h� �n�e�s�t�s� �b�u�t� �m�a�y� �n�o�t� �p�r�o�d�u�c�e� �w�o�r�k�e�r�s� �t�h�e� �e�n�t�i�r�e� �s�e�a�s�o�n�.� �T�h�i�s� 

�w�o�u�l�d� �a�c�c�o�u�n�t� �f�o�r� �c�o�l�o�n�i�e�s� �w�h�i�c�h� �g�o� �i�n�t�o� �m�a�l�e� �p�r�o�d�u�c�t�i�o�n� �e�a�r�l�y� �o�r� �w�h�i�c�h� �p�r�o�d�u�c�e� 

�a� �f�e�w� �q�u�e�e�n�s� �a�n�d� �a� �l�a�r�g�e� �n�u�m�b�e�r� �o�f� �m�a�l�e�s� �d�u�r�i�n�g� �t�h�e� �r�e�p�r�o�d�u�c�t�i�v�e� �p�h�a�s�e�.� 

�S�i�n�c�e� �m�a�n�y� �q�u�e�e�n�r�i�g�h�t� �s�u�m�m�e�r� �c�o�l�o�n�i�e�s� �p�r�o�d�u�c�e� �m�a�l�e�s� �b�u�t� �n�o� �q�u�e�e�n�s�,� 

�s�o�m�e� �t�y�p�e� �o�f� �q�u�e�e�n� �d�y�s�f�u�n�c�t�i�o�n� �c�a�n� �b�e� �s�u�g�g�e�s�t�e�d�;� �c�e�r�t�a�i�n�l�y� �s�p�e�r�m� �d�e�p�l�e�t�i�o�n� �i�s� 

�o�n�e� �p�o�s�s�i�b�i�l�i�t�y�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e� �s�p�e�r�m� �u�t�i�l�i�z�a�t�i�o�n� �r�e�g�r�e�s�s�i�o�n� �m�o�d�e�l� �a�s�s�u�m�e�s� �t�h�a�t� 

�a�l�l� �s�p�e�r�m� �a�r�e� �v�i�a�b�l�e� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �y�e�a�r�.� �A�l�t�h�o�u�g�h� �i�n�d�i�v�i�d�u�a�l� �q�u�e�e�n�s� �c�o�u�l�d� �h�a�v�e� 

�s�u�f�f�i�c�i�e�n�t� �s�p�e�r�m� �q�u�a�n�t�i�t�i�e�s�,� �t�h�e� �v�i�a�b�i�l�i�t�y� �o�f� �t�h�e� �s�p�e�r�m� �c�o�u�l�d� �b�e� �a�f�f�e�c�t�e�d� �w�i�t�h� �t�i�m�e�.� 

�M�a�n�y� �o�f� �t�h�e� �f�o�u�n�d�r�e�s�s� �q�u�e�e�n�s� �w�e�r�e� �n�o�t� �f�o�u�n�d� �i�n� �t�h�e� �m�i�d�-� �t�o� �l�a�t�e�-�s�e�a�s�o�n
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�n�e�s�t�s� �a�n�d� �p�e�r�h�a�p�s� �t�h�e�s�e� �q�u�e�e�n�s� �d�i�e�d� �o�r� �w�e�r�e� �d�e�s�t�r�o�y�e�d� �b�y� �t�h�e� �w�o�r�k�e�r�s�.� �C�l�e�a�r�l�y�,� 

�t�h�e� �a�b�s�e�n�c�e� �o�f� �t�h�e� �q�u�e�e�n� �w�o�u�l�d� �p�r�e�s�e�n�t� �a�n� �o�p�p�o�r�t�u�n�i�t�y� �f�o�r� �s�o�m�e� �w�o�r�k�e�r�s� �t�o� 

�d�e�v�e�l�o�p� �t�h�e�i�r� �o�v�a�r�i�e�s� �a�n�d� �p�r�o�d�u�c�e� �m�a�l�e� �e�g�g�s�.� �I�n�d�e�e�d�,� �m�a�n�y� �o�f� �t�h�e� �q�u�e�e�n�l�e�s�s� 

�n�e�s�t�s� �c�o�l�l�e�c�t�e�d� �d�u�r�i�n�g� �t�h�i�s� �s�t�u�d�y� �c�o�n�t�a�i�n�e�d� �n�u�m�e�r�o�u�s� �c�e�l�l�s� �w�i�t�h� �6� �o�r� �m�o�r�e� �e�g�g�s�,� 

�s�u�g�g�e�s�t�i�n�g� �w�o�r�k�e�r� �o�v�i�p�o�s�i�t�i�o�n�.� �I�t� �i�s� �a�l�s�o� �p�o�s�s�i�b�l�e� �t�h�a�t� �a�s� �a� �q�u�e�e�n� �r�u�n�s� �l�o�w� �i�n� 

�s�p�e�r�m�,� �w�o�r�k�e�r� �a�g�g�r�e�s�s�i�o�n� �i�n�c�r�e�a�s�e�s� �s�o� �t�h�a�t� �w�o�r�k�e�r�s� �c�a�n� �l�a�y� �t�h�e�i�r� �o�w�n� �e�g�g�s� 

�(�S�p�r�a�d�b�e�r�y� �1�9�7�3�;� �E�d�w�a�r�d�s� �1�9�8�0�;� �G�r�e�e�n�e� �1�9�8�4�)�.� 

�I�n� �t�h�e� �s�p�r�i�n�g� �o�f� �a�l�l� �3� �y�e�a�r�s�,� �m�a�n�y� �e�m�b�r�y�o� �n�e�s�t�s� �o�b�s�e�r�v�e�d� �i�n� �t�h�i�s� �s�t�u�d�y� �w�e�r�e� 

�a�b�a�n�d�o�n�e�d�.� �A�l�t�h�o�u�g�h� �v�e�r�t�e�b�r�a�t�e� �p�r�e�d�a�t�i�o�n�,� �a�n�d� �c�o�n�t�r�a�s�p�e�c�i�f�i�c� �a�n�d� �c�o�n�s�p�e�c�i�f�i�c� 

�u�s�u�r�p�a�t�i�o�n�s� �a�r�e� �q�u�i�t�e� �c�o�m�m�o�n�,� �a�s� �w�e�l�l� �a�s� �q�u�e�e�n� �f�a�i�l�u�r�e� �(�L�o�r�d� �a�n�d� �R�o�t�h� �1�9�7�8�,� 

�M�a�t�t�h�e�w�s� �a�n�d� �M�a�t�t�h�e�w�s� �1�9�7�9�,� �A�k�r�e� �a�n�d� �R�e�e�d� �1�9�8�1�,� �A�r�c�h�e�r� �1�9�8�5�)�,� �t�h�e� �a�n�a�l�y�s�e�s� 

�o�f� �s�p�e�r�m�a�t�h�e�c�a�l� �c�o�n�t�e�n�t� �i�n� �s�p�r�i�n�g� �q�u�e�e�n�s� �h�a�s� �a�l�s�o� �s�h�o�w�n� �t�h�a�t� �a� �h�i�g�h� �p�e�r�c�e�n�t�a�g�e� 

�o�f� �q�u�e�e�n�s� �m�a�y� �s�u�r�v�i�v�e� �t�h�e� �w�i�n�t�e�r� �w�i�t�h�o�u�t� �h�a�v�i�n�g� �m�a�t�e�d� �s�u�c�c�e�s�s�f�u�l�l�y�.� �N�i�n�e�t�e�e�n� �o�f� 

�1�0�3� �q�u�e�e�n�s� �(�1�8�.�4�%�)� �c�o�l�l�e�c�t�e�d� �i�n� �1�9�8�7� �a�n�d� �1�9�8�8� �w�e�r�e� �u�n�i�n�s�e�m�i�n�a�t�e�d�;� �a�l�t�h�o�u�g�h� 

�n�o�n�e� �o�f� �t�h�e� �2�7� �q�u�e�e�n�s� �e�x�a�m�i�n�e�d� �i�n� �1�9�8�9� �w�e�r�e� �o�b�s�e�r�v�e�d� �t�o� �b�e� �u�n�i�n�s�e�m�i�n�a�t�e�d�.� 

�R�o�s�s� �e�t� �a�l�.� �(�1�9�8�1�)� �o�b�s�e�r�v�e�d� �u�n�i�n�s�e�m�i�n�a�t�e�d� �V�.� �g�e�r�m�a�n�i�c�a� �q�u�e�e�n�s� �i�n�i�t�i�a�t�i�n�g� �n�e�s�t�s� �i�n� 

�t�h�e� �l�a�b�o�r�a�t�o�r�y�,� �b�u�t� �s�u�c�h� �n�e�s�t�s� �c�o�u�l�d� �n�o�t� �s�u�r�v�i�v�e�.� �T�h�e� �d�a�t�a� �f�r�o�m� �t�h�i�s� �s�t�u�d�y� 

�|� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �s�i�m�i�l�a�r� �c�o�n�d�i�t�i�o�n�s� �m�a�y� �o�c�c�u�r� �i�n� �n�a�t�u�r�a�l� �s�i�t�u�a�t�i�o�n�s�.� �M�a�t�i�n�g� �p�r�o�b�l�e�m�s� 

�c�a�n� �t�h�u�s� �b�e� �c�o�n�s�i�d�e�r�e�d� �a�n� �i�m�p�o�r�t�a�n�t� �f�a�c�t�o�r� �c�o�n�t�r�i�b�u�t�i�n�g� �t�o� �q�u�e�e�n� �f�a�i�l�u�r�e� �a�n�d� �n�e�s�t� 

�m�o�r�t�a�l�i�t�y�.� �S�e�v�e�r�a�l� �f�a�c�t�o�r�s� �m�a�y� �c�o�n�t�r�i�b�u�t�e� �t�o� �t�h�i�s� �l�a�c�k� �o�f� �s�u�c�c�e�s�s�f�u�l� �m�a�t�i�n�g�.� 

�Y�e�l�l�o�w�j�a�c�k�e�t� �q�u�e�e�n�s� �m�a�t�e� �s�o�m�e�t�i�m�e� �i�n� �l�a�t�e� �s�u�m�m�e�r� �o�r� �e�a�r�l�y� �a�u�t�u�m�n�,� �a�n�d� �c�o�u�l�d� 

�b�e� �r�e�s�t�r�i�c�t�e�d� �b�y� �e�n�v�i�r�o�n�m�e�n�t�a�l� �c�o�n�d�i�t�i�o�n�s�.� �I�n� �a�d�d�i�t�i�o�n�,� �y�e�l�l�o�w�j�a�c�k�e�t� �q�u�e�e�n�s�,� �l�i�k�e� 

�h�o�n�e�y� �b�e�e� �q�u�e�e�n�s�,� �m�a�y� �o�n�l�y� �b�e� �c�a�p�a�b�l�e� �o�f� �m�a�t�i�n�g� �d�u�r�i�n�g� �a� �r�e�l�a�t�i�v�e�l�y� �s�h�o�r�t� �t�i�m�e� 

�p�e�r�i�o�d� �i�n� �e�a�r�l�y� �a�d�u�l�t�h�o�o�d� �(�Z�m�a�r�l�i�c�k�i� �a�n�d� �M�o�r�s�e� �1�9�6�3�)�.� �T�h�i�s� �f�a�c�t�o�r� �s�h�o�u�l�d� �b�e
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�e�x�a�m�i�n�e�d� �i�n� �f�u�t�u�r�e� �s�t�u�d�i�e�s�.� 

�T�h�e� �R�e�g�r�e�s�s�i�o�n� �o�f� �Q�u�e�e�n� �S�p�e�r�m� �C�o�n�t�e�n�t� �a�n�d� �C�o�l�o�n�y� �S�i�z�e� 

�Q�u�e�e�n�s� �o�f� �s�e�v�e�n� �y�e�l�l�o�w�j�a�c�k�e�t� �s�p�e�c�i�e�s� �f�o�u�n�d� �i�n� �V�i�r�g�i�n�i�a� �a�n�d� �V�.� 

�p�e�n�s�y�l�i�v�a�n�i�c�a� �q�u�e�e�n�s� �f�r�o�m� �H�a�w�a�i�i� �w�e�r�e� �a�l�s�o� �e�x�a�m�i�n�e�d� �d�u�r�i�n�g� �t�h�i�s� �s�t�u�d�y� �t�o� �t�e�s�t� �a� 

�r�e�g�r�e�s�s�i�o�n� �o�f� �m�e�a�n� �s�p�e�r�m� �n�u�m�b�e�r� �o�n� �c�o�l�o�n�y� �s�i�z�e�,� �w�h�i�c�h� �w�a�s� �b�a�s�e�d� �o�n� �t�h�e� 

�n�u�m�b�e�r� �o�f� �c�e�l�l�s�.� �T�h�e� �m�e�a�n� �y�e�a�r�l�y� �s�p�e�r�m� �c�o�n�t�e�n�t�s� �o�f� �e�a�c�h� �y�e�l�l�o�w�j�a�c�k�e�t� �s�p�e�c�i�e�s� 

�w�e�r�e� �c�o�m�b�i�n�e�d�;� �t�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �m�e�a�n� �s�p�e�r�m� �q�u�a�n�t�i�t�y� �a�n�d� �t�o�t�a�l� �n�e�s�t� �c�e�l�l� 

�n�u�m�b�e�r� �i�s� �p�r�e�s�e�n�t�e�d� �i�n� �F�i�g�u�r�e� �3�.� �T�h�e� �r�e�g�r�e�s�s�i�o�n� �w�a�s� �s�i�g�n�i�f�i�c�a�n�t� �(�P� �=�0�.�0�1�;� 

�r�2�=�0�.�6�9�)� �w�i�t�h� �m�o�s�t� �o�f� �t�h�e� �v�a�r�i�a�b�i�l�i�t�y� �d�u�e� �t�o� �t�h�e� �i�n�s�e�m�i�n�a�t�i�o�n� �v�a�r�i�a�b�i�l�i�t�y� �w�i�t�h�i�n� �a�n�d� 

�a�m�o�n�g� �q�u�e�e�n�s� �o�f� �V�.� �m�a�c�u�l�i�f�r�o�n�s� �a�n�d� �V�.� �f�l�a�v�o�p�i�l�o�s�a�.� �T�h�e� �u�s�e� �o�f� �c�o�l�o�n�y� �s�i�z�e� �d�a�t�a� 

�f�r�o�m� �d�i�f�f�e�r�e�n�t� �g�e�o�g�r�a�p�h�i�c�a�l� �l�o�c�a�t�i�o�n�s� �w�i�t�h�i�n� �t�h�e� �U�n�i�t�e�d� �S�t�a�t�e�s� �u�n�d�o�u�b�t�e�d�l�y� �a�f�f�e�c�t�s� 

�t�h�e� �a�c�c�u�r�a�c�y� �o�f� �t�h�e� �r�e�g�r�e�s�s�i�o�n�.� 

�V�e�s�p�u�l�a� �m�a�c�u�l�i�f�r�o�n�s� �q�u�e�e�n�s� �w�e�r�e� �t�h�e� �m�o�s�t� �c�o�m�m�o�n� �s�p�e�c�i�e�s� �c�o�l�l�e�c�t�e�d� �i�n� 

�t�h�e� �s�p�r�i�n�g�,� �d�u�r�i�n�g� �t�h�e� �t�h�r�e�e� �y�e�a�r� �p�e�r�i�o�d�.� �T�h�e� �m�e�a�n� �s�p�e�r�m� �c�o�n�t�e�n�t� �v�a�l�u�e�s� �f�o�r� �V�.� 

�m�a�c�u�l�i�f�r�o�n�s� �c�o�l�l�e�c�t�e�d� �i�n� �1�9�8�7� �a�r�e� �s�h�o�w�n� �i�n� �T�a�b�l�e� �1�;� �m�e�a�n�s� �f�o�r� �t�h�i�s� �s�p�e�c�i�e�s� �s�h�o�u�l�d� 

�b�e� �r�e�p�r�e�s�e�n�t�a�t�i�v�e� �f�o�r� �t�h�e� �p�o�p�u�l�a�t�i�o�n� �i�n� �s�o�u�t�h�w�e�s�t�e�r�n� �V�i�r�g�i�n�i�a�.� �T�h�e� �c�o�m�b�i�n�e�d� 

�m�e�a�n� �s�p�e�r�m� �q�u�a�n�t�i�t�y� �o�f� �t�h�i�s� �s�p�e�c�i�e�s� �o�v�e�r� �t�h�e� �3�-�y�e�a�r� �p�e�r�i�o�d� �w�a�s� �1�1�5�,�1�5�9� �(�F�i�g�.� �3�)�.� 

�M�a�c�D�o�n�a�l�d� �a�n�d� �M�a�t�t�h�e�w�s� �(�1�9�8�1�)� �r�e�p�o�r�t�e�d� �t�h�e� �m�e�a�n� �n�u�m�b�e�r� �o�f� �w�o�r�k�e�r� �c�e�l�l�s� �a�n�d� 

�q�u�e�e�n� �c�e�l�l�s� �p�e�r� �m�a�t�u�r�e� �c�o�l�o�n�y� �t�o� �b�e� �5�,�2�8�3� �a�n�d� �2�,�5�5�1� �r�e�s�p�e�c�t�i�v�e�l�y� �(�F�i�g�.� �3�)�.� �T�h�e� 

�p�o�s�i�t�i�o�n� �o�f� �V�.� �m�a�c�u�l�i�f�r�o�n�s� �w�i�t�h�i�n� �t�h�e� �r�e�g�r�e�s�s�i�o�n� �m�o�d�e�l� �i�s� �i�n�f�l�u�e�n�c�e�d� �b�y� �t�h�e� �l�o�w� 

�s�p�e�r�m� �c�o�u�n�t�s� �o�f� �1�9�8�7�.� �T�h�e� �1�9�8�7� �d�a�t�a� �w�e�r�e� �h�i�g�h�l�y� �v�a�r�i�a�b�l�e�,� �w�h�e�r�e�a�s� �v�a�l�u�e�s� �w�e�r�e� 

�m�o�r�e� �s�i�m�i�l�a�r� �i�n� �1�9�8�8�-�1�9�8�9� �(�T�a�b�l�e� �1�)�.� �I�t� �i�s� �a�l�s�o� �p�o�s�s�i�b�l�e� �t�h�a�t� �M�a�c�D�o�n�a�l�d� �a�n�d� 

�M�a�t�t�h�e�w�s� �(�1�9�8�1�)� �r�e�p�o�r�t�e�d� �c�o�l�o�n�y� �s�i�z�e�s� �g�r�e�a�t�e�r� �t�h�a�n� �t�h�o�s�e� �w�h�i�c�h� �o�c�c�u�r�r� �i�n



�3�8� 

�V�i�r�g�i�n�i�a�.� �F�i�n�a�l�l�y�,� �t�h�e� �s�p�e�r�m� �u�s�e� �e�f�f�i�c�i�e�n�c�y� �f�o�r� �V�.� �m�a�c�u�l�i�f�r�o�n�s� �m�a�y� �b�e� �d�i�f�f�e�r�e�n�t� �f�r�o�m� 

�w�h�a�t� �h�a�s� �b�e�e�n� �o�b�s�e�r�v�e�d� �w�i�t�h� �o�t�h�e�r� �s�p�e�c�i�e�s� �(�i�.�e�.�,� �s�p�e�r�m� �i�s� �u�s�e�d� �a�t� �a� �l�o�w�e�r� �r�a�t�e�)�.� 

�T�h�e� �m�e�a�n� �s�p�e�r�m� �c�o�n�t�e�n�t� �o�f� �V�.� �g�e�r�m�a�n�i�c�a� �(�F�a�b�.�)� �q�u�e�e�n�s� �c�o�l�l�e�c�t�e�d� �i�n� �1�9�8�7� 

�w�a�s� �s�i�m�i�l�a�r� �t�o� �V�.� �m�a�c�u�l�i�f�r�o�n�s� �(�T�a�b�l�e� �1�)�.� �C�u�r�r�e�n�t�l�y�,� �n�o� �p�u�b�l�i�s�h�e�d� �d�a�t�a� �a�r�e� �a�v�a�i�l�a�b�l�e� 

�o�n� �t�h�e� �m�e�a�n� �n�u�m�b�e�r� �o�f� �w�o�r�k�e�r� �a�n�d� �q�u�e�e�n� �c�e�l�l�s� �p�e�r� �c�o�l�o�n�y� �i�n� �N�o�r�t�h� �A�m�e�r�i�c�a�,� 

�t�h�u�s�,� �t�h�e� �r�e�g�r�e�s�s�i�o�n� �o�f� �m�e�a�n� �s�p�e�r�m� �q�u�a�n�t�i�t�y� �o�n� �c�o�l�o�n�y� �s�i�z�e� �i�s� �n�o�t� �p�r�e�s�e�n�t�e�d�.� 

�H�o�w�e�v�e�r�,� �g�i�v�e�n� �t�h�e� �m�e�a�n� �s�p�e�r�m� �q�u�a�n�t�i�t�y� �a�n�d� �t�h�e� �h�i�g�h�e�r� �t�h�a�n� �a�v�e�r�a�g�e� �w�o�r�k�e�r� 

�n�u�m�b�e�r� �f�o�r� �t�h�i�s� �V�.� �v�u�/�g�a�r�i�s� �s�p�e�c�i�e�s� �g�r�o�u�p� �(�A�k�r�e� �e�t� �a�l�.�,� �1�9�8�1�)�,� �i�t� �i�s� �p�r�o�b�a�b�l�e� �t�h�a�t� �V�.� 

�g�e�r�m�a�n�i�c�a� �w�o�u�l�d� �b�e� �s�i�m�i�l�a�r� �t�o� �V�.� �m�a�c�u�l�i�f�r�o�n�s�.� 

�T�h�r�e�e� �V�.� �f�l�a�v�o�p�i�l�o�s�a� �q�u�e�e�n�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �i�n� �1�9�8�9�;� �m�e�a�n� �s�p�e�r�m� �c�o�n�t�e�n�t� �o�f� 

�t�h�e�s�e� �q�u�e�e�n�s� �a�r�e� �s�h�o�w�n� �i�n� �T�a�b�l�e� �1� �a�n�d� �F�i�g�u�r�e� �3�.� �M�a�c�D�o�n�a�l�d� �e�t� �a�l�.� �(�1�9�8�0�)� 

�r�e�p�o�r�t�e�d� �m�e�a�n� �t�o�t�a�l� �w�o�r�k�e�r� �c�e�l�l�s� �f�o�r� �t�h�i�s� �s�p�e�c�i�e�s� �t�o� �b�e� �1�,�8�7�1� �b�u�t� �q�u�e�e�n� �c�e�l�l� 

�n�u�m�b�e�r�s� �w�e�r�e� �n�o�t� �g�i�v�e�n�.� �H�o�w�e�v�e�r�,� �t�h�e�y� �r�e�p�o�r�t�e�d� �t�h�a�t� �q�u�e�e�n� �c�e�l�l�s� �a�c�c�o�u�n�t�e�d� �f�o�r� 

�2�0�%� �o�f� �t�h�e� �n�e�s�t� �t�o�t�a�l�;� �t�h�e� �t�o�t�a�l� �c�e�l�l� �n�u�m�b�e�r� �w�a�s� �t�h�e�r�e�f�o�r�e� �a�d�j�u�s�t�e�d� �a�c�c�o�r�d�i�n�g�l�y�.� 

�T�h�e� �d�a�t�a� �p�r�e�s�e�n�t�e�d� �o�n� �V�.� �f�l�a�v�o�p�i�l�o�s�a� �d�o� �n�o�t� �f�o�l�l�o�w� �t�h�e� �s�a�m�e� �t�r�e�n�d� �a�s� �t�h�e� �o�t�h�e�r� 

�s�p�e�c�i�e�s�.� �T�h�i�s� �m�a�y� �b�e� �d�u�e� �t�o� �t�h�e� �s�m�a�l�l� �s�a�m�p�l�e� �s�i�z�e� �(�n�=�3�)� �a�n�d�/�o�r� �d�i�f�f�e�r�e�n�c�e�s� �i�n� 

�c�o�l�o�n�y� �b�i�o�l�o�g�y�.� �I�n� �g�e�n�e�r�a�l�,� �V�.� �f�l�a�v�o�p�i�l�o�s�a� �c�o�l�o�n�i�e�s� �t�e�n�d� �t�o� �b�e� �t�h�e� �s�m�a�l�l�e�s�t� �o�f� �a�n�y� 

�o�f� �t�h�e� �m�e�m�b�e�r�s� �o�f� �t�h�e� �V�.� �v�u�l�g�a�r�i�s� �s�p�e�c�i�e�s� �g�r�o�u�p� �f�o�u�n�d� �i�n� �e�a�s�t�e�r�n� �N�o�r�t�h� �A�m�e�r�i�c�a� 

�(�A�k�r�e� �e�t�.� �a�l�.� �1�9�8�1�)�,� �s�u�g�g�e�s�t�i�n�g� �t�h�a�t� �t�h�e� �s�p�e�r�m� �u�s�e� �e�s�t�i�m�a�t�e�s� �a�r�e� �t�o�o� �h�i�g�h�,� �o�r� �t�h�a�t� 

�t�h�e� �s�p�e�c�i�e�s� �h�a�s� �a� �p�o�o�r� �s�p�e�r�m� �u�s�e� �e�f�f�i�c�i�e�n�c�y�.� 

�T�h�e� �m�e�a�n� �s�p�e�r�m� �c�o�n�t�e�n�t� �o�f� �9� �V�.� �p�e�n�s�y�i�v�a�n�i�c�a� �(�S�a�u�s�s�u�r�e�)� �q�u�e�e�n�s� �c�o�l�l�e�c�t�e�d� 

�f�r�o�m� �H�a�w�a�i�i� �i�n� �1�9�8�9� �i�s� �p�r�e�s�e�n�t�e�d� �i�n� �T�a�b�l�e� �1�.� �T�h�e� �n�e�s�t�i�n�g� �b�i�o�l�o�g�y� �o�f� �V�.� 

�p�e�n�s�y�l�v�a�n�i�c�a� �i�n� �t�h�e� �c�o�n�t�i�n�e�n�t�a�l� �U�n�i�t�e�d� �S�t�a�t�e�s� �w�a�s� �d�e�s�c�r�i�b�e�d� �b�y� �M�a�c�D�o�n�a�l�d� �e�t� �a�l�.� 

�(�1�9�7�4�)�.� �T�h�e�y� �r�e�p�o�r�t�e�d� �t�h�e� �m�e�a�n� �n�u�m�b�e�r� �o�f� �w�o�r�k�e�r� �a�n�d� �q�u�e�e�n� �c�e�l�l�s� �f�o�r� �t�h�i�s
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�M�e�a�n� �S�p�e�r�m� �N�u�m�b�e�r� �(� �x� �1�0�0�0�)� 

�F�i�g�u�r�e� �3�.�R�e�g�r�e�s�s�i�o�n� �o�f� �t�h�e� �n�u�m�b�e�r� �o�f� �w�o�r�k�e�r� �a�n�d� �q�u�e�e�n� �c�e�l�l�s� �p�r�o�d�u�c�e�d� �b�y� 
�m�a�t�u�r�e� �v�e�s�p�i�d� �c�o�l�o�n�i�e�s� �o�n� �t�h�e� �m�e�a�n� �s�p�e�r�m�a�t�h�e�c�a�l� �s�p�e�r�m� �c�o�n�t�e�n�t� �o�f� 
�D�o�l�i�c�h�o�v�e�s�p�u�l�a� �a�n�d� �V�e�s�p�u�l�a� �q�u�e�e�n�s�.� �T�h�e� �r�e�g�r�e�s�s�i�o�n� �w�a�s� �s�i�g�n�i�f�i�c�a�n�t�;� 
�P�=�0�.�0�1�;� �Y�=�8�7�5�.�1�0� �+� �3�8�.�1�3�4�x�;� �r�2� �=� �0�.�6�9�.



�4�0� 

�V�.� �v�u�l�g�a�r�i�s� �s�p�e�c�i�e�s� �g�r�o�u�p� �t�o� �b�e� �3�,�2�4�8�.� �A�c�c�o�r�d�i�n�g� �t�o� �F�i�g�u�r�e� �3�,� �i�t� �i�s� �p�r�o�b�a�b�l�e� �t�h�a�t� 

�H�a�w�a�i�i�a�n� �V�.� �p�e�n�s�y�l�v�a�n�i�c�a� �p�o�p�u�l�a�t�i�o�n�s� �h�a�v�e� �s�i�m�i�l�a�r� �n�e�s�t�i�n�g� �b�i�o�l�o�g�i�e�s� �a�n�d� �s�p�e�r�m� 

�u�s�e� �r�a�t�e�s� �a�s� �i�n� �N�o�r�t�h� �A�m�e�r�i�c�a�.� 

�V�e�s�p�u�l�a� �s�q�u�a�m�o�s�a� �q�u�e�e�n�s� �c�o�l�l�e�c�t�e�d� �i�n� �1�9�8�7� �a�n�d� �1�9�8�8� �h�a�d� �s�i�m�i�l�a�r� �s�p�e�r�m� 

�n�u�m�b�e�r� �e�s�t�i�m�a�t�e�s� �a�s� �q�u�e�e�n�s� �o�f� �t�h�e� �V�.� �v�u�/�g�a�r�i�s� �s�p�e�c�i�e�s� �g�r�o�u�p� �(�T�a�b�l�e� �1�)�.� �O�n�l�y� �o�n�e� 

�V�.� �s�q�u�a�m�o�s�a� �q�u�e�e�n� �w�a�s� �c�o�l�l�e�c�t�e�d� �i�n� �1�9�8�9�,� �a�n�d� �i�t� �c�o�n�t�a�i�n�e�d� �9�0�,�0�0�0� �s�p�e�r�m�.� �O�n�e� �V�.� 

�S�q�u�a�m�o�s�a� �q�u�e�e�n� �c�o�l�l�e�c�t�e�d� �i�n� �1�9�8�8� �h�a�d� �3�1�8�,�7�5�0� �s�p�e�r�m� �i�n� �t�h�e� �s�p�e�r�m�a�t�h�e�c�a�,� �t�h�e� 

�h�i�g�h�e�s�t� �v�a�l�u�e� �r�e�c�o�r�d�e�d� �f�o�r� �a�n�y� �o�f� �t�h�e� �s�p�e�c�i�e�s� �a�n�a�l�y�z�e�d�.� �T�h�e� �m�e�a�n� �s�p�e�r�m� �n�u�m�b�e�r� 

�f�o�r� �t�h�e� �3�-�y�e�a�r� �p�e�r�i�o�d� �w�a�s� �1�3�7�,�1�7�5� �(�F�i�g�.� �3�)�.� �N�e�s�t�s� �o�f� �V�.� �s�q�u�a�m�o�s�a� �h�a�v�e� �a� �m�e�a�n� �o�f� 

�4�,�2�0�0� �w�o�r�k�e�r� �a�n�d� �1�,�0�0�0� �q�u�e�e�n� �c�e�l�l�s� �(�M�a�c�D�o�n�a�l�d� �a�n�d� �M�a�t�t�h�e�w�s�,� �1�9�8�4�)�.� �B�a�s�e�d� �o�n� 

�t�h�e�s�e� �d�a�t�a�,� �a�n�d� �t�h�e� �l�o�c�a�t�i�o�n� �o�f� �t�h�i�s� �s�p�e�c�i�e�s� �o�n� �F�i�g�u�r�e� �3�,� �t�h�e� �s�p�e�r�m� �u�t�i�l�i�z�a�t�i�o�n� �f�o�r� 

�t�h�i�s� �s�p�e�c�i�e�s� �i�s� �m�o�r�e� �s�i�m�i�l�a�r� �t�o� �t�h�e� �m�e�m�b�e�r�s� �o�f� �t�h�e� �V�.� �v�u�l�g�a�r�i�s� �g�r�o�u�p�,� �r�a�t�h�e�r� �t�h�a�n� 

�t�h�e� �V�.� �r�u�f�a� �s�p�e�c�i�e�s� �g�r�o�u�p� �i�n� �w�h�i�c�h� �i�t� �i�s� �o�f�t�e�n� �p�l�a�c�e�d� �(�A�k�r�e� �e�t� �a�l�.� �1�9�8�1�)�.� 

�V�e�s�p�u�l�a� �v�i�d�u�a� �q�u�e�e�n�s� �c�o�l�l�e�c�t�e�d� �i�n� �1�9�8�8� �a�n�d� �1�9�8�9� �h�a�d� �a� �m�e�a�n� �o�f� �9�,�2�5�0� 

�s�p�e�r�m� �i�n� �t�h�e� �s�p�e�r�m�a�t�h�e�c�a� �(�T�a�b�l�e� �1�;� �F�i�g�.� �3�)�.� �M�a�c�D�o�n�a�l�d� �a�n�d� �M�a�t�t�h�e�w�s� �(�1�9�7�6�)� 

�o�b�s�e�r�v�e�d� �t�h�i�s� �s�p�e�c�i�e�s� �t�o� �h�a�v�e� �s�m�a�l�l� �n�e�s�t�s� �w�i�t�h� �a� �m�e�a�n� �w�o�r�k�e�r� �c�e�l�l� �n�u�m�b�e�r� �o�f� �7�5�6� 

�a�n�d� �a� �r�a�n�g�e� �o�f� �1�7�0�-�7�0�0� �q�u�e�e�n� �c�e�l�l�s�.� �V�e�s�p�u�/�a� �c�o�n�s�o�b�r�i�n�a� �q�u�e�e�n�s� �h�a�d� �t�h�e� �s�m�a�l�l�e�s�t� 

�m�e�a�n� �n�u�m�b�e�r� �o�f� �s�p�e�r�m� �i�n� �t�h�e� �s�p�e�r�m�a�t�h�e�c�a� �f�o�r� �a�n�y� �o�f� �t�h�e� �s�p�e�c�i�e�s� �e�x�a�m�i�n�e�d� �w�i�t�h� 

�a� �m�e�a�n� �s�p�e�r�m� �n�u�m�b�e�r� �f�o�r� �t�h�e� �3�-�y�e�a�r� �p�e�r�i�o�d� �o�f� �4�,�0�7�1� �(�F�i�g�.�3�)�.� �N�e�s�t�s� �o�f� �V�.� 

�c�o�n�s�o�b�r�i�n�a� �a�r�e� �a�l�s�o� �s�m�a�l�l�,� �w�i�t�h� �m�e�a�n� �n�u�m�b�e�r�s� �o�f� �w�o�r�k�e�r� �a�n�d� �q�u�e�e�n� �c�e�l�l�s� 

�r�e�p�o�r�t�e�d� �t�o� �b�e� �7�0�3� �a�n�d� �3�8�6�,� �r�e�s�p�e�c�t�i�v�e�l�y� �(�A�k�r�e� �e�t� �a�l�.� �(�1�9�8�2�)�.� �C�l�e�a�r�l�y�,� �V�.� 

�c�o�n�s�o�b�r�i�n�a� �a�n�d� �V�.� �v�i�d�u�a�,� �b�o�t�h� �m�e�m�b�e�r�s� �o�f� �t�h�e� �V�.� �r�u�f�a� �s�p�e�c�i�e�s� �g�r�o�u�p�,� �h�a�v�e� 

�c�o�l�o�n�i�e�s� �w�h�i�c�h� �a�r�e� �m�u�c�h� �s�m�a�l�l�e�r� �t�h�a�n� �t�h�o�s�e� �i�n� �t�h�e� �N�o�r�t�h� �A�m�e�r�i�c�a�n� �V�.� �v�u�l�g�a�r�i�s� �a�n�d� 

�D�o�l�i�c�h�o�v�e�s�p�u�l�a� �s�p�e�c�i�e�s� �g�r�o�u�p�s� �(�A�k�r�e� �e�t� �a�l�.� �1�9�8�1�)�.� �T�h�e� �s�p�e�r�m� �c�o�n�t�e�n�t� �d�a�t�a



�4�1� 

�o�b�t�a�i�n�e�d� �f�r�o�m� �V�.� �c�o�n�s�o�b�r�i�n�a� �a�n�d� �V�.� �v�i�d�u�a� �a�g�r�e�e� �w�i�t�h� �c�o�l�o�n�y� �s�i�z�e� �d�a�t�a� �r�e�p�o�r�t�e�d� �b�y� 

�A�k�r�e� �e�t� �a�l�.� �(�1�9�8�1�)� �a�n�d� �i�n�d�i�c�a�t�e� �t�h�a�t� �n�e�s�t� �s�i�z�e� �a�n�d� �r�e�p�r�o�d�u�c�t�i�v�e� �c�a�p�a�c�i�t�y� �c�o�u�l�d� �b�e� 

�l�i�m�i�t�e�d� �b�e�c�a�u�s�e� �o�f� �s�m�a�i�l� �s�p�e�r�m� �n�u�m�b�e�r�s�.� �I�n� �a�d�d�i�t�i�o�n�,� �b�o�t�h� �V�.� �c�o�n�s�o�b�r�i�n�a� �a�n�d� �V�.� 

�v�i�d�u�a� �c�o�u�l�d� �b�e� �e�x�p�e�c�t�e�d� �t�o� �h�a�v�e� �s�i�m�i�l�a�r� �t�y�p�e�s� �o�f� �s�p�e�r�m� �u�t�i�l�i�z�a�t�i�o�n� �r�a�t�e�s�.� 

�D�o�l�i�c�h�o�v�e�s�p�u�l�a� �a�r�e�n�a�r�i�a� �q�u�e�e�n�s� �h�a�d� �a� �m�e�a�n� �s�p�e�r�m� �n�u�m�b�e�r� �f�o�r� �t�h�e� �2� �y�e�a�r� 

�p�e�r�i�o�d� �o�f� �3�0�,�8�6�3� �(�F�i�g�.� �3�)�.� �G�r�e�e�n�e� �e�t� �a�l�.� �(�1�9�7�6�)� �r�e�p�o�r�t�e�d� �D�.� �a�r�e�n�a�r�i�a� �c�o�l�o�n�y� �s�i�z�e�s� 

�w�i�t�h� �c�e�l�l� �n�u�m�b�e�r�s� �f�o�r� �2� �d�i�f�f�e�r�e�n�t� �y�e�a�r�s�;� �m�e�a�n� �c�e�l�l� �n�u�m�b�e�r�s� �d�i�f�f�e�r�e�d� �s�i�g�n�i�f�i�c�a�n�t�l�y� 

�b�e�t�w�e�e�n� �t�h�e� �t�w�o� �y�e�a�r�s�,� �w�i�t�h� �5�4�8� �a�n�d� �2�,�2�3�4� �c�e�l�l�s� �p�e�r� �n�e�s�t� �i�n� �1�9�7�4� �a�n�d� �1�9�7�5�.� �T�h�e� 

�l�a�r�g�e�r� �v�a�l�u�e� �w�a�s� �c�h�o�s�e�n� �a�s� �r�e�p�r�e�s�e�n�t�a�t�i�v�e� �o�f� �n�e�s�t� �s�i�z�e� �i�n� �V�i�r�g�i�n�i�a� �(�F�i�g�.� �3�)�.� 

�D�o�l�i�c�h�o�v�e�s�p�u�l�a� �m�a�c�u�l�a�t�a� �q�u�e�e�n�s� �h�a�d� �a� �m�e�a�n� �o�f� �2�0�,�2�2�3� �s�p�e�r�m� �o�v�e�r� �a� �2� �y�e�a�r� 

�p�e�r�i�o�d� �(�F�i�g�.� �3�)�;� �w�i�t�h� �m�e�a�n� �t�o�t�a�l� �c�e�l�l� �n�u�m�b�e�r�s� �o�f� �1�,�6�8�0�.� �Q�u�e�e�n�s� �o�f� �t�w�o� �o�t�h�e�r� 

�D�o�l�i�c�h�o�v�e�s�p�u�l�a� �s�p�e�c�i�e�s� �w�e�r�e� �a�l�s�o� �e�x�a�m�i�n�e�d� �b�u�t� �a�r�e� �n�o�t� �i�n�c�l�u�d�e�d� �i�n� �F�i�g�u�r�e� �3�;� 

�s�p�e�r�m� �c�o�u�n�t� �d�a�t�a� �f�o�r� �D�.� �n�o�r�v�e�g�i�c�o�i�d�e�s� �(�S�l�a�d�e�n�)� �a�n�d� �D�.� �a�r�c�t�i�c�a� �R�o�h�w�e�r� �a�r�e� 

�p�r�e�s�e�n�t�e�d� �i�n� �T�a�b�l�e� �1�.� �T�h�e� �l�a�t�t�e�r� �s�p�e�c�i�e�s� �i�s� �a�n� �o�b�l�i�g�a�t�e� �p�a�r�a�s�i�t�e� �w�h�i�c�h� �h�a�s� �n�o� 

�w�o�r�k�e�r� �c�a�s�t�e� �(�J�e�a�n�n�e� �1�9�7�7�b�)�.� �K�n�o�w�l�e�d�g�e� �o�f� �t�h�e� �n�e�s�t�i�n�g� �b�i�o�l�o�g�y� �o�f� �D�.� 

�n�o�r�v�e�g�i�c�o�i�d�e�s� �i�s� �i�n�c�o�m�p�l�e�t�e� �(�A�k�r�e� �a�n�d� �B�l�e�i�c�h�e�r� �1�9�8�5�)� �a�n�d�,� �t�h�e�r�e�f�o�r�e�,� �p�r�e�c�l�u�d�e�s� 

�a�n�y� �e�s�t�i�m�a�t�i�o�n� �o�f� �s�p�e�r�m� �u�s�e�.� �S�i�m�i�l�a�r�l�y�,� �t�h�e� �b�e�h�a�v�i�o�r� �a�n�d� �b�i�o�l�o�g�y� �o�f� �D�.� �a�r�c�t�i�c�a� �h�a�s� 

�b�e�e�n� �r�e�p�o�r�t�e�d�,� �b�u�t� �n�o� �e�s�t�i�m�a�t�e�s� �o�f� �t�h�e� �n�u�m�b�e�r� �o�f� �r�e�p�r�o�d�u�c�t�i�v�e�s� �p�r�o�d�u�c�e�d� �h�a�v�e� 

�b�e�e�n� �m�a�d�e�.� �I�f� �t�h�e� �D�.� �n�o�r�v�e�g�i�c�o�i�d�e�s� �a�n�d� �D�.� �a�r�c�t�i�c�a� �s�p�e�r�m� �q�u�a�n�t�i�t�i�e�s� �p�r�e�s�e�n�t�e�d� �i�n� 

�T�a�b�l�e� �1� �a�r�e� �r�e�p�r�e�s�e�n�t�a�t�i�v�e� �f�o�r� �t�h�e� �s�p�e�c�i�e�s�,� �t�h�e�n� �i�t� �m�i�g�h�t� �b�e� �e�x�p�e�c�t�e�d� �t�h�a�t� �t�h�e�s�e� 

�a�r�e� �s�i�m�i�l�a�r� �i�n� �s�i�z�e� �t�o� �t�h�o�s�e� �o�f� �D�.� �m�a�c�u�/�a�t�a� �a�n�d� �D�.� �a�r�e�n�a�r�i�a� �a�n�d� �s�p�e�r�m� �u�s�e� �r�a�t�e�s� �t�o� 

�b�e� �s�i�m�i�l�a�r� �a�s� �w�e�l�l� �(�F�i�g�.� �3�)�.� �H�o�w�e�v�e�r�,� �t�h�e� �u�s�e� �o�f� �s�p�e�r�m� �b�y� �D�.� �a�r�c�t�i�c�a� �q�u�e�e�n�s� �w�o�u�l�d� 

�a�l�s�o� �d�e�p�e�n�d� �o�n� �t�h�e� �v�i�g�o�r� �a�n�d� �s�i�z�e� �o�f� �t�h�e� �h�o�s�t� �n�e�s�t�.� �S�i�n�c�e� �D�.� �a�r�c�t�i�c�a� �i�s� �a� �p�a�r�a�s�i�t�e� 

�o�f� �D�.� �a�r�e�n�a�r�i�a�,� �t�h�e�y� �m�a�y� �h�a�v�e� �s�i�m�i�l�a�r� �b�u�t� �l�o�w�e�r� �s�p�e�r�m� �l�e�v�e�l�s�.



�4�2� 

�C�o�n�c�l�u�s�i�o�n� 

�T�s�c�h�i�n�k�e�l� �(�1�9�8�7�a�)� �h�a�s� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �t�h�e� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �s�p�e�r�m� �n�u�m�b�e�r� 

�w�i�t�h�i�n� �s�o�c�i�a�l� �h�y�m�e�n�o�p�t�e�r�a�n� �q�u�e�e�n�s� �w�o�u�l�d� �b�e� �u�s�e�f�u�l� �i�n� �u�n�d�e�r�s�t�a�n�d�i�n�g� �t�h�e� 

�d�e�m�o�g�r�a�p�h�i�c�s� �o�f� �t�h�e� �s�p�e�c�i�e�s�,� �i�n�c�l�u�d�i�n�g� �p�r�e�d�i�c�t�i�o�n�s� �o�f� �q�u�e�e�n� �l�o�n�g�e�v�i�t�y�,� �a�g�e�,� �a�n�d� 

�a�g�e� �s�t�r�u�c�t�u�r�e� �o�f� �t�h�e� �c�o�l�o�n�y�.� �T�h�e� �r�e�s�u�l�t�s� �p�r�e�s�e�n�t�e�d� �c�o�n�t�r�i�b�u�t�e� �a�d�d�i�t�i�o�n�a�l� 

�i�n�f�o�r�m�a�t�i�o�n� �t�o� �s�o�c�i�a�l� �i�n�s�e�c�t� �e�c�o�l�o�g�y� �b�y� �d�e�m�o�n�s�t�r�a�t�i�n�g� �t�h�a�t� �m�a�t�i�n�g� �s�u�c�c�e�s�s� �c�a�n� 

�a�f�f�e�c�t� �t�h�e� �a�b�i�l�i�t�y� �o�f� �v�e�s�p�i�d� �q�u�e�e�n�s� �t�o� �e�s�t�a�b�l�i�s�h� �v�i�a�b�l�e� �n�e�s�t�s�.� �F�u�r�t�h�e�r�m�o�r�e�,� �i�n� 

�e�s�t�a�b�l�i�s�h�e�d� �n�e�s�t�s�,� �m�a�t�i�n�g� �s�u�c�c�e�s�s� �c�a�n� �l�i�m�i�t� �t�h�e� �n�u�m�b�e�r� �o�f� �f�e�r�t�i�l�i�z�e�d� �e�g�g�s� 

�p�r�o�d�u�c�e�d� �b�y� �f�o�u�n�d�r�e�s�s� �q�u�e�e�n�s�,� �w�h�i�c�h� �c�a�n� �u�l�t�i�m�a�t�e�l�y� �a�f�f�e�c�t� �n�e�s�t� �g�r�o�w�t�h� �p�o�t�e�n�t�i�a�l�.� 

�C�l�e�a�r�l�y�,� �m�a�t�i�n�g� �s�u�c�c�e�s�s� �i�s� �a�n� �i�m�p�o�r�t�a�n�t� �f�a�c�t�o�r� �a�f�f�e�c�t�i�n�g� �i�n�d�i�v�i�d�u�a�l� �y�e�l�l�o�w�j�a�c�k�e�t� 

�c�o�l�o�n�y� �f�i�t�n�e�s�s�.� 

�T�h�e� �s�p�e�r�m� �u�t�i�l�i�z�a�t�i�o�n� �a�n�d� �r�e�g�r�e�s�s�i�o�n� �m�o�d�e�l�s� �w�h�i�c�h� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� 

�F�i�g�u�r�e�s� �2� �a�n�d� �3� �s�h�o�u�l�d� �p�r�o�v�e� �u�s�e�f�u�l� �i�n� �t�h�e� �p�r�e�d�i�c�t�i�o�n� �o�f� �p�o�t�e�n�t�i�a�l� �c�o�l�o�n�y� �s�i�z�e�s� �f�o�r� 

�s�o�c�i�a�l� �i�n�s�e�c�t�s�.� �S�i�m�i�l�a�r� �m�a�t�i�n�g� �s�u�c�c�e�s�s� �s�t�u�d�i�e�s� �w�i�t�h� �o�t�h�e�r� �s�o�c�i�a�l� �i�n�s�e�c�t�s� �m�a�y� 

�p�r�o�v�i�d�e� �a�d�d�i�t�i�o�n�a�l� �i�n�s�i�g�h�t� �i�n�t�o� �s�o�c�i�a�l� �i�n�s�e�c�t� �e�c�o�l�o�g�y�.



�C�H�A�P�T�E�R� �4� 

�A� �S�e�a�s�o�n�a�l� �C�o�m�p�a�r�i�s�o�n� �o�f� �W�e�i�g�h�t�,� �E�n�e�r�g�y� �R�e�s�e�r�v�e�,� �a�n�d� �N�i�t�r�o�g�e�n� �C�h�a�n�g�e�s� 

�i�n� �Q�u�e�e�n�s� �o�f� �t�h�e� �B�a�l�d�f�a�c�e�d� �H�o�r�n�e�t� 

�D�o�l�i�c�h�o�v�e�s�p�u�l�a� �m�a�c�u�l�a�t�a� �(�L�.�)� �(�H�y�m�e�n�o�p�t�e�r�a�:� �V�e�s�p�i�d�a�e�)� 

�4�3



�4�4� 

�I�N�T�R�O�D�U�C�T�I�O�N� 

�M�o�s�t� �o�f� �t�h�e� �e�c�o�l�o�g�i�c�a�l� �r�e�s�e�a�r�c�h� �o�n� �y�e�l�l�o�w�j�a�c�k�e�t�s� �w�i�t�h�i�n� �t�h�e� �l�a�s�t� �4�0� �y�e�a�r�s� 

�h�a�s� �b�e�e�n� �d�e�v�o�t�e�d� �t�o� �n�e�s�t�i�n�g� �b�i�o�l�o�g�y� �a�n�d� �p�o�p�u�l�a�t�i�o�n� �d�y�n�a�m�i�c�s�.� �M�o�r�e� �r�e�c�e�n�t�l�y�,� 

�i�n�t�e�r�e�s�t� �h�a�s� �b�e�e�n� �e�x�t�e�n�d�e�d� �t�o� �q�u�e�e�n� �s�i�z�e� �a�n�d� �q�u�e�e�n� �q�u�a�l�i�t�y�.� �B�o�t�h� �A�r�c�h�e�r� �(�1�9�8�1�)� 

�a�n�d� �R�o�t�h� �a�n�d� �L�o�r�d� �(�1�9�8�7�)� �d�e�m�o�n�s�t�r�a�t�e�d� �a� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �q�u�e�e�n�-�c�e�l�l� �s�i�z�e� 

�a�n�d� �t�h�e� �a�b�u�n�d�a�n�c�e� �o�f� �y�e�l�l�o�w�j�a�c�k�e�t� �c�o�l�o�n�i�e�s� �(�i�.�e�.�,� �i�n� �y�e�a�r�s� �o�f� �a�b�u�n�d�a�n�c�e� �q�u�e�e�n� 

�c�e�l�l�s� �a�r�e� �s�m�a�l�l� �a�n�d� �v�i�c�e� �v�e�r�s�a�)�.� �R�o�t�h� �a�n�d� �L�o�r�d� �(�1�9�8�7�)� �h�a�v�e� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �s�i�z�e� 

�m�a�y� �c�o�n�f�e�r� �a�n�  ��e�c�o�l�o�g�i�c�a�l� �a�d�v�a�n�t�a�g�e �� �w�i�t�h� �t�h�e� �g�r�e�a�t�e�r� �n�e�s�t�i�n�g� �s�u�c�c�e�s�s� �a�d�v�a�n�t�a�g�e� 

�p�o�s�s�e�s�s�e�d� �b�y� �l�a�r�g�e�r� �q�u�e�e�n�s�;� �h�o�w�e�v�e�r�,� �t�h�e�i�r� �s�t�u�d�i�e�s� �e�x�a�m�i�n�e�d� �q�u�e�e�n� �c�e�i�l� �s�i�z�e� 

�o�n�l�y�.� 

�L�i�t�t�l�e� �i�s� �k�n�o�w�n� �a�b�o�u�t� �t�h�e� �b�e�h�a�v�i�o�r� �o�f� �y�e�l�l�o�w�j�a�c�k�e�t� �q�u�e�e�n�s� �d�u�r�i�n�g� �t�h�e� �p�e�r�i�o�d� 

�f�o�l�l�o�w�i�n�g� �e�m�e�r�g�e�n�c�e� �f�r�o�m� �t�h�e� �p�u�p�a�l� �c�e�l�l� �i�n� �l�a�t�e� �s�u�m�m�e�r� �o�r� �e�a�r�l�y� �a�u�t�u�m�n�,� �u�n�t�i�l� 

�h�i�b�e�r�n�a�t�i�o�n�.� �S�i�m�i�l�a�r� �i�n�f�o�r�m�a�t�i�o�n� �i�s� �l�a�c�k�i�n�g� �o�n� �h�i�b�e�r�n�a�t�i�o�n� �b�i�o�l�o�g�y� �a�n�d� �t�h�e� �b�i�o�l�o�g�y� 

�a�n�d� �b�e�h�a�v�i�o�r� �o�f� �q�u�e�e�n�s� �d�u�r�i�n�g� �t�h�e� �s�p�r�i�n�g� �n�e�s�t� �i�n�i�t�i�a�t�i�o�n� �s�t�a�g�e�.� �M�o�s�t� �f�i�e�l�d� 

�d�e�s�c�r�i�p�t�i�o�n�s� �o�f� �s�o�l�i�t�a�r�y� �y�e�l�l�o�w�j�a�c�k�e�t� �q�u�e�e�n�s� �t�e�n�d� �t�o� �b�e� �a�n�e�c�d�o�t�a�l� �w�i�t�h� �f�e�w� �f�o�r�m�a�l� 

�s�t�u�d�i�e�s� �h�a�v�i�n�g� �b�e�e�n� �m�a�d�e� �(�K�e�y�e�l� �1�9�8�3�)�.� �E�d�w�a�r�d�s� �(�1�9�8�0�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �n�e�w�l�y� 

�e�c�l�o�s�e�d� �q�u�e�e�n�s� �a�r�e� �t�e�n�d�e�d� �b�y� �n�u�r�s�e� �w�o�r�k�e�r�s� �a�n�d� �a�r�e� �f�e�d� �a� �d�i�e�t� �h�i�g�h� �i�n� 

�c�a�r�b�o�h�y�d�r�a�t�e�s� �t�o� �h�e�l�p� �a�c�c�u�m�u�l�a�t�e� �l�i�p�i�d� �r�e�s�e�r�v�e�s� �b�e�f�o�r�e� �h�i�b�e�r�n�a�t�i�o�n�.� �D�u�n�c�a�n� 

�(�1�9�3�9�)� �a�n�d� �S�p�r�a�d�b�e�r�y� �(�1�9�7�3�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �n�e�w�l�y� �e�c�l�o�s�e�d� �q�u�e�e�n�s� �o�b�t�a�i�n� 

�r�e�g�u�r�g�i�t�a�t�e�d� �f�o�o�d� �f�r�o�m� �w�o�r�k�e�r�s�,� �a�s� �w�e�l�l� �a�s� �l�a�r�v�a�l� �s�e�c�r�e�t�i�o�n�s�,� �b�u�t� �t�h�a�t� �q�u�e�e�n�s� �w�i�l�l� 

�f�o�r�a�g�e� �i�n�d�i�v�i�d�u�a�l�l�y� �t�o� �c�o�l�l�e�c�t� �f�o�o�d�.� �I�n�f�o�r�m�a�t�i�o�n� �o�n� �t�h�e� �a�m�o�u�n�t� �o�f� �t�i�m�e� �t�h�a�t� �q�u�e�e�n�s� 

�s�p�e�n�d� �f�e�e�d�i�n�g� �a�n�d� �f�o�r�a�g�i�n�g� �b�e�f�o�r�e� �m�a�t�i�n�g� �a�n�d� �h�i�b�e�r�n�a�t�i�o�n� �i�s� �u�n�a�v�a�i�l�a�b�l�e�.� 

�T�h�e� �f�o�r�a�g�i�n�g� �h�a�b�i�t�s� �a�n�d� �d�i�e�t�a�r�y� �r�e�q�u�i�r�e�m�e�n�t�s� �o�f� �p�o�s�t�-�h�i�b�e�r�n�a�t�i�n�g� �s�p�r�i�n�g� 

�q�u�e�e�n�s� �a�r�e� �a�l�s�o� �p�o�o�r�l�y� �d�o�c�u�m�e�n�t�e�d�.� �D�u�n�c�a�n� �(�1�9�3�9�)�,� �S�p�r�a�d�b�e�r�y� �(�1�9�7�3�)� �a�n�d



�4�5� 

�E�d�w�a�r�d�s� �(�1�9�8�0�)� �p�r�e�s�e�n�t�e�d� �a�c�c�o�u�n�t�s� �o�f� �p�o�s�t�-�h�i�b�e�r�n�a�t�i�n�g� �q�u�e�e�n�s� �f�o�r�a�g�i�n�g� �o�n� �t�r�e�e� 

�s�a�p� �a�n�d� �f�l�o�r�a�l� �n�e�c�t�a�r�.� �O�b�s�e�r�v�a�t�i�o�n�s� �o�f� �p�o�s�t�-�h�i�b�e�r�n�a�t�i�n�g� �q�u�e�e�n�s� �f�o�r�a�g�i�n�g� �o�n� 

�a�r�t�h�r�o�p�o�d�s� �h�a�v�e� �b�e�e�n� �l�a�r�g�e�l�y� �r�e�s�t�r�i�c�t�e�d� �t�o� �c�a�p�t�i�v�e� �s�e�t�t�i�n�g�s�.� �W�a�t�s�o�n� �(�1�9�2�2�)� 

�r�e�p�o�r�t�e�d� �t�h�a�t� �p�o�s�t�-�h�i�b�e�r�n�a�t�i�n�g� �q�u�e�e�n�s� �w�i�l�l� �f�e�e�d� �o�n� �a�d�u�l�t� �c�a�l�l�i�p�h�o�r�i�d�s� �a�n�d� �R�o�s�s� �e�t� 

�a�l�.� �(�1�9�8�1�)� �f�e�d� �h�o�u�s�e� �f�l�i�e�s�,� �M�u�s�c�a� �d�o�m�e�s�t�i�c�a� �L�.�,� �a�n�d� �c�r�i�c�k�e�t�s�,� �A�c�h�e�t�a� �s�p�p�.� �t�o� �p�o�s�t�-� 

�h�i�b�e�r�n�a�t�i�n�g� �q�u�e�e�n�s� �i�n� �t�h�e�i�r� �n�e�s�t� �i�n�i�t�i�a�t�i�o�n� �e�x�p�e�r�i�m�e�n�t�s�.� 

�D�u�r�i�n�g� �t�h�e� �s�o�l�i�t�a�r�y� �p�h�a�s�e� �o�f� �c�o�l�o�n�y� �l�i�f�e�,� �t�h�e� �q�u�e�e�n� �i�s� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �a�l�l� 

�n�e�s�t�i�n�g� �a�c�t�i�v�i�t�i�e�s� �(�D�u�n�c�a�n� �1�9�3�9�;� �S�p�r�a�d�b�e�r�y� �1�9�7�3�;� �A�k�r�e� �e�t� �a�l�.� �1�9�8�1�)�.� �T�h�e� �q�u�e�e�n� 

�c�o�l�l�e�c�t�s� �w�o�o�d� �f�i�b�e�r�s� �f�o�r� �n�e�s�t� �p�a�p�e�r�,� �b�u�i�l�d�s� �t�h�e� �n�e�s�t�,� �l�a�y�s� �e�g�g�s�,� �f�o�r�a�g�e�s� �f�o�r� �f�o�o�d�,� 

�d�e�f�e�n�d�s� �t�h�e� �n�e�s�t�,� �a�n�d�,� �p�e�r�h�a�p�s�,� �i�n�c�u�b�a�t�e�s� �t�h�e� �b�r�o�o�d� �(�G�i�b�o� �e�t� �a�l�.� �1�9�7�7�)�.� �S�i�n�c�e� �t�h�e� 

�q�u�e�e�n� �p�e�r�f�o�r�m�s� �s�o� �m�a�n�y� �t�a�s�k�s�,� �h�e�r� �e�n�e�r�g�y� �d�e�m�a�n�d�s� �s�h�o�u�l�d� �i�n�c�r�e�a�s�e� 

�c�o�n�t�i�n�u�o�u�s�l�y� �w�i�t�h� �c�o�l�o�n�y� �g�r�o�w�t�h� �u�p� �t�o� �f�i�r�s�t� �w�o�r�k�e�r� �e�m�e�r�g�e�n�c�e�.� �E�n�e�r�g�y� �r�e�s�e�r�v�e� 

�d�e�f�i�c�i�e�n�c�i�e�s�,� �o�r� �t�h�e� �i�n�a�b�i�l�i�t�y� �t�o� �o�b�t�a�i�n� �f�o�o�d� �a�t� �t�h�i�s� �p�o�i�n�t� �i�n� �t�h�e� �l�i�f�e� �c�y�c�l�e�,� �w�o�u�l�d� �b�e� 

�d�e�t�r�i�m�e�n�t�a�l� �t�o� �b�o�t�h� �t�h�e� �q�u�e�e�n� �a�n�d� �t�h�e� �s�u�r�v�i�v�a�l� �o�f� �h�e�r� �n�e�w�l�y� �f�o�u�n�d�e�d� �c�o�l�o�n�y�.� 

�T�o� �d�a�t�e�,� �m�o�s�t� �s�t�u�d�i�e�s� �o�n� �y�e�l�l�o�w�j�a�c�k�e�t� �b�i�o�l�o�g�y� �h�a�v�e� �v�i�r�t�u�a�l�l�y� �n�e�g�l�e�c�t�e�d� �t�h�e� 

�p�h�y�s�i�o�l�o�g�i�c�a�l� �c�o�n�d�i�t�i�o�n� �o�f� �i�n�d�i�v�i�d�u�a�l� �q�u�e�e�n�s� �a�n�d� �t�h�e� �i�m�p�a�c�t� �t�h�a�t� �q�u�e�e�n� �c�o�n�d�i�t�i�o�n� 

�c�o�u�l�d� �h�a�v�e� �o�n� �n�e�s�t�i�n�g� �s�u�c�c�e�s�s�.� �S�p�r�a�d�b�e�r�y� �(�1�9�6�3�)� �a�n�d� �M�a�t�s�u�u�r�a� �(�1�9�6�9�)� 

�q�u�a�n�t�i�f�i�e�d� �t�h�e� �l�i�p�i�d� �c�o�n�t�e�n�t� �o�f� �v�e�s�p�i�n�e� �q�u�e�e�n�s� �b�e�f�o�r�e� �a�n�d� �a�f�t�e�r� �h�i�b�e�r�n�a�t�i�o�n�,� �b�u�t� 

�n�e�i�t�h�e�r� �q�u�a�n�t�i�f�i�e�d� �c�a�r�b�o�h�y�d�r�a�t�e�s�,� �p�r�o�t�e�i�n�s�,� �o�r� �t�h�e� �w�e�i�g�h�t� �c�h�a�n�g�e�s� �t�h�a�t� �o�c�c�u�r� 

�t�h�o�u�g�h�o�u�t� �t�h�e� �s�e�a�s�o�n�.� 

�I�n� �t�h�i�s� �s�t�u�d�y�,� �c�h�a�n�g�e�s� �i�n� �w�e�i�g�h�t� �a�n�d� �n�u�t�r�i�e�n�t� �r�e�s�e�r�v�e�s� �o�f� �D�o�l�i�c�h�o�v�e�s�p�u�l�a� 

�m�a�c�u�l�a�t�a� �(�L�.�)� �q�u�e�e�n�s� �c�o�l�l�e�c�t�e�d� �b�e�f�o�r�e� �h�i�b�e�r�n�a�t�i�o�n�,� �w�e�r�e� �c�o�m�p�a�r�e�d� �w�i�t�h� �q�u�e�e�n�s� 

�c�o�l�l�e�c�t�e�d� �a�f�t�e�r� �e�m�e�r�g�e�n�c�e� �f�r�o�m� �h�i�b�e�r�n�a�t�i�o�n�,� �d�u�r�i�n�g� �n�e�s�t� �i�n�i�t�i�a�t�i�o�n� �i�n� �t�h�e� �s�p�r�i�n�g�,� 

�a�n�d� �a�f�t�e�r� �c�o�l�o�n�i�e�s� �h�a�d� �p�r�o�d�u�c�e�d� �a�t� �l�e�a�s�t� �2� �w�o�r�k�e�r� �b�r�o�o�d�s� �i�n� �t�h�e� �s�u�m�m�e�r�.� �B�o�t�h
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�c�a�r�b�o�h�y�d�r�a�t�e� �a�n�d� �l�i�p�i�d� �r�e�s�e�r�v�e�s� �w�e�r�e� �q�u�a�n�t�i�f�i�e�d� �a�n�d� �t�h�e� �t�o�t�a�l� �n�i�t�r�o�g�e�n� �c�o�n�t�e�n�t� �o�f� 

�D�.� �m�a�c�u�l�a�t�a� �q�u�e�e�n�s� �w�a�s� �a�n�a�l�y�z�e�d� �t�o� �e�s�t�i�m�a�t�e� �t�h�e� �s�e�a�s�o�n�a�l� �c�h�a�n�g�e�s� �i�n� �t�o�t�a�l� 

�p�r�o�t�e�i�n�.� �T�h�e�s�e� �s�t�u�d�i�e�s� �p�r�o�v�i�d�e� �a� �p�h�y�s�i�o�l�o�g�i�c�a�l� �p�e�r�s�p�e�c�t�i�v�e� �o�f� �t�h�e� �w�e�i�g�h�t� �a�n�d� 

�n�u�t�r�i�t�i�v�e� �c�h�a�n�g�e�s� �t�h�a�t� �o�c�c�u�r� �i�n� �q�u�e�e�n�s� �d�u�r�i�n�g� �t�h�e� �v�a�r�i�o�u�s� �s�e�a�s�o�n�s� �a�n�d� �t�h�e� �e�f�f�e�c�t� 

�t�h�a�t� �t�h�e�y� �m�a�y� �h�a�v�e� �o�n� �n�e�s�t�i�n�g� �s�u�c�c�e�s�s�.� �|� 

�M�A�T�E�R�I�A�L�S� �&� �M�E�T�H�O�D�S� 

�-� �D�o�l�i�c�h�o�v�e�s�p�u�l�a� �m�a�c�u�l�a�t�a� �q�u�e�e�n�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �d�u�r�i�n�g� �f�o�u�r� �s�e�a�s�o�n�a�l� 

�p�e�r�i�o�d�s� �i�n� �C�r�a�i�g�,� �F�l�o�y�d�,� �G�i�l�e�s�,� �M�o�n�t�g�o�m�e�r�y�,� �a�n�d� �P�u�l�a�s�k�i� �C�o�u�n�t�i�e�s�,� �V�i�r�g�i�n�i�a� 

�b�e�t�w�e�e�n� �1�9�8�7� �a�n�d� �1�9�9�0�.� �F�a�l�l� �q�u�e�e�n�s� �w�e�r�e� �t�a�k�e�n� �f�r�o�m� �n�e�s�t�s� �i�n� �l�a�t�e� �s�u�m�m�e�r� �a�n�d� 

�e�a�r�l�y� �a�u�t�u�m�n�,� �b�e�f�o�r�e� �t�h�e�i�r� �o�v�e�r�w�i�n�t�e�r�i�n�g� �p�e�r�i�o�d�.� �N�o�n�-�n�e�s�t�i�n�g� �s�p�r�i�n�g� �q�u�e�e�n�s� �w�e�r�e� 

�c�o�l�l�e�c�t�e�d� �p�r�i�o�r� �t�o�,� �o�r� �d�u�r�i�n�g� �t�h�e� �i�n�i�t�i�a�l� �p�e�r�i�o�d� �o�f� �n�e�s�t� �f�o�u�n�d�i�n�g�.� �N�e�s�t�i�n�g� �s�p�r�i�n�g� 

�q�u�e�e�n�s� �r�e�f�e�r� �t�o� �q�u�e�e�n�s� �c�a�p�t�u�r�e�d� �i�n� �t�h�e�i�r� �e�m�b�r�y�o� �n�e�s�t�s� �w�h�i�c�h� �c�o�n�t�a�i�n�e�d� �e�g�g�s�,� 

�a�n�d� �i�n� �s�o�m�e� �c�a�s�e�s�,� �f�i�r�s�t� �i�n�s�t�a�r�s�.� �T�h�e� �n�o�n�-�n�e�s�t�i�n�g� �g�r�o�u�p� �o�f� �q�u�e�e�n�s� �w�e�r�e� �n�o�t� 

�c�o�l�l�e�c�t�e�d� �f�r�o�m� �n�e�s�t�s�,� �b�u�t� �w�e�r�e� �c�a�p�t�u�r�e�d� �w�h�i�l�e� �f�l�y�i�n�g�,� �o�r� �c�o�l�l�e�c�t�i�n�g� �w�a�t�e�r�,� �n�e�c�t�a�r�,� �o�r� 

�w�o�c�d� �f�i�b�e�r�s�.� �W�h�i�l�e� �i�t� �i�s� �p�o�s�s�i�b�l�e� �t�h�a�t� �s�o�m�e� �o�f� �t�h�e� �q�u�e�e�n�s� �w�i�t�h�i�n� �t�h�i�s� �g�r�o�u�p� �h�a�d� 

�i�n�i�t�i�a�t�e�d� �n�e�s�t�s�,� �t�h�e�i�r� �c�a�p�t�u�r�e� �d�u�r�i�n�g� �t�h�e� �e�a�r�l�i�e�r� �p�a�r�t� �o�f� �t�h�e� �s�e�a�s�o�n� �w�o�u�l�d� �s�u�g�g�e�s�t� 

�t�h�a�t� �f�e�w� �h�a�d� �s�t�a�r�t�e�d� �n�e�s�t�s�.� �S�u�m�m�e�r� �q�u�e�e�n�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �n�e�s�t�s� �t�h�a�t� �h�a�d� 

�p�r�o�d�u�c�e�d� �a�t� �l�e�a�s�t� �2� �b�r�o�o�d�s� �o�f� �w�o�r�k�e�r�s�.� 

�Q�u�e�e�n�s� �w�e�r�e� �k�e�p�t� �a�l�i�v�e� �i�n� �g�l�a�s�s� �t�u�b�e�s� �(�2�.�5� �x� �9�.�5� �m�m� �w�i�t�h� �a� �f�o�a�m� �r�u�b�b�e�r� 

�p�l�u�g�)� �p�l�a�c�e�d� �o�n� �i�c�e� �a�n�d� �b�r�o�u�g�h�t� �b�a�c�k� �t�o� �t�h�e� �l�a�b�o�r�a�t�o�r�y�.� �T�h�e� �q�u�e�e�n�s� �w�e�r�e� 

�i�m�m�e�d�i�a�t�e�l�y� �k�i�l�l�e�d� �b�y� �f�r�e�e�z�i�n�g� �a�n�d� �p�l�a�c�e�d� �i�n� �a� �l�y�o�p�h�i�l�i�z�e�r� �f�o�r� �4� �d�a�y�s�.� �Q�u�e�e�n� 

�w�e�i�g�h�t�s� �w�e�r�e� �r�e�c�o�r�d�e�d� �b�e�f�o�r�e� �a�n�d� �a�f�t�e�r� �l�y�o�p�h�i�l�i�z�a�t�i�o�n�.� �Q�u�e�e�n�s� �w�e�r�e� �u�s�e�d� �f�o�r� 

�e�x�p�e�r�i�m�e�n�t�s� �o�t�h�e�r� �t�h�a�n� �t�h�o�s�e� �d�e�s�c�r�i�b�e�d� �i�n� �t�h�i�s� �t�e�x�t�;� �t�h�e�r�e�f�o�r�e�,� �i�n� �s�o�m�e� �c�a�s�e�s



�4�7� 

�t�h�e�r�e� �w�e�r�e� �m�o�r�e� �f�r�e�s�h� �w�e�i�g�h�t� �v�a�l�u�e�s� �r�e�c�o�r�d�e�d� �t�h�a�n� �d�r�y� �w�e�i�g�h�t�s�.� �A�f�t�e�r� 

�l�y�o�p�h�i�l�i�z�a�t�i�o�n�,� �t�h�e� �h�e�a�d�s� �a�n�d� �w�i�n�g�s� �w�e�r�e� �r�e�m�o�v�e�d� �f�r�o�m� �e�a�c�h� �q�u�e�e�n� �a�n�d� �t�h�e� 

�r�e�m�a�i�n�i�n�g� �b�o�d�y� �p�a�r�t�s� �g�r�o�u�n�d� �b�e�f�o�r�e� �a�n�a�l�y�s�i�s�.� �T�h�e� �h�e�a�d�s� �w�e�r�e� �r�e�m�o�v�e�d� �w�i�t�h� 

�s�c�i�s�s�o�r�s� �b�y� �c�u�t�t�i�n�g� �a�d�j�a�c�e�n�t� �t�o� �t�h�e� �d�o�r�s�u�m� �o�f� �t�h�e� �p�o�s�t�o�c�c�i�p�u�t�.� �T�h�e� �w�i�n�g�s� �w�e�r�e� 

�r�e�m�o�v�e�d� �n�e�a�r� �t�h�e� �p�l�e�u�r�a�l� �w�i�n�g� �p�r�o�c�e�s�s� �w�i�t�h� �s�c�i�s�s�o�r�s� �a�n�d� �a� �s�c�a�l�p�e�l�.� 

�T�h�e� �t�h�o�r�a�c�e�s� �a�n�d� �a�b�d�o�m�e�n�s� �w�e�r�e� �s�e�p�a�r�a�t�e�d� �b�y� �c�u�t�t�i�n�g� �t�h�e�m� �a�t� �t�h�e� 

�p�e�t�i�o�l�e ��.� �T�h�o�r�a�c�e�s� �a�n�d� �a�b�d�o�m�e�n�s� �w�e�r�e� �g�r�o�u�n�d� �s�e�p�a�r�a�t�e�l�y� �i�n�s�i�d�e� �o�f� �a� �1�.�5� �m�l� 

�m�i�c�r�o�c�e�n�t�r�i�f�u�g�e� �t�u�b�e� �(�F�i�s�h�e�r� �C�o�.�)� �f�o�r� �1� �m�i�n�u�t�e� �w�i�t�h� �a� �W�i�g�-�L�-�B�u�g�®� �(�#�3�1� �1�0�-�3�1�)� 

�d�e�n�t�a�l� �a�m�a�l�g�a�m�a�t�o�r�.� �T�h�e� �t�o�p� �0�.�5� �c�m� �o�f� �t�h�e� �m�i�c�r�o�c�e�n�t�r�i�f�u�g�e� �t�u�b�e� �w�a�s� �r�e�m�o�v�e�d� 

�w�i�t�h� �a� �r�a�z�o�r� �b�l�a�d�e� �t�o� �e�n�s�u�r�e� �a� �p�r�o�p�e�r� �f�i�t� �i�n� �t�h�e� �d�e�n�t�a�l� �a�m�a�l�g�a�m�a�t�o�r�.� �B�e�f�o�r�e� 

�p�l�a�c�i�n�g� �a� �t�a�g�m�a� �i�n�t�o� �t�h�e� �m�i�c�r�o�c�e�n�t�r�i�f�u�g�e� �t�u�b�e�,� �2� �s�t�a�i�n�l�e�s�s� �s�t�e�e�l� �b�a�l�l�-�b�e�a�r�i�n�g�s� �w�e�r�e� 

 ��p�l�a�c�e�d� �i�n�s�i�d�e� �t�h�e� �t�u�b�e�;� �a� �0�.�4� �m�m� �b�a�l�l� �b�e�a�r�i�n�g� �o�n� �t�h�e� �b�o�t�t�o�m� �a�n�d� �a� �0�.�4�7� �m�m� �b�a�l�l�-� 

�b�e�a�r�i�n�g� �o�n� �t�o�p� �o�f� �t�h�e� �f�i�r�s�t�.� �T�h�e� �i�n�d�i�v�i�d�u�a�l� �t�a�g�m�a� �w�a�s� �t�h�e�n� �p�l�a�c�e�d� �a�b�o�v�e� �t�h�e�s�e� �t�w�o� 

�b�e�a�r�i�n�g�s�,� �f�o�l�l�o�w�e�d� �b�y� �a� �t�h�i�r�d� �b�a�l�l�-�b�e�a�r�i�n�g� �(�0�.�6�7� �m�m�)� �o�n� �t�o�p�.� �T�h�e� �t�u�b�e� �w�a�s� �t�h�e�n� 

�s�e�a�l�e�d� �w�i�t�h� �t�h�e� �o�r�i�g�i�n�a�l� �c�a�p�.� �T�h�i�s� �m�e�t�h�o�d� �p�r�o�v�i�d�e�d� �a� �h�o�m�o�g�e�n�e�o�u�s�l�y� �g�r�o�u�n�d� 

�s�a�m�p�l�e� �w�h�i�c�h� �c�o�u�l�d� �b�e� �s�u�b�s�a�m�p�l�e�d� �f�o�r� �s�e�v�e�r�a�l� �t�y�p�e�s� �o�f� �a�n�a�l�y�s�e�s�.� 

�E�x�t�r�a�c�t�i�o�n� �a�n�d� �Q�u�a�n�t�i�t�a�t�i�o�n� �o�f� �L�i�p�i�d�s� 

�A� �1�5�-�2�0� �m�g� �s�a�m�p�l�e� �w�a�s� �w�e�i�g�h�e�d� �o�u�t� �f�r�o�m� �e�a�c�h� �g�r�o�u�n�d� �q�u�e�e�n� �t�h�o�r�a�x� �a�n�d� 

�a�b�d�o�m�i�n�a�l� �s�e�c�t�i�o�n� �a�n�d� �p�l�a�c�e�d� �i�n� �a� �1�.�5� �m�l� �m�i�c�r�o�c�e�n�t�r�i�f�u�g�e� �t�u�b�e� �t�o� �w�h�i�c�h� �7�5�0� �u�l� �o�f� 

�c�h�l�o�r�o�f�o�r�m�:� �m�e�t�h�a�n�o�l� �(�2�:�1�)� �w�a�s� �a�d�d�e�d� �(�m�o�d�i�f�i�e�d� �f�r�o�m� �V�a�n� �H�a�n�d�e�l� �1�9�6�5�a�)�.� �T�h�e� 

�t�u�b�e� �w�a�s� �t�h�e�n� �v�o�r�t�e�x�e�d� �a�n�d� �t�h�e� �s�a�m�p�l�e�s� �c�e�n�t�r�i�f�u�g�e�d� �a�t� �(�1�2�,�0�0�0� �r�p�m�)� �i�n� �a� �F�i�s�h�e�r� 

� � 

�1� �A�l�t�h�o�u�g�h� �t�h�e� �a�b�d�o�m�e�n� �a�n�d� �g�a�s�t�e�r� �a�r�e� �r�e�c�o�g�n�i�z�e�d� �a�s� �t�a�x�o�n�o�m�i�c�a�l�l�y� �d�i�s�t�i�n�c�t�,� �u�s�e� �o�f� �t�h�e� �t�e�r�m� 
 ��a�b�d�o�m�e�n �� �i�s� �m�o�r�e� �a�p�p�r�o�p�r�i�a�t�e� �f�o�r� �t�h�i�s� �i�n�v�e�s�t�i�g�a�t�i�o�n�.



�4�8� 

�m�i�c�r�o�c�e�n�t�r�i�f�u�g�e� �(�#�5�9�A�)� �f�o�r� �5� �m�i�n�u�t�e�s�.� �T�h�e� �s�u�p�e�r�n�a�t�a�n�t� �w�a�s� �t�r�a�n�s�f�e�r�r�e�d� �w�i�t�h� �a� 

�P�a�s�t�e�u�r� �p�i�p�e�t�t�e� �t�o� �a� �t�a�r�e�d� �m�i�c�r�o�c�e�n�t�r�i�f�u�g�e� �t�u�b�e�.� �T�h�e� �o�r�i�g�i�n�a�l� �s�a�m�p�l�e� �w�a�s� 

�r�e�s�u�s�p�e�n�d�e�d� �a�n�d� �t�h�e� �e�x�t�r�a�c�t�i�o�n� �p�r�o�c�e�d�u�r�e� �r�e�p�e�a�t�e�d�.� �A�f�t�e�r� �c�o�m�b�i�n�i�n�g� �t�h�e� 

�s�u�p�e�r�n�a�t�a�n�t�s�,� �t�h�e� �m�i�c�r�o�c�e�n�t�r�i�f�u�g�e� �t�u�b�e�s� �w�e�r�e� �p�l�a�c�e�d� �i�n� �a� �h�e�a�t�e�d� �s�a�n�d� �b�a�t�h� �a�t� 

�3�5�°�C� �f�o�r� �8�-�1�2� �h�o�u�r�s�.� �T�h�e� �s�u�p�e�r�n�a�t�a�n�t�s� �w�e�r�e� �e�v�a�p�o�r�a�t�e�d� �a�s� �n�e�a�r� �t�o� �d�r�y�n�e�s�s� �a�s� 

�p�o�s�s�i�b�l�e� �a�n�d� �t�h�e� �r�e�s�u�l�t�i�n�g� �l�i�p�i�d� �w�i�t�h�i�n� �t�h�e� �t�u�b�e� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �r�e�w�e�i�g�h�i�n�g� �t�h�e� 

�t�u�b�e�.� �S�p�i�k�e�o�v�e�r�s� �w�i�t�h� �k�n�o�w�n� �w�e�i�g�h�t�s� �o�f� �c�o�r�n� �o�i�l�,� �r�a�n�g�i�n�g� �f�r�o�m� �1�0�-�1�5� �m�g�,� 

�d�e�m�o�n�s�t�r�a�t�e�d� �m�e�a�n� �l�i�p�i�d� �r�e�c�o�v�e�r�y� �o�f� �9�7� �+� �2�%�.� 

�L�i�p�i�d� �s�u�b�s�a�m�p�l�e�s� �w�e�r�e� �t�a�k�e�n� �f�r�o�m� �t�h�e� �c�r�u�d�e� �e�x�t�r�a�c�t�s� �o�f� �6� �f�a�l�l� �a�n�d� �s�p�r�i�n�g� 

�q�u�e�e�n�s�.� �T�h�e� �l�i�p�i�d�s� �w�e�r�e� �a�n�a�l�y�z�e�d� �b�y� �h�i�g�h� �p�e�r�f�o�r�m�a�n�c�e� �t�h�i�n� �l�a�y�e�r� 

�c�h�r�o�m�a�t�o�g�r�a�p�h�y� �(�H�P�T�L�C�)� �(�J�u�d�g�e� �e�t� �a�l�.� �1�9�8�9�)� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �d�i�f�f�e�r�e�n�t� �l�i�p�i�d� 

�c�l�a�s�s�e�s�.� 

�E�x�t�r�a�c�t�i�o�n� �o�f� �C�a�r�b�o�h�y�d�r�a�t�e�s� 

�T�h�r�e�e� �s�a�m�p�l�e�s�,� �w�e�i�g�h�i�n�g� �f�r�o�m� �2� �t�o� �4� �m�g� �e�a�c�h�,� �w�e�r�e� �o�b�t�a�i�n�e�d� �f�r�o�m� �e�a�c�h� 

�t�h�o�r�a�x� �a�n�d� �a�b�d�o�m�e�n�.� �S�a�m�p�l�e�s� �w�e�r�e� �p�l�a�c�e�d� �i�n�t�o� �1�.�5� �m�i� �m�i�c�r�o�c�e�n�t�r�i�f�u�g�e� �t�u�b�e�s� �t�o� 

�w�h�i�c�h� �1� �m�l� �o�f� �6�6�%� �e�t�h�a�n�o�l� �s�a�t�u�r�a�t�e�d� �w�i�t�h� �s�o�d�i�u�m� �s�u�l�f�a�t�e� �w�a�s� �a�d�d�e�d� �(�V�a�n� �H�a�n�d�e�l� 

�1�9�6�5�a�)�.� �T�h�e� �t�u�b�e�s� �w�e�r�e� �v�o�r�t�e�x�e�d� �a�n�d� �t�h�e� �s�a�m�p�l�e�s� �w�e�r�e� �c�e�n�t�r�i�f�u�g�e�d� �(�1�0�0� �x� �G�)� �f�o�r� 

�1�0� �m�i�n�u�t�e�s�.� �T�h�e� �s�u�p�e�r�n�a�t�a�n�t�s� �w�e�r�e� �t�r�a�n�s�f�e�r�r�e�d� �t�o� �1�0� �m�l� �g�l�a�s�s� �v�i�a�l�s�.� �T�h�e� �p�e�l�l�e�t�s� 

�w�e�r�e� �r�e�s�u�s�p�e�n�d�e�d� �i�n� �1� �m�i� �o�f� �6�6�%�.� �e�t�h�a�n�o�l� �s�a�t�u�r�a�t�e�d� �w�i�t�h� �s�o�d�i�u�m� �s�u�l�f�a�t�e� �a�n�d� �t�h�e� 

�t�u�b�e�s� �w�e�r�e� �v�o�r�t�e�x�e�d� �a�n�d� �c�e�n�t�r�i�f�u�g�e�d� �a� �s�e�c�o�n�d� �t�i�m�e�.� �T�h�e� �r�e�m�a�i�n�i�n�g� �s�u�p�e�r�n�a�t�a�n�t� 

�w�a�s� �a�d�d�e�d� �t�o� �t�h�e� �f�i�r�s�t�.� �T�h�e� �e�t�h�a�n�o�l�i�c� �e�x�t�r�a�c�t�s� �w�e�r�e� �t�h�e�n� �d�i�l�u�t�e�d� �(�1�:�1�0�)� �b�y� �a�d�d�i�n�g� 

�a�n�d� �m�i�x�i�n�g� �o�n�e� �p�a�r�t� �o�f� �t�h�e� �e�x�t�r�a�c�t� �t�o� �n�i�n�e� �p�a�r�t�s� �o�f� �d�o�u�b�l�e�-�d�i�s�t�i�l�l�e�d� �w�a�t�e�r� �(�d�d�H�2�O�)� 

�i�n�s�i�d�e� �a� �1�.�5� �m�l� �m�i�c�r�o�c�e�n�t�r�i�f�u�g�e� �t�u�b�e�.



�4�9� 

�T�h�e� �p�e�l�l�e�t�s� �f�r�o�m� �t�h�e� �p�r�e�v�i�o�u�s� �s�t�e�p� �w�e�r�e� �d�r�i�e�d� �b�y� �p�l�a�c�i�n�g� �t�h�e� �t�u�b�e�s� �i�n�s�i�d�e� �a� 

�s�a�n�d� �b�a�t�h� �a�t� �3�5�°�C� �f�o�r� �1� �h�o�u�r�.� �A�f�t�e�r� �d�r�y�i�n�g�,� �5�0�0� �u�l� �o�f� �a� �3�0�%� �p�o�t�a�s�s�i�u�m� �h�y�d�r�o�x�i�d�e� 

�s�o�l�u�t�i�o�n� �(�K�O�H�)� �w�a�s� �a�d�d�e�d� �t�o� �t�h�e� �t�u�b�e�s� �c�o�n�t�a�i�n�i�n�g� �t�h�e� �p�e�l�l�e�t�s�,� �a�l�o�n�g� �w�i�t�h� �5�0� �u�l� �o�f� �a� 

�s�a�t�u�r�a�t�e�d� �s�o�d�i�u�m� �s�u�l�f�a�t�e� �s�o�l�u�t�i�o�n�.� �T�h�e� �t�u�b�e�s� �w�e�r�e� �t�h�e�n� �i�m�m�e�d�i�a�t�e�l�y� �h�e�a�t�e�d� �t�o� 

�1�0�0�°�C� �f�o�r� �1�0� �m�i�n�u�t�e�s�.� �K�O�H� �s�o�l�u�t�i�o�n�s� �w�e�r�e� �m�a�d�e� �f�r�e�s�h� �b�e�f�o�r�e� �e�a�c�h� �e�x�t�r�a�c�t�i�o�n� �a�s� 

�a� �p�r�e�c�a�u�t�i�o�n�a�r�y� �m�e�a�s�u�r�e� �t�o� �a�v�o�i�d� �g�l�y�c�o�g�e�n� �l�o�s�s� �b�y� �c�o�n�t�a�m�i�n�a�t�i�o�n� �w�i�t�h� �C�O�,� �(�V�a�n� 

�H�a�n�d�e�l� �1�9�6�5�b�)�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e� �K�O�H� �w�a�s� �n�o�t� �a�d�d�e�d� �t�o� �t�h�e� �p�e�l�l�e�t�s� �u�n�t�i�l� �j�u�s�t� �p�r�i�o�r� 

�t�o� �h�e�a�t�i�n�g�.� �A�f�t�e�r� �h�e�a�t�i�n�g�,� �t�h�e� �t�u�b�e�s� �w�e�r�e� �i�m�m�e�d�i�a�t�e�l�y� �c�o�o�l�e�d� �i�n� �a�n� �i�c�e� �b�a�t�h� �f�o�r� �3� 

�m�i�n�u�t�e�s�.� �O�n�e� �m�l� �o�f� �6�6�%� �e�t�h�a�n�o�l� �s�a�t�u�r�a�t�e�d� �w�i�t�h� �s�o�d�i�u�m� �s�u�l�f�a�t�e� �w�a�s� �a�d�d�e�d� �t�o� �e�a�c�h� 

�o�f� �t�h�e� �t�u�b�e�s�.� �T�h�e� �t�u�b�e�s� �w�e�r�e� �m�i�x�e�d� �a�n�d� �c�e�n�t�r�i�f�u�g�e�d� �(�1�2�,�0�0�0� �r�p�m�)� �f�o�r� �5� �m�i�n�u�t�e�s�.� 

�T�h�e� �s�u�p�e�r�n�a�t�a�n�t�s� �w�e�r�e� �w�i�t�h�d�r�a�w�n� �w�i�t�h� �a� �P�a�s�t�e�u�r� �p�i�p�e�t�t�e� �a�n�d� �d�i�s�c�a�r�d�e�d�.� �T�h�e� 

�r�e�s�u�l�t�i�n�g� �p�e�l�l�e�t�s� �w�e�r�e� �r�e�s�u�s�p�e�n�d�e�d� �i�n� �1� �m�l� �o�f� �d�d�H�2�O�;� �t�h�i�s� �s�o�l�u�t�i�o�n� �w�a�s� �d�i�l�u�t�e�d� 

�(�1�:�1�0�)� �b�y� �a�d�d�i�n�g� �o�n�e� �p�a�r�t� �t�o� �n�i�n�e� �p�a�r�t�s� �d�d�H�2�0�.� 

�Q�u�a�n�t�i�t�a�t�i�o�n� �o�f� �C�a�r�b�o�h�y�d�r�a�t�e�s� 

�A�n� �a�n�t�h�r�o�n�e� �r�e�a�g�e�n�t� �w�a�s� �u�s�e�d� �t�o� �q�u�a�n�t�i�f�y� �b�o�t�h� �g�l�u�c�o�s�e� �a�n�d� �g�l�y�c�o�g�e�n� 

�(�T�r�e�v�e�l�y�a�n� �a�n�d� �H�a�r�r�i�s�o�n� �1�9�5�2�;� �V�a�n� �H�a�n�d�e�l� �1�9�6�5�a�)�.� �F�r�e�s�h� �r�e�a�g�e�n�t� �w�a�s� �p�r�e�p�a�r�e�d� 

�b�e�f�o�r�e� �e�a�c�h� �a�n�a�l�y�s�i�s� �b�y� �a�d�d�i�n�g� �2�0�0� �m�g� �o�f� �a�n�t�h�r�o�n�e� �(�S�i�g�m�a� �C�h�e�m�i�c�a�l� �C�o�.�)�t�o� �1�0�0� 

�m�l� �o�f� �d�i�l�u�t�e�d� �s�u�l�f�u�r�i�c� �a�c�i�d� �(�5�0�0� �m�l� �H�a�S�O�,�:� �2�0�0� �m�l� �d�d�H�2�O�)�.� �A�f�t�e�r� �m�i�x�i�n�g� �t�h�e� 

�a�n�t�h�r�o�n�e� �r�e�a�g�e�n�t�,� �u�n�d�i�s�s�o�l�v�e�d� �c�r�y�s�t�a�l�s� �o�f� �a�n�t�h�r�o�n�e� �w�e�r�e� �r�e�m�o�v�e�d� �w�i�t�h� �a� �P�a�s�t�e�u�r� 

�p�i�p�e�t�t�e�.� �G�l�u�c�o�s�e� �o�r� �g�l�y�c�o�g�e�n� �(�o�y�s�t�e�r� �g�l�y�c�o�g�e�n�;� �S�i�g�m�a� �C�h�e�m�i�c�a�l� �C�o�m�p�a�n�y�)� 

�s�t�a�n�d�a�r�d�s� �(�5�,� �1�0�,� �2�5�,� �5�0�,� �a�n�d� �1�0�0� �u�g�/�m�l�)� �w�e�r�e� �r�u�n� �w�i�t�h� �e�a�c�h� �a�n�a�l�y�s�i�s� �f�o�r� �t�h�e� 

�d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �a� �s�t�a�n�d�a�r�d� �c�u�r�v�e�.� 

�F�i�v�e� �m�i�l�l�i�l�i�t�e�r�s� �o�f� �t�h�e� �a�n�t�h�r�o�n�e� �r�e�a�g�e�n�t� �w�e�r�e� �p�i�p�e�t�t�e�d� �i�n�t�o� �P�y�r�e�x� �t�e�s�t� �t�u�b�e�s�,



�5�0� 

�w�h�i�c�h� �w�e�r�e� �t�h�e�n� �c�o�o�l�e�d� �i�n� �a�n� �i�c�e� �w�a�t�e�r� �b�a�t�h�.� �A� �1� �m�i� �v�o�l�u�m�e� �o�f� �e�a�c�h� �s�t�a�n�d�a�r�d�,� 

�w�a�t�e�r� �b�l�a�n�k�,� �a�n�d� �s�a�m�p�l�e� �(�s�u�g�a�r� �o�r� �g�l�y�c�o�g�e�n�)� �w�a�s� �c�a�r�e�f�u�l�l�y� �l�a�y�e�r�e�d� �o�n� �t�o�p� �o�f� �t�h�e� 

�a�n�t�h�r�o�n�e� �r�e�a�g�e�n�t�.� �W�h�e�n� �a�l�l� �o�f� �t�h�e� �s�a�m�p�l�e�s� �h�a�d� �b�e�e�n� �p�r�e�p�a�r�e�d�,� �t�h�e� �t�u�b�e�s� �w�e�r�e� 

�c�a�p�p�e�d� �a�n�d� �m�i�x�e�d� �t�h�o�r�o�u�g�h�l�y�.� �T�h�e� �t�e�s�t� �t�u�b�e�s� �w�e�r�e� �p�l�a�c�e�d� �i�n� �a� �b�o�i�l�i�n�g� �w�a�t�e�r� �b�a�t�h� 

�f�o�r� �1�0� �m�i�n�u�t�e�s�,� �a�f�t�e�r� �w�h�i�c�h� �t�h�e�y� �w�e�r�e� �r�e�m�o�v�e�d� �a�n�d� �c�o�o�l�e�d� �i�n� �a�n� �i�c�e� �w�a�t�e�r� �b�a�t�h� �f�o�r� 

�3� �m�i�n�u�t�e�s�.� �T�h�e� �s�o�l�u�t�i�o�n�s� �w�e�r�e� �r�e�a�d� �w�i�t�h� �a� �P�e�r�k�i�n�-�E�l�m�e�r� �L�a�m�b�d�a� �3�B� 

�S�p�e�c�t�r�o�p�h�o�t�o�m�e�t�e�r� �a�t� �6�2�0� �n�m�.� �S�p�i�k�e�o�v�e�r�s� �w�i�t�h� �5� �u�g� �g�l�u�c�o�s�e� �a�n�d� �g�l�y�c�o�g�e�n� 

�s�t�a�n�d�a�r�d�s� �i�n�d�i�c�a�t�e�d� �m�e�a�n� �r�e�c�o�v�e�r�y� �r�a�t�e�s� �o�f� �9�8� �+� �3�%� �a�n�d� �9�4� �+�3�%�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�H�i�g�h� �p�e�r�f�o�r�m�a�n�c�e� �t�h�i�n� �l�a�y�e�r� �c�h�r�o�m�a�t�o�g�r�a�p�h�y� �w�a�s� �u�s�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� 

�s�u�g�a�r�s� �f�o�u�n�d� �i�n� �t�h�e� �h�e�m�o�l�y�m�p�h� �o�f� �f�a�l�l� �a�n�d� �s�p�r�i�n�g� �q�u�e�e�n�s�.� �O�n�e� �m�i�c�r�o�l�i�t�e�r� �o�f� 

�h�e�m�o�l�y�m�p�h� �w�a�s� �s�u�s�p�e�n�d�e�d� �i�n� �1�0� �u�l� �o�f� �6�6�%� �e�t�h�a�n�o�l� �s�a�t�u�r�a�t�e�d� �w�i�t�h� �N�a� �S�O�x�.� �T�h�e� 

�s�a�m�p�l�e� �w�a�s� �m�i�x�e�d� �a�n�d� �c�e�n�t�r�i�f�u�g�e�d� �a�t� �1�2�,�0�0�0� �r�p�m� �f�o�r� �5� �m�i�n�u�t�e�s�.� �O�n�e� �u�l� �a�l�i�q�u�o�t�s� 

�o�f� �t�h�e� �e�t�h�a�n�o�l� �e�x�t�r�a�c�t� �w�e�r�e� �s�p�o�t�t�e�d� �d�i�r�e�c�t�l�y� �o�n�t�o� �t�h�e� �T�L�C� �p�l�a�t�e�s� �f�o�r� �a�n�a�l�y�s�i�s� �a�s� 

�d�e�s�c�r�i�b�e�d� �i�n� �F�e�l�l� �(�1�9�9�0�)�.� 

�Q�u�a�n�t�i�t�a�t�i�o�n� �o�f� �T�o�t�a�l� �N�i�t�r�o�g�e�n� 

�T�h�e� �q�u�a�n�t�i�t�a�t�i�o�n� �o�f� �t�o�t�a�l� �s�a�m�p�l�e� �n�i�t�r�o�g�e�n� �w�a�s� �m�a�d�e� �w�i�t�h� �a� �m�o�d�i�f�i�e�d� �m�i�c�r�o�-� 

�K�j�e�l�d�a�h�l� �t�e�c�h�n�i�q�u�e� �(�M�u�l�l�i�n�s� �1�9�7�1�)�.� �T�h�r�e�e� �s�a�m�p�l�e�s� �o�f� �k�n�o�w�n� �w�e�i�g�h�t� �(�4�0�0�-�1�2�0�0� �u�g�)� 

�f�r�o�m� �e�a�c�h� �t�h�o�r�a�x� �a�n�d� �a�b�d�o�m�e�n� �w�e�r�e� �p�l�a�c�e�d� �o�n�t�o� �a� �t�a�r�e�d� �g�l�a�s�s� �s�l�i�v�e�r�.� �G�l�a�s�s� �w�a�s� 

�u�s�e�d� �r�a�t�h�e�r� �t�h�a�n� �w�e�i�g�h�i�n�g� �p�a�p�e�r� �b�e�c�a�u�s�e� �m�a�n�y� �o�f� �t�h�e� �s�a�m�p�l�e�s� �w�e�r�e� �o�i�l�y�.� 

�S�a�m�p�l�e�s� �a�n�d� �a�m�m�o�n�i�u�m� �s�u�l�f�a�t�e� �s�t�a�n�d�a�r�d�s� �(�5�,� �1�0�,� �2�5�,� �5�0�,� �a�n�d� �1�0�0� �u�g�/�m�l� �d�d�H�2�0�)� 

�w�e�r�e� �p�l�a�c�e�d� �i�n�t�o� �t�e�s�t� �t�u�b�e�s� �(�1�8� �x� �1�0�0� �c�m�)�,� �a�f�t�e�r� �w�h�i�c�h� �1�.�5� �m�l� �o�f� �a� 

�o�x�i�d�i�z�i�n�g�/�h�y�d�r�o�l�y�z�i�n�g� �r�e�a�g�e�n�t� �(�c�o�p�p�e�r� �s�u�l�f�a�t�e� �3�1�3� �m�g�/�L�,� �s�e�l�e�n�i�o�u�s� �a�c�i�d� �1�2�9� 

�m�g�/�L�,� �m�i�x�e�d� �i�n�t�o� �5�N� �s�u�l�f�u�r�i�c� �a�c�i�d�)� �w�a�s� �a�d�d�e�d� �t�o� �e�a�c�h� �t�u�b�e�.



�5�1� 

�T�h�e� �t�u�b�e�s� �w�e�r�e� �p�l�a�c�e�d� �i�n�t�o� �a�n� �o�v�e�n� �a�t� �1�2�0�-�1�5�0�°�C� �f�o�r� �8�-�1�0� �h�o�u�r�s�,� �o�r� �u�n�t�i�l� 

�t�h�e� �w�a�t�e�r� �h�a�d� �e�v�a�p�o�r�a�t�e�d� �f�r�o�m� �t�h�e� �d�i�g�e�s�t�i�o�n� �m�i�x�t�u�r�e�.� �T�h�e� �d�i�s�a�p�p�e�a�r�a�n�c�e� �o�f� 

�b�e�a�d�s� �o�f� �w�a�t�e�r� �n�e�a�r� �t�h�e� �t�o�p�s� �o�f� �t�h�e� �t�u�b�e�s� �i�n�d�i�c�a�t�e�d� �s�u�f�f�i�c�i�e�n�t� �e�v�a�p�o�r�a�t�i�o�n�.� �A�f�t�e�r� 

�t�h�e� �w�a�t�e�r� �w�a�s� �d�r�i�v�e�n� �o�f�f�,� �a� �g�l�a�s�s� �m�a�r�b�l�e� �w�a�s� �p�l�a�c�e�d� �o�n� �e�a�c�h� �t�u�b�e� �a�n�d� �t�h�e� 

�t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �i�n�c�r�e�a�s�e�d� �t�o� �3�5�0�°�C� �f�o�r� �1�2� �h�o�u�r�s�.� �T�h�e� �t�u�b�e�s� �w�e�r�e� �t�h�e�n� �r�e�m�o�v�e�d� 

�f�r�o�m� �t�h�e� �o�v�e�n� �a�n�d� �a�l�l�o�w�e�d� �t�o� �c�o�o�l�.� �F�o�u�r� �a�n�d� �o�n�e�-�h�a�l�f� �m�l� �o�f� �d�d�H�2�O� �w�e�r�e� �a�d�d�e�d� 

�s�l�o�w�l�y�,� �w�h�i�l�e� �r�o�t�a�t�i�n�g� �t�h�e� �t�u�b�e� �i�n� �a�n� �e�f�f�o�r�t� �t�o� �r�i�n�s�e� �a�n�y� �a�c�c�u�m�u�l�a�t�e�d� �d�e�b�r�i�s� �f�r�o�m� 

�t�h�e� �i�n�s�i�d�e� �w�a�l�l� �o�f� �t�h�e� �t�u�b�e�.� �A�f�t�e�r� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �w�a�t�e�r� �t�o� �a�l�l� �t�u�b�e�s�,� �4�.�5� �m�l� �o�f� �3�.�3�N� 

�N�a�O�H� �w�e�r�e� �a�d�d�e�d� �t�o� �e�a�c�h� �t�u�b�e� �f�o�l�l�o�w�e�d� �b�y� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �3�.�0� �m�l� �o�f� �N�e�s�s�l�e�r ��s� 

�r�e�a�g�e�n�t� �(�p�o�t�a�s�s�i�u�m� �m�e�r�c�u�r�i�c� �i�o�d�i�d�e� �7�g�/�L�;� �g�u�m� �g�h�a�t�t�i� �1�.�7�5�g�/�L�)�.� �T�h�e� �t�u�b�e�s� �w�e�r�e� 

�v�o�r�t�e�x�e�d� �a�n�d� �s�e�t� �a�s�i�d�e� �f�o�r� �1�5� �m�i�n�u�t�e�s� �t�o� �a�l�l�o�w� �f�o�r� �m�a�x�i�m�u�m� �c�o�l�o�r� �d�e�v�e�l�o�p�m�e�n�t�.� 

�T�h�e� �r�e�s�u�l�t�i�n�g� �y�e�l�l�o�w�-�o�r�a�n�g�e� �c�o�l�o�r�e�d� �s�o�l�u�t�i�o�n�s� �w�e�r�e� �r�e�a�d� �a�t� �4�9�0� �n�m� �o�n� �a� �P�e�r�k�i�n�-� 

�E�l�m�e�r� �L�a�m�b�d�a� �3�B� �S�p�e�c�t�r�o�p�h�o�t�o�m�e�t�e�r�.� �S�p�i�k�e�o�v�e�r�s� �w�i�t�h� �5� �u�g�/�m�l� �o�f� �a�n� �a�m�m�o�n�i�u�m� 

�s�u�l�f�a�t�e� �s�t�a�n�d�a�r�d� �d�e�m�o�n�s�t�r�a�t�e�d� �9�3� �+� �3�%� �r�e�c�o�v�e�r�y�.� 

�S�t�a�t�i�s�t�i�c�a�l� �A�n�a�l�y�s�e�s� 

�T�e�s�t�s� �f�o�r� �n�o�r�m�a�l�i�t�y� �a�n�d� �a�n� �a�n�a�l�y�s�i�s� �o�f� �v�a�r�i�a�n�c�e� �(�A�N�O�V�A�)� �w�e�r�e� �p�e�r�f�o�r�m�e�d� 

�o�n� �a�l�l� �c�l�a�s�s� �v�a�r�i�a�b�l�e�s� �u�s�i�n�g� �t�h�e� �U�N�I�V�A�R�I�A�T�E� �a�n�d� �G�L�M� �p�r�o�c�e�d�u�r�e�s�,� �r�e�p�s�e�c�t�i�v�e�l�y� 

�(�S�A�S� �I�n�s�t�i�t�u�t�e�,� �1�9�8�5�)�.� �I�f� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e�s� �w�e�r�e� �d�e�t�e�c�t�e�d� �(�a�l�p�h�a�=�0�.�0�5�)� 

�a�m�o�n�g� �t�h�e� �c�l�a�s�s� �v�a�r�i�a�b�l�e�s�,� �t�h�e�n� �D�u�n�c�a�n ��s� �N�e�w� �M�u�l�t�i�p�l�e� �R�a�n�g�e� �T�e�s�t� �w�a�s� �u�s�e�d� �t�o� 

�l�o�c�a�t�e� �t�h�e� �d�i�f�f�e�r�e�n�c�e�s�.� 

�R�E�S�U�L�T�S� 

�D�o�l�i�c�h�o�v�e�s�p�u�l�a� �m�a�c�u�l�a�t�a� �q�u�e�e�n�s� �a�t�t�a�i�n�e�d� �t�h�e�i�r� �g�r�e�a�t�e�s�t� �w�e�i�g�h�t� �d�u�r�i�n�g� �t�h�e



�5�2� �-� 

�l�a�t�e� �s�u�m�m�e�r� �a�n�d� �e�a�r�l�y� �a�u�t�u�m�n� �b�e�f�o�r�e� �t�h�e� �o�n�s�e�t� �o�f� �h�i�b�e�r�n�a�t�i�o�n�.� �T�h�e� �m�e�a�n� �f�r�e�s�h� 

�a�n�d� �d�r�y� �w�e�i�g�h�t�s� �f�o�r� �q�u�e�e�n�s� �c�o�l�l�e�c�t�e�d� �i�n� �1�9�8�7� �a�r�e� �s�h�o�w�n� �i�n� �T�a�b�l�e� �2�.� �T�h�e� �m�e�a�n� �d�r�y� 

�w�e�i�g�h�t� �o�f� �1�5� �p�i�g�m�e�n�t�e�d� �q�u�e�e�n� �p�u�p�a�e� �w�i�t�h� �a�d�u�l�t� �f�e�a�t�u�r�e�s� �w�a�s� �1�6�3�.�7� �m�g� �+� �3�.�7� 

�w�h�i�c�h� �s�u�g�g�e�s�t�s� �t�h�a�t� �n�e�w�l�y� �e�c�l�o�s�e�d� �q�u�e�e�n�s� �c�a�n� �i�n�c�r�e�a�s�e� �t�h�e�i�r� �d�r�y� �w�e�i�g�h�t� �b�y� �a�s� 

�m�u�c�h� �a�s� �7�9�%�.� �T�h�e� �m�e�a�n� �w�e�i�g�h�t� �o�f� �a�u�t�u�m�n� �q�u�e�e�n�s� �w�a�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �h�i�g�h�e�r� 

�(�P�=�0�.�0�0�0�1�)� �t�h�a�n� �t�h�e� �s�p�r�i�n�g� �a�n�d� �s�u�m�m�e�r� �q�u�e�e�n�s�,� �i�n�d�i�c�a�t�i�n�g� �t�h�a�t� �h�i�b�e�r�n�a�t�i�n�g� 

�q�u�e�e�n�s� �e�n�d�u�r�e� �a�n� �a�p�p�r�e�c�i�a�b�l�e� �w�e�i�g�h�t� �l�o�s�s� �d�u�r�i�n�g� �t�h�e� �h�i�b�e�r�n�a�t�i�o�n� �p�e�r�i�o�d�.� �W�i�t�h�i�n� 

�_� �t�h�e� �s�p�r�i�n�g� �g�r�o�u�p�s�,� �n�o� �w�e�i�g�h�t� �d�i�f�f�e�r�e�n�c�e�s� �(�P�>�0�.�0�5�)� �w�e�r�e� �d�e�t�e�c�t�e�d� �a�m�o�n�g� �t�h�e� 

�n�e�s�t�i�n�g� �a�n�d� �n�o�n�-�n�e�s�t�i�n�g� �q�u�e�e�n�s� �o�v�e�r� �t�h�e� �3�-�y�e�a�r� �p�e�r�i�o�d� �(�T�a�b�l�e� �2�)�.� �T�h�e� �m�e�a�n� 

�f�r�e�s�h� �a�n�d� �d�r�y� �w�e�i�g�h�t�s� �f�o�r� �s�p�r�i�n�g� �q�u�e�e�n�s� �(�n�e�s�t�i�n�g� �a�n�d� �n�o�n�-�n�e�s�t�i�n�g�)� �c�o�l�l�e�c�t�e�d� �o�v�e�r� 

�t�h�e� �3�-�y�e�a�r� �p�e�r�i�o�d� �w�e�r�e� �4�2�5�.�1� �m�g� �a�n�d� �1�3�6�.�6� �m�g�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e�s�e� �d�a�t�a� �i�n�d�i�c�a�t�e� 

�t�h�a�t� �l�o�s�s�e�s� �i�n� �f�r�e�s�h� �w�e�i�g�h�t� �d�u�r�i�n�g� �h�i�b�e�r�n�a�t�i�o�n� �m�a�y� �b�e� �3�0�%� �(�1�7�9�.�5� �m�g�)�,� �a�n�d� �t�h�a�t� 

�d�r�y� �w�e�i�g�h�t� �l�o�s�s�e�s� �m�a�y� �b�e� �5�3�%� �(�1�5�7�.�0� �m�g�)�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e�s�e� �d�a�t�a� �s�u�g�g�e�s�t� �t�h�a�t� 

�m�o�s�t� �q�u�e�e�n�s� �w�h�i�c�h� �s�u�c�c�e�s�s�f�u�l�l�y� �e�m�e�r�g�e� �f�r�o�m� �h�i�b�e�r�n�a�t�i�o�n� �a�n�d� �i�n�i�t�i�a�t�e� �n�e�s�t�s� �h�a�v�e� 

�s�i�m�i�l�a�r� �e�n�e�r�g�y� �r�e�s�e�r�v�e� �q�u�a�n�t�i�t�i�e�s�.� 

�T�h�e� �f�r�e�s�h� �w�e�i�g�h�t�s� �r�e�c�o�r�d�e�d� �f�o�r� �s�u�m�m�e�r� �q�u�e�e�n�s� �w�e�r�e� �t�h�e� �s�a�m�e� �(�P�>�0�.�0�5�)� 

�o�v�e�r� �t�h�e� �3�-�y�e�a�r� �p�e�r�i�o�d�;� �h�o�w�e�v�e�r�,� �t�h�e�y� �w�e�r�e� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� �(�P�=�0�.�0�0�0�1�)� �f�r�o�m� 

�b�o�t�h� �t�h�e� �a�u�t�u�m�n� �a�n�d� �s�p�r�i�n�g� �g�r�o�u�p�s� �(�T�a�b�l�e� �2�)�.� �T�h�e� �m�e�a�n� �f�r�e�s�h� �w�e�i�g�h�t� �o�f� �s�u�m�m�e�r� 

�q�u�e�e�n�s� �w�a�s� �s�i�m�i�l�a�r� �o�v�e�r� �t�h�e� �3�-�y�e�a�r� �p�e�r�i�o�d� �(�T�a�b�l�e� �2�)�,� �v�a�r�y�i�n�g� �f�r�o�m� �a� �h�i�g�h� �o�f� �5�1�7�.�2� 

�m�g� �(�1�9�8�9�)� �t�o� �a� �l�o�w� �o�f� �4�9�8�.�8� �m�g� �(�1�9�8�8�)�.� �T�h�e� �m�e�a�n� �d�r�y� �w�e�i�g�h�t� �o�f� �8� �s�u�m�m�e�r� 

�q�u�e�e�n�s� �c�o�l�l�e�c�t�e�d� �i�n� �1�9�8�8� �w�a�s� �1�7�7�.�4� �m�g� �a�n�d� �r�e�p�r�e�s�e�n�t�s� �a� �3�0�%� �(�4�0�.�8� �m�g�)� �d�r�y� 

�w�e�i�g�h�t� �i�n�c�r�e�a�s�e� �b�e�t�w�e�e�n� �n�e�s�t� �i�n�i�t�i�a�t�i�o�n� �i�n� �t�h�e� �s�p�r�i�n�g� �a�n�d� �t�h�e� �s�u�m�m�e�r� �s�e�a�s�o�n�.� 

�S�e�a�s�o�n�a�l� �w�e�i�g�h�t� �c�h�a�n�g�e�s� �i�n� �q�u�e�e�n� �t�h�o�r�a�c�e�s� �a�n�d� �a�b�d�o�m�e�n�s� �w�e�r�e� �a�n�a�l�y�z�e�d� 

�s�e�p�a�r�a�t�e�l�y� �(�T�a�b�l�e� �3�)�.� �T�h�e� �c�o�m�p�a�r�i�s�o�n� �o�f� �s�p�r�i�n�g� �a�n�d� �s�u�m�m�e�r� �q�u�e�e�n� �t�h�o�r�a�c�e�s



�5�3� 

�T�a�b�l�e� �2�.� �C�o�m�p�a�r�i�s�o�n� �o�f� �m�e�a�n� �f�r�e�s�h� �a�n�d� �d�r�y� �b�o�d�y� �w�e�i�g�h�t�s� �(�m�g� �+� �S�E�M�)� �o�f� 
�D�o�l�i�c�h�o�v�e�s�p�u�l�a� �m�a�c�u�l�a�t�a� �q�u�e�e�n�s� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �s�o�u�t�h�w�e�s�t�e�r�n� 
�V�i�r�g�i�n�i�a� �d�u�r�i�n�g� �t�h�e� �a�u�t�u�m�n�,� �s�p�r�i�n�g�,� �a�n�d� �s�u�m�m�e�r�,� �1�9�8�7�-�1�9�9�0�.� 
� � 

� � � � 

� � 

�F�r�e�s�h� �W�e�i�g�h�t� �D�r�y� �w�e�i�g�h�t� 

�G�r�o�u�p�!� �Y�e�a�r� �n� �M�e�a�n�?� �+� �S�E�M� �n� �M�e�a�n�?� �+� �S�E�M� 

�A�u�t�u�m�n� �1�9�8�7� �3�1� �6�0�4�6�+� �8�7�a� �8� �2�9�3�.�6� �+�1�2�.�5� �a� 

�S�p�r�i�n�g� �1�9�8�8� �1�7� �4�2�2�.�2�+� �9�0�c� �8� �1�2�9�.�3� �+� �6�.�4�¢� 
�n�o�n�-�n�e�s�t�i�n�g� 

�1�9�8�9� �4� �3�8�5�.�5� �+� �2�2�.�6� �c�¢� �3� �1�2�5�.�7� �+�1�0�.�3�¢� 

�S�p�r�i�n�g� �1�9�8�8� �5� �4�4�9�.�1�+� �2�4�.�1�¢� �4� �1�4�3�.�3� �+�1�0�.�5�¢� 
�n�e�s�t�i�n�g� 

�1�9�8�9� �6� �4�2�9�.�2� �+� �1�3�.�3�¢� �6� �1�3�8�9�.�4�4� �2�7�6� 

�1�9�9�0� �8� �4�3�3�.�8� �+� �8�.�4�c�¢� �8� �1�4�2�.�6� �+� �2�.�0�c�¢� 

�S�u�m�m�e�r� �1�9�8�7� �1�8� �4�9�8�.�8� �+� �1�3�.�0�b� �3� �|� 

�1�9�8�8� �1�5� �5�0�1�.�4� �+� �1�0�.�4� �_� �_�_� 

�1�9�8�9� �2�2� �5�1�7�.�2� �+� �1�0�.�6� �b� �8� �1�7�7�.�4� �+�1�3�.�5�b� 

� � 

�1� �A�u�t�u�m�n� �q�u�e�e�n�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �p�a�r�e�n�t� �n�e�s�t� �b�e�f�o�r�e� �h�i�b�e�r�n�a�t�i�n�g�;� �n�o�n�-�n�e�s�t�i�n�g� �s�p�r�i�n�g� �q�u�e�e�n�s� 
�w�e�r�e� �c�a�u�g�h�t� �i�n� �f�l�i�g�h�t�;� �s�p�r�i�n�g� �n�e�s�t�i�n�g� �q�u�e�e�n�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �e�m�b�r�y�o� �n�e�s�t�s�;� �s�u�m�m�e�r� �q�u�e�e�n�s� 
�w�e�r�e� �f�o�u�n�d�r�e�s�s� �q�u�e�e�n�s� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �m�a�t�u�r�e� �n�e�s�t�s�.� 

�2� �M�e�a�n�s� �w�i�t�h�i�n� �a� �c�o�l�u�m�n� �f�o�l�l�o�w�e�d� �b�y� �t�h�e� �s�a�m�e� �l�e�t�t�e�r�,� �a�r�e� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� �(�P� �<� �0�.�0�5�;� 
�D�u�n�c�a�n�'�s� �N�e�w� �M�u�l�t�i�p�l�e� �R�a�n�g�e� �t�e�s�t�)�.� 

�3� �D�r�y� �w�e�i�g�h�t� �d�a�t�a� �w�e�r�e� �n�o�t� �c�o�l�l�e�c�t�e�d� �o�n� �s�u�m�m�e�r� �q�u�e�e�n�s� �1�9�8�7�-�1�9�8�8�.
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�r�e�v�e�a�l�e�d� �n�o� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e�s� �(�P�>�0�.�0�5�)� �i�n� �t�h�o�r�a�c�i�c� �d�r�y� �w�e�i�g�h�t�.� �H�o�w�e�v�e�r�,� �t�h�e� 

�m�e�a�n� �f�a�l�l� �t�h�o�r�a�c�i�c� �w�e�i�g�h�t� �(�1�1�3�.�5� �m�g�)� �w�a�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� �(�P�=�0�.�0�0�0�1�)� �f�r�o�m� 

�b�o�t�h� �t�h�e� �s�p�r�i�n�g� �a�n�d� �s�u�m�m�e�r� �g�r�o�u�p�s�.� �T�h�e� �a�v�e�r�a�g�e� �t�h�o�r�a�c�i�c� �w�e�i�g�h�t� �l�o�s�s� �t�h�a�t� 

�o�c�c�u�r�r�e�d� �b�e�t�w�e�e�n� �a�u�t�u�m�n� �a�n�d� �s�p�r�i�n�g� �w�a�s� �6�8�.�7� �m�g� �o�r� �3�9�.�4�%�.� 

�G�r�e�a�t�e�r� �d�r�y� �w�e�i�g�h�t� �d�i�f�f�e�r�e�n�c�e�s� �w�e�r�e� �d�e�t�e�c�t�e�d� �a�m�o�n�g� �t�h�e� �a�b�d�o�m�e�n�s� �o�f� 

�q�u�e�e�n�s�.� �M�e�a�n� �a�u�t�u�m�n� �w�e�i�g�h�t� �w�a�s� �1�5�0�.�4� �m�g�,� �w�h�i�c�h� �w�a�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� 

�(�P� �=�0�.�0�0�0�1�)� �f�r�o�m� �b�o�t�h� �t�h�e� �s�p�r�i�n�g� �a�n�d� �s�u�m�m�e�r� �g�r�o�u�p�s� �(�T�a�b�l�e� �3�)�.� �M�e�a�n� �w�e�i�g�h�t� �f�o�r� 

�a�l�l� �s�p�r�i�n�g� �q�u�e�e�n�s� �c�o�l�l�e�c�t�e�d� �d�u�r�i�n�g� �1�9�8�7�-�8�9� �w�a�s� �5�0�.�1� �m�g�,� �s�u�g�g�e�s�t�i�n�g� �a� �6�6�.�6�%� �l�o�s�s� 

�i�n� �d�r�y� �a�b�d�o�m�i�n�a�l� �w�e�i�g�h�t� �d�u�r�i�n�g� �t�h�e� �h�i�b�e�r�n�a�t�i�o�n� �p�e�r�i�o�d�.� 

�D�u�r�i�n�g� �t�h�e� �s�u�m�m�e�r�,� �n�e�s�t� �d�e�v�e�l�o�p�m�e�n�t� �i�s� �s�l�o�w� �i�n�i�t�i�a�l�l�y�,� �b�u�t� �i�s� �f�o�l�l�o�w�e�d� �b�y� �a� 

�p�e�r�i�o�d� �o�f� �a�c�c�e�l�e�r�a�t�e�d� �g�r�o�w�t�h� �(�S�p�r�a�d�b�e�r�y� �1�9�7�3�;� �E�d�w�a�r�d�s� �1�9�8�0�;� �A�k�r�e� �e�t� �a�l�.� �1�9�8�1�)�.� 

�T�h�i�s� �i�n�c�r�e�a�s�e� �i�n� �g�r�o�w�t�h� �r�a�t�e� �r�e�f�l�e�c�t�s� �a�n� �i�n�c�r�e�a�s�e�d� �o�v�i�p�o�s�i�t�i�o�n� �r�a�t�e� �o�f� �t�h�e� �q�u�e�e�n�;� 

�t�h�e�r�e�f�o�r�e�,� �o�v�e�r�a�l�l� �q�u�e�e�n� �w�e�i�g�h�t� �s�h�o�u�l�d� �b�e� �g�r�e�a�t�e�r� �b�e�c�a�u�s�e� �o�f� �i�n�c�r�e�a�s�e�d� �f�o�o�d� 

�i�n�t�a�k�e�,� �v�i�t�e�l�l�o�g�e�n�e�s�i�s�,� �a�n�d� �o�v�a�r�i�a�n� �d�e�v�e�l�o�p�m�e�n�t�.� �C�l�e�a�r�l�y�,� �t�h�e� �s�u�m�m�e�r� �a�b�d�o�m�i�n�a�l� 

�w�e�i�g�h�t� �w�a�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� �(�P� �=�0�.�0�0�0�1�)� �f�r�o�m� �t�h�e� �s�p�r�i�n�g� �g�r�o�u�p�,� �s�h�o�w�i�n�g� �a�n� 

�i�n�c�r�e�a�s�e� �o�f� �2�0�.�1� �m�g�,� �o�r� �4�0�%�.� 

�M�e�a�n� �t�o�t�a�l� �t�h�o�r�a�c�i�c� �n�i�t�r�o�g�e�n� �i�n� �D�.� �m�a�c�u�l�a�t�a� �q�u�e�e�n�s� �w�a�s� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� 

�d�i�f�f�e�r�e�n�t� �(�P� �=�0�.�5�7�)� �i�n� �d�i�f�f�e�r�e�n�t� �s�e�a�s�o�n�s�;� �t�h�e� �m�e�a�n� �q�u�a�n�t�i�t�y� �o�f� �t�h�o�r�a�c�i�c� �n�i�t�r�o�g�e�n� 

�r�a�n�g�e�d� �f�r�o�m� �8�.�0� �m�g�-�8�.�8� �m�g� �(�T�a�b�l�e� �4�)�.� �A�l�t�h�o�u�g�h� �t�h�e� �n�i�t�r�o�g�e�n� �l�e�v�e�l�s� �d�i�d� �n�o�t� 

�c�h�a�n�g�e� �d�u�r�i�n�g� �t�h�e� �y�e�a�r�,� �t�h�e� �p�e�r�c�e�n�t�a�g�e� �o�f� �b�o�d�y� �w�e�i�g�h�t� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �t�o�t�a�l� 

�n�i�t�r�o�g�e�n� �c�h�a�n�g�e�d� �f�r�o�m� �7�.�3�%� �i�n� �t�h�e� �f�a�l�l� �t�o� �1�2�.�1�%� �i�n� �t�h�e� �s�p�r�i�n�g�.� �T�h�e� �l�o�w�e�r� �v�a�l�u�e� 

�o�b�s�e�r�v�e�d� �i�n� �t�h�e� �f�a�l�l� �w�a�s� �d�u�e� �t�o� �t�h�e� �h�i�g�h� �l�e�v�e�l�s� �o�f� �b�o�t�h� �l�i�p�i�d� �a�n�d� �c�a�r�b�o�h�y�d�r�a�t�e� 

�r�e�s�e�r�v�e�s�.� �U�n�l�i�k�e� �m�a�n�y� �a�n�t� �s�p�e�c�i�e�s� �w�h�i�c�h� �u�n�d�e�r�g�o� �f�l�i�g�h�t� �m�u�s�c�l�e� �h�i�s�t�o�l�y�s�i�s� �d�u�r�i�n�g� 

�i�n�i�t�i�a�l� �b�r�o�o�d� �d�e�v�e�l�o�p�m�e�n�t� �(�T�o�o�m� �e�t� �a�l�.� �1�9�7�6�)�,� �t�h�e�s�e� �a�n�a�l�y�s�e�s� �f�a�i�l�e�d� �t�o� �d�e�t�e�c�t� �a�n�y



�5�5� 

�T�a�b�l�e� �3�.� �C�o�m�p�a�r�i�s�o�n� �o�f� �m�e�a�n� �t�h�o�r�a�c�i�c� �a�n�d� �a�b�d�o�m�i�n�a�l� �d�r�y� �w�e�i�g�h�t�s� �(�m�g� �+� 
�S�E�M�)� �f�r�o�m� �D�o�l�i�c�h�o�v�e�s�p�u�l�a� �m�a�c�u�l�a�t�a� �q�u�e�e�n�s� �c�o�l�l�e�c�t�e�d� �d�u�r�i�n�g� �t�h�e� 
�a�u�t�u�m�n�,� �s�p�r�i�n�g�,� �a�n�d� �s�u�m�m�e�r�,� �1�9�8�7�-�1�9�9�0�.� 
� � 

� � � � 

� � 

�T�h�o�r�a�x� �A�b�d�o�m�e�n� 

�G�r�o�u�p�'� �Y�e�a�r� �M�e�a�n�?� �+� �S�E�M� �n� �M�e�a�n�?� �+� �S�E�M� 

�A�u�t�u�m�n� �1�9�8�7� �1�1�3�.�5� �+� �6�.�5� �8� �1�5�0�.�4�+� �8�9�a� 

�S�p�r�i�n�g� �1�9�8�8� �6�5�.�5� �+� �2�.�3�b� �8� �4�7�4�+� �3�8�c� 
�n�o�n�-�n�e�s�t�i�n�g� 

�S�p�r�i�n�g� �1�9�8�8� �7�1�.�8� �+� �1�.�9�6� �4�3� �5�1�.�5�+� �2�8�c� 
�n�e�s�t�i�n�g� 

�1�9�8�9� �7�0�.�4� �+� �1�.�1� �6� �5�2�.�6� �+� �2�.�2�¢� 

�S�u�m�m�e�r� �.� �1�9�8�9� �7�6�.�6� �+� �2�.�4�b� �7�4� �7�0�.�1� �+� �3�.�5�6� 

� � 

�1� �A�u�t�u�m�n� �q�u�e�e�n�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �p�a�r�e�n�t� �n�e�s�t� �b�e�f�o�r�e� �h�i�b�e�r�n�a�t�i�n�g�;� �n�o�n�-�n�e�s�t�i�n�g� �s�p�r�i�n�g� 
�q�u�e�e�n�s� �w�e�r�e� �c�a�u�g�h�t� �i�n� �f�l�i�g�h�t�;� �s�p�r�i�n�g� �n�e�s�t�i�n�g� �q�u�e�e�n�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �e�m�b�r�y�o� �n�e�s�t�s�;� 
�s�u�m�m�e�r� �q�u�e�e�n�s� �w�e�r�e� �f�o�u�n�d�r�e�s�s� �q�u�e�e�n�s�.� 

�2� �M�e�a�n�s� �w�i�t�h�i�n� �a� �c�o�l�u�m�n� �f�o�l�l�o�w�e�d� �b�y� �t�h�e� �s�a�m�e� �l�e�t�t�e�r�,� �a�r�e� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� �(�P� �<� �0�.�0�5�;� 
�D�u�n�c�a�n ��s� �N�e�w� �M�u�l�t�i�p�l�e� �R�a�n�g�e� �t�e�s�t�)�.� 

�3� �Q�u�e�e�n� �w�i�t�h� �a�b�d�o�m�i�n�a�l� �s�u�g�a�r� �c�o�n�t�e�n�t� �o�f� �5�2�%� �(�5�4� �m�g� �s�u�g�a�r�;� �n�o�n�-�n�o�r�m�a�l�)� �w�a�s� �e�x�c�l�u�d�e�d� �f�r�o�m� 
�c�o�m�p�a�r�i�s�o�n� �t�e�s�t�.� 

�4� �Q�u�e�e�n� �w�i�t�h� �a�b�d�o�m�i�n�a�l� �l�i�p�i�d� �c�o�n�t�e�n�t� �o�f� �8�3�%� �(�1�3�7� �m�g� �l�i�p�i�d�;� �n�o�n�-�n�o�r�m�a�l�)� �w�a�s� �e�x�c�l�u�d�e�d� �f�r�o�m� 
�c�o�m�p�a�r�i�s�o�n� �t�e�s�t�.



�5�6� 

�t�h�o�r�a�c�i�c� �n�i�t�r�o�g�e�n� �c�h�a�n�g�e�s� �i�n� �D�.� �m�a�c�u�l�a�t�a� �q�u�e�e�n�s�.� �S�u�c�c�e�s�s�f�u�l� �n�e�s�t� �f�o�u�n�d�i�n�g� 

�i�n�v�o�l�v�e�s� �a�c�t�i�v�e� �f�o�r�a�g�i�n�g� �b�y� �t�h�e� �q�u�e�e�n�,� �t�h�u�s� �m�u�s�c�l�e� �h�i�s�t�o�l�y�s�i�s� �w�o�u�l�d� �n�o�t� �b�e� 

�e�x�p�e�c�t�e�d�.� 

�M�e�a�n� �a�b�d�o�m�i�n�a�l� �n�i�t�r�o�g�e�n� �r�a�n�g�e�d� �f�r�o�m� �4�.�6� �m�g� �t�o� �5�.�7� �m�g� �i�n� �t�h�e� �s�p�r�i�n�g� 

�n�e�s�t�i�n�g� �a�n�d� �n�o�n�-�n�e�s�t�i�n�g� �q�u�e�e�n�s� �a�n�d� �n�o� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e�s� �(�P�>�0�.�0�5�)� �w�e�r�e� 

�d�e�t�e�c�t�e�d� �a�m�o�n�g� �t�h�e�s�e� �q�u�e�e�n� �g�r�o�u�p�s� �(�T�a�b�l�e� �4�)�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e�s�e� �2� �g�r�o�u�p�s� �w�e�r�e� 

�n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� �(�P�>�0�.�0�5�)� �f�r�o�m� �t�h�e� �f�a�l�l� �1�9�8�7� �g�r�o�u�p�,� �i�n�d�i�c�a�t�i�n�g� �t�h�a�t� 

�a�b�d�o�m�i�n�a�l� �n�i�t�r�o�g�e�n� �l�e�v�e�l�s� �r�e�m�a�i�n�e�d� �r�e�l�a�t�i�v�e�l�y� �c�o�n�s�t�a�n�t� �f�r�o�m� �f�a�l�l� �u�n�t�i�l� �e�a�r�l�y� 

�s�u�m�m�e�r�.� �H�o�w�e�v�e�r�,� �m�e�a�n� �a�b�d�o�m�i�n�a�l� �n�i�t�r�o�g�e�n� �l�e�v�e�l�s� �i�n�c�r�e�a�s�e�d� �t�o� �t�h�e�i�r� �m�a�x�i�m�u�m� 

�d�u�r�i�n�g� �t�h�e� �s�u�m�m�e�r� �s�e�a�s�o�n� �a�n�d� �w�e�r�e� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� �(�P� �=�0�.�0�0�0�1�)� �f�r�o�m� �b�o�t�h� 

�t�h�e� �f�a�l�l� �a�n�d� �s�p�r�i�n�g� �g�r�o�u�p�s�.� �T�h�e� �m�e�a�n� �t�o�t�a�l� �n�i�t�r�o�g�e�n� �c�o�n�t�e�n�t� �i�n� �t�h�e� �a�b�d�o�m�e�n�s� �o�f� 

�s�u�m�m�e�r� �q�u�e�e�n�s� �w�a�s� �6�.�6� �m�g�,� �o�r� �9�.�4�%� �o�f� �t�h�e� �a�b�d�o�m�i�n�a�l� �d�r�y� �w�e�i�g�h�t�.� �T�h�e� �i�n�c�r�e�a�s�e� 

�i�n� �m�e�a�n� �n�i�t�r�o�g�e�n� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �a�b�d�o�m�e�n�s� �o�f� �s�p�r�i�n�g� �a�n�d� �s�u�m�m�e�r� �q�u�e�e�n�s� 

�w�a�s� �1�.�5�m�g�.� �G�i�v�e�n� �t�h�a�t� �t�h�e� �m�e�a�n� �d�i�f�f�e�r�e�n�c�e� �i�n� �d�r�y� �w�e�i�g�h�t� �b�e�t�w�e�e�n� �t�h�e� 

�a�b�d�o�m�e�n�s� �o�f� �s�p�r�i�n�g� �a�n�d� �s�u�m�m�e�r� �q�u�e�e�n�s� �w�a�s� �2�0�.�1� �m�g�,� �t�h�e�n� �n�i�t�r�o�g�e�n� �w�a�s� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �7�.�3�%� �o�f� �t�h�e� �a�b�d�o�m�i�n�a�l� �d�r�y� �w�e�i�g�h�t� �d�i�f�f�e�r�e�n�c�e�.� �T�h�i�s� �f�i�n�d�i�n�g� �s�u�g�g�e�s�t�s� 

�t�h�a�t� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �a�b�d�o�m�i�n�a�l� �d�r�y� �w�e�i�g�h�t� �w�a�s� �i�n� �p�a�r�t� �d�u�e� �t�o� �i�n�c�r�e�a�s�e�s� �i�n� �p�r�o�t�e�i�n� 

�a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �v�i�t�e�l�l�o�g�e�n�e�s�i�s� �a�n�d� �o�v�a�r�i�a�n� �d�e�v�e�l�o�p�m�e�n�t�.� 

�A�l�t�h�o�u�g�h� �s�u�m�m�e�r� �q�u�e�e�n�s� �w�e�i�g�h�e�d� �m�o�r�e� �t�h�a�n� �s�p�r�i�n�g� �q�u�e�e�n�s�,� �a�n� �a�n�a�l�y�s�i�s� 

�o�f� �v�a�r�i�a�n�c�e� �f�a�i�l�e�d� �t�o� �d�e�t�e�c�t� �m�o�n�t�h�l�y� �f�r�e�s�h� �w�e�i�g�h�t� �c�h�a�n�g�e�s� �w�i�t�h�i�n� �5�5� �s�u�m�m�e�r� 

�q�u�e�e�n�s� �o�v�e�r� �t�h�e� �3�-�y�e�a�r� �p�e�r�i�o�d� �(�P�=�0�.�3�2�;� �T�a�b�l�e� �5�)�.� �I�n� �p�a�r�t�,� �t�h�i�s� �w�a�s� �p�r�o�b�a�b�l�y� �d�u�e� 

�t�o� �t�h�e� �v�a�r�i�a�b�i�l�i�t�y� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �e�g�g�-�l�a�y�i�n�g� �r�a�t�e�s� �o�f� �i�n�d�i�v�i�d�u�a�l� �q�u�e�e�n�s� �a�n�d� �t�h�e� 

�s�i�z�e� �a�n�d� �v�i�g�o�r� �o�f� �t�h�e�i�r� �r�e�s�p�e�c�t�i�v�e� �n�e�s�t�s�.� �T�h�e� �g�r�e�a�t�e�s�t� �s�e�a�s�o�n�a�l� �w�e�i�g�h�t� �c�h�a�n�g�e� �i�n



�5�7� 

�T�a�b�l�e� �4�.� �C�o�m�p�a�r�i�s�o�n� �o�f� �m�e�a�n� �t�h�o�r�a�c�i�c� �a�n�d� �a�b�d�o�m�i�n�a�l� �t�o�t�a�l� �n�i�t�r�o�g�e�n� �(�m�g� �+� �S�E�M�)� 
�f�r�o�m� �D�o�l�i�c�h�o�v�e�s�p�u�l�a� �m�a�c�u�l�a�t�a� �q�u�e�e�n�s� �c�o�l�l�e�c�t�e�d� �d�u�r�i�n�g� �t�h�e� �a�u�t�u�m�n�,� 
�s�p�r�i�n�g�,� �a�n�d� �s�u�m�m�e�r�,� �1�9�8�7�-�1�9�9�0�.� 
� � 

� � � � 

� � 

�T�h�o�r�a�x� �-� �A�b�d�o�m�e�n� 

�G�r�o�u�p�!� �Y�e�a�r� �n� �M�e�a�n�?� �+� �S�E�M�  �� �n� �M�e�a�n�?� �+� �S�E�M� 

�A�u�t�u�m�n� �1�9�8�7� �8� �8�.�2�+�0�.�2�a� �8� �5�.�3�+�0�.�2�a� 

�S�p�r�i�n�g� �1�9�8�8� �8� �8�.�3�+�0�.�3� �a� �8� �4�6�+�0�.�2�a� 
�n�o�n�-�n�e�s�t�i�n�g� 

�S�p�r�i�n�g� �1�9�8�8� �5� �8�.�8�+�0�.�3� �5� �5�.�7�+�0�.�4�a� 
�n�e�s�t�i�n�g� 

�1�9�8�9� �6� �8�.�0�+�0�3�a� �6� �5�.�4�+�0�.�2�a� 

�S�u�m�m�e�r� �1�9�8�9� �8� �8�.�4�+�0�.�3� �a� �8� �6�.�6� �+� �0�.�4�b�d� 

� � 

�'� �A�u�t�u�m�n� �q�u�e�e�n�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �p�a�r�e�n�t� �n�e�s�t� �b�e�f�o�r�e� �h�i�b�e�r�n�a�t�i�n�g�;� �n�o�n�-�n�e�s�t�i�n�g� �s�p�r�i�n�g� �q�u�e�e�n�s� 
�w�e�r�e� �c�a�u�g�h�t� �i�n� �f�l�i�g�h�t�;� �s�p�r�i�n�g� �n�e�s�t�i�n�g� �q�u�e�e�n�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �e�m�b�r�y�o� �n�e�s�t�s�;� �s�u�m�m�e�r� �q�u�e�e�n�s� 
�w�e�r�e� �f�o�u�n�d�r�e�s�s� �q�u�e�e�n�s� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �m�a�t�u�r�e� �n�e�s�t�s�.� 

�2� �M�e�a�n�s� �w�i�t�h�i�n� �a� �c�o�l�u�m�n� �f�o�l�l�o�w�e�d� �b�y� �t�h�e� �s�a�m�e� �l�e�t�t�e�r� �a�r�e� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� �(�P� �<� �0�.�0�5�;� 
�D�u�n�c�a�n�'�s� �N�e�w� �M�u�l�t�i�p�l�e� �R�a�n�g�e� �t�e�s�t�)�.



�5�8� 

�T�a�b�l�e� �5�.� �C�o�m�p�a�r�i�s�o�n� �o�f� �m�e�a�n� �D�o�l�i�c�h�o�v�e�s�p�u�l�a� �m�a�c�u�l�a�t�a� �q�u�e�e�n� �f�r�e�s�h� �b�o�d�y� 
�w�e�i�g�h�t�s� �(�m�g� �+� �S�E�M�)� �c�o�l�l�e�c�t�e�d� �d�u�r�i�n�g� �t�h�e� �s�u�m�m�e�r� �s�e�a�s�o�n�s�,� �1�9�8�7�-� 
�1�9�9�0�.� 
� � 

� � 

�M�o�n�t�h�  �� �Y�e�a�r� �n� �M�e�a�n�!� �+� �S�E�M� 

�A�u�g�u�s�t� �1�9�8�9� �1�1� �5�3�3�.�3� �+� �1�3�.�0� 

�J�u�l�y� �1�9�8�7� �9� �5�1�9�.�3� �+� �2�0�.�6� 

�A�u�g�u�s�t� �1�9�8�8� �6� �5�1�5�.�2� �+� �1�1�.�9� 

�S�e�p�t�e�m�b�e�r� �1�9�8�9� �7� �5�1�1�.�3� �+� �2�0�.�2� 

�S�e�p�t�e�m�b�e�r� �1�9�8�8� �5� �4�9�4�.�4� �+� �2�7�.�9� 

�A�u�g�u�s�t� �1�9�8�7� �4� �4�9�2�.�6� �+� �1�7�.�9� 

�J�u�l�y� �1�9�8�8� �4� �4�8�9�.�6� �+� �8�.�3� 

�J�u�l�y� �1�9�8�9� �4� �4�8�3�.�4� �+� �2�6�.�8� 

�S�e�p�t�e�m�b�e�r� �1�9�8�7� �5� �4�6�7�.�1� �+� �2�0�.�4� 
� � 

�N�o� �s�i�g�n�i�f�i�c�a�n�t� �w�e�i�g�h�t� �d�i�f�f�e�r�e�n�c�e�s� �w�e�r�e� �d�e�t�e�c�t�e�d� �a�m�o�n�g� �a�n�y� �s�e�a�s�o�n�a�l� �g�r�o�u�p�s� 
�(�P� �=� �0�.�3�2�)�,� �G�L�M� �p�r�o�c�e�d�u�r�e�,� �S�A�S� �I�n�s�t�i�t�u�t�e�,� �1�9�8�5�.



�5�9� 

�D�.� �m�a�c�u�l�a�t�a� �q�u�e�e�n�s� �w�a�s� �p�r�i�m�a�r�i�l�y� �d�u�e� �t�o� �l�i�p�i�d� �u�t�i�l�i�z�a�t�i�o�n�.� �T�h�e� �m�e�a�n� �t�o�t�a�l� �l�i�p�i�d� 

�w�e�i�g�h�t� �i�n� �t�h�e� �f�a�l�l� �q�u�e�e�n�s� �w�a�s� �1�4�5�.�2� �m�g�;� �t�h�i�s� �q�u�a�n�t�i�t�y� �a�c�c�o�u�n�t�e�d� �f�o�r� �4�9�.�2�%� �o�f� �t�h�e� 

�f�a�l�l� �q�u�e�e�n� �d�r�y� �w�e�i�g�h�t�.� �T�h�e�s�e� �r�e�s�u�l�t�s� �a�r�e� �s�i�m�i�l�a�r� �t�o� �t�h�o�s�e� �r�e�p�o�r�t�e�d� �b�y� �S�p�r�a�d�b�e�r�y� 

�(�1�9�7�3�)� �w�h�o� �f�o�u�n�d� �t�h�a�t� �l�i�p�i�d�s� �a�c�c�o�u�n�t�e�d� �f�o�r� �4�0�%� �o�f� �t�h�e� �p�r�e�-�w�i�n�t�e�r�i�n�g� �d�r�y� �w�e�i�g�h�t� �i�n� 

�V�e�s�p�u�l�a� �v�u�l�g�a�r�i�s� �(�L�.�)�.� �W�i�t�h�i�n� �t�h�e� �t�h�o�r�a�x�,� �m�e�a�n� �l�i�p�i�d� �q�u�a�n�t�i�t�i�e�s� �a�c�c�o�u�n�t�e�d� �f�o�r� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �4�2�%� �o�f� �t�h�e� �f�a�l�l� �t�h�o�r�a�c�i�c� �w�e�i�g�h�t� �(�T�a�b�l�e� �6�)�.� �T�h�e� �m�e�a�n� �f�a�l�l� �t�h�o�r�a�c�i�c� 

�l�i�p�i�d� �q�u�a�n�t�i�t�i�e�s� �w�e�r�e� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� �(�P� �=�0�.�0�0�0�1�)� �f�r�o�m� �b�o�t�h� �t�h�e� �s�p�r�i�n�g� �a�n�d� 

�s�u�m�m�e�r� �g�r�o�u�p�s�.� �M�e�a�n� �t�h�o�r�a�c�i�c� �l�i�p�i�d� �q�u�a�n�t�i�t�i�e�s� �w�i�t�h�i�n� �t�h�e� �s�p�r�i�n�g� �a�n�d� �s�u�m�m�e�r� 

�t�h�o�r�a�c�e�s� �r�a�n�g�e�d� �f�r�o�m� �1�9�.�5�4� �m�g� �t�o� �2�4�.�4� �m�g�;� �n�o� �d�i�f�f�e�r�e�n�c�e�s� �(�P�>�0�.�0�5�)� �w�e�r�e� 

�d�e�t�e�c�t�e�d� �a�m�o�n�g� �t�h�e� �t�h�o�r�a�c�i�c� �l�i�p�i�d� �q�u�a�n�t�i�t�i�e�s� �o�f� �s�p�r�i�n�g� �a�n�d� �s�u�m�m�e�r� �q�u�e�e�n�s�.� 

�G�r�e�a�t�e�r� �m�e�a�n� �l�i�p�i�d� �d�i�f�f�e�r�e�n�c�e�s� �w�e�r�e� �d�e�t�e�c�t�e�d� �w�i�t�h�i�n� �t�h�e� �q�u�e�e�n� �a�b�d�o�m�e�n�s�.� 

�T�h�e� �m�e�a�n� �l�i�p�i�d� �q�u�a�n�t�i�t�i�e�s� �w�i�t�h�i�n� �t�h�e� �a�b�d�o�m�e�n� �o�f� �f�a�l�l� �q�u�e�e�n�s� �a�c�c�o�u�n�t�e�d� �f�o�r� �6�4�.�4�%� 

�o�f� �t�h�e� �d�r�y� �w�e�i�g�h�t� �(�T�a�b�l�e� �6�)�.� �T�h�i�s� �v�a�l�u�e� �w�a�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �h�i�g�h�e�r� �(�P� �=�0�.�0�0�0�1�)� �t�h�a�n� 

�t�h�e� �o�t�h�e�r� �g�r�o�u�p�s�.� �B�y� �s�p�r�i�n�g�,� �t�h�e� �m�e�a�n� �l�i�p�i�d� �q�u�a�n�t�i�t�i�e�s� �w�i�t�h�i�n� �t�h�e� �a�b�d�o�m�e�n�s� 

�r�a�n�g�e�d� �f�r�o�m� �1�8�.�7� �m�g� �t�o� �2�5�.�9� �m�g�,� �r�e�p�r�e�s�e�n�t�i�n�g� �4�5�%� �o�f� �t�h�e� �a�b�d�o�m�i�n�a�l� �w�e�i�g�h�t� �o�f� 

�s�p�r�i�n�g� �q�u�e�e�n�s�.� �T�h�e� �m�o�s�t� �a�b�u�n�d�a�n�t� �l�i�p�i�d�s� �f�o�u�n�d� �i�n� �b�o�t�h� �f�a�l�l� �a�n�d� �s�p�r�i�n�g� �q�u�e�e�n�s� 

�w�e�r�e� �t�r�i�a�c�y�l�g�l�y�c�e�r�i�d�e�s� �(�3�5�-�5�0�%�)�,� �f�r�e�e� �f�a�t�t�y� �a�c�i�d�s� �(�2�5�-�4�0�%�)�,� �a�n�d� �c�h�o�l�e�s�t�e�r�o�l� �(�2�0�-� 

�4�0�%�)�.� �N�o� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e�s� �(�P�>�'� �0�.�0�5�)� �i�n� �a�b�d�o�m�i�n�a�l� �l�i�p�i�d� �w�e�r�e� �d�e�t�e�c�t�e�d� �w�i�t�h�i�n� 

�t�h�e� �s�p�r�i�n�g� �g�r�o�u�p�s� �(�T�a�b�l�e� �6�)�.� �S�i�m�i�l�a�r�l�y�,� �t�h�e� �a�b�d�o�m�i�n�a�l� �l�i�p�i�d� �q�u�a�n�t�i�t�i�e�s� �o�f� �s�u�m�m�e�r� 

�q�u�e�e�n�s� �w�e�r�e� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� �(�P�>�0�.�0�5�)� �f�r�o�m� �t�h�e� �s�p�r�i�n�g� �g�r�o�u�p�s�.� 

�H�o�w�e�v�e�r�,� �t�h�e� �l�i�p�i�d� �a�n�a�l�y�s�e�s� �r�e�v�e�a�l�e�d� �a�n� �a�t�y�p�i�c�a�l� �a�b�d�o�m�e�n� �o�f� �w�h�i�c�h� �8�3�%� �o�f� �t�h�e� 

�t�o�t�a�l� �a�b�d�o�m�i�n�a�l� �w�e�i�g�h�t� �w�a�s� �l�i�p�i�d�;� �t�h�i�s� �e�x�t�r�e�m�e� �v�a�l�u�e� �w�a�s� �e�x�c�l�u�d�e�d� �f�r�o�m� �t�h�e� 

�c�o�m�p�a�r�i�s�o�n� �t�e�s�t�s�.� �T�h�e� �u�n�u�s�u�a�l�l�y� �h�i�g�h� �l�i�p�i�d� �c�o�n�t�e�n�t� �o�f� �t�h�e� �r�e�s�p�e�c�t�i�v�e� �q�u�e�e�n�,� �a�s� 

�w�e�l�l� �a�s� �t�h�e� �h�i�g�h� �a�b�d�o�m�i�n�a�l� �n�i�t�r�o�g�e�n� �l�e�v�e�l�s� �o�b�s�e�r�v�e�d� �a�m�o�n�g� �t�h�e� �s�u�m�m�e�r� �q�u�e�e�n�s�,



�6�0� 

�T�a�b�l�e� �6�.� �C�o�m�p�a�r�i�s�o�n� �o�f� �m�e�a�n� �t�h�o�r�a�c�i�c� �a�n�d� �a�b�d�o�m�i�n�a�l� �t�o�t�a�l� �l�i�p�i�d� �(�m�g� �+� �S�E�M�)� 
�f�r�o�m� �D�o�l�i�c�h�o�v�e�s�p�u�l�a� �m�a�c�u�l�a�t�a� �q�u�e�e�n�s� �c�o�l�l�e�c�t�e�d� �d�u�r�i�n�g� �t�h�e� �a�u�t�u�m�n�,� 
�s�p�r�i�n�g�,� �a�n�d� �s�u�m�m�e�r�,� �1�9�8�7�-�1�9�9�0�.� 
� � 

� � � � 

� � 

�T�h�o�r�a�x� �A�b�d�o�m�e�n� 

�G�r�o�u�p�!� �Y�e�a�r� �n� �M�e�a�n�?� �+� �S�E�M� �n� �M�e�a�n�2� �+� �S�E�M� 

�A�u�t�u�m�n� �1�9�8�7� �8� �4�8�.�4�+�4�9� �a� �8� �9�6�.�8� �+� �8�.�3� �a� 

�S�p�r�i�n�g� �1�9�8�8� �8� �2�1�.�7�+�1�6�b� �8� �2�1�.�3�+�1�.�3�b� 
�n�o�n�-�n�e�s�t�i�n�g� 

�S�p�r�i�n�g� �1�9�8�8� �5� �2�4�.�4�4� �1�.�2� �5� �2�5�.�9� �+� �2�.�8�b� 
�n�e�s�t�i�n�g� 

�1�9�8�9� �6� �1�9�.�5�+�3�.�9�b� �6� �.� �1�8�.�7�4� �1�.�2� 

�S�u�m�m�e�r� �1�9�8�9� �8� �1�9�.�6� �+� �1�.�4�b� �7�3� �2�6�.�1� �+� �2�.�1�5� 

� � 

�1� �A�u�t�u�m�n� �q�u�e�e�n�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �p�a�r�e�n�t� �n�e�s�t� �b�e�f�o�r�e� �h�i�b�e�r�n�a�t�i�n�g�;� �n�o�n�-�n�e�s�t�i�n�g� �s�p�r�i�n�g� 
�q�u�e�e�n�s� �w�e�r�e� �c�a�u�g�h�t� �i�n� �f�l�i�g�h�t�;� �s�p�r�i�n�g� �n�e�s�t�i�n�g� �q�u�e�e�n�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �e�m�b�r�y�o� �n�e�s�t�s�;� 
�s�u�m�m�e�r� �q�u�e�e�n�s� �w�e�r�e� �f�o�u�n�d�r�e�s�s� �q�u�e�e�n�s� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �m�a�t�u�r�e� �n�e�s�t�s�.� 

�2� �M�e�a�n�s� �w�i�t�h�i�n� �a� �c�o�l�u�m�n� �f�o�l�l�o�w�e�d� �b�y� �t�h�e� �s�a�m�e� �l�e�t�t�e�r� �a�r�e� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� �(�P� �<� �0�.�0�5�;� 
�D�u�n�c�a�n ��s� �N�e�w� �M�u�l�t�i�p�l�e� �R�a�n�g�e� �t�e�s�t�)�.� 

�3� �Q�u�e�e�n� �w�i�t�h� �8�3�%� �(�1�3�7� �m�g� �l�i�p�i�d�;� �n�o�n�-�n�o�r�m�a�l�)� �a�b�d�o�m�i�n�a�l� �l�i�p�i�d� �c�o�n�t�e�n�t� �e�x�c�l�u�d�e�d� �f�r�o�m� �c�o�m�p�a�r�i�s�o�n� 
�t�e�s�t�.



�6�1� 

�p�r�o�b�a�b�l�y� �r�e�f�l�e�c�t�s� �e�x�t�e�n�s�i�v�e� �f�e�e�d�i�n�g� �a�n�d�/�o�r� �a� �l�a�r�g�e� �n�u�m�b�e�r� �o�f� �e�g�g�s� �i�n� �t�h�e� 

�a�b�d�o�m�e�n� �r�e�a�d�y� �t�o� �b�e� �l�a�i�d�.� 

�S�u�g�a�r�s� �w�e�r�e� �t�h�e� �s�e�c�o�n�d� �m�o�s�t� �a�b�u�n�d�a�n�t� �e�n�e�r�g�y� �r�e�s�e�r�v�e� �f�o�u�n�d� �i�n� �q�u�e�e�n�s� 

�b�e�f�o�r�e� �t�h�e� �h�i�b�e�r�n�a�t�i�o�n� �p�e�r�i�o�d�.� �T�h�e� �m�e�a�n� �t�h�o�r�a�c�i�c� �s�u�g�a�r� �q�u�a�n�t�i�t�y� �f�r�o�m� �q�u�e�e�n�s� 

�c�o�l�l�e�c�t�e�d� �i�n� �t�h�e� �a�u�t�u�m�n� �o�f� �1�9�8�7� �w�a�s� �1�2�.�3� �m�g� �o�r� �1�1�%� �o�f� �t�h�e� �t�o�t�a�l� �t�h�o�r�a�c�i�c� �d�r�y� 

�w�e�i�g�h�t� �(�T�a�b�l�e� �7�)�.� �T�h�i�s� �v�a�l�u�e� �w�a�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �h�i�g�h�e�r� �(�P�=�0�.�0�0�0�1�)� �t�h�a�n� �t�h�o�s�e� 

�r�e�c�o�r�d�e�d� �i�n� �t�h�e� �o�t�h�e�r� �s�e�a�s�o�n�s�.� �A�f�t�e�r� �t�h�e� �a�u�t�u�m�n� �p�e�r�i�o�d�,� �t�h�e� �s�u�g�a�r� �q�u�a�n�t�i�t�i�e�s� 

�r�a�n�g�e�d� �f�r�o�m� �1�.�3� �m�g�-�5�.�0� �m�g� �a�n�d� �n�e�v�e�r� �a�c�c�o�u�n�t�e�d� �f�o�r� �m�o�r�e� �t�h�a�n� �2�%� �o�f� �t�h�e� �t�o�t�a�l� 

�t�h�o�r�a�c�i�c� �w�e�i�g�h�t�.� �I�n� �a�d�d�i�t�i�o�n�,� �n�o� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e�s� �(�P�>�0�.�0�5�)� �i�n� �s�u�g�a�r� 

�q�u�a�n�t�i�t�i�e�s� �w�e�r�e� �f�o�u�n�d� �a�m�o�n�g� �t�h�e� �t�h�o�r�a�c�e�s� �o�f� �s�p�r�i�n�g� �a�n�d� �s�u�m�m�e�r� �q�u�e�e�n�s�.� 

�H�i�g�h� �p�e�r�f�o�r�m�a�n�c�e� �t�h�i�n� �l�a�y�e�r� �c�h�r�o�m�a�t�o�g�r�a�p�h�y� �(�F�e�l�l� �1�9�9�0�)� �r�e�v�e�a�l�e�d� 

�t�r�e�h�a�l�o�s�e� �t�o� �b�e� �t�h�e� �p�r�e�d�o�m�i�n�a�n�t� �s�u�g�a�r� �i�n� �t�h�e� �h�e�m�o�l�y�m�p�h� �o�f� �6� �D�.� �m�a�c�u�l�a�t�a� 

�q�u�e�e�n�s�.� �T�h�e� �m�e�a�n� �q�u�a�n�t�i�t�y� �o�f� �t�r�e�h�a�l�o�s�e� �w�a�s� �2�9�.�2�5� �u�g�/�u�l� �+� �4�.�4�7�,� �r�a�n�g�i�n�g� �f�r�o�m� 

�1�5�.�6� �u�g�/�u�l� �t�o� �4�2�.�4� �u�g�/�u�l� �o�f� �h�e�m�o�l�y�m�p�h�.� �A�l�t�h�o�u�g�h� �t�r�e�h�a�l�o�s�e� �w�a�s� �t�h�e� �m�o�s�t� 

�a�b�u�n�d�a�n�t� �s�u�g�a�r� �w�i�t�h�i�n� �t�h�e� �h�e�m�o�l�y�m�p�h�,� �t�r�a�c�e�s� �o�f� �g�l�u�c�o�s�e� �w�e�r�e� �a�p�p�a�r�e�n�t�,� �b�u�t� �a�t� 

�l�e�v�e�l�s� �t�o�o� �s�m�a�l�l� �t�o� �b�e� �q�u�a�n�t�i�f�i�e�d�.� 

�M�e�a�n� �s�u�g�a�r� �l�e�v�e�l�s� �w�i�t�h�i�n� �t�h�e� �a�b�d�o�m�e�n� �f�o�l�l�o�w�e�d� �t�h�e� �s�a�m�e� �t�r�e�n�d� �a�s� �t�h�o�s�e� �i�n� 

�t�h�e� �t�h�o�r�a�x� �(�T�a�b�l�e� �7�)�.� �M�e�a�n� �s�u�g�a�r� �q�u�a�n�t�i�t�i�e�s� �(�2�0�.�4� �m�g�)� �w�e�r�e� �h�i�g�h�e�s�t� �(�P� �=�0�.�0�0�0�1�)� �i�n� 

�t�h�e� �f�a�l�l� �a�b�d�o�m�e�n�,� �r�e�p�r�e�s�e�n�t�i�n�g� �1�3�.�5�%� �o�f� �t�h�e� �t�o�t�a�l� �f�a�l�l� �a�b�d�o�m�i�n�a�l� �w�e�i�g�h�t�.� �T�h�e� �h�i�g�h� 

�l�e�v�e�l�s� �o�f� �s�u�g�a�r� �o�b�s�e�r�v�e�d� �i�n� �t�h�e� �f�a�l�l� �t�h�o�r�a�x� �a�n�d� �a�b�d�o�m�e�n� �w�e�r�e� �p�r�o�b�a�b�l�y� �u�s�e�d� �f�o�r� 

�g�l�y�c�o�g�e�n� �a�n�d�/�o�r� �p�o�l�y�o�l� �s�y�n�t�h�e�s�i�s�.� �A�f�t�e�r� �t�h�e� �h�i�b�e�r�n�a�t�i�o�n� �p�e�r�i�o�d�,� �t�h�e� �a�b�d�o�m�i�n�a�l� 

�s�u�g�a�r� �q�u�a�n�t�i�t�i�e�s� �r�a�n�g�e�d� �f�r�o�m� �3�.�1� �m�g�-�5�.�9� �m�g�,� �n�e�v�e�r� �r�i�s�i�n�g� �t�o� �l�e�v�e�l�s� �h�i�g�h�e�r� �t�h�a�n� �6�%�.� 

�A�s� �i�n� �t�h�e� �t�h�o�r�a�x�,� �t�h�e� �m�e�a�n� �s�u�g�a�r� �q�u�a�n�t�i�t�i�e�s� �w�e�r�e� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� 

�(�P�>�0�.�0�5�)� �a�m�o�n�g� �t�h�e� �a�b�d�o�m�e�n�s� �o�f� �s�p�r�i�n�g� �a�n�d� �s�u�m�m�e�r� �q�u�e�e�n�s�.� �H�o�w�e�v�e�r�,� �o�n�e



�6�2� 

�T�a�b�l�e� �7�.� �C�o�m�p�a�r�i�s�o�n� �o�f� �m�e�a�n� �t�h�o�r�a�c�i�c� �a�n�d� �a�b�d�o�m�i�n�a�l� �t�o�t�a�l� �s�u�g�a�r� �(�m�g� �+� 
�S�E�M�;� �g�l�u�c�o�s�e� �e�q�u�i�v�a�l�e�n�t�s�)� �f�r�o�m� �D�o�l�i�c�h�o�v�e�s�p�u�l�a� �m�a�c�u�l�a�t�a� �q�u�e�e�n�s� 
�c�o�l�l�e�c�t�e�d� �d�u�r�i�n�g� �t�h�e� �a�u�t�u�m�n�,� �s�p�r�i�n�g�,� �a�n�d� �s�u�m�m�e�r�,� �1�9�8�7�-�1�9�9�0�.� 
� � 

� � � � 

� � 

�T�h�o�r�a�x� �A�b�d�o�m�e�n� 

�G�r�o�u�p�!� �Y�e�a�r� �n� �M�e�a�n�?� �+� �S�E�M� �n�m� �M�e�a�n�?� �+� �S�E�M� 

�A�u�t�u�m�n� �1�9�8�7� �8� �1�2�.�3�+� �0�.�3�0� �8� �2�0�.�4� �+� �1�.�5�8� 

�S�p�r�i�n�g� �1�9�8�8� �8� �1�3�+� �0�3�5� �8� �3�.�1�+� �1�.�1�5� 
�n�o�n�-�n�e�s�t�i�n�g� 

�S�p�r�i�n�g� �1�9�8�8� �5� �2�.�6� �+� �0�.�6�b� �4�3� �3�.�9� �+� �1�.�0�d� 
�n�e�s�t�i�n�g� 

�1�9�8�9� �6� �5�.�0�+� �2�.�0� �b� �6� �5�.�1�4� �1�.�1�5� 

�S�u�m�m�e�r� �1�9�8�9� �8� �4�.�7�+� �1�.�3�b� �8� �5�.�9� �+� �1�.�7�b� 

� � 

�1� �A�u�t�u�m�n� �q�u�e�e�n�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �p�a�r�e�n�t� �n�e�s�t� �b�e�f�o�r�e� �h�i�b�e�r�n�a�t�i�n�g�;� �n�o�n�-�n�e�s�t�i�n�g� �s�p�r�i�n�g� 
�q�u�e�e�n�s� �w�e�r�e� �c�a�u�g�h�t� �i�n� �f�l�i�g�h�t�;� �s�p�r�i�n�g� �n�e�s�t�i�n�g� �q�u�e�e�n�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �e�m�b�r�y�o� �n�e�s�t�s�;� 
�s�u�m�m�e�r� �q�u�e�e�n�s� �w�e�r�e� �f�o�u�n�d�r�e�s�s� �q�u�e�e�n�s� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �m�a�t�u�r�e� �n�e�s�t�s�.� 

�2� �M�e�a�n�s� �w�i�t�h�i�n� �a� �c�o�l�u�m�n� �f�o�l�l�o�w�e�d� �b�y� �t�h�e� �s�a�m�e� �l�e�t�t�e�r�,� �a�r�e� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� �(�P� �<� �0�.�0�5�;� 
�D�u�n�c�a�n ��s� �N�e�w� �M�u�l�t�i�p�l�e� �R�a�n�g�e� �t�e�s�t�)�.� 

�3� �Q�u�e�e�n� �w�i�t�h� �a�b�d�o�m�i�n�a�l� �s�u�g�a�r� �c�o�n�t�e�n�t� �o�f� �5�2�%� �(�5�4� �m�g�)� �w�a�s� �e�x�c�l�u�d�e�d� �f�r�o�m� �c�o�m�p�a�r�i�s�o�n� �t�e�s�t�.



�6�3� 

�q�u�e�e�n� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �a� �s�p�r�i�n�g� �e�m�b�r�y�o� �n�e�s�t� �i�n� �1�9�8�8�,� �h�a�d� �a�n� �a�b�d�o�m�i�n�a�l� �s�u�g�a�r� 

�c�o�n�t�e�n�t� �o�f� �5�2�%�.� �A�l�t�h�o�u�g�h� �t�h�i�s� �v�a�l�u�e� �i�s� �o�v�e�r� �o�n�e�-�h�a�l�f� �t�h�e� �a�b�d�o�m�i�n�a�l� �w�e�i�g�h�t�,� �t�h�e� 

�s�u�g�a�r� �q�u�a�n�t�i�t�y� �w�i�t�h�i�n� �t�h�e� �t�h�o�r�a�x� �w�a�s� �a�t� �n�o�r�m�a�l� �l�e�v�e�l�s�.� �T�h�e� �h�i�g�h� �s�u�g�a�r� �c�o�n�t�e�n�t� �w�a�s� 

�p�r�o�b�a�b�l�y� �d�u�e� �t�o� �e�x�t�e�n�s�i�v�e� �n�e�c�t�a�r� �o�r� �h�o�n�e�y�d�e�w� �f�e�e�d�i�n�g� �a�n�d� �w�o�u�l�d� �m�o�s�t� �l�i�k�e�l�y� 

�h�a�v�e� �b�e�e�n� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �c�r�o�p� �o�r� �m�i�d�g�u�t�.� 

�G�l�y�c�o�g�e�n� �w�a�s� �a�l�s�o� �a� �r�e�l�a�t�i�v�e�l�y� �a�b�u�n�d�a�n�t� �e�n�e�r�g�y� �r�e�s�e�r�v�e� �i�n� �f�a�l�l� �q�u�e�e�n�s� 

�(�T�a�b�l�e� �8�)�.� �S�i�m�i�l�a�r� �t�o� �t�h�e� �l�i�p�i�d� �a�n�d� �s�u�g�a�r� �r�e�s�e�r�v�e�s�,� �b�o�t�h� �f�a�l�l� �t�h�o�r�a�c�i�c� �(�P�=�0�.�0�4�7�)� �a�n�d� 

�a�b�d�o�m�i�n�a�l� �(�P�=�0�.�0�0�0�4�)� �g�l�y�c�o�g�e�n� �l�e�v�e�l�s� �w�e�r�e� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� �f�r�o�m� �t�h�e� �s�p�r�i�n�g� 

�a�n�d� �s�u�m�m�e�r� �g�r�o�u�p�s�.� �T�h�e� �m�e�a�n� �g�l�y�c�o�g�e�n� �q�u�a�n�t�i�t�y� �w�i�t�h�i�n� �t�h�e� �f�a�l�l� �t�h�o�r�a�x� �w�a�s� �4�.�2�%� 

�(�4�.�7� �m�g�)� �o�f� �t�h�e� �f�a�l�l� �t�h�o�r�a�c�i�c� �w�e�i�g�h�t�.� �W�i�t�h�i�n� �t�h�e� �f�a�l�l� �a�b�d�o�m�e�n�,� �t�h�e� �m�e�a�n� �g�l�y�c�o�g�e�n� 

�q�u�a�n�t�i�t�y� �w�a�s� �s�l�i�g�h�t�l�y� �h�i�g�h�e�r� �a�t� �9�.�7�%� �(�1�4�.�6� �m�g�)� �o�f� �t�h�e� �t�o�t�a�l� �a�b�d�o�m�i�n�a�l� �w�e�i�g�h�t�.� �I�n� 

�b�o�t�h� �t�h�e� �s�p�r�i�n�g� �a�n�d� �s�u�m�m�e�r� �q�u�e�e�n�s�,� �t�h�e� �g�l�y�c�o�g�e�n� �q�u�a�n�t�i�t�i�e�s� �o�f� �t�h�e� �t�h�o�r�a�c�i�c� �a�n�d� 

�a�b�d�o�m�i�n�a�l� �t�a�g�m�a�t�a� �r�a�n�g�e�d� �f�r�o�m� �0�.�2� �m�g� �t�o� �1�.�1� �m�g�.� �T�h�e�s�e� �q�u�a�n�t�i�t�i�e�s� �r�e�f�l�e�c�t�e�d� 

�t�r�a�c�e� �a�m�o�u�n�t�s� �a�n�d� �n�e�v�e�r� �e�x�c�e�e�d�e�d� �1�%� �o�f� �t�h�e� �t�h�o�r�a�c�i�c� �o�r� �a�b�d�o�m�i�n�a�l� �w�e�i�g�h�t�.� �I�n� 

�a�d�d�i�t�i�o�n�,� �n�o� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e�s� �(�P�>�0�.�0�5�)� �w�e�r�e� �f�o�u�n�d� �a�m�o�n�g� �t�h�e� �s�p�r�i�n�g� �a�n�d� 

�s�u�m�m�e�r� �g�r�o�u�p�s� �(�T�a�b�l�e� �8�)�.� �L�o�w� �l�e�v�e�l�s� �o�f� �g�l�y�c�o�g�e�n� �i�n� �t�h�e� �s�p�r�i�n�g� �a�n�d� �s�u�m�m�e�r� 

�q�u�e�e�n�s� �i�n�d�i�c�a�t�e� �t�h�a�t� �g�l�y�c�o�g�e�n� �i�s� �p�r�i�m�a�r�i�l�y� �a�n� �e�n�e�r�g�y� �r�e�s�e�r�v�e� �u�s�e�d� �d�u�r�i�n�g� �t�h�e� 

�h�i�b�e�r�n�a�t�i�o�n� �p�e�r�i�o�d� �a�n�d� �i�s� �p�r�o�b�a�b�l�y� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �g�l�y�c�e�r�o�l� �a�t� �l�o�w� 

�t�e�m�p�e�r�a�t�u�r�e�s� �(�A�l�f�o�r�d� �1�9�6�9�;� �S�t�o�r�e�y� �a�n�d� �S�t�o�r�e�y� �1�9�8�3�;� �D�u�m�a�n� �a�n�d� �P�a�t�t�e�r�s�o�n� �1�9�7�8�)�.� 

�D�I�S�C�U�S�S�I�O�N� 

�T�h�e� �r�e�s�u�l�t�s� �p�r�e�s�e�n�t�e�d� �h�e�r�e�,� �s�h�o�w� �t�h�a�t� �l�i�p�i�d�s� �a�c�c�o�u�n�t�e�d� �f�o�r� �3�5�%� �o�f� �t�h�e� 

�w�e�i�g�h�t� �l�o�s�t� �d�u�r�i�n�g� �h�i�b�e�r�n�a�t�i�o�n�,� �s�u�g�a�r�s� �1�2�%�,� �a�n�d� �g�l�y�c�o�g�e�n� �6�%�.� �S�p�r�a�d�b�e�r�y� �(�1�9�6�3�)� 

�r�e�p�o�r�t�e�d� �t�h�a�t� �v�e�s�p�i�n�e� �q�u�e�e�n�s� �i�n� �B�r�i�t�a�i�n� �u�n�d�e�r�g�o� �a� �3�0�%� �l�i�p�i�d� �d�r�y� �w�e�i�g�h�t� �l�o�s�s� �d�u�r�i�n�g



�6�4� 

�T�a�b�l�e� �8�.� �C�o�m�p�a�r�i�s�o�n� �o�f� �m�e�a�n� �t�h�o�r�a�c�i�c� �a�n�d� �a�b�d�o�m�i�n�a�l� �t�o�t�a�l� �g�l�y�c�o�g�e�n� �(�m�g� �+� 
�S�E�M�)� �f�r�o�m� �D�o�l�i�c�h�o�v�e�s�p�u�l�a� �m�a�c�u�l�a�t�a� �q�u�e�e�n�s� �c�o�l�l�e�c�t�e�d� �d�u�r�i�n�g� �t�h�e� 
�a�u�t�u�m�n�,� �s�p�r�i�n�g�,� �a�n�d� �s�u�m�m�e�r�,� �1�9�8�7�-�1�9�9�0�.� 
� � 

� � � � 

� � 

�T�h�o�r�a�x� �A�b�d�o�m�e�n� 

�G�r�o�u�p�!� �Y�e�a�r� �n� �M�e�a�n�?� �+� �S�E�M� �n� �M�e�a�n�?� �+� �S�E�M� 

�A�u�t�u�m�n� �1�9�8�7� �8� �4�.�7�+�2�4�a�4� �8� �1�4�.�6�+�4�.�1�a� 

�S�p�r�i�n�g� �1�9�8�8� �8� �0�.�4� �+� �0�.�1�b� �8� �0�.�8� �+�0�.�2�b� 
�n�o�n�-�n�e�s�t�i�n�g� 

�S�p�r�i�n�g� �1�9�8�8� �5� �0�.�2�+�0�.�1�b� �5� �0�.�3�+�0�.�1�b� 
�n�e�s�t�i�n�g� 

�1�9�8�9� �6� �0�8�+�0�.�1�b� �6� �1�.�1�+�0�.�4�0�5� 

�S�u�m�m�e�r� �1�9�8�9� �8� �0�.�3� �+�0�.�1�.� �8� �0�.�6� �+�0�.�5�p� 

� � 

�1� �A�u�t�u�m�n� �q�u�e�e�n�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �p�a�r�e�n�t� �n�e�s�t� �b�e�f�o�r�e� �h�i�b�e�r�n�a�t�i�n�g�;� �n�o�n�-�n�e�s�t�i�n�g� �s�p�r�i�n�g� �q�u�e�e�n�s� 
�w�e�r�e� �c�a�u�g�h�t� �i�n� �f�l�i�g�h�t�;� �s�p�r�i�n�g� �n�e�s�t�i�n�g� �q�u�e�e�n�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �e�m�b�r�y�o� �n�e�s�t�s�;� �s�u�m�m�e�r� �q�u�e�e�n�s� 
�w�e�r�e� �f�o�u�n�d�r�e�s�s� �q�u�e�e�n�s� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �m�a�t�u�r�e� �n�e�s�t�s� 

�2� �M�e�a�n�s� �w�i�t�h�i�n� �a� �c�o�l�u�m�n� �f�o�l�l�o�w�e�d� �b�y� �t�h�e� �s�a�m�e� �l�e�t�t�e�r�,� �a�r�e� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� �(�P� �<� �0�.�0�5�;� 
�D�u�n�c�a�n�'�s� �N�e�w� �M�u�l�t�i�p�l�e� �R�a�n�g�e� �t�e�s�t�)�.



�t�h�e� �h�i�b�e�r�n�a�t�i�o�n� �p�e�r�i�o�d�.� �S�i�m�i�l�a�r�l�y�,� �M�a�t�s�u�u�r�a� �(�1�9�6�9�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �J�a�p�a�n�e�s�e� �V�e�s�p�a� 

�q�u�e�e�n�s� �u�n�d�e�r�g�o� �a� �3�8�%� �l�i�p�i�d� �f�r�e�s�h� �w�e�i�g�h�t� �l�o�s�s� �d�u�r�i�n�g� �h�i�b�e�r�n�a�t�i�o�n�.� 

�T�h�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �e�n�e�r�g�y� �r�e�s�e�r�v�e�s� �o�b�s�e�r�v�e�d� �b�e�t�w�e�e�n� �a�u�t�u�m�n� �a�n�d� �s�p�r�i�n�g� 

�q�u�e�e�n�s� �s�u�g�g�e�s�t� �t�h�a�t� �n�u�t�r�i�t�i�o�n� �p�r�i�o�r� �t�o� �d�i�a�p�a�u�s�e� �i�s� �a�n� �i�m�p�o�r�t�a�n�t� �f�a�c�t�o�r� �c�o�n�t�r�i�b�u�t�i�n�g� 

�t�o� �o�v�e�r�w�i�n�t�e�r�i�n�g� �s�u�c�c�e�s�s�.� �U�n�f�o�r�t�u�n�a�t�e�l�y�,� �l�i�t�t�l�e� �i�s� �k�n�o�w�n� �a�b�o�u�t� �t�h�e� �f�o�r�a�g�i�n�g� 

�b�e�h�a�v�i�o�r� �o�f� �i�n�d�i�v�i�d�u�a�l� �q�u�e�e�n�s� �a�f�t�e�r� �e�m�e�r�g�e�n�c�e� �f�r�o�m� �t�h�e� �p�u�p�a�l� �c�e�l�l� �a�n�d� �b�e�f�o�r�e� 

�h�i�b�e�r�n�a�t�i�o�n�.� �T�h�e� �d�a�t�a� �s�h�o�w� �t�h�a�t� �D�.� �m�a�c�u�l�a�t�a� �q�u�e�e�n�s� �m�a�y� �i�n�c�r�e�a�s�e� �t�h�e�i�r� �d�r�y� 

�w�e�i�g�h�t� �b�y� �a�s� �m�u�c�h� �a�s� �7�9�%� �d�u�r�i�n�g� �t�h�i�s� �p�e�r�i�o�d�.� �Q�u�e�e�n�s� �t�h�e�r�e�f�o�r�e�,� �n�e�e�d� �a�n� �a�m�p�l�e� 

�s�u�p�p�l�y� �o�f� �f�o�o�d� �f�r�o�m� �w�h�i�c�h� �t�o� �b�u�i�l�d� �t�h�e�i�r� �e�n�e�r�g�y� �r�e�s�e�r�v�e�s� �b�e�f�o�r�e� �w�i�n�t�e�r�.� �D�u�n�c�a�n� 

�(�1�9�3�9�)� �a�n�d� �S�p�r�a�d�b�e�r�y� �(�1�9�7�3�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �n�e�w�l�y� �e�m�e�r�g�e�d� �q�u�e�e�n�s� �s�o�l�i�c�i�t� �f�o�o�d� 

�f�r�o�m� �l�a�r�v�a�e� �a�n�d� �w�o�r�k�e�r�s�,� �a�n�d� �m�a�y� �f�o�r�a�g�e� �a�w�a�y� �f�r�o�m� �t�h�e� �n�e�s�t�.� �H�o�w�e�v�e�r�,� �i�t� �s�e�e�m�s� 

�u�n�l�i�k�e�l�y� �t�h�a�t� �i�n�d�i�v�i�d�u�a�l� �q�u�e�e�n�s� �w�o�u�l�d� �s�p�e�n�d� �a� �s�i�g�n�i�f�i�c�a�n�t� �a�m�o�u�n�t� �o�f� �t�i�m�e� �f�o�r�a�g�i�n�g� 

�f�o�r� �i�n�s�e�c�t�s� �o�r� �n�e�c�t�a�r� �b�e�f�o�r�e� �h�i�b�e�r�n�a�t�i�o�n�.� �F�o�r�a�g�i�n�g� �a�w�a�y� �f�r�o�m� �t�h�e� �n�e�s�t� �n�o�t� �o�n�l�y� 

�r�e�q�u�i�r�e�s� �c�o�n�s�i�d�e�r�a�b�l�e� �t�i�m�e� �a�n�d� �e�f�f�o�r�t�,� �b�u�t� �a�l�s�o� �i�n�c�r�e�a�s�e�s� �t�h�e� �q�u�e�e�n ��s� �v�u�l�n�e�r�a�b�i�l�i�t�y� 

�t�o� �p�r�e�d�a�t�i�o�n�.� �I�t� �s�e�e�m�s� �m�o�r�e� �r�e�a�s�o�n�a�b�l�e� �t�o� �e�x�p�e�c�t� �q�u�e�e�n�s� �t�o� �o�b�t�a�i�n� �a�s� �m�u�c�h� �f�o�o�d� 

�a�s� �p�o�s�s�i�b�l�e� �w�i�t�h�i�n� �t�h�e� �n�e�s�t�,� �b�u�i�l�d�i�n�g� �r�e�s�e�r�v�e�s� �w�i�t�h�o�u�t� �a�c�t�i�v�e� �f�o�r�a�g�i�n�g�.� �O�n�c�e� 

�r�e�s�e�r�v�e�s� �r�e�a�c�h� �a� �s�p�e�c�i�f�i�c� �l�e�v�e�l�,� �q�u�e�e�n�s� �c�o�u�l�d� �t�h�e�n� �l�e�a�v�e� �t�h�e� �n�e�s�t�,� �m�a�t�e�,� �a�n�d� �e�i�t�h�e�r� 

�r�e�t�u�r�n� �t�o� �t�h�e� �n�e�s�t� �t�o� �c�o�n�t�i�n�u�e� �f�e�e�d�i�n�g�,� �o�r� �s�e�e�k� �a� �h�i�b�e�r�n�a�t�i�o�n� �s�i�t�e�.� 

�G�i�v�e�n� �t�h�e� �a�b�o�v�e� �s�c�e�n�a�r�i�o�,� �q�u�e�e�n�s� �e�m�e�r�g�i�n�g� �f�r�o�m� �t�h�e�i�r� �p�u�p�a�l� �c�e�l�l�s� �w�h�e�n� 

�l�a�r�v�a�e� �a�n�d� �w�o�r�k�e�r� �n�u�m�b�e�r�s� �a�r�e� �h�i�g�h� �s�h�o�u�l�d� �h�a�v�e� �a� �b�e�t�t�e�r� �c�h�a�n�c�e� �o�f� �b�u�i�l�d�i�n�g� 

�s�u�f�f�i�c�i�e�n�t� �e�n�e�r�g�y� �r�e�s�e�r�v�e�s� �t�h�a�n� �w�o�u�l�d� �q�u�e�e�n�s� �f�r�o�m� �l�e�s�s� �v�i�g�o�r�o�u�s� �n�e�s�t�s�.� �D�e�c�l�i�n�i�n�g� 

�a�u�t�u�m�n� �n�e�s�t�s� �h�a�v�e� �l�o�w� �n�u�m�b�e�r�s� �o�f� �l�a�r�v�a�e� �a�n�d� �w�o�r�k�e�r�s�,� �a�n�d� �q�u�e�e�n�s� �w�h�i�c�h� 

�e�m�e�r�g�e� �i�n� �s�u�c�h� �n�e�s�t�s� �m�a�y� �n�o�t� �b�e� �a�b�l�e� �t�o� �f�e�e�d� �s�u�f�f�i�c�i�e�n�t�l�y� �t�o� �b�u�i�l�d� �e�n�e�r�g�y� 

�r�e�s�e�r�v�e�s�.� �T�h�i�s� �w�o�u�l�d� �i�n�c�r�e�a�s�e� �a� �q�u�e�e�n ��s� �n�e�e�d� �t�o� �f�o�r�a�g�e� �a�w�a�y� �f�r�o�m� �t�h�e� �n�e�s�t� �a�n�d



�6�6� 

�t�h�u�s� �a�f�f�e�c�t� �h�e�r� �p�r�o�b�a�b�i�l�i�t�y� �o�f� �s�u�r�v�i�v�a�l�.� �I�n�s�u�f�f�i�c�i�e�n�t� �s�t�o�r�a�g�e� �o�f� �l�i�p�i�d� �a�n�d� 

�c�a�r�b�o�h�y�d�r�a�t�e� �r�e�s�e�r�v�e�s� �c�o�u�l�d� �w�e�l�l� �a�c�c�o�u�n�t� �f�o�r� �a� �l�a�r�g�e� �p�e�r�c�e�n�t�a�g�e� �o�f� �t�h�e� �m�o�r�t�a�l�i�t�y� 

�o�f� �h�i�b�e�r�n�a�t�i�n�g� �q�u�e�e�n�s�.� 

�S�i�m�i�l�a�r� �h�i�g�h� �d�e�m�a�n�d�s� �o�n� �t�h�e� �e�n�e�r�g�y� �r�e�s�e�r�v�e�s� �o�f� �q�u�e�e�n�s� �c�a�n� �b�e� �f�o�u�n�d� �i�n� 

�t�h�e� �s�p�r�i�n�g�.� �N�e�s�t� �f�o�u�n�d�i�n�g� �q�u�e�e�n�s� �m�u�s�t� �s�e�e�k� �o�u�t� �s�u�i�t�a�b�l�e� �n�e�s�t�i�n�g� �s�i�t�e�s�,� �c�o�l�l�e�c�t� 

�w�o�o�d� �p�u�l�p�,� �c�o�n�s�t�r�u�c�t� �t�h�e� �n�e�s�t� �a�n�d� �d�i�s�t�r�i�b�u�t�e� �e�n�e�r�g�y� �r�e�s�e�r�v�e�s� �f�o�r� �b�r�o�o�d� 

�p�r�o�d�u�c�t�i�o�n�,� �a�l�l� �w�h�e�n� �e�n�v�i�r�o�n�m�e�n�t�a�l� �c�o�n�d�i�t�i�o�n�s� �a�r�e� �u�s�u�a�l�l�y� �t�h�e� �h�a�r�s�h�e�s�t�.� �E�x�t�r�e�m�e�s� 

�i�n� �p�r�e�c�i�p�i�t�a�t�i�o�n� �o�r� �c�o�l�d� �t�e�m�p�e�r�a�t�u�r�e�s� �w�o�u�l�d� �a�l�s�o� �l�i�m�i�t� �f�o�r�a�g�i�n�g� �a�n�d� �c�o�u�l�d� �d�e�c�r�e�a�s�e� 

�t�h�e� �a�v�a�i�l�a�b�i�l�i�t�y� �o�f� �f�l�o�r�a�l� �n�e�c�t�a�r� �a�n�d� �i�n�s�e�c�t� �p�r�e�y�.� �T�h�u�s�,� �t�h�e� �e�n�e�r�g�y� �r�e�s�e�r�v�e�s� �o�f� 

�q�u�e�e�n�s� �w�h�i�c�h� �s�u�r�v�i�v�e�d� �t�h�e� �w�i�n�t�e�r� �c�o�u�l�d� �a�l�s�o� �a�f�f�e�c�t� �s�u�r�v�i�v�a�l� �a�n�d� �s�u�c�c�e�s�s�f�u�l� �n�e�s�t� 

�i�n�i�t�i�a�t�i�o�n�.� 

�A�c�t�i�v�e� �f�o�r�a�g�i�n�g� �b�y� �s�p�r�i�n�g� �q�u�e�e�n�s� �c�o�u�l�d� �o�f�f�s�e�t� �s�o�m�e� �o�f� �t�h�e� �p�r�o�b�l�e�m�s� �f�r�o�m� 

�l�o�w� �e�n�e�r�g�y� �r�e�s�e�r�v�e�s�.� �I�n� �s�o�u�t�h�w�e�s�t�e�r�n� �V�i�r�g�i�n�i�a�,� �b�o�t�h� �V�e�s�p�u�l�a� �a�n�d� �D�o�l�i�c�h�o�v�e�s�p�u�l�a� 

�q�u�e�e�n� �s�p�p�.� �h�a�v�e� �b�e�e�n� �o�b�s�e�r�v�e�d� �c�o�l�l�e�c�t�i�n�g� �n�e�c�t�a�r� �f�r�o�m� �b�l�u�e�b�e�r�r�y� �(�V�a�c�c�i�n�i�u�m� 

�s�p�p�.�)� �a�n�d� �R�u�s�s�i�a�n� �o�l�i�v�e� �(�E�l�e�a�g�n�u�s� �a�n�g�u�s�t�i�f�o�l�i�a� �(�L�.�)�)�.� �L�e�s�s� �c�o�m�m�o�n�l�y�,� �D�.� �m�a�c�u�l�a�t�a� 

�q�u�e�e�n�s� �w�e�r�e� �o�b�s�e�r�v�e�d� �t�o� �f�e�e�d� �o�n� �h�o�n�e�y�d�e�w�,� �a� �b�e�h�a�v�i�o�r� �n�o�t�e�d� �b�y� �s�e�v�e�r�a�l� �a�u�t�h�o�r�s� 

�(�D�u�n�c�a�n� �1�9�3�9�,� �S�p�r�a�d�b�e�r�y� �1�9�7�3�,� �a�n�d� �F�e�l�l� �a�n�d� �M�o�r�s�e� �1�9�7�7�)�.� �F�u�r�t�h�e�r� �e�v�i�d�e�n�c�e� �o�f� 

�f�o�r�a�g�i�n�g� �i�s� �p�r�o�v�i�d�e�d� �b�y� �t�h�e� �q�u�e�e�n� �w�h�i�c�h� �h�a�d� �a�n� �a�b�d�o�m�i�n�a�l� �s�u�g�a�r� �c�o�n�t�e�n�t� �o�f� �5�2�%�.� 

�T�h�e� �h�i�g�h� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �s�u�g�a�r� �i�s� �i�n�d�i�c�a�t�i�v�e� �o�f� �n�e�c�t�a�r� �f�o�r�a�g�i�n�g�,� �o�r� �h�o�n�e�y�d�e�w� 

�c�o�l�l�e�c�t�i�o�n�.� 

�R�o�t�h� �a�n�d� �L�o�r�d� �(�1�9�8�7�)� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �q�u�e�e�n� �c�e�l�l�-�s�i�z�e� �m�a�y� �b�e� �i�m�p�o�r�t�a�n�t� �i�n� 

�d�e�t�e�r�m�i�n�i�n�g� �i�n�d�i�v�i�d�u�a�l� �q�u�e�e�n� �f�i�t�n�e�s�s�,� �a�n�d� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �b�i�g�g�e�r� �q�u�e�e�n�s� �m�a�y� �h�a�v�e� 

�a�n� �a�d�v�a�n�t�a�g�e� �o�v�e�r� �s�m�a�l�l�e�r� �q�u�e�e�n�s�.� �T�h�i�s� �s�t�u�d�y� �h�a�s� �f�o�c�u�s�e�d� �o�n� �t�h�e� �e�n�e�r�g�y� 

�r�e�s�e�r�v�e�s� �o�f� �f�o�u�n�d�r�e�s�s� �q�u�e�e�n�s�,� �w�i�t�h� �p�a�r�t�i�c�u�l�a�r� �a�t�t�e�n�t�i�o�n� �g�i�v�e�n� �t�o� �q�u�e�e�n�s� �p�r�i�o�r� �t�o�,



�6�7� 

�a�n�d� �d�u�r�i�n�g� �n�e�s�t� �i�n�i�t�i�a�t�i�o�n�.� �T�h�e� �r�e�s�u�l�t�s� �s�u�g�g�e�s�t� �t�h�a�t� �q�u�e�e�n�s� �w�h�i�c�h� �s�u�r�v�i�v�e� �t�h�e� 

�h�i�b�e�r�n�a�t�i�o�n� �p�e�r�i�o�d� �b�e�g�i�n� �t�h�e� �n�e�s�t� �i�n�i�t�i�a�t�i�o�n� �p�r�o�c�e�s�s� �w�i�t�h� �s�i�m�i�l�a�r� �w�e�i�g�h�t�s� �a�n�d� 

�e�n�e�r�g�e�t�i�c� �r�e�s�e�r�v�e�s�.� �T�h�e�s�e� �r�e�s�u�l�t�s� �d�o� �n�o�t� �i�n�d�i�c�a�t�e� �t�h�a�t� �b�i�g�g�e�r� �q�u�e�e�n�s� �h�a�v�e� �a�n� 

�"�a�d�v�a�n�t�a�g�e�"� �(�R�o�t�h� �a�n�d� �L�o�r�d� �1�9�8�7�)� �o�v�e�r� �s�m�a�l�l�e�r� �q�u�e�e�n�s�,� �b�u�t� �d�o� �s�u�g�g�e�s�t� �t�h�e� 

�i�m�p�o�r�t�a�n�c�e� �o�f� �e�n�e�r�g�y� �r�e�s�e�r�v�e�s�.� �H�o�w�e�v�e�r�,� �s�i�z�e� �c�o�u�l�d� �p�l�a�y� �a�n� �i�m�p�o�r�t�a�n�t� �r�o�l�e� 

�d�u�r�i�n�g� �t�h�e� �n�e�s�t� �i�n�i�t�i�a�t�i�o�n� �s�t�a�g�e� �s�h�o�u�l�d� �a�t�t�e�m�p�t�e�d� �n�e�s�t� �u�s�u�r�p�a�t�i�o�n�s� �o�c�c�u�r�.� 

�I�t� �w�o�u�l�d� �b�e� �e�x�t�r�e�m�e�l�y� �d�i�f�f�i�c�u�l�t� �t�o� �e�x�a�m�i�n�e� �a�l�l� �o�f� �t�h�e� �p�o�s�s�i�b�l�e� �c�a�u�s�e�s� �o�f� 

�q�u�e�e�n� �m�o�r�t�a�l�i�t�y� �a�n�d� �e�m�b�r�y�o� �n�e�s�t� �f�a�i�l�u�r�e�.� �F�a�c�t�o�r�s� �s�u�c�h� �a�s� �r�a�i�n�f�a�l�l�,� �m�i�c�r�o�b�i�a�l� 

�i�n�f�e�c�t�i�o�n�s�,� �v�e�r�t�e�b�r�a�t�e� �p�r�e�d�a�t�i�o�n�,� �a�n�d� �c�o�n�s�p�e�c�i�f�i�c� �a�n�d� �c�o�n�t�r�a�s�p�e�c�i�f�c� �u�s�u�r�p�a�t�i�o�n�s� 

�h�a�v�e� �b�e�e�n� �u�s�e�d� �t�o� �e�x�p�l�a�i�n� �q�u�e�e�n� �a�n�d� �e�m�b�r�y�o� �n�e�s�t� �m�o�r�t�a�l�i�t�y� �(�B�e�i�r�n�e� �1�9�4�4�;� �F�o�x�-� 

�W�i�l�s�o�n� �1�9�4�6�;� �S�p�r�a�d�b�e�r�y� �1�9�7�3�;� �E�d�w�a�r�d�s� �1�9�8�0�)�.� �A�l�t�h�o�u�g�h� �e�n�v�i�r�o�n�m�e�n�t�a�l� �a�n�d� 

�b�e�h�a�v�i�o�r�a�l� �f�a�c�t�o�r�s� �a�r�e� �u�n�d�o�u�b�t�e�d�l�y� �i�m�p�o�r�t�a�n�t� �c�a�u�s�e�s� �o�f� �m�o�r�t�a�l�i�t�y�;� �n�u�t�r�i�t�i�o�n�a�l� 

�f�a�c�t�o�r�s� �h�a�v�e� �b�e�e�n� �o�v�e�r�l�o�o�k�e�d�.� �T�h�e� �r�e�s�u�l�t�s� �p�r�e�s�e�n�t�e�d� �o�n� �D�.� �m�a�c�u�l�a�t�a� �s�u�g�g�e�s�t� 

�t�h�a�t� �t�h�e� �t�i�m�e� �o�f� �y�e�a�r� �t�h�e� �q�u�e�e�n� �e�c�l�o�s�e�s� �f�r�o�m� �t�h�e� �p�u�p�a�l� �c�e�l�l� �a�n�d� �t�h�e� �t�i�m�e� �s�p�e�n�t� 

�f�o�r�a�g�i�n�g� �b�o�t�h� �b�e�f�o�r�e� �a�n�d� �a�f�t�e�r� �h�i�b�e�r�n�a�t�i�o�n� �m�a�y� �b�e� �i�m�p�o�r�t�a�n�t� �f�a�c�t�o�r�s� �m�e�d�i�a�t�i�n�g� 

�q�u�e�e�n� �s�u�r�v�i�v�a�l�.� �C�l�e�a�r�l�y�,� �m�o�r�e� �r�e�s�e�a�r�c�h� �f�o�c�u�s�i�n�g� �o�n� �t�h�e� �s�o�l�i�t�a�r�y� �p�h�a�s�e� �o�f� �t�h�e� 

�q�u�e�e�n�'�s� �e�x�i�s�t�e�n�c�e� �i�s� �n�e�e�d�e�d� �t�o� �b�e�t�t�e�r� �u�n�d�e�r�s�t�a�n�d� �v�e�s�p�i�d� �e�c�o�l�o�g�y�.



�C�H�A�P�T�E�R� �5� 

�T�h�e� �E�m�b�r�y�o� �N�e�s�t� �o�f� �t�h�e� �B�a�l�d�f�a�c�e�d� �H�o�r�n�e�t� 

�D�o�l�i�c�h�o�v�e�s�p�u�l�a� �m�a�c�u�l�a�t�a� �(�L�.�)�:� 

�E�g�g� �W�e�i�g�h�t� �V�a�r�i�a�t�i�o�n�,� �E�n�e�r�g�y� �R�e�s�e�r�v�e�s�,� �a�n�d� �I�n�t�e�r�n�a�l� �N�e�s�t� �T�e�m�p�e�r�a�t�u�r�e�s� 

�(�H�y�m�e�n�o�p�t�e�r�a�:� �V�e�s�p�i�d�a�e�)� 
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�I�N�T�R�O�D�U�C�T�I�O�N� 

�E�m�b�r�y�o� �n�e�s�t�s� �a�r�e� �b�u�i�l�t� �e�a�c�h� �s�p�r�i�n�g� �i�n� �n�o�r�t�h�e�r�n� �t�e�m�p�e�r�a�t�e� �r�e�g�i�o�n�s� �o�f� �t�h�e� 

�w�o�r�l�d� �b�y� �s�o�l�i�t�a�r�y� �q�u�e�e�n�s� �o�f� �t�h�e� �V�e�s�p�i�n�a�e�.� �D�e�t�a�i�l�s� �o�f� �n�e�s�t� �c�o�n�s�t�r�u�c�t�i�o�n� �h�a�v�e� �b�e�e�n� 

�d�e�s�c�r�i�b�e�d� �f�o�r� �m�a�n�y� �s�p�e�c�i�e�s�,� �w�i�t�h� �r�e�v�i�e�w�s� �p�r�o�v�i�d�e�d� �b�y� �D�u�n�c�a�n� �(�1�9�3�9�)�;� �S�p�r�a�d�b�e�r�y� 

�1�9�7�3�;� �E�d�w�a�r�d�s� �(�1�9�8�0�)� �a�n�d� �A�k�r�e� �e�t� �a�l�.� �(�1�9�8�1�)�.� 

�T�h�e� �e�m�b�r�y�o� �n�e�s�t� �h�a�s� �b�e�e�n� �r�e�p�o�r�t�e�d� �t�o� �b�e� �t�h�e� �m�o�s�t� �v�u�l�n�e�r�a�b�l�e� �s�t�a�g�e� �o�f� 

�y�e�l�l�o�w�j�a�c�k�e�t� �c�o�l�o�n�y� �d�e�v�e�l�o�p�m�e�n�t�.� �S�p�r�a�d�b�e�r�y� �(�1�9�7�3�)� �a�n�d� �E�d�w�a�r�d�s� �(�1�9�8�0�)� �h�a�v�e� 

�s�u�g�g�e�s�t�e�d� �t�h�a�t� �e�m�b�r�y�o� �n�e�s�t� �m�o�r�t�a�l�i�t�y� �m�i�g�h�t� �b�e� �a�s� �h�i�g�h� �a�s� �9�9�%�,� �a�l�t�h�o�u�g�h� �B�r�i�a�n� 

�a�n�d� �B�r�i�a�n� �(�1�9�5�2�)� �r�e�p�o�r�t�e�d� �a� �9�2�%� �m�o�r�t�a�l�i�t�y� �r�a�t�e� �f�o�r� �t�w�e�l�v�e� �n�e�s�t�s� �w�h�i�c�h� �t�h�e�y� 

�s�t�u�d�i�e�d�.� �M�a�n�y� �o�f� �t�h�e� �n�e�s�t�s� �w�h�i�c�h� �s�u�r�v�i�v�e� �t�h�e� �i�n�i�t�i�a�l� �f�o�u�n�d�i�n�g� �s�t�a�g�e� �f�a�i�l� �t�o� �r�e�a�c�h� 

�m�a�t�u�r�i�t�y� �o�r� �p�r�o�d�u�c�e� �r�e�p�r�o�d�u�c�t�i�v�e�s�.� �M�a�c�D�o�n�a�l�d� �a�n�d� �M�a�t�t�h�e�w�s� �(�1�9�8�1�)� �s�t�u�d�i�e�d� �3�6� 

�n�e�s�t�s� �o�f� �V�e�s�p�u�l�a� �m�a�c�u�l�i�f�r�o�n�s� �(�B�u�y�s�s�o�n�)� �a�n�d� �r�e�p�o�r�t�e�d� �t�h�a�t� �o�n�l�y� �2� �o�f� �t�h�e�s�e� �n�e�s�t�s� 

�p�r�o�d�u�c�e�d� �r�e�p�r�o�d�u�c�t�i�v�e�s� �a�t� �t�h�e� �e�n�d� �o�f� �t�h�e� �s�u�m�m�e�r�.� 

�D�e�s�p�i�t�e� �t�h�e� �a�m�o�u�n�t� �o�f� �l�i�t�e�r�a�t�u�r�e� �d�e�v�o�t�e�d� �t�o� �y�e�l�l�o�w�j�a�c�k�e�t� �p�o�p�u�l�a�t�i�o�n� 

�e�c�o�l�o�g�y� �(�B�e�i�r�n�e� �1�9�4�4�;� �F�o�x�-�W�i�l�s�o�n� �1�9�4�6�;� �S�p�r�a�d�b�e�r�y� �1�9�7�3�;� �E�d�w�a�r�d�s� �1�9�8�0�;� �A�r�c�h�e�r� 

�1�9�8�1�,� �1�9�8�2�;� �R�o�t�h� �a�n�d� �L�o�r�d� �1�9�8�7�)� �e�m�b�r�y�o� �n�e�s�t� �b�i�o�l�o�g�y� �a�n�d� �e�c�o�l�o�g�y� �h�a�v�e� �r�e�c�e�i�v�e�d� 

�l�i�t�t�l�e� �a�t�t�e�n�t�i�o�n� �(�M�a�t�t�h�e�w�s� �e�t� �a�l�.� �1�9�8�2�)�.� �S�p�r�a�d�b�e�r�y� �(�1�9�7�3�)� �s�t�u�d�i�e�d� �e�g�g� 

�d�e�v�e�l�o�p�m�e�n�t�a�l� �r�a�t�e�s� �i�n� �s�e�v�e�r�a�l� �v�e�s�p�i�n�e� �g�e�n�e�r�a� �a�n�d� �E�d�w�a�r�d�s� �(�1�9�8�0�)� �r�e�v�i�e�w�e�d� 

�v�e�s�p�i�n�e� �e�g�g� �e�m�b�r�y�o�l�o�g�y�.� �R�o�s�s� �e�t� �a�l�.� �(�1�9�8�1�)� �a�n�d� �M�a�t�t�h�e�w�s� �e�t� �a�l�.� �(�1�9�8�2�)� �h�a�v�e� 

�e�x�a�m�i�n�e�d� �t�h�e� �s�e�q�u�e�n�c�e� �o�f� �e�v�e�n�t�s� �i�n�v�o�l�v�e�d� �i�n� �n�e�s�t� �i�n�i�t�i�a�t�i�o�n� �a�n�d� �d�e�v�e�l�o�p�m�e�n�t� �i�n� 

�t�h�e� �l�a�b�o�r�a�t�o�r�y�.� �H�o�w�e�v�e�r�,� �s�t�u�d�i�e�s� �o�f� �t�h�e� �e�n�e�r�g�e�t�i�c�s� �i�n�v�o�l�v�e�d� �i�n� �i�n�i�t�i�a�l� �e�g�g� �a�n�d� 

�s�u�b�s�e�q�u�e�n�t� �b�r�o�o�d� �p�r�o�d�u�c�t�i�o�n� �a�r�e� �a�b�s�e�n�t�.� 

�T�h�e� �c�h�e�m�i�c�a�l� �a�n�a�l�y�s�e�s� �o�f� �i�n�s�e�c�t� �e�g�g�s� �h�a�s� �p�r�e�v�i�o�u�s�l�y� �r�e�l�i�e�d� �u�p�o�n� �t�h�e� 

�p�o�o�l�i�n�g� �o�f� �s�a�m�p�l�e�s� �t�o� �e�n�s�u�r�e� �s�u�f�f�i�c�i�e�n�t� �q�u�a�n�t�i�t�i�e�s� �f�o�r� �a�n�a�l�y�s�e�s�.� �R�e�c�e�n�t�l�y�,� �h�i�g�h
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�p�e�r�f�o�r�m�a�n�c�e� �t�h�i�n�-�l�a�y�e�r� �c�h�r�o�m�a�t�o�g�r�a�p�h�y� �(�H�P�T�L�C�)� �t�e�c�h�n�i�q�u�e�s� �h�a�v�e� �b�e�e�n� 

�d�e�v�e�l�o�p�e�d� �b�y� �F�e�l�l� �(�1�9�9�0�)� �a�n�d� �J�u�d�g�e� �e�t� �a�l�.� �(�1�9�8�9�)� �f�o�r� �t�h�e� �q�u�a�n�t�i�t�a�t�i�v�e� �a�n�d� 

�q�u�a�l�i�t�a�t�i�v�e� �a�n�a�l�y�s�e�s� �o�f� �s�u�g�a�r�s� �a�n�d� �l�i�p�i�d�s� �f�r�o�m� �i�n�s�e�c�t� �h�e�m�o�l�y�m�p�h� �s�a�m�p�l�e�s� �a�s� �s�m�a�l�l� 

�a�s� �0�.�5� �u�l�.� �T�h�e�s�e� �t�e�c�h�n�i�q�u�e�s� �h�a�v�e� �n�o�w� �b�e�e�n� �u�t�i�l�i�z�e�d� �f�o�r� �t�h�e� �a�n�a�l�y�s�i�s� �o�f� �e�g�g�s� 

�p�r�o�d�u�c�e�d� �b�y� �q�u�e�e�n�s� �o�f� �t�h�e� �b�a�l�d�f�a�c�e�d� �h�o�r�n�e�t� �D�o�l�i�c�h�o�v�e�s�p�u�l�a� �m�a�c�u�l�a�t�a� �(�L�.�)�.� 

�T�h�i�s� �i�n�v�e�s�t�i�g�a�t�i�o�n� �e�x�a�m�i�n�e�d� �t�h�e� �d�r�y� �w�e�i�g�h�t�,� �t�o�t�a�l� �n�i�t�r�o�g�e�n�,� �a�n�d� �e�n�e�r�g�y� 

�r�e�s�e�r�v�e�s� �o�f� �D�.� �m�a�c�u�l�a�t�a� �e�g�g�s� �c�o�l�l�e�c�t�e�d� �d�u�r�i�n�g� �n�e�s�t� �i�n�i�t�i�a�t�i�o�n� �a�n�d� �t�h�r�o�u�g�h�o�u�t� �t�h�e� 

�s�u�m�m�e�r� �i�n� �a�n� �e�f�f�o�r�t� �t�o� �u�n�d�e�r�s�t�a�n�d� �t�h�e� �e�n�e�r�g�e�t�i�c� �i�n�v�e�s�t�m�e�n�t� �o�r� �c�o�n�t�r�i�b�u�t�i�o�n� �o�f� �t�h�e� 

�q�u�e�e�n� �t�o� �e�g�g� �p�r�o�d�u�c�t�i�o�n�.� �I�n� �a�d�d�i�t�i�o�n�,� �D�.� �m�a�c�u�l�a�t�a� �e�m�b�r�y�o� �n�e�s�t�s� �w�e�r�e� �a�l�l�o�w�e�d� �t�o� 

�d�e�v�e�l�o�p� �i�n� �a�n� �i�n�c�u�b�a�t�o�r� �t�o� �i�d�e�n�t�i�f�y� �e�g�g� �d�e�v�e�l�o�p�m�e�n�t�a�l� �r�a�t�e�s� �a�n�d� �t�h�e� �u�t�i�l�i�z�a�t�i�o�n� 

�p�a�t�t�e�r�n�s� �o�f� �l�i�p�i�d�s� �a�n�d� �c�a�r�b�o�h�y�d�r�a�t�e�s�.� �I�n� �c�o�n�j�u�n�c�t�i�o�n� �w�i�t�h� �t�h�i�s� �s�t�u�d�y�,� �t�h�e� �i�n�t�e�r�n�a�l� 

�t�e�m�p�e�r�a�t�u�r�e�s� �o�f� �a� �D�.� �m�a�c�u�l�a�t�a� �e�m�b�r�y�o� �n�e�s�t� �w�e�r�e� �r�e�c�o�r�d�e�d� �t�o� �i�d�e�n�t�i�f�y� �p�o�t�e�n�t�i�a�l� 

�b�r�o�o�d� �i�n�c�u�b�a�t�i�o�n� �t�r�e�n�d�s�.� �G�i�b�o� �e�t� �a�l�.� �(�1�9�7�7�)� �a�n�d� �M�a�k�i�n�o� �a�n�d� �Y�a�m�a�n�e� �(�1�9�8�0�)� 

�e�x�a�m�i�n�e�d� �t�h�e�r�m�o�r�e�g�u�l�a�t�i�o�n� �i�n� �e�m�b�r�y�o� �n�e�s�t�s� �a�n�d� �h�a�v�e� �s�p�e�c�u�l�a�t�e�d� �o�n� �i�t�s� 

�s�i�g�n�i�f�i�c�a�n�c�e� �t�o� �b�r�o�o�d� �d�e�v�e�l�o�p�m�e�n�t�.� �H�o�w�e�v�e�r�,� �h�e�a�t� �p�r�o�d�u�c�t�i�o�n� �b�y� �t�h�e� �q�u�e�e�n� �a�n�d� 

�t�h�e� �e�f�f�e�c�t�s� �o�f� �t�h�i�s� �h�e�a�t� �o�n� �b�r�o�o�d� �d�e�v�e�l�o�p�m�e�n�t� �a�r�e� �n�o�t� �w�e�l�l�-�u�n�d�e�r�s�t�o�o�d�.� 

�M�a�t�e�r�i�a�l�s� �&� �M�e�t�h�o�d�s� 

�D�o�l�i�c�h�o�v�e�s�p�u�l�a� �m�a�c�u�l�a�t�a� �n�e�s�t�s� �u�s�e�d� �i�n� �t�h�i�s� �s�t�u�d�y� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �i�n� �C�r�a�i�g�,� 

�F�l�o�y�d�,� �G�i�l�e�s�,� �M�o�n�t�g�o�m�e�r�y�,� �a�n�d� �P�u�l�a�s�k�i� �C�o�u�n�t�i�e�s�,� �V�i�r�g�i�n�i�a� �b�e�t�w�e�e�n� �1�9�8�8� �a�n�d� 

�1�9�9�0�.� �N�e�s�t�s� �c�o�l�l�e�c�t�e�d� �i�n� �M�a�y� �a�n�d� �e�a�r�l�y� �J�u�n�e� �w�h�i�c�h� �c�o�n�t�a�i�n�e�d� �t�h�e� �f�o�u�n�d�r�e�s�s� 

�Q�u�e�e�n�,� �e�g�g�s�,� �a�n�d� �i�n� �s�o�m�e� �c�a�s�e�s� �f�i�r�s�t� �i�n�s�t�a�r�s�,� �a�r�e� �r�e�f�e�r�r�e�d� �t�o� �a�s� �e�m�b�r�y�o� �n�e�s�t�s�;� �a�l�l� 

�o�t�h�e�r� �n�e�s�t�s� �a�r�e� �r�e�f�e�r�r�e�d� �t�o� �a�s� �s�u�m�m�e�r� �n�e�s�t�s�.� �E�m�b�r�y�o� �n�e�s�t�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �f�r�o�m� 

�b�u�i�l�d�i�n�g�s� �a�n�d� �t�r�e�e�s� �a�f�t�e�r� �f�o�u�n�d�r�e�s�s� �q�u�e�e�n� �r�e�m�o�v�a�l�.� �N�e�s�t�s� �w�e�r�e� �r�e�m�o�v�e�d� �f�r�o�m
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�t�r�e�e�s� �b�y� �c�u�t�t�i�n�g� �t�h�e� �s�u�p�p�o�r�t�i�n�g� �b�r�a�n�c�h� �w�i�t�h�i�n� �5� �c�m� �o�f� �t�h�e� �p�o�i�n�t� �o�f� �n�e�s�t� �a�t�t�a�c�h�m�e�n�t�.� 

�N�e�s�t�s� �a�t�t�a�c�h�e�d� �t�o� �b�u�i�l�d�i�n�g�s� �w�e�r�e� �r�e�m�o�v�e�d� �b�y� �s�c�r�a�p�i�n�g� �t�h�e� �p�a�p�e�r� �e�n�v�e�l�o�p�e�(�s�)� �a�n�d� 

�n�e�s�t� �p�e�d�i�c�e�l� �w�i�t�h� �a� �p�e�n�k�n�i�f�e�.� �T�h�e� �n�e�s�t�s�,� �i�n�c�l�u�d�i�n�g� �p�a�p�e�r� �e�n�v�e�l�o�p�e�s�,� �w�e�r�e� �p�l�a�c�e�d� 

�i�n� �p�a�r�a�f�f�i�n�-�c�o�a�t�e�d� �p�a�p�e�r� �c�u�p�s� �(�S�w�e�e�t�h�e�a�r�t�®� �1�8� �o�z�.�)� �b�e�f�o�r�e� �p�l�a�c�e�m�e�n�t� �i�n� �a�n� 

�i�n�s�u�l�a�t�e�d� �c�o�n�t�a�i�n�e�r�.� �S�u�m�m�e�r� �n�e�s�t�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �a�t� �n�i�g�h�t� �a�f�t�e�r� �v�a�c�u�u�m�i�n�g� �t�h�e� 

�w�o�r�k�e�r�s� �f�r�o�m� �t�h�e� �n�e�s�t� �(�A�k�r�e� �e�t� �a�l�.� �1�9�7�3�)� �a�n�d� �p�l�u�g�g�i�n�g� �t�h�e� �n�e�s�t� �e�n�t�r�a�n�c�e� �w�i�t�h� 

�c�o�t�t�o�n�.� �A�f�t�e�r� �r�e�t�u�r�n�i�n�g� �t�o� �t�h�e� �l�a�b�o�r�a�t�o�r�y�,� �t�h�e� �n�e�s�t�s� �w�e�r�e� �k�i�l�l�e�d� �b�y� �f�r�e�e�z�i�n�g�.� �T�h�e� 

�p�a�p�e�r� �e�n�v�e�l�o�p�e�(�s�)� �w�e�r�e� �r�e�m�o�v�e�d� �f�r�o�m� �e�a�c�h� �n�e�s�t� �b�e�f�o�r�e� �p�l�a�c�i�n�g� �t�h�e� �e�n�t�i�r�e� 

�s�t�r�u�c�t�u�r�e� �i�n� �a� �c�o�o�l�e�r� �o�f� �d�r�y� �i�c�e� �f�o�r� �a� �m�i�n�i�m�u�m� �o�f� �1�5� �m�i�n�u�t�e�s�.� �I�t� �w�a�s� �f�o�u�n�d� �t�h�a�t� 

�p�l�a�c�i�n�g� �t�h�e� �n�e�s�t� �c�o�m�b�s� �i�n� �d�r�y� �i�c�e� �p�r�e�v�e�n�t�e�d� �r�a�p�i�d� �t�h�a�w�i�n�g� �a�n�d� �l�e�a�k�a�g�e� �o�f� �e�g�g� 

�c�o�n�t�e�n�t�s� �b�e�f�o�r�e� �t�h�e� �l�y�o�p�h�i�l�i�z�a�t�i�o�n� �p�r�o�c�e�s�s�.� �T�h�e� �c�o�m�b�s� �c�o�n�t�a�i�n�i�n�g� �e�g�g�s� �a�n�d� 

�b�r�o�o�d� �w�e�r�e� �t�h�e�n� �l�y�o�p�h�i�l�i�z�e�d� �f�o�r� �3� �d�a�y�s�.� �T�o� �p�r�e�v�e�n�t� �e�g�g� �d�a�m�a�g�e�,� �t�h�e� �e�g�g�s� �w�e�r�e� 

�n�o�t� �r�e�m�o�v�e�d� �f�r�o�m� �t�h�e� �c�e�l�l�s� �u�n�t�i�l� �a�f�t�e�r� �l�y�o�p�h�i�l�i�z�a�t�i�o�n�.� 

�A�f�t�e�r� �l�y�o�p�h�i�l�i�z�a�t�i�o�n�,� �t�h�e� �c�e�l�l�s� �c�o�n�t�a�i�n�i�n�g� �e�g�g�s� �w�e�r�e� �r�e�m�o�v�e�d� �.� �T�h�e� �w�a�l�l�s� �o�f� 

�e�a�c�h� �c�e�l�l� �w�e�r�e� �r�e�m�o�v�e�d� �w�i�t�h� �f�i�n�e� �s�c�i�s�s�o�r�s� �a�n�d� �d�i�s�c�a�r�d�e�d�.� �T�h�e� �e�g�g� �w�a�s� �t�h�e�n� 

�r�e�m�o�v�e�d� �f�r�o�m� �i�t�s� �p�o�i�n�t� �o�f� �a�t�t�a�c�h�m�e�n�t� �t�o� �t�h�e� �c�e�l�l� �b�a�s�e� �b�y� �c�u�t�t�i�n�g� �t�h�e� �b�a�s�e� �w�i�t�h� �a� 

�s�c�a�l�p�e�l�.� �A�f�t�e�r� �r�e�m�o�v�i�n�g� �t�h�e� �e�g�g�s� �f�r�o�m� �a� �n�e�s�t�,� �t�h�e� �i�n�d�i�v�i�d�u�a�l� �e�g�g�s� �w�e�r�e� �p�l�a�c�e�d� �i�n� 

�1�.�5� �m�l� �m�i�c�r�o�c�e�n�t�r�i�f�u�g�e� �t�u�b�e�s� �(�F�i�s�h�e�r�®�)�,� �a�n�d� �l�y�o�p�h�i�l�i�z�e�d� �a� �s�e�c�o�n�d� �t�i�m�e� �f�o�r� �2�4� 

�h�o�u�r�s�.� �T�h�i�s� �l�y�o�p�h�i�l�i�z�a�t�i�o�n� �w�a�s� �p�e�r�f�o�r�m�e�d� �t�o� �r�e�m�o�v�e� �a�n�y� �e�x�c�e�s�s� �m�o�i�s�t�u�r�e� �w�h�i�c�h� 

�m�a�y� �h�a�v�e� �b�e�e�n� �a�b�s�o�r�b�e�d� �b�y� �t�h�e� �e�g�g�.� �A�f�t�e�r� �r�e�m�o�v�a�l� �f�r�o�m� �t�h�e� �l�y�o�p�h�i�l�i�z�e�r�,� �t�h�e� 

�t�u�b�e�s� �w�e�r�e� �s�e�a�l�e�d� �w�i�t�h� �t�h�e� �a�t�t�a�c�h�e�d� �c�a�p� �a�n�d� �f�r�o�z�e�n� �u�n�t�i�l� �u�s�e�.� �E�g�g�s� �w�e�r�e� 

�w�e�i�g�h�e�d� �i�m�m�e�d�i�a�t�e�l�y� �b�e�f�o�r�e� �a�l�l� �e�x�p�e�r�i�m�e�n�t�s� �o�n� �a� �M�e�t�t�l�e�r�®� �(�#�A�E�1�6�3�)� �b�a�l�a�n�c�e�.
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�E�g�g� �I�n�c�u�b�a�t�i�o�n� �S�t�u�d�y� 

�E�m�b�r�y�o� �n�e�s�t�s� �u�s�e�d� �i�n� �t�h�e� �i�n�c�u�b�a�t�i�o�n� �s�t�u�d�y� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �w�i�t�h�i�n� �a� �f�i�v�e�-�m�i�l�e� 

�r�a�d�i�u�s� �i�n� �M�o�n�t�g�o�m�e�r�y� �C�o�.�,� �V�A�.�,� �o�n� �M�a�y� �1�8�,� �1�9�9�0�;� �b�e�t�w�e�e�n� �t�h�e� �h�o�u�r�s� �o�f� �0�9�0�0�-� 

�1�4�0�0�.� �T�h�e�s�e� �n�e�s�t�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �a�n�d� �t�r�e�a�t�e�d� �a�s� �o�u�t�l�i�n�e�d� �a�b�o�v�e� �b�u�t� �k�e�p�t� �a�l�i�v�e�.� 

�S�e�v�e�n� �o�f� �t�h�e� �8� �n�e�s�t�s� �c�o�n�t�a�i�n�e�d� �e�g�g�s� �o�n�l�y�;� �1� �n�e�s�t� �h�a�d� �1�2� �e�g�g�s� �a�n�d� �3�,� �f�i�r�s�t� �i�n�s�t�a�r�s�.� 

�T�h�r�e�e� �o�f� �t�h�e� �i�n�t�a�c�t� �n�e�s�t�s� �w�e�r�e� �p�l�a�c�e�d� �i�n� �a�n� �i�n�c�u�b�a�t�o�r� �f�o�r� �a� �s�t�u�d�y� �o�f� �e�g�g� 

�d�e�v�e�l�o�p�m�e�n�t�;� �t�h�e�s�e� �n�e�s�t�s� �w�e�r�e� �r�e�m�o�v�e�d� �a�f�t�e�r� �1�8� �d�a�y�s�.� �F�i�v�e� �o�f� �t�h�e� �n�e�s�t�s� �w�e�r�e� 

�u�s�e�d� �f�o�r� �a� �s�t�u�d�y� �o�f� �d�e�v�e�l�o�p�m�e�n�t�a�l� �c�h�a�n�g�e�s� �i�n� �e�g�g� �w�e�i�g�h�t� �a�n�d� �l�i�p�i�d� �c�o�n�t�e�n�t�.� 

�T�h�e�s�e� �n�e�s�t�s� �w�e�r�e� �c�u�t� �i�n�t�o� �h�a�l�v�e�s�.� �O�n�e� �h�a�l�f� �w�a�s� �s�c�o�r�e�d� �a�s� �t�h�e� �i�n�i�t�i�a�l� �g�r�o�u�p� �a�n�d� 

�t�h�e�s�e� �w�e�r�e� �k�i�l�l�e�d� �b�y� �f�r�e�e�z�i�n�g�;� �t�h�e� �o�t�h�e�r� �h�a�l�f� �w�a�s� �p�l�a�c�e�d� �i�n� �a�n� �i�n�c�u�b�a�t�o�r� �f�o�r� �a� �1�0� 

�d�a�y� �p�e�r�i�o�d� �(�P�e�r�c�i�v�a�l� �M�a�n�u�f�a�c�t�u�r�i�n�g� �C�o�.�,� �B�o�o�n�e�,� �l�o�w�a�;� �#�E�-�3�0�B�)�.� �A�n� �i�n�c�u�b�a�t�o�r� 

�l�i�g�h�t� �r�e�g�i�m�e� �o�f� �1�4�L�:� �1�0�D� �w�a�s� �u�s�e�d�.� �T�h�e� �l�i�g�h�t� �w�a�s� �p�r�o�v�i�d�e�d� �b�y� �t�w�o� �2�5�-�w�a�t�t� 

�i�n�c�a�n�d�e�s�c�e�n�t� �b�u�l�b�s� �a�n�d� �s�i�x� �2�0�-�w�a�t�t� �f�l�u�o�r�e�s�c�e�n�t� �b�u�l�b�s�.� �T�h�e� �i�n�c�u�b�a�t�o�r� 

�t�e�m�p�e�r�a�t�u�r�e�s� �w�e�r�e� �m�a�i�n�t�a�i�n�e�d� �a�t� �2�0�°�C� �+�0�.�5� �a�n�d� �1�4�.�5�°�C� �+�0�.�5�,� �d�a�y� �a�n�d� �n�i�g�h�t�,� 

�r�e�s�p�e�c�t�i�v�e�l�y�.� �T�e�m�p�e�r�a�t�u�r�e�s� �w�e�r�e� �b�a�s�e�d� �o�n� �e�n�v�i�r�o�n�m�e�n�t�a�l� �c�o�n�d�i�t�i�o�n�s� �i�n� �t�h�e� 

�M�o�n�t�g�o�m�e�r�y� �C�o�.� �V�A� �a�r�e�a� �d�u�r�i�n�g� �t�h�e� �p�e�r�i�o�d� �w�h�e�n� �t�h�e� �e�m�b�r�y�o� �n�e�s�t�s� �o�f� �D�.� 

�m�a�c�u�l�a�t�a� �a�r�e� �n�o�r�m�a�l�l�y� �f�o�u�n�d�.� �T�h�e� �e�m�b�r�y�o� �n�e�s�t� �s�t�a�g�e� �g�e�n�e�r�a�l�l�y� �e�x�t�e�n�d�s� �f�r�o�m� �M�a�y� 

�1�0� �t�h�r�o�u�g�h� �t�h�e� �f�i�r�s�t� �t�w�o� �w�e�e�k�s� �o�f� �J�u�n�e�.� �T�e�m�p�e�r�a�t�u�r�e� �d�a�t�a� �f�r�o�m� �B�l�a�c�k�s�b�u�r�g�,� �V�A�.� 

�(�M�a�y� �1�0�-�J�u�n�e�9�,� �1�9�8�7�-�1�9�8�9�)� �w�e�r�e� �u�s�e�d� �i�n� �c�o�n�j�u�n�c�t�i�o�n� �w�i�t�h� �a� �m�o�d�i�f�i�e�d� �F�o�r�t�r�a�n� 

�p�r�o�g�r�a�m� �(�F�.�W�.� �R�a�v�l�i�n�;� �u�n�p�u�b�l�.�)� �t�o� �g�e�n�e�r�a�t�e� �t�h�e� �s�i�m�u�l�a�t�e�d� �t�e�m�p�e�r�a�t�u�r�e� �r�e�g�i�m�e�.� 

�H�u�m�i�d�i�t�y� �i�n� �t�h�e� �i�n�c�u�b�a�t�o�r� �w�a�s� �n�o�t� �c�o�n�t�r�o�l�l�e�d� �b�u�t� �r�a�n�g�e�d� �f�r�o�m� �6�0�-�7�5�%� �d�u�r�i�n�g� �t�h�e� 

�d�a�y� �t�o� �7�5�-�9�0�%� �d�u�r�i�n�g� �t�h�e� �n�i�g�h�t�.� 

�N�e�s�t� �h�a�l�v�e�s� �w�h�i�c�h� �w�e�r�e� �u�s�e�d� �f�o�r� �t�h�e� �e�g�g� �w�e�i�g�h�t� �a�n�d� �l�i�p�i�d� �a�n�a�l�y�s�e�s� �w�e�r�e� 

�r�e�m�o�v�e�d� �f�r�o�m� �t�h�e� �i�n�c�u�b�a�t�o�r� �a�f�t�e�r� �1�0� �d�a�y�s�.� �T�h�e� �y�o�u�n�g�e�s�t� �e�g�g�s� �a�t� �t�h�e� �t�i�m�e� �o�f� �n�e�s�t



�7�3� 

�c�o�l�l�e�c�t�i�o�n� �w�e�r�e� �p�o�s�i�t�i�o�n�e�d� �i�n� �t�h�e� �c�e�l�l�s� �a�t� �t�h�e� �o�u�t�e�r�m�o�s�t� �e�d�g�e� �o�f� �t�h�e� �n�e�s�t�;� �t�h�e�r�e�f�o�r�e�,� 

�t�h�e�s�e� �w�e�r�e� �t�h�e� �e�g�g�s� �u�s�e�d� �i�n� �t�h�e� �e�x�p�e�r�i�m�e�n�t�s�.� �O�n�l�y� �h�e�a�l�t�h�y� �e�g�g�s� �w�e�r�e� �u�s�e�d� �a�n�d� 

�t�h�e�s�e� �w�e�r�e� �i�d�e�n�t�i�f�i�e�d� �b�y� �t�h�e�i�r� �w�h�i�t�e� �c�o�l�o�r� �a�n�d� �r�o�b�u�s�t� �a�p�p�e�a�r�a�n�c�e�.� �D�u�r�i�n�g� �t�h�e� 

�i�n�c�u�b�a�t�i�o�n� �p�e�r�i�o�d�,� �a�l�l� �e�g�g�s� �w�i�t�h�i�n� �e�a�c�h� �o�f� �t�h�e� �n�e�s�t�s� �w�e�r�e� �a�l�s�o� �e�x�a�m�i�n�e�d� �w�i�t�h� �a� 

�d�i�s�s�e�c�t�i�n�g� �m�i�c�r�o�s�c�o�p�e� �(�4�0�x�)� �t�w�i�c�e� �d�a�i�l�y� �f�o�r� �e�c�l�o�s�i�o�n� �a�n�d�/�o�r� �l�a�r�v�a�l� �m�o�v�e�m�e�n�t�.� 

�M�a�n�y� �o�f� �t�h�e� �e�g�g�s� �i�n� �t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� �n�e�s�t� �p�r�o�d�u�c�e�d� �f�u�n�g�a�l� �m�y�c�e�l�i�a� �a�f�t�e�r� �7�-� 

�1�2� �d�a�y�s�.� �I�n� �a�n� �e�f�f�o�r�t� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �t�y�p�e� �o�f� �f�u�n�g�u�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �n�e�s�t�s�,� 

�t�w�e�l�v�e� �o�f� �t�h�e�s�e� �e�g�g�s� �w�e�r�e� �a�s�e�p�t�i�c�a�l�l�y� �p�l�a�c�e�d� �o�n�t�o� �a� �p�o�t�a�t�o�-�d�e�x�t�r�o�s�e� �a�g�a�r� 

�a�m�e�n�d�e�d� �w�i�t�h� �c�h�l�o�r�o�m�y�c�e�t�i�n� �a�n�d� �s�t�r�e�p�t�o�m�y�c�i�n� �(�2�0�0� �u�g�/�m�l� �e�a�c�h�)�.� �T�h�e� �p�l�a�t�e�s� 

�w�e�r�e� �t�h�e�n� �i�n�c�u�b�a�t�e�d� �a�t� �a� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �2�5�°�C� �f�o�r� �1� �w�e�e�k�.� 

�E�x�t�r�a�c�t�i�o�n� �o�f� �S�u�g�a�r�s� 

�A�n�t�h�r�o�n�e� �a�n�a�l�y�s�i�s� �o�f� �t�o�t�a�l� �s�u�g�a�r�s�:� �L�y�o�p�h�i�l�i�z�e�d� �e�g�g�s� �w�e�r�e� �p�l�a�c�e�d� �i�n�t�o� �1�.�5� �m�l� 

�m�i�c�r�o�c�e�n�t�r�i�f�u�g�e� �t�u�b�e�s� �t�o� �w�h�i�c�h� �1�2�0� �u�l� �o�f� �6�6�%� �e�t�h�a�n�o�l� �s�a�t�u�r�a�t�e�d� �w�i�t�h� �s�o�d�i�u�m� 

�s�u�l�f�a�t�e� �(�N�a�g�S�O�,�4�)� �w�a�s� �a�d�d�e�d� �(�m�o�d�i�f�i�e�d� �f�r�o�m� �V�a�n� �H�a�n�d�e�l� �1�9�6�5�a�)�.� �T�h�e� �e�g�g� �w�a�s� 

�t�h�e�n� �g�r�o�u�n�d� �w�i�t�h� �a� �m�i�c�r�o�c�e�n�t�r�i�f�u�g�e� �p�e�s�t�l�e� �f�o�r� �1� �m�i�n�u�t�e�.� �T�h�e� �c�o�n�t�e�n�t�s� �o�f� �t�h�e� 

�m�i�c�r�o�c�e�n�t�r�i�f�u�g�e� �t�u�b�e� �w�e�r�e� �t�h�o�r�o�u�g�h�l�y� �m�i�x�e�d� �f�o�r� �1� �m�i�n�u�t�e� �b�e�f�o�r�e� �c�e�n�t�r�i�f�u�g�a�t�i�o�n� �a�t� 

�1�2�,�0�0�0� �r�p�m� �(�F�i�s�h�e�r� �M�i�c�r�o�c�e�n�t�r�i�f�u�g�e�)� �f�o�r� �5� �m�i�n�u�t�e�s�.� �S�a�m�p�l�e�s� �w�e�r�e� �d�i�l�u�t�e�d� �(�1�:�1�0�)� 

�b�y� �m�i�x�i�n�g� �1� �p�a�r�t� �o�f� �t�h�e� �e�t�h�a�n�o�l�i�c� �e�x�t�r�a�c�t� �i�n� �9� �p�a�r�t�s� �o�f� �d�o�u�b�l�e�-�d�i�s�t�i�l�l�e�d� �w�a�t�e�r� 

�(�d�d�H�2�0�)�.� 

�H�P�T�L�C� �A�n�a�l�y�s�i�s�:� �E�g�g�s� �w�e�r�e� �t�r�e�a�t�e�d� �a�s� �a�b�o�v�e� �e�x�c�e�p�t� �1�0� �u�l� �o�f� �6�6�%� �e�t�h�a�n�o�l� 

�(�s�a�t�u�r�a�t�e�d� �w�i�t�h� �N�a�,�S�O�,�)� �w�a�s� �a�d�d�e�d� �r�a�t�h�e�r� �t�h�a�n� �1�2�0� �u�l�.� �T�h�e� �s�a�m�p�l�e�s� �w�e�r�e� �g�r�o�u�n�d� 

�a�n�d� �c�e�n�t�r�i�f�u�g�e�d� �a�n�d� �t�h�e� �s�u�p�e�r�n�a�t�a�n�t�s� �s�p�o�t�t�e�d� �d�i�r�e�c�t�l�y� �o�n�t�o� �t�h�e� �T�L�C� �p�l�a�t�e� �f�o�r� 

�a�n�a�l�y�s�i�s� �w�i�t�h�o�u�t� �f�u�r�t�h�e�r� �d�i�l�u�t�i�o�n�.



�7�4� 

�E�x�t�r�a�c�t�i�o�n� �o�f� �G�l�y�c�o�g�e�n� 

�P�e�l�l�e�t�s� �f�r�o�m� �t�h�e� �a�n�t�h�r�o�n�e� �e�x�t�r�a�c�t�i�o�n� �w�e�r�e� �d�r�i�e�d� �b�y� �p�l�a�c�i�n�g� �t�h�e� �t�u�b�e�s� �i�n�s�i�d�e� 

�a� �s�a�n�d� �b�a�t�h� �a�t� �3�5�°�C� �f�o�r� �1� �h�o�u�r�.� �A�f�t�e�r� �r�e�m�o�v�i�n�g� �t�h�e� �t�u�b�e�s� �f�r�o�m� �t�h�e� �s�a�n�d� �b�a�t�h�,� �5�0�0� 

�u�l� �o�f� �a� �3�0�%� �p�o�t�a�s�s�i�u�m� �h�y�d�r�o�x�i�d�e� �(�K�O�H�)� �s�o�l�u�t�i�o�n� �w�a�s� �a�d�d�e�d� �t�o� �t�h�e� �p�e�l�l�e�t�s� �a�l�o�n�g� 

�w�i�t�h� �5�0� �u�l� �o�f� �a� �s�a�t�u�r�a�t�e�d� �N�a�g�S�O�,� �s�o�l�u�t�i�o�n� �(�i�n� �w�a�t�e�r�)�.� �T�h�e� �t�u�b�e�s� �w�e�r�e� �i�m�m�e�d�i�a�t�e�l�y� 

�p�l�a�c�e�d� �i�n� �a� �M�u�l�t�i�-�B�l�o�k� �H�e�a�t�e�r� �(�L�a�b�-�L�i�n�e� �I�n�s�t�r�u�m�e�n�t�s� �I�n�c�.�)� �a�n�d� �h�e�a�t�e�d� �t�o� �1�0�0�°�C� �f�o�r� 

�1�0� �m�i�n�u�t�e�s�.� �K�O�H� �s�o�l�u�t�i�o�n�s� �w�e�r�e� �m�a�d�e� �f�r�e�s�h� �b�e�f�o�r�e� �e�a�c�h� �e�x�t�r�a�c�t�i�o�n� �a�s� �a� 

�p�r�e�c�a�u�t�i�o�n�a�r�y� �m�e�a�s�u�r�e� �t�o� �a�v�o�i�d� �g�l�y�c�o�g�e�n� �l�o�s�s� �b�y� �c�o�n�t�a�m�i�n�a�t�i�o�n� �w�i�t�h� �c�a�r�b�o�n� 

�d�i�o�x�i�d�e� �(�V�a�n� �H�a�n�d�e�l� �1�9�6�5�b�)�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e� �K�O�H� �w�a�s� �n�o�t� �a�d�d�e�d� �t�o� �t�h�e� �p�e�l�l�e�t�s� 

�u�n�t�i�l� �j�u�s�t� �p�r�i�o�r� �t�o� �h�e�a�t�i�n�g�.� �A�f�t�e�r� �h�e�a�t�i�n�g� �t�h�e� �t�u�b�e�s� �f�o�r� �1�0� �m�i�n�u�t�e�s�,� �t�h�e�y� �w�e�r�e� 

�i�m�m�e�d�i�a�t�e�l�y� �c�h�i�l�l�e�d� �b�y� �p�l�a�c�e�m�e�n�t� �o�n� �i�c�e� �f�o�r� �3� �m�i�n�u�t�e�s�.� �O�n�e� �m�l� �o�f� �6�6�%� �e�t�h�a�n�o�l� 

�s�a�t�u�r�a�t�e�d� �w�i�t�h� �N�a�2�S�O�,� �w�a�s� �a�d�d�e�d� �t�o� �e�a�c�h� �o�f� �t�h�e� �t�u�b�e�s�.� �T�h�e� �t�u�b�e�s� �w�e�r�e� �v�o�r�t�e�x� 

�m�i�x�e�d� �a�n�d� �c�e�n�t�r�i�f�u�g�e�d� �a�t� �1�2�,�0�0�0� �r�p�m� �f�o�r� �5� �m�i�n�u�t�e�s�.� �T�h�e� �s�u�p�e�r�n�a�t�a�n�t�s� �w�e�r�e� 

�w�i�t�h�d�r�a�w�n� �w�i�t�h� �a� �P�a�s�t�e�u�r� �p�i�p�e�t�t�e� �a�n�d� �d�i�s�c�a�r�d�e�d�.� �T�h�e� �p�e�l�l�e�t�s� �w�e�r�e� �d�r�i�e�d� �i�n� �a� �3�5�°�C� 

�s�a�n�d� �b�a�t�h� �f�o�r� �1� �h�o�u�r�,� �t�h�e�n� �d�i�s�s�o�l�v�e�d� �i�n� �1� �m�l� �o�f� �d�d�H�2�O�.� �A� �f�i�n�a�l� �d�i�l�u�t�i�o�n� �(�1�:�5�)� �w�a�s� 

�m�a�d�e� �b�y� �t�r�a�n�s�f�e�r�r�i�n�g� �1� �p�a�r�t� �o�f� �t�h�e� �g�l�y�c�o�g�e�n� �s�o�l�u�t�i�o�n� �t�o� �4� �p�a�r�t�s� �o�f� �d�d�H�2�O� �i�n�s�i�d�e� �o�f� 

�a� �m�i�c�r�o�c�e�n�t�r�i�f�u�g�e� �t�u�b�e�.� 

�A�n�t�h�r�o�n�e� �Q�u�a�n�t�i�t�a�t�i�o�n� �o�f� �C�a�r�b�o�h�y�d�r�a�t�e�s� 

�A�n� �a�n�t�h�r�o�n�e� �a�n�a�l�y�s�i�s� �w�a�s� �u�s�e�d� �t�o� �q�u�a�n�t�i�f�y� �b�o�t�h� �t�o�t�a�l� �a�n�d� �g�l�y�c�o�g�e�n� 

�(�T�r�e�v�e�l�y�a�n� �a�n�d� �H�a�r�r�i�s�o�n� �1�9�5�2�;� �V�a�n� �H�a�n�d�e�l� �1�9�6�5�a�)�.� �T�h�e� �a�n�t�h�r�o�n�e� �r�e�a�g�e�n�t� �w�a�s� 

�p�r�e�p�a�r�e�d� �b�e�f�o�r�e� �e�a�c�h� �a�n�a�l�y�s�i�s� �b�y� �a�d�d�i�n�g� �2�0�0� �m�g� �o�f� �a�n�t�h�r�o�n�e� �t�o� �1�0�0� �m�l� �o�f� �d�i�l�u�t�e�d� 

�s�u�l�f�u�r�i�c� �a�c�i�d� �(�5�0�0� �m�l� �H�»�S�O�,�4�:� �2�0�0� �m�l� �d�d�H�2�O�)�.� �A�f�t�e�r� �m�i�x�i�n�g� �t�h�e� �r�e�a�g�e�n�t�,
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�u�n�d�i�s�s�o�l�v�e�d� �c�r�y�s�t�a�l�s� �o�f� �a�n�t�h�r�o�n�e� �w�e�r�e� �r�e�m�o�v�e�d� �w�i�t�h� �a� �P�a�s�t�e�u�r� �p�i�p�e�t�t�e�.� �G�l�u�c�o�s�e� 

�(�S�i�g�m�a� �C�h�e�m�i�c�a�l� �C�o�.�)� �a�n�d� �g�l�y�c�o�g�e�n� �(�o�y�s�t�e�r� �g�l�y�c�o�g�e�n�;� �S�i�g�m�a� �C�h�e�m�i�c�a�l� �C�o�.�)� 

�s�t�a�n�d�a�r�d�s� �w�e�r�e� �u�s�e�d� �(�5�,� �1�0�,� �2�5�,� �5�0�,� �a�n�d� �1�0�0� �u�g�/�m�l�)� �f�o�r� �e�a�c�h� �o�f� �t�h�e� �r�e�s�p�e�c�t�i�v�e� 

�a�n�a�l�y�s�e�s�.� �G�l�u�c�o�s�e� �s�t�a�n�d�a�r�d�s� �w�e�r�e� �m�a�d�e� �i�n� �a� �6�.�6�%� �e�t�h�a�n�o�l� �s�o�l�u�t�i�o�n�;� �g�l�y�c�o�g�e�n� 

�s�t�a�n�d�a�r�d�s� �i�n� �d�d�H� �0�.� 

�I�n� �e�a�r�l�i�e�r� �e�x�p�e�r�i�m�e�n�t�s� �i�n�v�o�l�v�i�n�g� �c�a�r�b�o�h�y�d�r�a�t�e� �e�x�t�r�a�c�t�i�o�n� �f�r�o�m� 

�h�o�m�o�g�e�n�e�o�u�s�l�y� �g�r�o�u�n�d� �a�b�d�o�m�e�n�s� �o�f� �D�.� �m�a�c�u�l�a�t�a� �q�u�e�e�n�s�,� �5� �u�g� �o�f� �g�l�u�c�o�s�e� �a�n�d� 

�g�l�y�c�o�g�e�n� �w�e�r�e� �a�d�d�e�d� �t�o� �t�h�r�e�e� �s�u�b�s�a�m�p�l�e�s� �(�2�-�4� �m�g� �e�a�c�h�)� �f�r�o�m� �e�a�c�h� �a�b�d�o�m�e�n� �t�o� 

�e�x�a�m�i�n�e� �e�x�t�r�a�c�t�i�o�n� �a�n�d� �a�n�a�l�y�s�i�s� �e�f�f�i�c�i�e�n�c�y�.� �T�h�r�e�e� �s�u�b�s�a�m�p�l�e�s� �(�2�-�4� �m�g� �e�a�c�h�)� 

�f�r�o�m� �t�h�e� �s�a�m�e� �a�b�d�o�m�e�n� �w�e�r�e� �c�a�r�r�i�e�d� �t�h�r�o�u�g�h� �n�o�r�m�a�l� �a�n�a�l�y�s�i�s� �p�r�o�c�e�d�u�r�e�s�.� �A� 

�t�o�t�a�l� �o�f� �8� �q�u�e�e�n� �a�b�d�o�m�e�n�s� �w�e�r�e� �u�s�e�d� �f�o�r� �t�h�e� �c�o�n�f�i�r�m�a�t�i�o�n� �a�n�a�l�y�s�e�s�.� 

�F�i�v�e� �m�l� �p�o�r�t�i�o�n�s� �o�f� �t�h�e� �a�n�t�h�r�o�n�e� �r�e�a�g�e�n�t� �w�e�r�e� �p�i�p�e�t�t�e�d� �i�n�t�o� �P�y�r�e�x� �t�e�s�t� 

�t�u�b�e�s� �w�h�i�c�h� �w�e�r�e� �c�o�o�l�e�d� �i�n� �a�n� �i�c�e� �w�a�t�e�r� �b�a�t�h�.� �T�h�e� �s�t�a�n�d�a�r�d�s�,� �b�l�a�n�k�s�,� �a�n�d� �1�.�0� �m�l� 

�g�l�u�c�o�s�e� �o�r� �g�l�y�c�o�g�e�n� �s�a�m�p�l�e�s� �w�e�r�e� �s�l�o�w�l�y� �p�i�p�e�t�t�e�d� �o�n� �t�o�p� �o�f� �t�h�e� �a�n�t�h�r�o�n�e� 

�r�e�a�g�e�n�t�.� �W�h�e�n� �a�l�l� �o�f� �t�h�e� �s�a�m�p�l�e�s� �h�a�d� �b�e�e�n� �p�r�e�p�a�r�e�d�,� �t�h�e� �t�u�b�e�s� �w�e�r�e� �c�a�p�p�e�d� �a�n�d� 

�m�i�x�e�d� �t�h�o�r�o�u�g�h�l�y�.� �T�h�e� �t�e�s�t� �t�u�b�e�s� �w�e�r�e� �p�l�a�c�e�d� �i�n� �a� �b�o�i�l�i�n�g� �w�a�t�e�r� �b�a�t�h� �f�o�r� �1�0� 

�m�i�n�u�t�e�s�,� �a�f�t�e�r� �w�h�i�c�h� �t�h�e�y� �w�e�r�e� �r�e�m�o�v�e�d� �a�n�d� �c�o�o�l�e�d� �i�n� �a�n� �i�c�e� �w�a�t�e�r� �b�a�t�h� �f�o�r� �3� 

�m�i�n�u�t�e�s�.� �T�h�e� �s�o�l�u�t�i�o�n�s� �w�e�r�e� �r�e�a�d� �w�i�t�h� �a� �P�e�r�k�i�n�-�E�l�m�e�r� �L�a�m�b�d�a� �3�B� 

�S�p�e�c�t�r�o�p�h�o�t�o�m�e�t�e�r� �a�t� �6�2�0� �n�m�.� �S�p�i�k�e�o�v�e�r�s� �w�i�t�h� �5� �u�g� �g�l�u�c�o�s�e� �a�n�d� �g�l�y�c�o�g�e�n� 

�s�t�a�n�d�a�r�d�s� �i�n�d�i�c�a�t�e�d� �r�e�c�o�v�e�r�y� �r�a�t�e�s� �o�f� �9�8�%� �+� �3�%� �a�n�d� �9�4�%� �+� �3�%�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�H�P�T�L�C� �A�n�a�l�y�s�e�s� �o�f� �S�u�g�a�r�s� 

�M�e�r�c�k� �p�r�e�-�c�o�a�t�e�d� �s�i�l�i�c�a� �g�e�l� �6�0� �p�l�a�t�e�s� �f�o�r� �H�P�T�L�C� �(�1�0� �x� �1�0� �c�m�)� �w�e�r�e� �t�r�e�a�t�e�d� 

�a�n�d� �a�c�t�i�v�a�t�e�d� �a�s� �d�e�s�c�r�i�b�e�d� �b�y� �F�e�l�l� �(�1�9�9�0�)�.� �M�i�x�e�d� �1� �u�l� �s�t�a�n�d�a�r�d�s�,� �c�o�n�s�i�s�t�i�n�g� �o�f



�7�6� 

�g�l�u�c�o�s�e�,� �f�r�u�c�t�o�s�e�,� �t�r�e�h�a�l�o�s�e�,� �a�n�d� �s�u�c�r�o�s�e� �(�0�.�2�5�,� �0�.�5�,� �1�,� �2�,� �4� �a�n�d� �6� �u�g�/�u�l�)� �a�n�d� �1� �u�l� 

�s�a�m�p�l�e� �s�o�l�u�t�i�o�n�s� �w�e�r�e� �a�p�p�l�i�e�d� �t�o� �t�h�e� �t�r�e�a�t�e�d� �p�l�a�t�e�s� �w�i�t�h� �a� �C�a�m�a�g�®� �N�a�n�o�m�a�t� �1� 

�a�p�p�l�i�c�a�t�o�r� �a�n�d� �D�r�u�m�m�o�n�d�?� �m�i�c�r�o�c�a�p�s�;� �s�a�m�p�l�e�s� �w�e�r�e� �r�u�n� �i�n� �d�u�p�l�i�c�a�t�e�.� 

�A�f�t�e�r� �s�a�m�p�l�e� �a�p�p�l�i�c�a�t�i�o�n�,� �t�h�e� �p�l�a�t�e�s� �w�e�r�e� �d�r�i�e�d� �w�i�t�h� �a� �h�a�i�r� �d�r�y�e�r�.� �T�h�e� �p�l�a�t�e�s� 

�w�e�r�e� �d�e�v�e�l�o�p�e�d� �w�i�t�h� �a�c�e�t�o�n�i�t�r�i�l�e�:�d�d�H�2�O� �(�8�5�:�1�5�)� �t�h�r�e�e� �t�i�m�e�s� �a�n�d� �d�r�i�e�d� �b�e�t�w�e�e�n� 

�e�a�c�h� �d�e�v�e�l�o�p�m�e�n�t�.� �T�h�e� �p�l�a�t�e�s� �w�e�r�e� �a�l�l�o�w�e�d� �t�o� �c�o�o�l� �a�f�t�e�r� �t�h�e� �f�i�n�a�l� �d�r�y�i�n�g�.� �T�h�e� 

�p�l�a�t�e�s� �w�e�r�e� �d�i�p�p�e�d� �i�n�t�o� �a� �c�e�r�i�c� �s�u�l�f�a�t�e�/�H�2�S�O�,� �s�o�l�u�t�i�o�n� �(�F�e�l�l� �1�9�9�0�)� �a�n�d� �t�h�e�n� 

�c�h�a�r�r�e�d� �b�y� �p�l�a�c�i�n�g� �t�h�e�m� �i�n� �a�n� �o�v�e�n� �a�t� �1�1�0�°�C� �f�o�r� �1�5� �m�i�n�u�t�e�s�.� �T�h�e� �d�i�p�p�i�n�g� �r�e�a�g�e�n�t� 

�w�a�s� �m�a�d�e� �b�y� �d�i�l�u�t�i�n�g� �1� �p�a�r�t� �o�f� �0�.�1�N� �c�e�r�i�c� �s�u�l�f�a�t�e� �i�n� �2�N� �H�a�S�O�,� �(�R�i�c�c�a� �C�h�e�m�i�c�a�l� 

�C�o�r�p�.�)� �Q�u�a�n�t�i�t�a�t�i�v�e� �m�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� �m�a�d�e� �b�y� �a�b�s�o�r�b�a�n�c�e� �s�c�a�n�n�i�n�g�,� �u�s�i�n�g� �a� 

�C�A�M�A�G� �T�L�C� �s�c�a�n�n�e�r� �I�l�,� �i�n� �c�o�n�j�u�n�c�t�i�o�n� �w�i�t�h� �a� �S�p�e�c�t�r�a� �P�h�y�s�i�c�s� �#�4�2�7�0� �i�n�t�e�g�r�a�t�o�r�.� 

�T�h�e� �p�l�a�t�e�s� �w�e�r�e� �s�c�a�n�n�e�d� �u�s�i�n�g� �t�h�e� �p�a�r�a�m�e�t�e�r�s� �d�e�s�c�r�i�b�e�d� �b�y� �F�e�l�l� �(�1�9�9�0�)�.� 

�E�x�t�r�a�c�t�i�o�n�,� �a�n�d� �A�n�a�l�y�s�i�s� �o�f� �L�i�p�i�d�s� 

�L�y�o�p�h�i�l�i�z�e�d� �e�g�g�s� �w�e�r�e� �i�n�d�i�v�i�d�u�a�l�l�y� �p�l�a�c�e�d� �i�n�s�i�d�e� �1�.�5� �m�l� �m�i�c�r�o�c�e�n�t�r�i�f�u�g�e� 

�t�u�b�e�s� �t�o� �w�h�i�c�h� �4�0�0� �u�l� �o�f� �c�h�l�o�r�o�f�o�r�m�:� �m�e�t�h�a�n�o�l� �(�2�:�1�)� �w�a�s� �a�d�d�e�d�.� �T�h�e� �e�g�g�s� �w�e�r�e� 

�g�r�o�u�n�d� �w�i�t�h� �a� �m�i�c�r�o�c�e�n�t�r�i�f�u�g�e� �p�e�s�t�l�e� �f�o�r� �1� �m�i�n�u�t�e�;� �4�0�0� �u�l� �o�f� �d�d�H�2�O� �w�a�s� �t�h�e�n� 

�a�d�d�e�d�.� �T�h�e� �t�u�b�e�s� �w�e�r�e� �m�i�x�e�d� �f�o�r� �1� �m�i�n�u�t�e� �a�n�d� �t�h�e�n� �c�e�n�t�r�i�f�u�g�e�d� �a�t� �1�2�,�0�0�0� �r�p�m� �f�o�r� 

�f�i�v�e� �m�i�n�u�t�e�s�.� �T�h�e� �a�q�u�e�o�u�s� �l�a�y�e�r� �w�a�s� �e�x�t�r�a�c�t�e�d� �w�i�t�h� �4�0�0� �u�l� �o�f� �2�:�1� 

�c�h�l�o�r�o�f�o�r�m�/�m�e�t�h�a�n�o�l�;� �t�h�e� �c�h�l�o�r�o�f�o�r�m� �l�a�y�e�r� �(�s�u�b�n�a�t�a�n�t�)� �w�a�s� �s�a�v�e�d�.� �T�h�e� �a�q�u�e�o�u�s� 

�l�a�y�e�r� �w�a�s� �w�a�s�h�e�d� �2� �m�o�r�e� �t�i�m�e�s� �a�n�d� �t�h�e� �r�e�s�u�l�t�i�n�g� �c�h�l�o�r�o�f�o�r�m� �l�a�y�e�r�s� �w�e�r�e� 

�c�o�m�b�i�n�e�d�.� �T�h�e� �c�o�m�b�i�n�e�d� �c�h�l�o�r�o�f�o�r�m� �e�x�t�r�a�c�t� �w�a�s� �t�h�e�n� �d�r�i�e�d� �u�n�d�e�r� �a� �s�t�r�e�a�m� �o�f� 

�d�r�y� �N�o�.� �T�h�e� �l�i�p�i�d� �w�a�s� �r�e�m�o�v�e�d� �f�r�o�m� �t�h�i�s� �t�u�b�e� �b�y� �3� �c�h�l�o�r�o�f�o�r�m� �w�a�s�h�i�n�g�s� �(�1�0�0� 

�u�l�/�w�a�s�h�)� �a�n�d� �t�r�a�n�s�f�e�r�r�e�d� �t�o� �a� �4�0�0� �u�l� �m�i�c�r�o�c�e�n�t�r�i�f�u�g�e� �t�u�b�e�.� �T�h�e� �f�i�n�a�l� �s�o�l�u�t�i�o�n� �w�a�s
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�e�v�a�p�o�r�a�t�e�d� �t�o� �d�r�y�n�e�s�s� �u�n�d�e�r� �n�i�t�r�o�g�e�n�.� 

�M�e�r�c�k� �p�r�e�-�c�o�a�t�e�d� �5�6�3�3� �s�i�l�i�c�a� �g�e�l� �6�0� �p�l�a�t�e�s� �f�o�r� �H�P�T�L�C� �(�1�0� �x� �1�0� �c�m�)� �w�e�r�e� 

�t�r�e�a�t�e�d� �a�n�d� �a�c�t�i�v�a�t�e�d� �a�s� �d�e�s�c�r�i�b�e�d� �b�y� �J�u�d�g�e� �e�t� �a�l�.� �(�1�9�8�9�)�.� �M�i�x�e�d� �l�i�p�i�d� �s�t�a�n�d�a�r�d�s�,� 

�c�o�n�s�i�s�t�i�n�g� �o�f� �m�o�n�o�-�,� �d�i�-�,� �a�n�d� �t�r�i�s�t�e�a�r�i�n�,� �a�n�d� �c�h�o�l�e�s�t�e�r�o�l� �p�a�l�m�i�t�a�t�e� �(�0�.�5�,� �1�,� �2�,� �4�,� �6�,� �8�,� 

�a�n�d� �1�0� �u�g�/�u�l�)� �a�n�d� �1� �u�l� �s�a�m�p�l�e� �s�o�l�u�t�i�o�n�s� �w�e�r�e� �a�p�p�l�i�e�d� �t�o� �t�h�e� �p�l�a�t�e� �w�i�t�h� �a� �C�a�m�a�g�?� 

�N�a�n�o�m�a�t� �1� �a�p�p�l�i�c�a�t�o�r� �a�n�d� �D�r�u�m�m�o�n�d�?� �m�i�c�r�o�c�a�p�s�;� �s�a�m�p�l�e�s� �w�e�r�e� �r�u�n� �i�n� �t�r�i�p�l�i�c�a�t�e�.� 

�S�a�m�p�l�e� �s�o�l�u�t�i�o�n�s� �w�e�r�e� �p�r�e�p�a�r�e�d� �b�y� �a�d�d�i�n�g� �2�0� �u�l� �o�f� �c�h�l�o�r�o�f�o�r�m� �t�o� �t�h�e� �s�a�m�p�l�e� 

�t�u�b�e�s� �a�n�d� �v�i�g�o�r�o�u�s�l�y� �m�i�x�e�d� �i�m�m�e�d�i�a�t�e�l�y� �b�e�f�o�r�e� �s�p�o�t�t�i�n�g�.� 

�T�h�e� �H�P�T�L�C� �p�l�a�t�e�s� �w�e�r�e� �d�e�v�e�l�o�p�e�d� �i�n� �a� �l�i�n�e�a�r� �s�e�p�a�r�a�t�i�o�n� �c�h�a�m�b�e�r� 

�(�C�A�M�A�G�)�.� �T�h�e� �f�i�r�s�t� �d�e�v�e�l�o�p�m�e�n�t� �u�t�i�l�i�z�e�d� �b�e�n�z�e�n�e�:�e�t�h�e�r�:�e�t�h�a�n�o�l�:�a�c�e�t�i�c� �a�c�i�d� 

�s�o�l�u�t�i�o�n� �(�6�0�:�4�0�:�2�:�0�.�2�;� �v�/�v�)�,� �f�o�l�l�o�w�e�d� �b�y� �a� �s�e�c�o�n�d� �d�e�v�e�l�o�p�m�e�n�t� �w�i�t�h� �a� 

�h�e�x�a�n�e�:�h�e�p�t�a�n�e�:�e�t�h�e�r�:�a�c�e�t�i�c� �a�c�i�d� �s�o�l�u�t�i�o�n� �(�6�3�:�1�8�:�1�8�:�1�;� �v�/�v�)� �(�J�u�d�g�e� �e�t� �a�l�.� �1�9�8�9�)�.� 

�A�f�t�e�r� �e�a�c�h� �d�e�v�e�l�o�p�m�e�n�t�,� �t�h�e� �p�l�a�t�e�s� �w�e�r�e� �d�r�i�e�d� �w�i�t�h� �a� �h�a�i�r� �d�r�y�e�r� �a�n�d� �t�h�e�n� �a�l�l�o�w�e�d� 

�t�o� �c�o�o�l� �b�e�f�o�r�e� �p�r�o�c�e�e�d�i�n�g�.� 

�T�h�e� �d�e�v�e�l�o�p�e�d� �p�l�a�t�e�s� �w�e�r�e� �v�i�s�u�a�l�i�z�e�d� �w�i�t�h� �1�%� �T�N�S� �(�6�-�p�-�t�o�l�u�d�i�n�o�-� 

�n�a�p�t�h�a�l�e�n�e�s�u�l�f�o�n�i�c� �a�c�i�d�)� �i�n� �m�e�t�h�a�n�o�l�.� �Q�u�a�n�t�i�t�a�t�i�v�e� �m�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� �m�a�d�e� �b�y� 

�f�l�u�o�r�e�s�c�e�n�c�e� �s�c�a�n�n�i�n�g�,� �u�s�i�n�g� �a� �C�A�M�A�G� �T�L�C� �s�c�a�n�n�e�r� �I�l�,�i�n� �c�o�n�j�u�n�c�t�i�o�n� �w�i�t�h� �a� 

�S�p�e�c�t�r�a� �P�h�y�s�i�c�s� �#�4�2�7�0� �i�n�t�e�g�r�a�t�o�r�.� �T�h�e� �p�l�a�t�e�s� �w�e�r�e� �s�c�a�n�n�e�d� �u�s�i�n�g� �t�h�e� 

�p�a�r�a�m�e�t�e�r�s� �d�e�s�c�r�i�b�e�d� �b�y� �J�u�d�g�e� �e�t� �a�l�.� �(�1�9�8�9�)�.� �S�p�i�k�e�o�v�e�r�s� �w�i�t�h� �2�.�0� �u�g�/�u�l� �o�f� �t�h�e� 

�m�i�x�e�d� �l�i�p�i�d� �s�t�a�n�d�a�r�d� �a�d�d�e�d� �t�o� �t�h�e� �e�g�g�s� �b�e�f�o�r�e� �t�h�e� �e�x�t�r�a�c�t�i�o�n� �p�r�o�c�e�s�s� 

�d�e�m�o�n�s�t�r�a�t�e�d� �r�e�c�o�v�e�r�y� �r�a�t�e�s� �o�f� �9�4�%� �+� �4�%�.� 

�Q�u�a�n�t�i�t�a�t�i�o�n� �o�f� �T�o�t�a�l� �N�i�t�r�o�g�e�n� 

�T�h�e� �q�u�a�n�t�i�t�a�t�i�o�n� �o�f� �t�o�t�a�l� �n�i�t�r�o�g�e�n� �i�n�v�o�l�v�e�d� �a� �m�o�d�i�f�i�e�d� �m�i�c�r�o�-�K�j�e�l�d�a�h�l
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�t�e�c�h�n�i�q�u�e� �(�M�u�l�l�i�n�s� �1�9�7�1�)�.� �L�y�o�p�h�i�l�i�z�e�d� �e�g�g�s� �a�n�d� �a�m�m�o�n�i�u�m� �s�u�l�f�a�t�e� �(�N�H�4�S�O�,�)� 

�s�t�a�n�d�a�r�d�s� �(�5�,� �1�0�,� �2�5�,� �5�0�,� �a�n�d� �1�0�0� �u�g�/�m�l�)� �w�e�r�e� �p�l�a�c�e�d� �i�n�t�o� �t�e�s�t� �t�u�b�e�s� �(�1�8� �c�m� �x� �1�0�0� 

�c�m�)�,� �a�f�t�e�r� �w�h�i�c�h� �1�.�5� �m�l� �o�f� �a� �o�x�i�d�i�z�i�n�g�/�d�i�g�e�s�t�i�n�g� �m�i�x�t�u�r�e� �c�o�p�p�e�r� �s�u�l�f�a�t�e� �(�C�u�S�O�x�,�)�,� 

�3�1�3� �m�g�/�L�,� �s�e�l�e�n�i�o�u�s� �a�c�i�d� �(�H�z�S�e�O�3�)� �1�2�9� �m�g�/�L�,� �m�i�x�e�d� �i�n�t�o� �5�N� �H�2�S�O�,� �w�a�s� �a�d�d�e�d� 

�t�o� �e�a�c�h� �t�u�b�e�.� 

�T�h�e� �t�u�b�e�s� �w�e�r�e� �p�l�a�c�e�d� �i�n�t�o� �a�n� �o�v�e�n� �a�t� �1�2�0�-�1�5�0�°�C� �f�o�r� �8�-�1�0� �h�o�u�r�s�,� �o�r� �u�n�t�i�l� 

�t�h�e� �w�a�t�e�r� �w�a�s� �e�v�a�p�o�r�a�t�e�d� �f�r�o�m� �t�h�e� �d�i�g�e�s�t�i�o�n� �m�i�x�t�u�r�e�.� �T�h�i�s� �w�a�s� �a�p�p�a�r�e�n�t� �b�y� 

�b�e�a�d�s� �o�f� �w�a�t�e�r� �w�h�i�c�h� �c�o�l�l�e�c�t�e�d� �n�e�a�r� �t�h�e� �t�o�p�s� �o�f� �t�h�e� �t�u�b�e�s�;� �f�o�l�l�o�w�e�d� �b�y� �c�o�m�p�l�e�t�e� 

�e�v�a�p�o�r�a�t�i�o�n� �o�f� �t�h�e� �b�e�a�d�s� �w�i�t�h� �c�o�n�t�i�n�u�e�d� �h�e�a�t�i�n�g� �a�t� �t�h�e� �s�a�m�e� �t�e�m�p�e�r�a�t�u�r�e� �s�e�t�t�i�n�g�.� 

�A�f�t�e�r� �t�h�e� �w�a�t�e�r� �w�a�s� �d�r�i�v�e�n� �o�f�f�,� �a� �g�l�a�s�s� �m�a�r�b�l�e� �w�a�s� �p�l�a�c�e�d� �o�n� �e�a�c�h� �t�u�b�e� �a�n�d� �t�h�e� 

�t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �i�n�c�r�e�a�s�e�d� �t�o� �3�5�0�°�C� �f�o�r� �1�2� �h�o�u�r�s�.� �T�h�e� �t�u�b�e�s� �w�e�r�e� �t�h�e�n� �r�e�m�o�v�e�d� 

�f�r�o�m� �t�h�e� �o�v�e�n� �a�n�d� �a�l�l�o�w�e�d� �t�o� �c�o�o�l�.� �F�o�u�r� �a�n�d� �o�n�e�-�h�a�l�f� �m�l� �o�f� �d�d�H�2�0� �w�e�r�e� �s�l�o�w�l�y� 

�a�d�d�e�d� �w�h�i�l�e� �r�o�t�a�t�i�n�g� �t�h�e� �t�u�b�e� �t�o� �r�i�n�s�e� �a�n�y� �a�c�c�u�m�u�l�a�t�e�d� �d�e�b�r�i�s� �f�r�o�m� �t�h�e� �i�n�s�i�d�e� �w�a�l�l� 

�o�f� �t�h�e� �t�u�b�e�.� �A�f�t�e�r� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �w�a�t�e�r� �t�o� �a�l�l� �t�u�b�e�s�,� �4�.�5� �m�l� �o�f� �3�.�3�N� �s�o�d�i�u�m� 

�h�y�d�r�o�x�i�d�e� �(�N�a�O�H�)� �w�e�r�e� �a�d�d�e�d� �t�o� �e�a�c�h� �t�u�b�e�,� �f�o�l�l�o�w�e�d� �b�y� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �3�.�0� �m�i� �o�f� 

�N�e�s�s�l�e�r ��s� �r�e�a�g�e�n�t� �(�p�o�t�a�s�s�i�u�m� �m�e�r�c�u�r�i�c� �i�o�d�i�d�e� �7�g�/�L�;� �g�u�m� �g�h�a�t�t�i� �1�.�7�5�g�/�L�)�.� �T�h�e� 

�t�u�b�e�s� �w�e�r�e� �m�i�x�e�d� �a�n�d� �s�e�t� �a�s�i�d�e� �f�o�r� �1�5� �m�i�n�u�t�e�s� �t�o� �a�l�l�o�w� �f�o�r� �m�a�x�i�m�u�m� �c�o�l�o�r� 

�d�e�v�e�l�o�p�m�e�n�t�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �y�e�l�l�o�w�-�o�r�a�n�g�e� �c�o�l�o�r�e�d� �s�o�l�u�t�i�o�n�s� �w�e�r�e� �r�e�a�d� �o�n� �a� 

�P�e�r�k�i�n�-�E�l�m�e�r� �L�a�m�b�d�a� �3�B� �S�p�e�c�t�r�o�p�h�o�t�o�m�e�t�e�r� �a�t� �4�9�0� �n�m�.� �S�p�i�k�e�o�v�e�r�s� �w�i�t�h� �5� �u�g�/�m�l� 

�o�f� �a�n� �a�m�m�o�n�i�u�m� �s�u�l�f�a�t�e� �s�t�a�n�d�a�r�d� �d�e�m�o�n�s�t�r�a�t�e�d� �9�3� �+�3�%� �r�e�c�o�v�e�r�y�.� 

�N�e�s�t� �T�e�m�p�e�r�a�t�u�r�e� �S�t�u�d�y� 

�A� �D�.� �m�a�c�u�l�a�t�a� �e�m�b�r�y�o� �n�e�s�t� �w�h�i�c�h� �c�o�n�t�a�i�n�e�d� �t�h�e� �f�o�u�n�d�r�e�s�s� �q�u�e�e�n� �a�n�d� �8� 

�e�g�g�s� �w�a�s� �l�o�c�a�t�e�d� �o�n� �M�a�y� �2�6�,� �1�9�9�0�.� �A�n� �i�n�c�i�s�i�o�n� �w�a�s� �m�a�d�e� �w�i�t�h� �a� �s�c�a�l�p�e�l� �i�n�t�o� �t�h�e



�7�9� 

�n�e�s�t� �e�n�v�e�l�o�p�e� �a�n�d� �a� �t�h�e�r�m�i�s�t�o�r� �p�r�o�b�e� �(�M�o�d�e�l� �#� �1�0�1�;� �C�a�m�p�b�e�l�l� �S�c�i�e�n�t�i�f�i�c� �C�o�.�)� �w�a�s� 

�i�n�s�e�r�t�e�d� �i�m�m�e�d�i�a�t�e�l�y� �a�b�o�v�e� �t�h�e� �n�e�s�t� �c�o�m�b� �(�0�.�5� �c�m�)� �a�n�d� �a�d�j�a�c�e�n�t� �t�o� �t�h�e� �n�e�s�t� 

�p�e�d�i�c�e�l�.� �A� �s�e�c�o�n�d� �t�h�e�r�m�i�s�t�o�r� �p�r�o�b�e� �w�a�s� �p�l�a�c�e�d� �7� �c�m� �a�w�a�y� �f�r�o�m� �t�h�e� �n�e�s�t�.� �D�a�t�a� 

�w�e�r�e� �c�o�n�t�i�n�u�o�u�s�l�y� �r�e�c�o�r�d�e�d� �f�r�o�m� �M�a�y� �3�1�-�J�u�n�e� �6� �w�i�t�h� �a� �C�R�2�1� �M�i�c�r�o�l�o�g�g�e�r� 

�(�C�a�m�p�b�e�l�l� �S�c�i�e�n�t�i�f�i�c� �C�o�.�)� �a�n�d� �d�o�w�n�l�o�a�d�e�d� �t�o� �a� �c�a�s�s�e�t�t�e� �r�e�c�o�r�d�e�r�.� �T�h�e� �r�e�s�u�l�t�i�n�g� 

�d�a�t�a� �w�e�r�e� �t�r�a�n�s�f�e�r�r�e�d� �t�o� �a�n� �I�B�M�-�P�C� �f�o�r� �a�n�a�l�y�s�i�s� �u�s�i�n�g� �a� �C�a�s�s�e�t�t�e� �I�n�t�e�r�f�a�c�e� �(�#�C�2�0�;� 

�C�a�m�p�b�e�l�l� �S�c�i�e�n�t�i�f�i�c� �C�o�.�)�.� �B�y� �J�u�n�e� �2�,� �1�9�9�0�,� �t�h�e� �n�e�s�t� �c�o�n�t�a�i�n�e�d� �8� �e�g�g�s� �a�n�d� �3� �f�i�r�s�t� 

�i�n�s�t�a�r�s�.� �D�a�t�a� �c�o�l�l�e�c�t�i�o�n� �w�a�s� �d�i�s�c�o�n�t�i�n�u�e�d� �o�n� �J�u�n�e� �7�,� �t�h�r�e�e� �d�a�y�s� �a�f�t�e�r� �t�h�e� 

�f�o�u�n�d�r�e�s�s� �q�u�e�e�n� �w�a�s� �l�o�s�t�.� 

�S�t�a�t�i�s�t�i�c�a�l� �A�n�a�l�y�s�e�s� 

�S�e�a�s�o�n�a�l� �E�g�g� �A�n�a�l�y�s�e�s�:� �T�e�s�t�s� �f�o�r� �n�o�r�m�a�l�i�t�y�,� �v�a�r�i�a�n�c�e� �h�o�m�o�g�e�n�e�i�t�y� �(�C�o�c�h�r�a�n� �a�n�d� 

�C�o�x�,� �1�9�5�7�)�,� �a�n�d� �a�n� �a�n�a�l�y�s�i�s� �o�f� �v�a�r�i�a�n�c�e� �(�A�N�O�V�A�)� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �o�n� �a�l�l� �c�l�a�s�s� 

�v�a�r�i�a�b�l�e�s�,� �u�s�i�n�g� �t�h�e� �U�N�I�V�A�R�I�A�T�E�,� �D�I�S�C�R�I�M�,� �a�n�d� �G�L�M� �p�r�o�c�e�d�u�r�e�s� �(�S�A�S� �I�n�s�t�i�t�u�t�e�,� 

�1�9�8�5�)�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �I�f� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e�s� �w�e�r�e� �d�e�t�e�c�t�e�d� �(�a�l�p�n�a�=�0�.�0�5�)� �a�m�o�n�g� 

�t�h�e� �c�l�a�s�s� �v�a�r�i�a�b�l�e�s�,� �t�h�e�n� �S�c�h�e�f�f�e ��s� �T�e�s�t� �w�a�s� �u�s�e�d� �t�o� �f�i�n�d� �t�h�e� �d�i�f�f�e�r�e�n�c�e�s�.� 

�E�g�g� �I�n�c�u�b�a�t�i�o�n� �E�x�p�e�r�i�m�e�n�t�:� �A� �t� �t�e�s�t� �p�r�o�c�e�d�u�r�e� �(�a�l�p�h�a� �=�0�.�5�)� �(�S�A�S� �I�n�s�t�i�t�u�t�e�,� �1�9�8�5� 

�w�a�s� �u�s�e�d� �t�o� �c�o�m�p�a�r�e� �m�e�a�n� �w�e�i�g�h�t�s� �b�e�t�w�e�e�n� �t�h�e� �c�o�n�t�r�o�l� �a�n�d� �i�n�c�u�b�a�t�e�d� �e�g�g�s�.� �A� 

�m�u�l�t�i�v�a�r�i�a�t�e� �a�n�a�l�y�s�i�s� �(�M�A�N�O�V�A� �p�r�o�c�e�d�u�r�e�;� �S�A�S� �I�n�s�t�i�t�u�t�e�,� �1�9�8�5�)� �w�a�s� �u�s�e�d� �t�o� 

�q�u�a�n�t�i�t�a�t�i�v�e�l�y� �a�n�d� �q�u�a�l�i�t�a�t�i�v�e�l�y� �c�o�m�p�a�r�e� �l�i�p�i�d� �d�i�f�f�e�r�e�n�c�e�s� �b�e�t�w�e�e�n� �t�h�e� �2� �t�r�e�a�t�m�e�n�t� 

�g�r�o�u�p�s�,� �w�i�t�h� �t�h�e� �5� �l�i�p�i�d� �c�l�a�s�s�e�s� �a�s� �t�h�e� �d�e�p�e�n�d�e�n�t� �v�a�r�i�a�b�l�e�.
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�R�e�s�u�l�t�s� 

�E�g�g� �W�e�i�g�h�t�,� �E�n�e�r�g�y� �R�e�s�e�r�v�e�,� �a�n�d� �T�o�t�a�l� �N�i�t�r�o�g�e�n� �C�o�m�p�a�r�i�s�o�n�s� 

�T�a�b�l�e� �9� �s�h�o�w�s� �t�h�e� �s�e�a�s�o�n�a�l� �c�h�a�n�g�e�s� �i�n� �m�e�a�n� �d�r�y� �w�e�i�g�h�t� �o�f� �D�.� �m�a�c�u�l�a�t�a� 

�e�g�g�s�.� �T�h�e� �m�e�a�n� �d�r�y� �w�e�i�g�h�t� �o�f� �e�m�b�r�y�o� �n�e�s�t� �e�g�g�s� �w�a�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �h�i�g�h�e�r� 

�(�P�=�0�.�0�0�0�1�)� �t�h�a�n� �e�g�g�s� �c�o�l�l�e�c�t�e�d� �i�n� �J�u�n�e�,� �J�u�l�y�,� �a�n�d� �A�u�g�u�s�t�.� �T�h�e� �d�i�f�f�e�r�e�n�c�e� �i�n� 

�m�e�a�n� �d�r�y� �w�e�i�g�h�t� �b�e�t�w�e�e�n� �t�h�e� �2� �g�r�o�u�p�s� �w�a�s� �2�6�%�.� �A�m�o�n�g� �t�h�e� �s�u�m�m�e�r� �e�g�g�s�,� 

�m�e�a�n� �d�r�y� �w�e�i�g�h�t� �w�a�s� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� �(�P�>�0�.�0�5�)�.� �T�h�e�s�e� �r�e�s�u�l�t�s� �s�h�o�w� �t�h�a�t� �~� 

�t�h�e� �f�i�r�s�t� �e�g�g�s� �p�r�o�d�u�c�e�d� �b�y� �a� �q�u�e�e�n� �a�r�e� �l�a�r�g�e�r� �a�n�d� �i�n�d�i�c�a�t�e� �g�r�e�a�t�e�r� �i�n�v�e�s�t�m�e�n�t� �p�e�r� 

�e�g�g� �e�a�r�l�i�e�r� �i�n� �t�h�e� �s�e�a�s�o�n�.� �I�n� �a�n� �a�t�t�e�m�p�t� �t�o� �d�e�t�e�r�m�i�n�e� �w�h�i�c�h� �e�g�g� �c�o�m�p�o�n�e�n�t�s� 

�w�e�r�e� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �s�e�a�s�o�n�a�l� �e�g�g� �w�e�i�g�h�t� �c�h�a�n�g�e�s�,� �t�h�e� �t�o�t�a�l� �n�i�t�r�o�g�e�n�,� �s�u�g�a�r�,� 

�g�l�y�c�o�g�e�n�,� �a�n�d� �l�i�p�i�d� �r�e�s�e�r�v�e�s� �o�f� �t�h�e� �i�n�d�i�v�i�d�u�a�l� �e�g�g�s� �w�e�r�e� �c�o�m�p�a�r�e�d� �(�T�a�b�l�e� �9�)�.� 

�H�o�w�e�v�e�r�,� �t�h�e� �D�I�S�C�R�I�M� �p�r�o�c�e�d�u�r�e� �r�e�v�e�a�l�e�d� �t�h�a�t� �v�a�r�i�a�n�c�e�s� �a�m�o�n�g� �t�h�e� �e�n�e�r�g�y� 

�r�e�s�e�r�v�e� �c�l�a�s�s�e�s� �(�S�u�g�a�r�,� �g�l�y�c�o�g�e�n�,� �l�i�p�i�d�,� �a�n�d� �n�i�t�r�o�g�e�n�)� �w�i�t�h�i�n� �t�h�e� �e�m�b�r�y�o� �n�e�s�t� �e�g�g�s� 

�a�n�d� �s�u�m�m�e�r� �n�e�s�t� �e�g�g�s� �w�e�r�e� �n�o�n�-�h�o�m�o�g�e�n�e�o�u�s�.� �T�h�e�r�e�f�o�r�e�,� �e�n�e�r�g�y� �r�e�s�e�r�v�e� �a�n�d� 

�n�i�t�r�o�g�e�n� �c�o�m�p�a�r�i�s�o�n�s� �w�e�r�e� �m�a�d�e� �a�m�o�n�g� �s�u�m�m�e�r� �n�e�s�t� �e�g�g�s� �o�n�l�y�;� �e�m�b�r�y�o� �n�e�s�t� 

�e�g�g�s� �w�e�r�e� �n�o�t� �i�n�c�l�u�d�e�d� �i�n� �t�h�e� �c�o�m�p�a�r�i�s�o�n�s� �a�l�t�h�o�u�g�h� �t�h�e� �m�e�a�n�s� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� 

�T�a�b�l�e� �9�.� 

�T�h�e� �H�P�T�L�C� �a�n�a�l�y�s�e�s� �r�e�v�e�a�l�e�d� �t�h�a�t� �g�l�u�c�o�s�e� �w�a�s� �t�h�e� �o�n�l�y� �d�e�t�e�c�t�a�b�l�e� �s�u�g�a�r� 

�i�n� �a�l�l� �o�f� �t�h�e� �e�g�g�s� �e�x�a�m�i�n�e�d� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �s�e�a�s�o�n�.� �T�h�e� �m�e�a�n� �s�u�g�a�r� �q�u�a�n�t�i�t�y� �p�e�r� 

�e�g�g� �(�c�o�m�b�i�n�e�d� �f�o�r� �a�l�l� �s�e�a�s�o�n�s�)�,� �d�e�t�e�r�m�i�n�e�d� �w�i�t�h� �t�h�e� �H�P�T�L�C� �a�n�d� �a�n�t�h�r�o�n�e� 

�a�n�a�l�y�s�e�s� �w�e�r�e� �1�9�.�2� �u�g� �+� �2�.�8� �(�s�t�a�n�d�a�r�d� �e�r�r�o�r� �o�f� �t�h�e� �m�e�a�n�)� �a�n�d� �1�9�.�0� �u�g� �+� �4�.�9�,� 

�r�e�s�p�e�c�t�i�v�e�l�y�.� �A� �v�a�r�i�a�n�c�e� �r�a�t�i�o� �t�e�s�t� �r�e�v�e�a�l�e�d� �t�h�a�t� �t�h�e� �H�P�T�L�C� �a�n�d� �a�n�t�h�r�o�n�e� �s�u�g�a�r� 

�q�u�a�n�t�i�t�a�t�i�o�n� �t�e�c�h�n�i�q�u�e�s� �w�e�r�e� �n�o�t� �d�i�f�f�e�r�e�n�t� �(�F�=�2�.�2�3�;� �d�f�=�1�,�4�3�;� �N�S�)�.� �T�h�u�s�,� �t�h�e� 

�H�P�T�L�C� �a�n�d� �a�n�t�h�r�o�n�e� �s�u�g�a�r� �d�a�t�a� �w�e�r�e� �c�o�m�b�i�n�e�d� �w�i�t�h� �t�h�e� �m�e�a�n� �s�u�g�a�r� �q�u�a�n�t�i�t�i�e�s
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�p�e�r�c�e�n�t� �s�u�g�a�r� �r�a�n�g�e�d� �f�r�o�m� �4�.�3� �t�o� �8�.�4�%� �o�f� �t�h�e� �e�g�g� �d�r�y� �w�e�i�g�h�t� �(�T�a�b�l�e� �9�)�.� 

�G�l�y�c�o�g�e�n� �w�a�s� �t�h�e� �l�e�a�s�t� �a�b�u�n�d�a�n�t� �o�f� �t�h�e� �e�n�e�r�g�y� �r�e�s�e�r�v�e�s� �w�i�t�h�i�n� �t�h�e� �e�m�b�r�y�o� 

�n�e�s�t� �e�g�g�s� �a�n�d� �a�c�c�o�u�n�t�e�d� �f�o�r� �l�e�s�s� �t�h�a�n� �5�%� �o�f� �t�h�e� �t�o�t�a�l� �d�r�y� �w�e�i�g�h�t� �(�T�a�b�l�e� �9�)�.� �W�i�t�h�i�n� 

�t�h�e� �s�u�m�m�e�r� �e�g�g� �g�r�o�u�p�s�,� �g�l�y�c�o�g�e�n� �q�u�a�n�t�i�t�i�e�s� �w�e�r�e� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� 

�(�P� �=�0�.�3�8�)�,� �r�a�n�g�i�n�g� �f�r�o�m� �3�.�4� �t�o� �6�.�6�%� �o�f� �t�h�e� �t�o�t�a�l� �e�g�g� �d�r�y� �w�e�i�g�h�t� �(�T�a�b�l�e� �9�)�.� 

�L�i�p�i�d�s� �w�e�r�e� �t�h�e� �m�o�s�t� �a�b�u�n�d�a�n�t� �e�n�e�r�g�y� �r�e�s�e�r�v�e� �f�o�u�n�d� �i�n� �e�m�b�r�y�o� �n�e�s�t� �e�g�g�s� 

�a�n�d� �s�u�m�m�e�r� �n�e�s�t� �e�g�g�s� �(�T�a�b�l�e� �9�)�.� �T�h�e� �H�P�T�L�C� �a�n�a�l�y�s�e�s� �r�e�v�e�a�l�e�d� 

�m�o�n�o�a�c�y�l�g�l�y�c�e�r�o�l�,� �d�i�a�c�y�l�g�l�y�c�e�r�o�l�,� �t�r�i�a�c�y�l�g�l�y�c�e�r�o�l� �a�n�d� �e�s�t�e�r�s� �o�f� �c�h�o�l�e�s�t�e�r�o�l� �t�o� �b�e� 

�t�h�e� �o�n�l�y� �d�e�t�e�c�t�a�b�l�e� �l�i�p�i�d�s�.� �L�i�p�i�d� �q�u�a�n�t�i�t�i�e�s� �w�e�r�e� �h�i�g�h�e�s�t� �i�n� �t�h�e� �e�m�b�r�y�o� �n�e�s�t� �e�g�g�s� 

�a�n�d� �a�c�c�o�u�n�t�e�d� �f�o�r� �2�3�%� �o�f� �t�h�e� �m�e�a�n� �d�r�y� �e�g�g� �w�e�i�g�h�t�.� �W�i�t�h�i�n� �t�h�e� �s�u�m�m�e�r� �g�r�o�u�p�s�,� 

�n�o� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e�s� �w�e�r�e� �d�e�t�e�c�t�e�d� �(�P� �=�0�.�2�4�)�;� �m�e�a�n� �p�e�r�c�e�n�t� �e�g�g� �l�i�p�i�d� �r�a�n�g�e�d� 

�f�r�o�m� �7�.�2� �t�o� �1�3�.�5�%� �(�T�a�b�l�e� �9�)�.� 

�M�e�a�n� �t�o�t�a�l� �n�i�t�r�o�g�e�n� �w�a�s� �a�l�s�o� �h�i�g�h�e�s�t� �i�n� �t�h�e� �e�m�b�r�y�o� �n�e�s�t� �e�g�g�s�,� 

�r�e�p�r�e�s�e�n�t�i�n�g� �8�.�5�%� �o�f� �t�h�e� �t�o�t�a�l� �d�r�y� �w�e�i�g�h�t� �(�T�a�b�l�e� �9�)�.� �A�m�o�n�g� �t�h�e� �s�u�m�m�e�r� �e�g�g�s�,� 

�m�e�a�n� �t�o�t�a�l� �n�i�t�r�o�g�e�n� �i�n� �J�u�l�y� �e�g�g�s� �w�a�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �h�i�g�h�e�r� �(�P� �=�0�.�0�0�0�4�)� �t�h�a�n� �t�h�e� 

�A�u�g�u�s�t� �e�g�g�s�,� �w�h�i�c�h� �s�u�g�g�e�s�t�s� �t�h�a�t� �e�g�g� �p�r�o�t�e�i�n� �q�u�a�n�t�i�t�i�e�s� �d�e�c�r�e�a�s�e� �w�i�t�h� 

�d�e�c�r�e�a�s�i�n�g� �e�g�g� �w�e�i�g�h�t�.� �H�o�w�e�v�e�r�,� �p�e�r�c�e�n�t� �n�i�t�r�o�g�e�n� �v�a�l�u�e�s� �w�e�r�e� �n�o�t� �o�n�l�y� �t�h�e� 

�s�a�m�e� �f�o�r� �b�o�t�h� �J�u�l�y� �a�n�d� �A�u�g�u�s�t� �e�g�g�s� �(�8�.�4�%�)�,� �b�u�t� �a�l�s�o� �s�i�m�i�l�a�r� �t�o� �t�h�e� �e�g�g�s� �f�r�o�m� 

�e�m�b�r�y�o� �n�e�s�t�s�.� 

�A�n� �a�n�a�l�y�s�i�s� �o�f� �v�a�r�i�a�n�c�e� �(�A�N�O�V�A�)� �w�a�s� �u�s�e�d� �t�o� �t�e�s�t� �f�o�r� �w�e�i�g�h�t� �d�i�f�f�e�r�e�n�c�e�s� 

�a�n�d� �e�x�a�m�i�n�e� �v�a�r�i�a�b�i�l�i�t�y� �w�i�t�h�i�n� �b�o�t�h� �e�m�b�r�y�o� �n�e�s�t� �e�g�g� �a�n�d� �s�u�m�m�e�r� �n�e�s�t� �e�g�g
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�g�r�o�u�p�s�.� �T�h�e� �A�N�O�V�A� �r�e�v�e�a�l�e�d� �s�i�g�n�i�f�i�c�a�n�t� �w�e�i�g�h�t� �d�i�f�f�e�r�e�n�c�e�s� �(�P�=�0�.�0�0�1�)� �a�m�o�n�g� 

�t�h�e� �e�m�b�r�y�o� �n�e�s�t� �e�g�g�s�.� �H�o�w�e�v�e�r�,� �S�c�h�e�f�f�e ��s� �t�e�s�t� �d�i�d� �n�o�t� �d�e�t�e�c�t� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �m�e�a�n� 

�e�g�g� �w�e�i�g�h�t�s� �(�w�h�i�c�h� �r�a�n�g�e�d� �f�r�o�m� �2�3�1� �u�g� �t�o� �3�1�0� �u�g�)� �i�n� �s�p�i�t�e� �o�f� �a� �2�5�%� �d�i�f�f�e�r�e�n�c�e� 

�b�e�t�w�e�e�n� �t�h�e� �h�i�g�h�e�s�t� �a�n�d� �l�o�w�e�s�t� �m�e�a�n� �w�e�i�g�h�t�s� �(�T�a�b�l�e� �1�0�)�.� �S�i�m�i�l�a�r�l�y�,� �A�N�O�V�A� 

�r�e�v�e�a�l�e�d� �s�i�g�n�i�f�i�c�a�n�t� �w�e�i�g�h�t� �d�i�f�f�e�r�e�n�c�e�s� �(�P� �=�0�.�0�0�3�)� �a�m�o�n�g� �t�h�e� �s�u�m�m�e�r� �e�g�g� 

�g�r�o�u�p�s�,� �w�i�t�h� �c�o�n�s�i�d�e�r�a�b�l�e� �o�v�e�r�l�a�p� �a�m�o�n�g� �t�h�e� �g�r�o�u�p�s� �a�s� �i�n�d�i�c�a�t�e�d� �b�y� �S�c�h�e�f�f�e ��s� 

�t�e�s�t� �(�T�a�b�l�e� �1�0�)�.� �T�h�e�s�e� �r�e�s�u�l�t�s� �i�n�d�i�c�a�t�e� �t�h�a�t� �a�n� �a�p�p�r�e�c�i�a�b�l�e� �a�m�o�u�n�t� �o�f� �e�g�g� �w�e�i�g�h�t� 

�v�a�r�i�a�b�i�l�i�t�y� �e�x�i�s�t�s�,� �n�o�t� �o�n�l�y� �w�i�t�h�i�n� �e�g�g�s� �f�r�o�m� �i�n�d�i�v�i�d�u�a�l� �n�e�s�t�s�,� �b�u�t� �a�m�o�n�g� �n�e�s�t�s� �a�s� 

�w�e�l�l�.� 

�S�o�m�e� �o�f� �t�h�e� �v�a�r�i�a�b�i�l�i�t�y� �t�h�a�t� �w�a�s� �o�b�s�e�r�v�e�d� �w�i�t�h�i�n� �a�n�d� �a�m�o�n�g� �t�h�e� �d�i�f�f�e�r�e�n�t� 

�e�g�g� �g�r�o�u�p�s� �c�o�u�l�d� �h�a�v�e� �b�e�e�n� �d�u�e� �t�o� �e�g�g� �a�g�e�.� �T�h�e� �e�x�p�e�r�i�m�e�n�t�s� �d�e�s�c�r�i�b�e�d� �a�b�o�v�e� 

�w�e�r�e� �c�o�n�d�u�c�t�e�d� �w�i�t�h�o�u�t� �r�e�g�a�r�d� �t�o� �t�h�e� �a�g�e� �o�f� �t�h�e� �e�g�g� �a�n�a�l�y�z�e�d�.� �E�g�g�s� �p�o�s�i�t�i�o�n�e�d� 

�t�o�w�a�r�d� �c�e�n�t�e�r� �o�f� �t�h�e� �e�m�b�r�y�o� �n�e�s�t� �a�r�e� �o�l�d�e�r� �a�n�d�,� �a�s� �a� �r�e�s�u�l�t� �o�f� �m�e�t�a�b�o�l�i�c� �a�c�t�i�v�i�t�y�,� 

�m�i�g�h�t� �w�e�i�g�h� �l�e�s�s� �t�h�a�n� �y�o�u�n�g�e�r� �e�g�g�s� �w�h�i�c�h� �a�r�e� �p�o�s�i�t�i�o�n�e�d� �n�e�a�r� �t�h�e� �n�e�s�t� �e�d�g�e�.� 

�F�u�r�t�h�e�r�m�o�r�e�,� �t�h�e� �a�n�a�l�y�s�e�s� �p�r�e�s�e�n�t�e�d� �i�n� �T�a�b�l�e� �9� �s�h�o�w� �t�h�a�t� �l�i�p�i�d�s� �e�x�h�i�b�i�t� �t�h�e� �l�a�r�g�e�s�t� 

�p�e�r�c�e�n�t� �d�e�c�r�e�a�s�e� �w�h�e�n� �t�h�e� �e�m�b�r�y�o� �n�e�s�t� �e�g�g�s� �a�r�e� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �e�g�g�s� �o�f� 

�s�u�m�m�e�r� �n�e�s�t�s�.� �A�s� �a� �r�e�s�u�l�t� �o�f� �t�h�e�s�e� �f�i�n�d�i�n�g�s�,� �a�n� �i�n�c�u�b�a�t�i�o�n� �s�t�u�d�y� �w�a�s� �c�o�n�d�u�c�t�e�d� 

�i�n� �a�n� �e�f�f�o�r�t� �t�o� �q�u�a�n�t�i�f�y� �a�n�d� �c�o�m�p�a�r�e� �c�h�a�n�g�e�s� �i�n� �t�h�e� �d�r�y� �w�e�i�g�h�t� �a�n�d� �l�i�p�i�d� �c�o�n�t�e�n�t� �o�f� 

�e�g�g�s� �a�f�t�e�r� �a� �k�n�o�w�n� �p�e�r�i�o�d� �o�f� �d�e�v�e�l�o�p�m�e�n�t�a�l� �t�i�m�e�.� �S�i�n�c�e� �t�h�e� �e�g�g�s� �i�n� �t�h�e� 

�o�u�t�e�r�m�o�s�t� �e�d�g�e� �o�f� �t�h�e� �e�m�b�r�y�o� �n�e�s�t� �a�r�e� �t�h�e� �y�o�u�n�g�e�s�t�,� �a�n�d� �t�h�u�s� �h�a�v�e� �t�h�e� �l�o�n�g�e�s�t� 

�d�e�v�e�l�o�p�m�e�n�t�a�l� �t�i�m�e�,� �t�h�e�y� �w�e�r�e� �u�s�e�d� �f�o�r� �t�h�e� �s�t�u�d�y�.
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�T�a�b�l�e� �1�0�.�C�o�m�p�a�r�i�s�o�n� �o�f� �m�e�a�n� �d�r�y� �e�g�g� �w�e�i�g�h�t�s� �(�u�g� �+� �S�E�M�)� �f�r�o�m� �D�o�l�i�c�h�o�v�e�s�p�u�l�a� 
�m�a�c�u�l�a�t�a� �n�e�s�t�s� �c�o�l�l�e�c�t�e�d� �i�n� �s�o�u�t�h�w�e�s�t�e�r�n� �V�i�r�g�i�n�i�a�,� �1�9�8�7�-�1�9�8�9�.� 
� � 

� � 

�E�m�b�r�y�o� �N�e�s�t� �E�g�g�s� 

�D�a�t�e �� �n� �M�e�a�n�?� �S�E�M� 

�M�a�y� �2�4�,� �1�9�8�9� �9� �3�1�0�a� �+�1�2�8� 

�J�u�n�e� �2�,� �1�9�8�8� �9�g� �2�9�0�0�a� �+� �1�0�.�0� 

�M�a�y� �2�1�,� �1�9�8�8� �9� �2�8�9�a� �+�2�1�.�5� 

�M�a�y� �3�0�,� �1�9�8�9� �7� �2�7�9�a� �+� �1�5�.�0� 

�J�u�n�e� �1�,� �1�9�8�8� �4� �2�7�0�a� �+�2�8�6� 

�M�a�y� �2�4�,� �1�9�8�9� �1�0� �2�6�8�a� �+� �1�6�.�5� 

�M�a�y� �2�4�,� �1�9�8�9� �9� �2�5�4�a� �+� �1�3�.�7� 

�M�a�y� �2�6�,�1�9�8�9�.� �5� �2�4�6�a� �+� �9�.�8� 

�M�a�y� �2�4�,� �1�9�8�8� �1�5� �2�4�3�a� �+�1�1�4� 

�M�a�y� �3�0�,� �1�9�8�9� �1�0� �2�3�1�a� �+�1�1�3� 

�S�u�m�m�e�r� �N�e�s�t� �E�g�g�s� 

�J�u�n�e� �2�3�,� �1�9�8�8� �1�0� �2�1�4� �a� �+� �9�.�8� 

�J�u�l�y� �2�6�,� �1�9�8�9� �1�5� �2�1�2�a�b� �«�6�+� �8�.�4� 

�A�u�g�u�s�t� �3�1�,� �1�9�8�8� �1�2� �1�8�1�a�b� �+� �6�.�5� 

�A�u�g�u�s�t� �1�4�,� �1�9�8�9� �1�3� �1�7�9� �b� �+� �8�.�1� 
� � 

�1� �N�e�s�t�s� �c�o�l�l�e�c�t�e�d� �d�u�r�i�n�g� �M�a�y� �a�n�d� �t�h�e� �f�i�r�s�t� �w�e�e�k� �o�f� �J�u�n�e� �c�o�n�t�a�i�n�e�d� �t�h�e� �f�o�u�n�d�r�e�s�s� �q�u�e�e�n� �a�n�d� �n�o� 
�m�o�r�e� �t�h�a�n� �1�5� �e�g�g�s�;� �a�l�l� �o�t�h�e�r� �n�e�s�t�s� �w�e�r�e� �m�a�t�u�r�e�.� 

�2� �M�e�a�n�s� �w�i�t�h� �a� �c�o�l�u�m�n� �f�o�l�l�o�w�e�d� �b�y� �t�h�e� �s�a�m�e� �l�e�t�t�e�r�,� �a�r�e� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� �(�P� �<� �0�.�0�5�;� 
�S�c�h�e�f�f�e�'�s� �t�e�s�t�)�.� �T�h�e� �e�m�b�r�y�o� �a�n�d� �s�u�m�m�e�r� �n�e�s�t� �e�g�g�s� �w�e�r�e� �t�e�s�t�e�d� �a�s� �s�e�p�a�r�a�t�e� �g�r�o�u�p�s�.
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�E�g�g� �W�e�i�g�h�t� �C�o�m�p�a�r�i�s�o�n� �a�n�d� �L�i�p�i�d� �A�n�a�l�y�s�e�s� 

�T�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e� �e�g�g� �i�n�c�u�b�a�t�i�o�n� �s�t�u�d�y� �a�r�e� �s�h�o�w�n� �i�n� �T�a�b�l�e� �1�1�.� �A�t�-� �t�e�s�t� 

�r�e�v�e�a�l�e�d� �t�h�e� �i�n�i�t�i�a�l� �g�r�o�u�p� �t�o� �b�e� �s�i�g�n�i�f�i�c�a�n�t�l�y� �h�i�g�h�e�r� �(�P� �=�0�.�0�0�0�1�)� �i�n� �d�r�y� �w�e�i�g�h�t� �t�h�a�n� 

�e�g�g�s� �t�h�a�t� �w�e�r�e� �i�n�c�u�b�a�t�e�d� �f�o�r� �1�0� �d�a�y�s�.� �T�h�e� �m�e�a�n� �d�r�y� �w�e�i�g�h�t� �l�o�s�s� �o�v�e�r� �t�h�e� �1�0�-�d�a�y� 

�p�e�r�i�o�d� �w�a�s� �8�3� �u�g�,� �o�r� �2�9�%�.� �T�h�e� �M�A�N�O�V�A� �r�e�v�e�a�l�e�d� �n�o� �s�i�g�n�i�f�i�c�a�n�t� �q�u�a�n�t�i�t�a�t�i�v�e� 

�d�i�f�f�e�r�e�n�c�e�s� �(�F�=�1�.�2�2�;� �d�f�=�5�,�1�5�;� �P�=�0�.�3�5�;� �W�i�l�k�e�s �� �C�r�i�t�e�r�i�o�n�)� �i�n� �l�i�p�i�d�s� �b�e�t�w�e�e�n� �t�h�e� �2� 

�t�r�e�a�t�m�e�n�t�s� �(�T�a�b�l�e� �1�1�)�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e� �M�A�N�O�V�A� �d�i�d� �n�o�t� �d�e�t�e�c�t� �s�i�g�n�i�f�i�c�a�n�t� 

�q�u�a�l�i�t�a�t�i�v�e� �d�i�f�f�e�r�e�n�c�e�s� �a�m�o�n�g� �t�h�e� �5� �l�i�p�i�d� �c�l�a�s�s�e�s�:� �m�o�n�o�a�c�y�l�g�l�y�c�e�r�o�l� �(�P� �=�0�.�2�2�)�,� �1�,�2�-� 

�d�i�a�c�y�l�g�l�y�c�e�r�o�l� �(�P� �=�0�.�3�2�)�,� �1�,�3�-�d�i�a�c�y�l�g�l�y�c�e�r�o�l� �(�P� �=�0�.�6�9�)�,� �t�r�i�a�c�y�l�g�l�y�c�e�r�o�l� �(�P�=�0�.�5�9�)�,� �a�n�d� 

�e�s�t�e�r�s� �o�f� �c�h�o�l�e�s�t�e�r�o�l� �(�P�=�0�.�7�7�)� �(�T�a�b�l�e� �1�1�)�.� �T�h�e�s�e� �r�e�s�u�l�t�s� �i�n�d�i�c�a�t�e� �t�h�a�t� �t�h�e� 

�i�n�d�i�v�i�d�u�a�l� �l�i�p�i�d� �c�l�a�s�s�e�s� �w�e�r�e� �t�h�e� �s�a�m�e� �b�e�t�w�e�e�n� �t�h�e� �t�w�o� �g�r�o�u�p�s� �a�n�d� �t�h�a�t� �t�h�e�r�e� �w�a�s� 

�n�o� �s�i�g�n�i�f�i�c�a�n�t� �m�o�b�i�l�i�z�a�t�i�o�n� �o�r� �c�a�t�a�b�o�l�i�s�m� �o�f� �l�i�p�i�d� �r�e�s�e�r�v�e�s�.� �H�o�w�e�v�e�r�,� �d�i�f�f�e�r�e�n�c�e�s� 

�m�a�y� �h�a�v�e� �b�e�e�n� �m�a�s�k�e�d� �b�y� �h�i�g�h� �v�a�r�i�a�b�i�l�i�t�y� �b�e�t�w�e�e�n� �s�a�m�p�l�e�s�.� 

�E�g�g� �D�e�v�e�l�o�p�m�e�n�t� 

�T�h�e� �e�g�g� �i�n�c�u�b�a�t�i�o�n� �s�t�u�d�y� �f�a�i�l�e�d� �t�o� �p�r�o�d�u�c�e� �a�n�y� �d�i�s�c�e�r�n�i�b�l�e� �d�e�v�e�l�o�p�m�e�n�t�a�l� 

�d�a�t�a�.� �O�n�l�y� �1� �l�a�r�v�a� �w�a�s� �o�b�s�e�r�v�e�d� �t�o� �f�u�l�l�y� �e�c�l�o�s�e� �f�r�o�m� �i�t�s� �e�g�g� �a�f�t�e�r� �f�i�v�e� �d�a�y�s� �i�n� �t�h�e� 

�i�n�c�u�b�a�t�o�r�;� �t�h�i�s� �e�g�g� �c�a�m�e� �f�r�o�m� �a� �n�e�s�t� �w�h�i�c�h� �i�n�i�t�i�a�l�l�y� �c�o�n�t�a�i�n�e�d� �3� �l�a�r�v�a�e�.� �W�i�t�h�i�n� 

�m�o�s�t� �o�f� �t�h�e� �e�g�g�s�,� �t�h�e� �d�e�v�e�l�o�p�i�n�g� �l�a�r�v�a�l� �c�h�a�r�a�c�t�e�r�s� �c�o�u�l�d� �b�e� �s�e�e�n� �t�h�r�o�u�g�h� �t�h�e� 

�c�h�o�r�i�o�n�.� �I�n� �f�a�c�t�,� �l�a�r�v�a�l� �m�o�v�e�m�e�n�t� �w�a�s� �o�b�s�e�r�v�e�d� �i�n� �2� �o�f� �t�h�e� �e�g�g�s� �a�f�t�e�r� �1�6� �d�a�y�s� �o�f� 

�i�n�c�u�b�a�t�i�o�n�;� �h�o�w�e�v�e�r�,� �t�h�e�s�e� �2� �e�g�g�s� �a�l�s�o� �f�a�i�l�e�d� �t�o� �h�a�t�c�h�.� �T�h�e� �e�g�g�s� �f�o�l�l�o�w�e�d� �a� 

�s�i�m�i�l�a�r� �c�o�u�r�s�e� �o�f� �d�e�v�e�l�o�p�m�e�n�t� �b�e�f�o�r�e� �d�y�i�n�g�:� �l�a�r�v�a�l� �c�h�a�r�a�c�t�e�r�s� �w�o�u�l�d� �a�p�p�e�a�r� �o�n� 

�t�h�e� �d�e�v�e�l�o�p�i�n�g� �e�m�b�r�y�o�,� �t�h�e� �c�h�o�r�i�o�n� �w�o�u�l�d� �d�i�s�t�o�r�t�,� �t�h�e�n� �s�h�r�i�v�e�l�,� �a�n�d� �t�h�e� 

�e�m�b�r�y�o�/�e�g�g� �w�o�u�l�d� �l�o�s�e� �i�t�s� �w�h�i�t�e� �c�o�l�o�r�.



�8�6� 

�T�a�b�l�e� �1�1�.�D�r�y� �w�e�i�g�h�t� �a�n�d� �t�o�t�a�l� �l�i�p�i�d� �c�h�a�n�g�e�s� �i�n� �D�o�l�i�c�h�o�v�e�s�p�u�l�a� �m�a�c�u�l�a�t�a� �e�m�b�r�y�o� 

� � 

� � 

� � 

� � 

� � 

� � 

�n�e�s�t� �e�g�g�s�"�.� 

�C�o�n�t�r�o�l�?� �I�n�c�u�b�a�t�e�d� 
�D�r�y� �W�e�i�g�h�t�?� �n� �M�e�a�n� �+� �S�E�M� �n� �M�e�a�n� �+� �S�E�M� 

�1�0� �2�8�2�0� �+� �7�.�6�a� �9� �1�9�9�.�0� �+� �8�.�7�b� 

�L�i�p�i�d�s�*� �n� �u�g� �+� �S�E�M� �n� �u�g� �+� �S�E�M� 

�M�o�n�o�a�c�y�l�g�l�y�c�e�r�o�l� �1�1� �3�0�6� �+� �7�.�7� �1�0� �1�8�.�2� �+� �6�.�0� 
�1�,�2� �-� �D�i�a�c�y�l�g�l�y�c�e�r�o�l� �1�1� �7�.�2� �+� �2�.�2� �1�0� �4�5� �+� �1�.�4� 
�1�,�3� �-� �D�i�a�c�y�l�g�l�y�c�e�r�o�l� �1�1� �1�8�.�5� �+� �5�.�0� �1�0� �1�5�.�4� �+� �6�.�1� 
�T�r�i�a�c�y�l�g�l�y�c�e�r�o�l� �1�1� �3�0�.�2� �+� �3�.�6� �1�0� �2�7�6� �+� �3�.�2� 
�E�s�t�e�r�s� �o�f� �C�h�o�l�e�s�t�e�r�o�l� �1�1� �9�.�7� �+� �2�3� �1�0� �8�8� �+� �2�0� 

�M�e�a�n� �t�o�t�a�l� �9�6�.�2� �+� �1�0�.�4�u�g� �7�4�.�5�u�g� �+� �1�2�.�6� 
� � 

�1� �E�m�b�r�y�o� �r�e�f�e�r�s� �t�o� �t�h�e� �i�n�i�t�i�a�l� �s�t�a�g�e� �o�f� �n�e�s�t� �d�e�v�e�l�o�p�m�e�n�t� �w�h�i�c�h� �c�o�n�t�a�i�n�s� �t�h�e� �f�o�u�n�d�r�e�s�s� �q�u�e�e�n� �a�n�d� 
�n�o� �m�o�r�e� �t�h�a�n� �1�5� �e�g�g�s�.� 

�2� �E�m�b�r�y�o� �n�e�s�t�s� �w�e�r�e� �c�u�t� �i�n�t�o� �h�a�l�v�e�s�;� �c�o�n�t�r�o�l� �e�g�g�s� �w�e�r�e� �k�i�l�l�e�d� �b�y� �f�r�e�e�z�i�n�g�;� �i�n�c�u�b�a�t�e�d� �e�g�g�s� �w�e�r�e� 
�p�l�a�c�e�d� �i�n� �a�n� �i�n�c�u�b�a�t�o�r� �f�o�r� �1�0� �d�a�y�s�.� 

�3� �M�e�a�n�s� �i�n� �a� �r�o�w� �f�o�l�l�o�w�e�d� �b�y� �t�h�e� �s�a�m�e� �l�e�t�t�e�r� �a�r�e� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� �(�P� �<� �0�.�0�5�;� �t�-�t�e�s�t� 
�p�r�o�c�e�d�u�r�e�,� �S�A�S� �I�n�s�t�i�t�u�t�e� �1�9�8�5�)�.� 

�4� �M�e�a�n� �l�i�p�i�d�s� �w�e�r�e� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� �f�o�r� �e�a�c�h� �c�l�a�s�s�,� �b�y� �t�r�e�a�t�m�e�n�t� �(�P� �<� �0�.�0�5�,� �M�A�N�O�V�A� 
�p�r�o�c�e�d�u�r�e�;� �S�A�S� �I�n�s�t�i�t�u�t�e�,� �1�9�8�5�)�.



�8�7� 

�M�a�n�y� �o�f� �t�h�e� �e�g�g�s� �w�h�i�c�h� �w�e�r�e� �l�o�c�a�t�e�d� �i�n� �t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� �n�e�s�t� �w�e�r�e� 

�o�b�s�e�r�v�e�d� �t�o� �h�a�v�e� �f�u�n�g�a�l� �m�y�c�e�l�i�a� �a�f�t�e�r� �7�-�1�2� �d�a�y�s�.� �F�u�n�g�i� �r�e�p�r�e�s�e�n�t�i�n�g� �f�i�v�e� �g�e�n�e�r�a� 

�i�n�c�l�u�d�i�n�g�,� �P�u�l�l�u�l�a�r�i�a� �(�=�A�u�r�e�o�b�a�s�i�d�i�u�m�)�,� �H�o�r�m�o�d�e�n�d�r�u�m�,� �P�e�n�n�i�c�i�l�l�i�u�m�,� �a�n�d� 

�A�s�p�e�r�g�i�l�l�u�s� �s�p�p�.� �(�a�l�l� �F�u�n�g�i� �I�m�p�e�r�f�e�c�t�i�)� �w�e�r�e� �i�s�o�l�a�t�e�d� �f�r�o�m� �t�h�e� �1�2� �e�g�g�s� �e�x�a�m�i�n�e�d�.� 

�T�h�e�s�e� �f�u�n�g�i� �a�r�e� �a�s�s�u�m�e�d� �t�o� �b�e� �e�x�t�e�r�n�a�l� �s�a�p�r�o�p�h�y�t�e�s�,� �b�u�t� �t�h�e�y� �m�a�y� �b�e� �p�a�t�h�o�g�e�n�i�c� 

�u�n�d�e�r� �c�e�r�t�a�i�n� �e�n�v�i�r�o�n�m�e�n�t�a�l� �c�o�n�d�i�t�i�o�n�s� �(�R�.�J�.� �S�t�i�p�e�s�;� �p�e�r�s�.� �c�o�m�m�.�)�.� 

�N�e�s�t� �T�e�m�p�e�r�a�t�u�r�e� �A�n�a�l�y�s�i�s� 

�F�i�g�u�r�e� �4� �i�l�l�u�s�t�r�a�t�e�s� �t�h�e� �a�m�b�i�e�n�t� �v�s�.� �i�n�t�e�r�n�a�l� �n�e�s�t� �t�e�m�p�e�r�a�t�u�r�e� �d�i�f�f�e�r�e�n�c�e�s� 

�t�h�a�t� �o�c�c�u�r�r�e�d� �w�i�t�h�i�n� �o�n�e� �D�.� �m�a�c�u�l�a�t�a� �n�e�s�t� �b�e�t�w�e�e�n� �M�a�y� �3�1� �a�n�d� �J�u�n�e� �4�,� �1�9�9�0�.� 

�F�i�g�u�r�e� �5� �s�h�o�w�s� �t�h�i�s� �c�o�m�p�a�r�i�s�o�n� �o�f� �t�e�m�p�e�r�a�t�u�r�e� �m�o�r�e� �c�l�e�a�r�l�y� �o�v�e�r� �a� �2�4�h�r� �p�e�r�i�o�d� 

�(�M�a�y� �3�1�-�J�u�n�e� �1�)�.� �T�h�e� �i�n�t�e�r�n�a�l� �n�e�s�t� �t�e�m�p�e�r�a�t�u�r�e�s� �f�o�l�l�o�w�e�d� �t�h�e� �s�a�m�e� �d�a�i�l�y� �p�a�t�t�e�r�n�.� 

�T�y�p�i�c�a�l�l�y�,� �b�e�t�w�e�e�n� �t�h�e� �h�o�u�r�s� �o�f� �2�3�0�0� �a�n�d� �0�6�0�0� �t�h�e� �n�e�s�t� �t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �c�l�o�s�e�l�y� 

�c�o�u�p�l�e�d� �t�o� �a�m�b�i�e�n�t� �t�e�m�p�e�r�a�t�u�r�e�.� �H�o�w�e�v�e�r�,� �a�t� �a�p�p�r�o�x�i�m�a�t�e�l�y� �0�6�3�0� �h�o�u�r�s� �t�h�e� 

�i�n�t�e�r�n�a�l� �n�e�s�t� �t�e�m�p�e�r�a�t�u�r�e� �b�e�g�a�n� �t�o� �i�n�c�r�e�a�s�e� �t�o�w�a�r�d� �a� �p�o�i�n�t� �4�.�0�°�C� �h�i�g�h�e�r� �t�h�a�n� 

�a�m�b�i�e�n�t�.� �T�h�i�s� �i�n�c�r�e�a�s�e� �i�n� �t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �p�r�o�b�a�b�l�y� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �q�u�e�e�n� 

�a�c�t�i�v�i�t�y� �s�u�c�h� �a�s� �f�l�i�g�h�t� �m�u�s�c�l�e� �w�a�r�m�-�u�p� �b�e�f�o�r�e� �f�o�r�a�g�i�n�g�.� �F�o�l�l�o�w�i�n�g� �t�h�e� �i�n�i�t�i�a�l� �n�e�s�t� 

�t�e�m�p�e�r�a�t�u�r�e� �i�n�c�r�e�a�s�e�,� �a�m�b�i�e�n�t� �t�e�m�p�e�r�a�t�u�r�e� �i�n�c�r�e�a�s�e�d� �s�t�e�a�d�i�l�y� �b�u�t� �t�h�e� �n�e�s�t� 

�t�e�m�p�e�r�a�t�u�r�e� �r�e�m�a�i�n�e�d� �1�°�C� �t�o� �2�.�5�°�C� �h�i�g�h�e�r�.� �A�s� �d�a�r�k�n�e�s�s� �a�p�p�r�o�a�c�h�e�d�,� �(�p�e�r�i�o�d� 

�b�e�t�w�e�e�n� �1�9�0�0� �a�n�d� �2�2�0�0�)� �t�h�e� �i�n�t�e�r�n�a�l� �n�e�s�t� �t�e�m�p�e�r�a�t�u�r�e� �i�n�c�r�e�a�s�e�d� �b�r�i�e�f�l�y�,� �r�e�a�c�h�i�n�g� 

�a� �l�e�v�e�l� �3�-�4�°� �h�i�g�h�e�r� �t�h�a�n� �a�m�b�i�e�n�t�,� �b�e�f�o�r�e� �d�r�o�p�p�i�n�g� �b�a�c�k� �t�o� �a�m�b�i�e�n�t� �l�e�v�e�l�s�.� 

�O�n� �J�u�n�e� �4�,� �t�h�e� �q�u�e�e�n� �w�a�s� �l�o�s�t� �a�n�d� �i�n�t�e�r�n�a�l� �n�e�s�t� �t�e�m�p�e�r�a�t�u�r�e�s� �r�a�p�i�d�l�y� 

�b�e�c�a�m�e� �s�i�m�i�l�a�r� �t�o� �a�m�b�i�e�n�t� �t�e�m�p�e�r�a�t�u�r�e�s� �(�F�i�g�.� �6�)�.� �N�o� �d�i�f�f�e�r�e�n�c�e�s� �b�e�t�w�e�e�n� 

�a�m�b�i�e�n�t� �a�n�d� �i�n�t�e�r�n�a�l� �n�e�s�t� �t�e�m�p�e�r�a�t�u�r�e�s� �w�e�r�e� �n�o�t�e�d� �i�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �3�-�d�a�y� �p�e�r�i�o�d�.� 

�T�h�e�s�e� �f�i�n�d�i�n�g�s� �s�u�g�g�e�s�t� �t�h�a�t� �t�h�e� �q�u�e�e�n� �w�a�s� �l�a�r�g�e�l�y� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �t�h�e� �o�b�s�e�r�v�e�d
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�9�1� 

�t�e�m�p�e�r�a�t�u�r�e� �i�n�c�r�e�a�s�e�s� �w�i�t�h�i�n� �t�h�e� �n�e�s�t� �a�n�d� �t�h�a�t� �f�i�r�s�t� �i�n�s�t�a�r� �c�o�n�t�r�i�b�u�t�i�o�n� �t�o�w�a�r�d�s� 

�h�e�a�t� �p�r�o�d�u�c�t�i�o�n� �i�s� �n�e�g�l�i�g�i�b�l�e�.� 

�D�e�s�p�i�t�e� �t�h�e� �i�n�t�e�r�n�a�l� �n�e�s�t� �t�e�m�p�e�r�a�t�u�r�e� �f�l�u�c�t�u�a�t�i�o�n�s� �o�b�s�e�r�v�e�d� �i�n� �F�i�g�u�r�e�s� �4� 

�a�n�d� �5�,� �t�h�e� �a�v�e�r�a�g�e� �n�e�s�t� �t�e�m�p�e�r�a�t�u�r�e� �o�v�e�r� �t�h�e� �4�-�d�a�y� �p�e�r�i�o�d� �w�a�s� �1�.�1�°�C� �h�i�g�h�e�r� �t�h�a�n� 

�a�m�b�i�e�n�t�.� �T�h�e� �a�v�e�r�a�g�e� �n�e�s�t� �a�n�d� �a�m�b�i�e�n�t� �t�e�m�p�e�r�a�t�u�r�e� �w�e�r�e� �1�9�.�3� �a�n�d� �1�8�.�2�°�C�,� 

�r�e�s�p�e�c�t�i�v�e�l�y�.� �I�f� �t�h�e� �e�v�e�n�i�n�g� �a�n�d� �e�a�r�l�y� �m�o�r�n�i�n�g� �t�e�m�p�e�r�a�t�u�r�e�s� �a�r�e� �e�x�c�l�u�d�e�d� �f�r�o�m� 

�t�h�e� �c�a�l�c�u�l�a�t�i�o�n� �o�f� �a�v�e�r�a�g�e�s�,� �t�h�e� �a�v�e�r�a�g�e� �t�e�m�p�e�r�a�t�u�r�e� �d�i�f�f�e�r�e�n�c�e� �i�s� �1�.�9�°�C�.� �I�n� 

�c�o�m�p�a�r�i�s�o�n� �w�i�t�h� �t�h�e� �i�n�c�u�b�a�t�i�o�n� �s�t�u�d�y�,� �t�h�e� �a�v�e�r�a�g�e� �t�e�m�p�e�r�a�t�u�r�e� �d�i�f�f�e�r�e�n�c�e� 

�b�e�t�w�e�e�n� �t�h�e� �n�e�s�t� �(�1�9�.�3�°�C�)� �a�n�d� �t�h�e� �i�n�c�u�b�a�t�o�r� �s�e�t�t�i�n�g� �(�1�7�.�7�°�C�)� �w�a�s� �1�.�6�°�C�.� �T�h�i�s� 

�d�i�f�f�e�r�e�n�c�e� �c�o�u�l�d� �h�a�v�e� �h�a�d� �a� �s�u�b�s�t�a�n�t�i�a�l� �e�f�f�e�c�t� �o�n� �d�e�v�e�l�o�p�m�e�n�t�a�l� �t�i�m�e�s�,� �n�o�t� �o�n�l�y� 

�p�r�e�v�e�n�t�i�n�g� �d�e�v�e�l�o�p�m�e�n�t�,� �b�u�t� �a�l�s�o�,� �i�n�c�r�e�a�s�i�n�g� �m�o�r�t�a�l�i�t�y�.� 

�D�i�s�c�u�s�s�i�o�n� 

�E�g�g� �D�e�v�e�l�o�p�m�e�n�t� �a�n�d� �N�e�s�t� �T�e�m�p�e�r�a�t�u�r�e�-� �T�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e� �e�g�g� 

�d�e�v�e�l�o�p�m�e�n�t�a�l� �s�t�u�d�y� �w�e�r�e� �i�n�c�o�n�c�l�u�s�i�v�e�,� �y�e�t� �s�h�o�w�e�d� �t�h�e� �a�b�i�l�i�t�y� �o�f� �e�g�g�s� �t�o� �r�e�m�a�i�n� 

�a�l�i�v�e� �w�i�t�h�o�u�t� �t�h�e� �f�o�u�n�d�r�e�s�s� �q�u�e�e�n� �f�o�r� �r�e�l�a�t�i�v�e�l�y� �l�o�n�g� �p�e�r�i�o�d�s�.� �S�p�r�a�d�b�e�r�y� �(�1�9�7�3�)� 

�r�e�p�o�r�t�e�d� �t�h�a�t� �o�n� �t�h�e� �a�v�e�r�a�g�e�,� �e�g�g�s� �o�f� �V�e�s�p�a� �c�r�a�b�r�o� �(�L�.�)� �t�o�o�k� �5� �d�a�y�s� �t�o� �h�a�t�c�h�,� �b�u�t� 

�c�o�u�l�d� �t�a�k�e� �a�s� �l�o�n�g� �a�s� �1�8� �d�a�y�s�.� �S�p�r�a�d�b�e�r�y� �(�1�9�7�3�)� �a�l�s�o� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �a�s� �a� �c�o�l�o�n�y� 

�b�e�c�a�m�e� �l�a�r�g�e�r� �a�n�d� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e�s� �h�i�g�h�e�r�,� �t�h�e� �e�g�g� �i�n�c�u�b�a�t�i�o�n� �p�e�r�i�o�d� �b�e�c�a�m�e� 

�s�h�o�r�t�e�r�.� 

�A�l�t�h�o�u�g�h� �o�n�e� �e�g�g� �w�a�s� �o�b�s�e�r�v�e�d� �t�o� �c�o�m�p�l�e�t�e�l�y� �e�c�l�o�s�e�,� �i�t� �i�s� �p�r�o�b�a�b�l�e� �t�h�a�t� 

�m�o�r�e� �e�m�b�r�y�o�n�i�c� �l�a�r�v�a�e� �w�e�r�e� �a�l�i�v�e� �t�h�a�n� �w�e�r�e� �n�o�t�e�d�.� �E�m�b�r�y�o�n�i�c� �l�a�r�v�a�l� �m�o�v�e�m�e�n�t� 

�t�e�n�d�e�d� �t�o� �b�e� �s�p�o�r�a�d�i�c� �a�n�d� �t�h�e�r�e� �m�a�y� �h�a�v�e� �b�e�e�n� �p�e�r�i�o�d�s� �o�f� �g�r�e�a�t�e�r� �a�c�t�i�v�i�t�y� �w�h�i�c�h� 

�m�a�y� �n�o�t� �h�a�v�e� �c�o�i�n�c�i�d�e�d� �w�i�t�h� �p�e�r�i�o�d�s� �o�f� �o�b�s�e�r�v�a�t�i�o�n�.� �T�h�e� �g�r�a�d�u�a�l� �s�h�r�i�n�k�i�n�g�,
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�d�i�s�c�o�l�o�r�a�t�i�o�n�,� �a�n�d� �e�v�e�n�t�u�a�l� �d�e�a�t�h� �o�f� �t�h�e� �e�g�g�s� �c�o�u�l�d� �h�a�v�e� �b�e�e�n� �p�a�r�t�i�a�l�l�y� �t�h�e� �r�e�s�u�l�t� 

�o�f� �s�u�b�o�p�t�i�m�a�l� �d�e�v�e�l�o�p�m�e�n�t�a�l� �t�e�m�p�e�r�a�t�u�r�e�s�.� �S�c�h�n�e�t�t�e�r� �(�1�9�3�4�)� �i�n�v�e�s�t�i�g�a�t�e�d� �t�h�e� 

�e�f�f�e�c�t�s� �o�f� �t�e�m�p�e�r�a�t�u�r�e� �o�n� �h�o�n�e�y� �b�e�e� �e�g�g�s� �a�n�d� �f�o�u�n�d� �t�h�a�t� �5�0�%� �o�f� �t�h�e� �e�g�g�s� �f�a�i�l�e�d� 

�t�o� �d�e�v�e�l�o�p� �a�n�d� �m�a�l�f�o�r�m�a�t�i�o�n�s� �w�e�r�e� �c�o�m�m�o�n� �w�h�e�n� �i�n�c�u�b�a�t�e�d� �a�t� �t�e�m�p�e�r�a�t�u�r�e�s� �o�f� 

�2�9�-�3�0�°�C�,� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �o�p�t�i�m�a�l� �3�5�°�C�.� �I�t� �i�s� �a�l�s�o� �l�i�k�e�l�y� �t�h�a�t� �t�h�e� �r�e�l�a�t�i�v�e� �h�u�m�i�d�i�t�y� 

�w�i�t�h�i�n� �t�h�e� �i�n�c�u�b�a�t�o�r� �m�a�y� �h�a�v�e� �b�e�e�n� �b�e�l�o�w� �t�h�e� �o�p�t�i�m�a�l� �r�a�n�g�e�.� �D�o�u�l�l� �(�1�9�7�6�)� 

�r�e�p�o�r�t�e�d� �t�h�a�t� �h�o�n�e�y� �b�e�e� �e�g�g�s� �w�e�r�e� �a�b�l�e� �t�o� �h�a�t�c�h� �s�u�c�c�e�s�s�f�u�l�l�y� �a�t� �n�o�r�m�a�l� �b�r�o�o�d� 

�t�e�m�p�e�r�a�t�u�r�e�s� �a�n�d� �h�u�m�i�d�i�t�i�e�s� �r�a�n�g�i�n�g� �f�r�o�m� �8�0� �t�o� �1�0�0�%�;� �h�o�w�e�v�e�r�,� �a�t� �5�0�%� �h�u�m�i�d�i�t�y�,� 

�n�o� �e�g�g�s� �h�a�t�c�h�e�d�.� �D�o�u�l�l� �(�1�9�7�6�)� �f�o�u�n�d� �t�h�a�t� �t�h�e� �e�g�g�s� �f�a�i�l�e�d� �t�o� �e�c�l�o�s�e� �b�e�c�a�u�s�e� �t�h�e� 

�h�a�t�c�h�i�n�g� �f�l�u�i�d� �c�o�u�l�d� �n�o�t� �d�i�s�s�o�l�v�e� �t�h�e� �c�h�o�r�i�o�n�.� �U�n�f�o�r�t�u�n�a�t�e�l�y�,� �e�m�b�r�y�o� �n�e�s�t� 

�h�u�m�i�d�i�t�y� �d�a�t�a� �a�r�e� �n�o�t� �a�v�a�i�l�a�b�l�e� �f�o�r� �a�n�y� �v�e�s�p�i�d� �s�p�e�c�i�e�s�.� �U�n�d�o�u�b�t�e�d�l�y�,� �o�t�h�e�r� 

�f�a�c�t�o�r�s� �c�o�u�l�d� �a�l�s�o� �h�a�v�e� �c�o�n�t�r�i�b�u�t�e�d� �t�o� �e�g�g� �m�o�r�t�a�l�i�t�y�,� �i�n�c�l�u�d�i�n�g� �h�a�n�d�l�i�n�g� �o�f� �n�e�s�t�s� 

�t�w�i�c�e� �a� �d�a�y�.� 

�W�h�e�t�h�e�r� �t�h�e� �q�u�e�e�n ��s� �c�o�n�t�r�i�b�u�t�i�o�n� �t�o� �n�e�s�t� �t�e�m�p�e�r�a�t�u�r�e� �i�s� �i�m�p�o�r�t�a�n�t� �t�o� 

�b�r�o�o�d� �d�e�v�e�l�o�p�m�e�n�t� �c�a�n�n�o�t� �b�e� �e�s�t�a�b�l�i�s�h�e�d� �f�r�o�m� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �d�a�t�a� �c�o�l�l�e�c�t�e�d� 

�f�r�o�m� �t�h�e� �o�n�e� �n�e�s�t� �i�n� �t�h�i�s� �s�t�u�d�y�.� �G�i�b�o� �e�t� �a�l�.� �(�1�9�7�7�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �D�.� �a�r�e�n�a�r�i�a� �(�3� 

�n�e�s�t�s�)� �w�e�r�e� �a�b�l�e� �t�o� �h�e�a�t� �t�h�e� �e�m�b�r�y�o� �n�e�s�t�s� �d�u�r�i�n�g� �t�h�e� �n�e�s�t� �i�n�i�t�i�a�t�i�o�n� �p�e�r�i�o�d�,� 

�w�h�e�r�e�a�s� �D�.� �m�a�c�u�l�a�t�a� �(�1� �n�e�s�t�)� �d�i�d� �n�o�t� �h�e�a�t� �t�h�e� �e�m�b�r�y�o� �n�e�s�t� �u�n�t�i�l� �i�t� �w�a�s� �e�l�e�v�e�n� 

�d�a�y�s� �o�l�d� �a�n�d� �h�a�d� �w�e�l�l�-�d�e�v�e�l�o�p�e�d� �l�a�r�v�a�e�.� �T�h�e� �d�a�t�a� �p�r�e�s�e�n�t�e�d� �i�n� �F�i�g�u�r�e� �4�-�6� 

�i�n�d�i�c�a�t�e�s� �t�h�a�t� �D�.� �m�a�c�u�l�a�t�a� �q�u�e�e�n�s� �c�a�n� �p�r�o�d�u�c�e� �h�e�a�t� �w�i�t�h�i�n� �t�h�e� �n�e�s�t� �d�u�r�i�n�g� �t�h�e� 

�i�n�i�t�i�a�l� �p�h�a�s�e�s� �o�f� �d�e�v�e�l�o�p�m�e�n�t�;� �h�o�w�e�v�e�r�,� �t�h�e� �i�m�p�o�r�t�a�n�c�e� �o�f� �t�h�i�s� �h�e�a�t� �n�e�e�d�s� �t�o� �b�e� 

�m�o�r�e� �c�a�r�e�f�u�l�l�y� �e�x�a�m�i�n�e�d� �i�n� �f�u�t�u�r�e� �s�t�u�d�i�e�s�.� �I�s� �t�h�e� �h�e�a�t� �n�e�c�e�s�s�a�r�y� �f�o�r� �i�n�i�t�i�a�l� �e�g�g� �a�n�d� 

�l�a�r�v�a�l� �d�e�v�e�l�o�p�m�e�n�t�,� �o�r� �i�s� �i�t� �s�i�m�p�l�y� �a� �m�e�t�a�b�o�l�i�c� �b�y�-�p�r�o�d�u�c�t� �o�f� �q�u�e�e�n� �a�c�t�i�v�i�t�y�?
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�E�n�e�r�g�y� �R�e�s�e�r�v�e� �U�t�i�l�i�z�a�t�i�o�n�-� �T�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e� �1�0�-�d�a�y� �e�g�g� �i�n�c�u�b�a�t�i�o�n� �s�t�u�d�y� 

�d�e�m�o�n�s�t�r�a�t�e�d� �a� �s�i�g�n�i�f�i�c�a�n�t� �c�h�a�n�g�e� �i�n� �d�r�y� �w�e�i�g�h�t�.� �A�l�t�h�o�u�g�h� �l�i�p�i�d�s� �w�e�r�e� �f�o�u�n�d� �t�o� �b�e� 

�t�h�e� �p�r�i�m�a�r�y� �e�n�e�r�g�y� �r�e�s�e�r�v�e� �i�n� �t�h�e� �e�m�b�r�y�o� �a�n�d� �s�u�m�m�e�r� �n�e�s�t� �e�g�g�s�,� �t�o�t�a�l� �l�i�p�i�d�s� �w�e�r�e� 

�n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� �d�u�r�i�n�g� �t�h�e� �1�0�-�d�a�y� �s�t�u�d�y�.� �H�o�w�e�v�e�r�,� �a� �d�e�c�r�e�a�s�i�n�g� �t�r�e�n�d� 

�w�a�s� �a�p�p�a�r�e�n�t� �i�n� �a�l�l� �5� �l�i�p�i�d� �c�l�a�s�s�e�s� �a�n�d� �v�a�r�i�a�b�i�l�i�t�y� �b�e�t�w�e�e�n� �e�g�g�s� �m�a�y� �h�a�v�e� 

�p�r�e�v�e�n�t�e�d� �d�e�t�e�c�t�i�o�n� �o�f� �d�i�f�f�e�r�e�n�c�e�s�.� �O�t�h�e�r� �r�e�s�e�r�v�e�s� �m�u�s�t� �h�a�v�e� �b�e�e�n� �u�t�i�l�i�z�e�d� �d�u�r�i�n�g� 

�t�h�i�s� �p�e�r�i�o�d� �b�u�t� �w�e�r�e� �n�o�t� �q�u�a�n�t�i�f�i�e�d�.� �I�t� �i�s� �l�i�k�e�l�y� �t�h�a�t� �g�l�u�c�o�s�e� �a�n�d� �g�l�y�c�o�g�e�n� �w�e�r�e� 

�u�s�e�d�,� �a�n�d� �p�e�r�h�a�p�s�,� �y�o�l�k� �p�r�o�t�e�i�n�s�.� �S�a�n�d�e�r� �e�t� �a�l�.� �(�1�9�8�5�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �l�i�p�i�d�s� �a�r�e� �t�h�e� 

�p�r�i�m�a�r�y� �e�n�e�r�g�y� �r�e�s�e�r�v�e� �u�s�e�d� �d�u�r�i�n�g� �e�g�g� �d�e�v�e�l�o�p�m�e�n�t� �i�n� �m�o�s�t� �i�n�s�e�c�t�s�;� �b�u�t� �t�h�a�t� 

�c�a�r�b�o�h�y�d�r�a�t�e�s� �a�r�e� �o�f�t�e�n� �t�h�e� �m�a�j�o�r� �e�n�e�r�g�y� �s�o�u�r�c�e� �d�u�r�i�n�g� �t�h�e� �e�a�r�l�y� �p�h�a�s�e�s� �o�f� 

�d�e�v�e�l�o�p�m�e�n�t�.� �I�r�i�e� �e�t� �a�l�.� �(�1�9�7�9�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �g�l�y�c�e�r�o�l� �a�n�d� �a� �p�o�l�y�s�a�c�c�h�a�r�i�d�e�,� 

�c�o�n�s�i�s�t�i�n�g� �o�f� �g�l�u�c�o�s�e�,� �m�a�n�n�o�s�e� �a�n�d� �s�o�r�b�o�s�e�,� �w�e�r�e� �t�h�e� �p�r�i�m�a�r�y� �e�n�e�r�g�y� �r�e�s�e�r�v�e�s� 

�u�s�e�d� �d�u�r�i�n�g� �e�m�b�r�y�o�n�i�c� �d�e�v�e�l�o�p�m�e�n�t� �w�i�t�h�i�n� �e�g�g�s� �o�f� �a� �c�r�i�c�k�e�t�,� �T�e�/�e�o�g�r�y�i�l�u�s� �s�p�p�.� 

�P�r�o�t�e�i�n�s� �a�r�e� �n�o�t� �t�h�o�u�g�h�t� �t�o� �b�e� �a� �c�o�m�m�o�n� �e�n�e�r�g�y� �s�o�u�r�c�e� �b�e�c�a�u�s�e� �o�f� �n�i�t�r�o�g�e�n�o�u�s� 

�w�a�s�t�e� �b�u�i�l�d�u�p� �(�B�a�b�c�o�c�k� �a�n�d� �R�u�t�s�c�h�k�y�,� �1�9�6�1�)�.� �H�o�w�e�v�e�r�,� �a�t� �s�u�b�o�p�t�i�m�a�l� 

�t�e�m�p�e�r�a�t�u�r�e�s� �a�n�d� �d�u�r�i�n�g� �t�h�e� �l�a�t�t�e�r� �s�t�a�g�e�s� �o�f� �e�m�b�r�y�o�g�e�n�e�s�i�s�,� �p�r�o�t�e�i�n�s� �c�a�n� �b�e� 

�u�s�e�d� �(�Y�a�m�a�s�h�i�t�a� �a�n�d� �I�r�i�e�,� �1�9�8�0�;� �B�o�w�n�e�s� �a�n�d� �H�a�m�e�s�,� �1�9�7�7�;� �S�a�n�d�e�r� �e�t� �a�l�.� �1�9�8�5�)�.� 

�E�g�g� �W�e�i�g�h�t� �V�a�r�i�a�b�i�l�i�t�y�-� �T�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�i�s� �i�n�v�e�s�t�i�g�a�t�i�o�n� �h�a�v�e� �d�e�m�o�n�s�t�r�a�t�e�d� �t�h�a�t� 

�e�g�g� �w�e�i�g�h�t� �o�f� �D�.� �m�a�c�u�l�a�t�a� �i�s� �n�o�t� �o�n�l�y� �h�i�g�h�l�y� �v�a�r�i�a�b�l�e�,� �b�u�t� �a�l�s�o� �d�e�c�r�e�a�s�e�s� 

�p�r�o�g�r�e�s�s�i�v�e�l�y� �w�i�t�h� �c�o�l�o�n�y� �d�e�v�e�l�o�p�m�e�n�t�.� �I�n� �t�h�e� �h�o�n�e�y� �b�e�e� �A�p�i�s� �m�e�l�l�i�f�e�r�a� �(�L�.�)�,� 

�T�a�b�e�r� �a�n�d� �R�o�b�e�r�t�s� �(�1�9�6�3�)� �h�a�v�e� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �e�g�g� �w�e�i�g�h�t� �a�n�d� �e�g�g� �s�i�z�e� �a�r�e� 

�c�o�n�t�r�o�l�l�e�d� �b�y� �g�e�n�e�t�i�c� �f�a�c�t�o�r�s�,� �a�l�t�h�o�u�g�h� �e�n�v�i�r�o�n�m�e�n�t�a�l� �f�a�c�t�o�r�s� �c�o�n�t�r�i�b�u�t�e� �t�o� �t�h�e� 

�t�o�t�a�l� �v�a�r�i�a�b�i�l�i�t�y�.� �T�h�e� �a�u�t�h�o�r�s� �o�b�s�e�r�v�e�d� �a� �3�0�%� �d�i�f�f�e�r�e�n�c�e� �i�n� �m�e�a�n� �(�l�i�v�e�)� �e�g�g� �w�e�i�g�h�t


