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entrance, a phenomenon known as phragmosis (Creighton 1960, Wilson 1974,
Walker and Stamps 1986). These individuals constitute a genuine soldier caste in a

discretely dimorphic worker population.

Minor workers exhibit the largest behavioral repertoire, major workers the
smallest (Busher et al. 1985). The largest and smallest workers of the colony both
spend most of their time inside the nest, with those ants in the middle of the size
range most active, according to Pricer (1908). Buckingham (1911), on the other
hand, found smaller workers were most active. That major workers are largely
inactive is undisputed. Fowler (1982) reported a negative correlation between
activity and worker body size, and a positive correlation between worker
survivorship and body size He also noted that mean worker size increases with
colony size. These findings emphasize the energy investment embodied in major
workers, which cost 15 times more to produce than the smallest workers (Fowler

1982).

It is not known at present which caste (or castes) is responsible for wood
excavation in C. pennsylvanicus. In C. fraxinicola Smith, the minors alone excavate
nest galleries (Wilson 1974), while in C. sericeiventris Guerin, all castes are involved
(Busher et al. 1985). Major workers have the largest cephalic adductor muscles,
though intermediate workers’ are larger relative to head size. Moreover,
intermediate-sized workers show a pronounced tendency to gnaw containment

structures (Fowler 1982). Unfortunately, no direct evidence implicates either caste.
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In addition to the physical caste system, a temporal caste system may exist in
carpenter ant colony life. Buckingham (1911) cited a number of nineteenth century
authors on this matter and provided further support herself. She found that the
youngest ants cared for the brood, a group of slightly older ants attended the queen
and were carried about during nest emigration, a middle-aged group foraged and
"built", and the oldest group foraged, "built", carried other ants during nest
emigration, and defended the nest. In particular, foraging seems to be a strongly
age-based task. In C. pennsylvanicus, 68% of all foraging was performed by older
workers, as evidenced by the condition of their ovaries, all of which had totally or

partially resorbed oocytes (Traniello 1977).

A third and rather unusual caste system has been observed in C. fraxinicola in
which major workers function as a trophic caste by acting as repletes in times of
food scarcity (Wilson 1974). This seems to be an isolated phenomenon in the genus
as no further examples of a trophic caste system in carpenter ants have been

uncovered.

2.5 Foraging Behavior

Carpenter ants are probably omnivorous though no comprehensive list of
their food sources has been compiled. They have been observed feeding on
honeydew from aphids and membracids (Pricer 1908, Funkhouser 1915, Gotwald
1968), plant juices (Pricer 1908, Ayyar 1935, Gotwald 1968), and the bodies of other
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insects both live (Ayre 1963, Youngs 1983) and dead (Pricer 1908, Gotwald 1968,
Fowler and Roberts 1980, Hansen and Akre 1985). They also feed on a variety of
household foods (Smith 1965, Dukes 1982). Sanders (1964) suspected that they may
also feed on fungal mycelia, a position supported by Ayre (1967) in his analysis of
the digestive enzymes in ants. Brand ef al. (1972, 1973) discovered mellein, a fungal
metabolite, in the mandibular secretions of carpenter ant males, which may be

further indirect evidence of feeding on fungal mycelia.

Our knowledge of the nutritional requirements of carpenter ants is extremely
limited. Laboratory colonies appear to survive quite well when provided with only
carbohydrates. Pricer (1908) remarked on the good health of his colonies after four
months without a protein food source. It may be that honeydew, a carbohydrate
source with a wide variety of amino acids (Fell and Morse 1977), provides an
adequate supply of nitrogen for protein synthesis. Carbohydrates are probably of
primary importance in that they can be interconverted by various pathways.

Glucose can be used to synthesize other dietary sugars including trehalose, glycogen,
and some polyols (Saktor 1975, Bailey 1975). Carbohydrates can also be used for
lipid biosynthesis (Bailey 1975). Ayre’s (1967) work on the digestive enzymes of
ants may underscore the importance of carbohydrates in the carpenter ant diet. Of
the five temperate species examined, he found invertase and amylase, enzymes
responsible for the degradation of polysaccharides and glycogen, only in
Camponotus species. Fowler and Roberts (1980) found that total levels of soluble
carbohydrates were higher in arboreal and ground foragers than they were in aphid

guardians, from which they inferred that carbohydrates are taken up in the nest via
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trophallaxis for use as an energy source during foraging.

Little is known with regard to food distribution within the colony. Returning
foragers may distribute up to 98% of their crop contents among 62% of their
nestmates within 10 minutes of their return to the nest (Traniello 1977). Major
workers have larger and more active maxillary glands, the source of invertase and
amylase, and may therefore be the chief food processors for the colony (Busher et
al. 1985). The infrabuccal pocket has been described as a social filtration device:
only particles of 10 um or smaller will bypass the infrabuccal pocket and enter the
crop, but even these are eventually filtered out of the communal food supply

through repeated trophallaxis (Eisner and Happ 1962).

2.6 Foraging Patterns

Foraging temperature ranges in ants serve to maximize activity during times
of year when food is abundant (Berstein 1979). In carpenter ants, seasonal foraging
patterns show some variability. For C. herculeanus, C. noveboracensis, and C.
pennsylvanicus in northwestern Ontario, daily activity peaks in mid-afternoon in
early June and gradually advances into night as the season progresses (Sanders
1972); for C. modoc in California, foraging activity is diurnal early in the season,
shifts to become nocturnal in July and August, and returns to the diurnal pattern at
the close of the season (David and Wood 1980); for C. modoc in Washington,

foraging activity is not directly related to temperature or humidity though daily
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initiation of foraging is probably triggered by a temperature threshold once a
photoperiod requirement has been met (Hansen and Akre 1985). In general, most
species of Camponotus forage nocturnally, with a sharp increase in foraging activity
at sunset and a sharp drop at sunrise (Pricer 1908, Hansen and Akre 1985). It is
interesting to note that although honeydew collection is chiefly diurnal, sap
gathering is crepuscular and nocturnal, perhaps reflecting the period of maximum
sap flow as plants transport sugars through the phloem at night (Gotwald 1968). In
their observations on C. herculeanus, C. noveboracensis, and C. pennsylvanicus,
Gotwald (1968) and Sanders (1972) note that peaks in tunnel activity coincide with
periods of maximum larval growth. Later in the season, Sanders also records a shift

in activity from food gathering to nest maintenance.

2.7 Overwintering Colony Composition

Few authors have censused the winter carpenter ant nest, and only one
(Sanders 1964) has attempted any sort of analysis. Pricer (1908) was certainly the
first to elaborate on winter populations, and he provided an extensive list detailing
winter nest occupants. He dissected 84 field nests of C. pennsylvanicus and C.
ferrugineus. The data from the large nests he collected show that reproductives may
constitute up to 53.9% (14.9%, excluding one apparently aberrant nest) and larvae
up to 46.5% of the total population of the overwintering nest. Worker populations
in these nests ranged from 119 to 3018 for C. pennsylvanicus, and from 106 to 3212

for C. ferrugineus. These figures seem to support Fowler’s (1986) contention that
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most colonies do not exceed about 3000 - 6000 workers at any given time. Pricer’s
data, however, is remarkable in two regards. First, only two of the 23 large colonies
collected could be satellite nests (no queen was seen). Though no incidence
determinations have been made, apparent incidence of satellite nests, at least in
Ontario and Washington, is certainly much higher (Hansen and Akre 1985, Sanders
1964). Second, in seven of the 23 large colonies examined, reproductives were
found in the nest with the queen. Hansen and Akre (198S), as discussed earlier,
found that the presence of reproductives (as well as large larvae and pupae) in
summer nests was characteristic of the satellite nest, while the presence of the
queen (along with small larvae and eggs) was characteristic of the brood nest. It is
uncertain whether Hansen and Akre’s characterization simply does not hold for
winter nests, nest segregation is a species specific characteristic, or Pricer’s data on

queen retrieval is flawed.

Sanders (1964) who censused three overwintering C. herculeanus nests,
examined worker caste ratios in relation to the other life stages present. In one nest
surveyed by galleries, a physical association between minor workers and larvae was
readily apparent. When the worker caste ratio was surveyed by nest zones (upper,
middle, lower), the association between minors and larvae was again strongly
evident in the lower, alate-free zone. In addition, a weaker association, unnoted by
Sanders, also appeared between majors and reproductives in the upper, larva-free
zone. The middle zone, containing both larvae and alates, had a caste ratio

intermediate between the other two zones.
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Overwintering first year colonies are apparently quite small. Pricer (1908)
dissected 41 small C. pennsylvanicus colonies, which contained from two to 27
workers and eight to 32 larvae, and 19 small C. ferrugineus nests, which contained
from two to 19 workers and from ten to 30 larvae. Elsewhere in the literature,
observations are even smaller. Eidmann (1942) recorded one C. herculeanus nest
with four workers and four larvae, another with only two workers and an
undisclosed number of larvae. Hansen and Akre (1985) gave similarly meager
values for C. modoc (observed in late summer): four adults, two pupae, and eight
larvae; two adults, four larvae; no adults, one pupa, ten larvae, and 12 eggs. These
data are similar to those obtained by Gibson (1987a) and Hansen and Akre (1985)

for overwintering first year laboratory colonies.

2.8 Overwintering Colony-Level Phenomena

Little information exists on overwintering in ants in general, and in carpenter
ants in particular, however some colony level changes leading to and in preparation
for the dormant state are known. Annual egg production of C. modoc and C. vicinus
in Washington occurs in one phase which exhibits two peaks. Those of the first peak
complete development and those of the second peak enter a dormant phase in late
summer as second to fifth instar larvae (Hansen and Akre 1985). In C. herculeanus
and C. ligniperda, Holldobler (1961) saw two egg clusters produced annually, one in
spring and one in fall, with most of the fall cluster overwintering as larvae. Dukes

(1982), working with C. ferrugineus in Virginia, reported that the last larvae to hatch
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in August remained in the first instar until March. The first instar larva is a
"common resting stage during overwintering and food shortages in Camponotus"
(Mintzer 1979). In New Brunswick, Ontario, C. herculeanus and C. noveboracensis
larvae occur in two distinct size groups for ten months of the year. Sanders (1964)
took this as evidence of a two year life cycle for these species in Canada. Hoélldobler
(1961) specifically cautioned against such a conclusion, instead crediting differences
in larval size to rapid differential growth upon resumption of feeding in early spring.
He maintained that large September larvae do not overwinter, but are either reared
to maturity or eaten. Earlier, Eidmann (1942) had assumed that, in spring nests,
large larvae had overwintered and concurrent small larvae represented an early

clutch.

Pricer (1908) noted that overwintering colonies contain no eggs or pupae.
He speculated that egg production and feeding of larvae cease before temperatures
drop, possibly even as early as August. In what Hansen and Akre (1985) term "pre-
dormancy", C. modoc colonies stop feeding on protein sources in September, and
feeding on honeydew declines steadily thereafter. Shortly after larval growth stops,
winged forms emerge onto the nest, suggesting a shift in the distribution of colony
resources (Sander 1964). Reproductives overwinter in the nest (Pricer 1908,
Eidmann 1942), perhaps in the uppermost section (Sanders 1964). Larvae
overwinter in the lowermost section of the nest (Sanders 1964), and will not enter

diapause unless workers are present (Hansen and Akre 1985).
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Eidmann (1942) examined overwintering lab and field colonies, and observed
three important overwintering behaviors: cluster formation, nest plugging, and
cannibalization of the larvae. Field colonies clustered in the deepest part of the nest
with reproductives irregularly mixed with workers throughout the cluster. In
laboratory colonies, clustering occurred at approximately 8 °C and increased in
density with decreasing temperature. He found the cluster to be a highly stratified
structure with the queen (which he designated the "crystallization center") and
larvae at the center, surrounded by "Innendienst” (within-nest workers), which are in
turn surrounded by "AuBBendienst” (outside-of-nest workers). Majors ("guards"),
which were the last to join the cluster and the first to leave it, formed the peripheral
layer. Between temperatures of 5 °C (at which the cluster is complete) and 9 °C (at
which the cluster decomposes) majors wandered about the nest and assumed guard

duties at nest entrances.

He observed plugging of nest entrances by ground-nesting C. herculeanus in
fall (even at higher temperatures), and the unplugging of the nest entrances in
spring. Not surprisingly, then, he also found that overwintering C. herculeanus
workers have full crops and do not forage during winter. Neither do they forage at
warmer temperatures; however, under such conditions, food reserves were quickly

used up and some brood were eaten.

Hoélldobler (1961), working with C. herculeanus and C. ligniperda, reexamined
these phenomena with regard to temperature dependence. At higher temperatures,

he observed formation of a cluster that was loose, incomplete (lacking guards and
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AuBlendienst), somewhat disordered (larval cluster loose and dispersed), and in
which food exchange took place. He verified the temperature independence of nest
plugging in C. herculeanus but found that C. ligniperda will not plug the nest at
elevated temperatures. Furthermore, when maintained at warmer temperatures, C.
ligniperda colonies foraged through winter, though at a much reduced rate; under
these conditions, they too cannibalized brood, though not before diapause ended
and full activity was resumed. In investigating larval quiescence, he demonstrated
the transmission of radiolabelled P32 from workers to diapausal larvae at 25 °C;
"negative results" were obtained at 4 °C, even after five weeks isolation of the
larvae. Larger larvae kept at 4 °C did not survive even three days isolation,
indicating the inability of these larvae to overwinter. He observed the post-diapause
initiation of larval feeding in laboratory colonies held at elevated temperatures

occurred February to March; in field colonies it occurred by the end of March.

The temperature dependence of the initiation and termination of diapause
itself is, interestingly, in dispute. Hoélldobler (1961) has stated that all of his
laboratory colonies entered a natural diapause regardless of temperature, although
some diapause-related behaviors were somewhat altered at higher temperatures. In
working with laboratory colonies, Gibson (pers. comm.) found the onset of diapause
to be independent of temperature and the termination of diapause to be
temperature dependent, while Sanders (1972) found onset in field colonies to be
temperature dependent and termination to be independent of temperature (though
he apparently assumed that temperature thresholds were the same for both onset

and termination of diapause).
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2.9 Overwintering Physiology

Freezing is potentially fatal to insects. Irreparable cell damage can occur
through mechanical injury to cell membranes resulting from formation of
intracellular ice crystals, and dehydration-related injury to the cell (toxic
concentration of solutes, protein denaturation, violation of critical minimum cell
volume) (Storey*). In the absence of migration, overwintering insects protect
themselves from freezing injury and death by selecting a favorable microhabitat and
by cold-hardening (Danks 1978). Sanders (1972) examined summer carpenter ant
nest temperatures in relation to tree and litter temperatures, and found differences
of up to 16 °C, which he attributed to metabolic heat produced by the ants. The
study was not repeated in winter. Overwintering honeybees form clusters and
commonly maintain temperatures between 32 °C and 36 ©C within the cluster when
brood are present (Seeley and Heinrich 1981). Similar examples of winter
thermoregulation have not been found in ants. The nest temperature of the field
ant Formica is essentially identical to the surrounding soil temperature, but in
winter there may be some frost-free zones within the nest which remain at
temperatures above the metabolic activity threshold (Steiner 1925, 1929 - in
Eidmann 1942). Unfortunately, no comparable work exists on carpenter ant
microhabitat conditions in winter. Agricultural studies, often done on fruit trees,
provide a tentative picture of the conditions within tree trunks in winter.

Orientation may be extremely important to insects overwintering in wood above the

4 K.B. Storey. Biochemistry of cryoprotectants. Paper presentation,
Entomological Society of America National Meeting, Louisville, KY. 4
December - 8 December 1988.
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snow line - south-facing sites exhibit higher overall temperature means and higher
maximum daily temperatures due to insolation (Harvey 1923). However, south-
facing sites also experience daily temperature fluctuations in winter which exceed
those in summer when trunks are shaded by leaves (Jensen et al. 1970). Tree
stumps, due to their natural moisture content, show inner temperature fluctuations
that are slower than ambient fluctuations, thereby providing a buffered environment

for insects overwintering within them (Baust and Morrissey 1977).

Cold-hardiness is defined by Zachariassen (1985) as "the ability to tolerate
prolonged exposure to temperatures below the melting point of the body fluid".
Cold-hardy insects generally employ one of two strategies - freezing tolerance or
freezing susceptibility (freezing intolerance) - although recent evidence suggests that
some populations may actively "switch" strategies (Duman 1984, Horwath and
Duman 1984). Freezing tolerant insects are able to survive formation of
extracellular (and perhaps intracellular) ice at temperatures at or below their
supercooling point. Freezing intolerant insects cannot withstand the formation of
extra- or intracellular ice, and consequently they avoid freezing through extensive
supercooling. (It should be mentioned at this point that the supercooling point is
usually - but not always - the lower lethal temperature: death may occur at
temperatures above (Bale 1987) and below (Baust 1981) the supercooling point).
Simply and briefly, these two strategies may be summarized as follows (from

Zachariassen 1985 unless otherwise cited).
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Freeze tolerance:

Ice-nucleating agents (INAs), proteinaceous compounds with a high amino
acid content, are probably present in the intracellular spaces of all active insects.
They exhibit seasonal abundance in the gut and hemolymph during cold-hardening.
INAs serve as nucleation sites for the formation of ice crystals, and their primary
function is to prevent injurious freezing in closed compartments (e.g. cells, gut) by
ensuring that freezing is initiated before extensive supercooling takes place. In the

presence of INAs, freezing generally occurs only a few degrees below zero.

Polyols (low molecular weight anti-freezes, polyhydric alcohols) and other
carbohydrates are cryoprotectants which only moderately affect the supercooling
points of freeze tolerant insects but strongly increase their cold-hardiness through
reduction of both ice formation and cellular osmotic shrinking. Glycerol, the most

common polyol, limits dehydration and stabilizes enzymes (Ring and Tesar 1981).

Freeze intolerance:

The removal of INAs from insect systems has been correlated with greatly
lowered supercooling points. INAs are removed form the gut and hemolymph of
freezing intolerant insects by an unknown mechanism. Previously, clearing the gut
had been a widely accepted mechanism but this assumption has been strongly
challenged recently by Baust and Rojas (1985). It may be that INAs are not

physically expelled from the system but merely masked by polyols, carbohydrates, or
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thermal hysteresis factors (THFs). Glucose has been implicated in masking
experiments (Baust and Morrissey 1975, Baust and Morrissey 1977). In addition to
masking, it is also possible that INAs are effectively removed by sequestering them

in the lipid phase of cell membranes.

Polyols and other carbohydrates show marked increases in overwintering,
freezing intolerant insects. Polyols have been shown to depress the freezing point,
increase fluid viscosity, reduce cellular dehydration, and lower the supercooling
point. Though supercooling point depression occurs upon removal of INAs, polyols
and other carbohydrates clearly contribute, via a colligative effect, to a still lower
drop in supercooling point. Glycerol protects against protein denaturation and is a
compatible osmolyte (does not affect enzyme activity). Other polyols and sugars
may be accumulated to maximize energy reserves through decreased enzyme
activity. Such multifactorial cryoprotectant systems (utilization of a combination of
polyols and sugars) are probably common though not well understood. They may
have an inherent advantage in that there is a reduced danger of toxicity compared to
the multimolal concentrations required of one solute for adequate cryoprotection.
Mono- and disaccharides demonstrate a cryoprotective efficiency comparable to
that of glycerol (Doebbler 1966). Trehalose in particular exhibits higher winter
levels in many insects (Bale 1987). Innumerable investigations of glycerol
production have not managed to isolate or identify the glycerol precursor. Current
speculations include glycogen (Chino 1957, Storey 1983), lipid (Ring 1981,
Morrissey and Baust 1976), glycogen and lipid (Baust and Morrissey 1977), and
glycogen, trehalose, and glucose (Ring 1981).
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Thermal hysteresis factors (THFs) are proteinaceous macromolecules high in
certain amino acids which depress the freezing point without changing the melting
point. They have been found in all freeze avoiding insects investigated to date.
Their mode of action appears to be physical interference with the growth of the ice
front, and they are able to prevent ice crystal formation down to -10 °C. THFs are
not well understood, but probably provide stability to the supercooled insect over

the entire supercooling range by precluding spontaneous internal freezing.

The importance of water content to freezing tolerance and avoidance has not
been adequately resolved. Accounts are conflicting regarding water content changes
accompanying cold-hardiness. Ring (1981) observed a drop, Baust (1981) saw no
drop. Storey and Storey (1983) reported the elimination of bulk water, and other
workers found increases in bound water (Baust 1981, Ring and Tesar 1981). These
reports may ultimately prove to be irrelevant to a better understanding of
overwintering - Baust and Morrissey (1977) and Baust et al. (1979) have shown that
seasonal variations in water content did not affect cold-hardiness, except in the case

of severe desiccation.

2.10 Nutrient Reserves

Virtually nothing is known about nutrient utilization during overwintering.

Danks (1978) claimed that insects will clear their gut in preparation of diapause,
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excluding those in sheltered habitats. Holldobler (1961) found that C. herculeanus
workers overwintered with full crops. Ohyama and Asahina (1972) observed two
supercooling points for C. obscuripes Mayr: -8.5 °C and -20.0 °C. The higher
supercooling point was proven to represent the freezing of the foregut, specifically
the crop. Though they made no mention of the condition of the crop, it seems likely

that the crops of these ants contained food during overwintering.

In terms of generalized information on nutritional resources, lipid is
undoubtedly the most common nutrient reserve, and is used for overall
maintenance, especially in spring and fall. In overwintering females, it is used in egg
production (Zachariassen 1985). High levels accumulate in the fat body,
particularly in association with cold tolerance, when lipids may contribute 20-25%
or more of the insect’s weight (presumably dry weight). Overwintering carbohydrate
levels are variable. Trehalose, the transportable form of glucose in the hemolymph,
may show elevated levels in some insects (Wyatt 1967, Somme 1967, Morrissey and
Baust 1976). Glucose and fructose may also be accumulated in winter (Tanno 1964
- in Danks 1978). Glycogen levels rise and fall through winter, presumably in
connection with glycerol production. However, glycogen, a storage polysaccharide,
is also useful as a ready source of energy in early spring before foraging once again

becomes profitable. It, too, is accumulated in the fat body (Danks 1978).



Chapter 3. Demography, Organization, and Cold Hardiness of Overwintering

Camponotus pennsylvanicus Nests

3.1 Introduction

Virtually all of the current knowledge concerning carpenter ants and their
colonies derives from studies of active summer nests. In comparison, the paucity of
information on overwintering carpenter ant colonies is striking. Despite the fact
that homeowner complaints of carpenter ant infestations peak in spring of each year
shortly after termination of diapause (Fowler 1983), almost nothing is known of the
population size, structure, and physical organization of the carpenter ant colony in
winter. Furthermore, and in spite of the fact that these ants are the dominant
structural pest in temperate Canada, the cold-hardiness strategy of this insect, the
means by which and extent to which it adapts to cold temperatures, is not at all

understood.

Only two authors have examined overwintering colony composition and
organization in Camponotus: Pricer (1908) and Sanders (1964). In the most
thorough study of population structure to date, Pricer dissected 84 field nests of
Camponotus pennsylvanicus (DeGeer) and C. ferrugineus (Fabricius) between the
months of September and May. (As these ants are polydomous, Pricer’s "colonies",
each collected from a single nest site, may in fact have been incomplete colonies

and are therefore here referred to as nests.) Although his worker caste data is

31
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useless (he defined four worker castes but gave no size specifications), he provided a
good picture of the winter nest composition of these species. His 57 overwintering
C. pennsylvanicus nests contained from eight to 867 larvae, from zero to 370 alates,
and from two to 3018 workers. In his 16 large C. pennsylvanicus nests, larvae were
found to comprise up to 46.5% and alates up to 9.4% of the total population of the
nest. Numbers for C. ferrugineus were similar. These figures lend support to
Fowler’s (1986) contention that mature colonies typically contain from 3000 to 6000
workers at any given time. Nests may grow quite large, however, and satellite nests
of C. modoc Wheeler having up to 12,003 workers and 59,446 pupal cases have been
collected (Hansen and Akre 1985).

Pricer’s data are curious in three respects. First, only 10 of the 84 nests
collected (12%) and only 7% of C. pennsylvanicus nests contained male or female
reproductives. These proportions of reproducing nests seem questionably low and,
since the number of entire colonies examined is unknown, cannot be explained
purely on the basis of population size. Second, a queen was recovered from 81 of 84
nests dissected. Even after excluding the 60 small nests opened, a remarkably large
ratio of eight brood nests to one satellite nest results. Though no information exists
on relative incidence of brood and satellite nests, Sanders (1964) found that most
mature carpenter ant colonies in Ontario supported from two to eight satellite nests.
Third, seven of ten reproducing nests contained a queen. Hansen and Akre (1985)
noted that satellite nests of C. modoc were characterized by the presence of alates,
pupae, and large larvae, and the absence of eggs, small larvae, and the queen. As

comparable studies are lacking, three explanations are equally possible: nest
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segregation as described by Hansen and Akre is a seasonal phenomenon, nest
segregation as observed in C. modoc is a species specific characteristic, or something

is amiss with Pricer’s queen data.

Sanders (1964) also examined, much less extensively, population structure in
three overwintering C. herculeanus (Linnaeus) nests found in standing trees. (The
author did not specify whether entire colonies were collected, therefore it seems
likely that they were nests.) These nests contained up to 6490 larvae (or up to 50%
of the total nest population), up to 553 reproductives (or up to 4.3% of the total nest
population), and up to 5945 workers. These figures are substantially larger than
Pricer’s findings. In addition, Sanders observed a clearly stratified nest
organization, with alates mostly relegated to the upper zone, larvae mostly to the
lower zone, and an intermediate zone with some intermingling. It was also noted
that worker caste ratios shifted across zones, with larger major:minor ratios
associated with the uppermost zone and smaller major:minor ratios associated with
the lowermost zone. Sanders did not speculate on the functional significance of this

arrangement.

Eidmann (1942), in working with laboratory colonies and ground nesting
field colonies of C. herculeanus in Europe, found an altogether different type of
winter nest organization. In the deepest part of the nest, the colony overwintered in
a compact, stratified cluster having the queen and larvae at its center surrounded by
successive rings of workers arranged according to task specialization. Alates were

dispersed throughout the cluster. Eidmann gave no indication of the sizes of



34

colonies observed, though it appears that they were all comparatively small and
brood nests. Holldobler (1961), who worked with C. ligniperda (Latreille) as well as

C. herculeanus, also observed winter clustering in his laboratory colonies.

Dramatic nest temperature regulation is not known in ants. Though Steiner
(1926, 1929 - cited in Eidmann 1942) apparently found "frost-free regions" in the
nests of ground nesting Formica spp. and Lasius species in which temperatures
remained above the metabolic threshold of the ants, this seems to be an isolated
observation and it is generally held that ant nest temperatures passively follow
ambient temperatures. For wood nesting ants, nest substrate provides an intrinsic
advantage during overwintering. Almost any large object can provide an
overwintering refuge due to large innate heat capacity (May 1985); however, tree
stumps and logs having a naturally high water content and an inherently high
thermal inertia consequently provide a thermally buffered microhabitat (Baust and
Morrissey 1977). Inner temperatures may vary, however, based on orientation.
South-facing nest sites in standing trees experience higher temperature means and
daily temperature maxima than north-facing sites (Harvey 1923a, 1923b, Danks
1978). However, south-facing sites are also subject to temperature fluctuations
wider than those of summer, when leaves shade the trunk (Jensen et al. 1970). It
should be noted that studies such as these are generally agricultural in nature, and
conclusions are based upon intact trees. No temperature measurements of trees
damaged by wood nesting insect colonies or the colonies themselves during winter
have been found in the literature. The actual range and pattern of temperatures

which overwintering wood nesting insects experience is therefore unknown.
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Information on physiological changes accompanying cold hardiness in
carpenter ants is rare, and at present it is uncertain whether C. pennsylvanicus are
freeze-tolerant or freeze-avoiding. In relation to an individual that has not cold
acclimated, freeze-tolerant insects freeze at relatively high temperatures, while
freeze-avoiding insects freeze at relatively low temperatures (May 1985). The
supercooling points for only one species of carpenter ant, C. obscuripes Mayr in
Japan, has been determined. Interestingly, Ohyama and Asahina (1972) observed
two supercooling points for this ant, one fairly high (-8.5 °C) and another much
lower (-20 °C). They demonstrated that the higher supercooling point
corresponded to the freezing of the crop and foregut, and contended that the lower
supercooling point represented the freezing of body tissues. Mortality was found to
be associated only with the lower supercooling point. It is unfortunate that this
work did not examine larvae, reproductives, or queens. Most sorely missing was any
indication of crop condition, although it seems likely that the freezing susceptibility

of the foregut was due to food in the crop.

Glycerol is found in both freeze-tolerant and freeze-avoiding insects. In
freeze-avoiding insects, it contributes to a substantially lowered supercooling point.
In freeze-tolerant insects, it has little effect on supercooling point and undoubtedly
serves other purposes. Several authors have described the presence of glycerol in
carpenter ants. Ohyama and Asahina (1972) looked at glycerol content, as well as
supercooling points, in C. obscuripes; they found a maximum concentration of 34 mg

glycerol/g fresh weight. Somme (1964) examined glycerol levels and low
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temperature survival in C. herculeanus; glycerol concentrations in this species varied
from 0.3% to 5.8% of fresh weight. Possibly the only paper addressing polyol
content in C. pennsylvanicus describes the presence of glycerol and its relation to
activity levels (Dubach et al. 1959); a level of 10% glycerol was reported. The
authors, unfortunately, did not specify which adult castes were used in their
analyses. Furthermore, they claim to have included dormant eggs in their tests. As
eggs are never found in dormant field colonies of carpenter ants, it seems likely that
laboratory colonies were used, and that these colonies were no longer fully dormant.

Consequently, their data must be viewed with skepticism.

3.2 Materials and Methods

3.2.1 Nest Collection and Dissection

Nine Camponotus pennsylvanicus nests were collected from logs and trees in
and around Blacksburg, VA from November 1987 through April 1988. Most nests
were found in freshly cut timber on a tract of land being cleared for development.

No effort was made to locate entire colonies; only individual nests were used. Upon
collection, all nests were brought to the Price’s Fork Research Station where they
were kept outdoors undisturbed until opened, usually within two weeks of

collection.
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Nests were dissected at four time intervals throughout the winter - November
1987 (nest 1), January 1988 (nests 3, 4, 5), February 1988 (nests 8, 9), and April 1988
(nests 11, 12, 13). Dissection involved partitioning the nests into arbitrary
subsections using a chain saw, then splitting each subsection with a mallet and
wedge until all galleries were exposed and all ants removed. Ants were removed
using a modified Car-Vac, and collected into zip-lock bags according to nest section
and caste or stage. Five nests (3, 4, 5, 8, and 9) were dissected in this manner. Four
nests (1, 11, 12, and 13) were not subsectioned but simply opened with a mallet and
wedge and collected by caste or stage. Upon removal, all ants were brought to the

laboratory where they were held at -10 °C until censused.

3.2.2 Censusing of Colonies

All ants were counted in each nest. Life stage or caste and location by nest
section were recorded for each individual. Worker caste ratios were determined for
each section and nest by measuring the head capsules of a random sample of 100
workers per section or of all workers per section in sections with fewer than 100
workers. Head capsule width was measured and recorded using a Zeiss Boeckler
filar eyepiece interfaced with an IBM-PC. Because it seemed to represent a
frequency trough in three preliminary nests examined, a head width of 2.0 mm was

used to separate minor workers from major workers.

The age of the colony to which the nests belonged was estimated using

Gibson’s (1987) method of calculating the percentage of majors in the worker
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population. By calculating intermediate values to her means for young (8.9%),
middle-aged (28.5%), and old (64%) colonies, estimated percentage ranges for each
age group were established: 0 - 18.7% (young), 18.8 - 46.3% (middle-aged), 46.4 %
or greater (old). Percentage of majors was then determined for all nests examined

in the present study, and compared to the established ranges.

Pearson’s Correlation Coefficients (SAS 1985) was used to establish the
statistical association between various caste and life stage groups. The percentage
of each group located in each nest section was determined, and the correlation
between groups across sections was tested. An overall correlation between groups

across nests was also determined.

3.2.3 Monitoring of Internal Nest Temperatures

Two large nests were collected in January 1988 and split lengthwise, exposing
the galleries. Four temperature probes, two per nest, were inserted into randomly
selected galleries; the nests were then closed. A fifth probe was placed outside the
nests in order to record ambient temperatures. Hourly temperature means from all
five probes were recorded over a nine week period onto cassette tape via a
Campbell CR21 Micrologger. The data were then transferred to a software

program for analysis.
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3.2.4 Gallery, Cluster, and Body Temperature Measurements

A mature nest collected in February 1989 was split on 23 February 1989.
Using an Omega 871 Digital Thermometer with an insulated needle-nose probe tip
(time constant = 400 ms), five temperature measurements at each of four sites were
made by inserting the probe tip into galleries, among larval and adult clusters, and
into the abdomens of workers. Ants were not handled during the procedure to
avoid artificially elevating body temperatures. Ambient temperature was also
recorded. The procedure was repeated on 11 April 1989. The General Linear
Models Least Squares Means Procedure (SAS 1985) was used to test for differences

among groups.

3.2.5 Supercooling Point Determinations

Adults and larvae were collected from a mature nest in February 1989 and
brought to the laboratory where they were stored in darkness at 1 °C until tested.
Supercooling points were determined using a modified supercooling plate
(Thermoelectrics Unlimited Stirkool model SK-12) connected to a dual channel
recording potentiometer(Leeds and Northrup, Speedomax 250). Insects were
coated on the abdominal dorsum and venter with zinc oxide in emersion oil (in the
case of larvae, the entire body was covered), and placed on the cooling plate with
the abdomen in dorsal and ventral contact with two copper-constantan
thermocouples (Omega, 0.003" dia.). The plate temperature was programmed to

drop at a rate of about 1 °C per minute at the predicted supercooling point.
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Temperatures were allowed to fall to -25 °C, or until a pronounced latent heat of
fusion peak was observed. Twenty-six major and minor workers, eight male and
female reproductives, and 19 larvae were tested in this manner. The General
Linear Models Least Squares Means Procedure (SAS 1985) was used to test for

group differences.

3.2.6 Polyol Determination

A High Performance Thin Layer Chromatography (HPTLC) technique (K.
Tignor, pers. comm.) was used to test for the presence of polyols. Major and minor
workers, larvae, and male and female alates (two ants per group) were assayed by
grinding freeze-killed individuals in 500 ul of 70% Ethanol and centrifuging. The
supernatant was collected into 0.5 ul Drummond microcaps. A CAMAG Nanomat
IT was used to spot the samples onto Merck precoated Silica Gel HPTLC plates
(Methanol prewashed and heat activated). A series of glycerol, ribitol, arabinol,
sorbitol, mannitol, xylitol, dulcitol, and inositol standards were also applied to the
plate. Spots were allowed to dry, and plates were then run 7 cm in a CAMAG Twin
Trough Developing Tank using an Acetone:Butanol:H,O:Acetic Acid solvent
system (40:10:5:1). After drying, plates were dipped in 15% Sulfuric Acid in

Ethanol, and charred at 140 °C for 25 min. R¢-values were determined.
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3.2.7 Local Ambient Temperatures

Local monthly temperature minima, maxima, and means for the sampling
period were obtained from the Blacksburg weather station of the Department of

Commerce Climatological Data Annual Summary for Virginia (1987, 1988).

3.2.8 Laboratory Colonies

35 spring queens were collected at swarming in May and June of 1987, and
allowed to initiate colonies in plastic nest boxes in the laboratory. All colonies were
provided with water, honey water, and freshly killed insects, and maintained at room

temperature and humidity. Activity through two winters was observed.

3.3 Results

3.3.1 Nest Demography

The population structures of the nine nests censused are given in Figure 1.
Nest composition data appears in Table 1. Total populations varied widely among
nests, from 98 (nest 12) to 10,243 (nest ) adult and immature individuals . In six
nests, no queen was recovered; these were presumed to be satellite nests. Three

nests contained a queen (nests 5, 9, and 12) and were considered brood nests.
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Table 1. Population structures by nest section of Camponotus pennsylvanicus

nests #1,3,4,5,8,9, 11, 12, and 13.

Total Total Total
Nest Sect. Gynes Males Alates Majors Minors Workers Larvae Population

1 1.0 23 60 83 599 326 925 1841 2849
3 1.1 26 14 40 59 93 152 0 192
1.2 55 4 59 131 293 424 1590 2073

1.3 6 0 6 8 8 16 0 22

1.4 1 1 2 4 14 18 556 576

2.1 16 2 18 18 37 55 10 83

22 404 67 471 335 383 718 532 1721
Totals 508 88 596 555 828 1383 2688 4667

4 1.0 0 73 73 166 142 308 739 1120
2.0 0 0 0 4 27 31 369 600
Totals 0 73 73 170 169 339 1308 1720

5 1.0 59 0 359 83 248 331 841 1231
2.1 85 2 87 167 260 427 704 1218

22 6 0 6 126 82 208 1 215

3.0 0 0 0 40 362 402 4923 5325

4.0 35 2 3 144 535 679 1538 2254
Totals 185 4 189 560 1487 2047 8007 10243

8 1.0 4 0 4 9 42 51 247 302
2.0 30 1 31 625 829 1454 3165 4650

3.0 4 0 4 20 68 88 471 69
Totals 38 1 39 654 939 1593 3889 5521

9 1.0 0 0 0 72 176 248 160 408
2.1 11 0 1 90 140 230 442 683

22 8 0 8 31 104 135 07 750

23 1 0 1 3 21 34 0 35
Totals 20 0 20 206 441 647 1209 1876

1 1.0 0 0 0 68 356 424 471 895
12 1.0 0 0 0 0 34 34 64 98
13 1.0 0 0 0 68 132 200 61 261
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Nest 12, having only 34 workers, all minors, was in all likelihood a second year nest.

All other nests appeared to represent more mature colonies.

Neither eggs nor pupae were observed in any field nest throughout the six
month sampling period, however larvae were present in abundance. Larvae
occurred in all nests, representing from 23.4% to 78.2% of the total overwintering
populations. The mean proportion of larvae for all nests sampled was 61.4%. The
highest number of larvae per nest, 8007, were found in nest 5, while nest 12, with 61

larvae, contained the fewest.

Reproductives occurred in all but three nests. With respect to the six nests
from which they were collected, alates comprised from 0.7% to 12.8% of the total
population, or from 2.4% to 30.1% of the adult population. Nest 3 contained 596
alates, the largest number of alates per nest. Of all nests having alates, nest 9, with
20, contained the fewest. In each nest with a reproductive component, the sexual
group was either predominantly or exclusively comprised of one sex. In four of six
reproductive nests, the overwhelming majority of alates were gynes: 85.2% to 100%
of the reproductive population. In the two remaining nests (nests 1 and 4), males
accounted for 72.3% and 100% of the reproductive population respectively. Nests
11, 12, and 13 contained no reproductives; these nests represented the entire April
sampling period and were small in size (total populations from 98 to 895

individuals).
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Workers comprised from 19.7% to 47.4% of the total nest population, and
from 69.9% to 100% of the adult populations of all nests. Minor workers were
found in every nest; major workers were found in all but one nest (nest 12). Minors
constituted from 35.2% to 100% of the work force; majors, where found, constituted
from 16.0% to 64.8% of the worker populations. Worker population was greatest in

nest 5 (2047 workers) and smallest in nest 12 (34 workers).

Proportional relationships between various segments of the overwintering
population are given for each nest in Table 2. Nests 1 and 4 exhibited the highest
major:minor ratios, major:worker ratios, and larva:minor ratios. Nests 11, 12, and
13 exhibited the lowest larva:minor ratios. Ratios of reproductives to workers

ranged from 0.02 to 0.43, with nest 3 having the highest and nest 8 the lowest.

Table 3 shows worker numbers, proportions of majors in the worker
population, proportion of males in the reproductive population, and ratios of larvae
to minors. Also shown is the age of the colony to which each nest belongs as
predicted using Gibson’s (1987) method of calculating percentage of majors in the
worker population. Accordingly, two nests were young (nests 11 and 12), two were
old (nests 1 and 4), and the remaining five were middle-aged. Nests 1 and 4
exhibited the highest proportions of major workers, the highest proportions of male
alates, and the highest larva:minor ratios. Nests 11 and 12 exhibited the lowest
proportions of major workers. The smallest larva:minor ratios were found in nests

11, 12, and 13. Of those nests having sexual forms, only nest 9 contained
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no males. Nests 11, 12, and 13 did not contain male or female reproductives at the

time of collection.

3.3.2 Organization Within the Nest

The compositions of each nest by section are given in Figures 2 - 6. Nests 1,
11, 12, and 13 were not subsectioned but instead opened as single units, therefore

nest section composition data are lacking for these nests.

Wide variability was seen in composition of most nests across sections. In
nests 3, 5, and 9 (Figures 2, 4, and 6), larvae predominated in sections other than
those in which alates predominated. In nests S and 9, workers predominated in a
third section separate from larvae- or alate-dominated sections. In nests 4 and 8
(Figures 3 and 5), the overwhelming majority of the occupants occurred in a single
section. In these nests, therefore, larvae, reproductives, and workers all

predominated in the same section.

Brood nests 5 and 9 (Figures 4 and 6), included reproductives in their
populations; brood nest 12, a second year nest, did not. The section containing the
queen was the only section of nest 9 from which alates were absent. Conversely, in
nest 5, a substantial number of alates were present in the queen’s section. In brood
nests 5 and 9, the majority of workers, mostly minors, occurred in the queen’s
section; however, neither alate nor larva predominance in these nests occurred in

the section in which the queen was located.
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Table 4, which presents the relative proportions of larvae, alates, and major
and minor workers across nest sections, clarifies these relationships. In nests 4 and
8, the highest percentage of the total number of reproductives, larvae, majors, and
minors occurred in a single section. In the remaining nests 3, 5, and 9, however, the
highest percentage of reproductives was coincident with respect to the section with
the highest percentage of major workers. Additionally, in all nests except nest 9,
those sections bearing the smallest percentage of reproductives also bore the
smallest percentage of majors. The highest proportion of minor workers in brood
nests 5 and 9, on the other hand, were found in the section containing the queen;
these sections did not also carry the highest proportion of larvae. The highest
proportion of larvae in nests 3 and 5 were found in sections having the second
greatest percentage of minors. The highest proportion of larvae in nest 9 were
located in the section having the third greatest percentage of minors (of four
sections). For all nests 3, 4, 5, 8, and 9, the smallest percentage of minors occurred

in nest sections having the smallest percentage of larvae.

The physical associations between the groups in question across nests was
tested using Pearson’s Correlation Coefficients (Table 5). When data across all
nests are considered, the strongest correlation seen within the nests existed,
somewhat predictably, between the two worker castes. A strong association was also
seen between reproductives and major workers; the correlation between
reproductives and minors was slightly weaker. Larvae were correlated much more
strongly with minor workers than with any other group. The association between

alates and larvae was the weakest of all other combinations. The association
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Table 4. Representative percentages of larvae (L), reproductives (R), and
major (Ma) and minor (Mi) worker castes within overwintering
C. pennsylvanicus nests across sections.

Rgection Magection  Migection Lsection

Nest  Section Rtotal Mayotal Mitotal Liotal
3 1.1 0.07 0.11 0.11 0.00
1.2 0.10 0.24 0.35 0.59
1.3 0.01 0.01 0.01 0.00
14 0.00 0.01 0.02 0.21
2.1 0.03 0.03 0.04 0.00
22 0.79 0.60 0.46 0.20
4 1.0 1.00 0.98 0.84 0.56
2.0 0.00 0.02 0.16 0.44
5 1.0 0.31 0.15 0.17 0.11
21 0.46 0.30 0.17 0.09
22 0.03 0.23 0.06 0.00
3.0 0.00 0.07 0.24 0.61
4.0* 0.20 0.26 0.36 0.19
8 1.0 0.10 0.01 0.04 0.06
2.0 0.79 0.96 0.88 0.81
3.0 0.10 0.03 0.07 0.12
9 1.0* 0.00 0.35 0.40 0.13
2.1 0.55 0.44 0.32 0.37
22 0.40 0.15 0.24 0.50
2.3 0.05 0.06 0.05 0.00

* denotes nest section containing the queen
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Table S. Pearson’s Correlation Coefficients between proportions of
reproductives (R), majors (Ma), minors (Ml{ and larvae (L)
across nests and sections.

R Ma Mi L
R 1.00000 0.88928* 0.80047* 0.47458
Ma 1.00000 0.94446* 0.55187
Mi 1.00000 0.72470*
L 1.0000

*  denotes statistical significance at p<0.001
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within brood nests 5 and 9 between various groups and the queen was tested
separately (Tables 6 and 7). In both nests, the queen was found to be much more
strongly associated with the minor workers than with any other group, though the
statistical significance of this correlation was not determinable due to the binary
nature of queen percentage data. The queen also exhibited a negative correlation

with both alates and larvae.

Some stratification involving alates, larvae, and workers was observed in
nests 3 and S (Figures 2 and 4). 79.8% of all larvae in nest 3 were localized in
section 1, while 82.0% of all alates were localized in section 2. In addition,
major:minor ratios were higher in section 2 (0.84) than in section 1 (0.50). Sections
1 and 2 were adjacent cross-sections of the nest; based on its smaller diameter,
section 2 may have been the uppermost section of the nest. In nest S, 80.7% of all
larvae were located in sections 3.0 and 4.0, and 80.4% of all reproductives were
found in sections 1.0 and 2. Sections 1.0 and 2 together also had higher major:minor
ratios (0.64) than did sections 3.0 and 4.0 together (0.21). All sections of nest 5 were

cross-sections, but it was not clear whether section 1.0 or 4.0 had been uppermost.

3.3.3 Cold Hardiness

In general, ants were completely inactive upon opening of the winter nests,
except on unseasonably warm sunny days. At temperatures above approximately 5

OC, workers became sluggishly active upon disruption of the nest, and either
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Table 6. Pearson’s Correlation Coefficients between proportions of
reproductives (R), majors (Ma), minors (Mig), larvae (L), and the
queen (Q) across sections of nest 5.

R Ma Mi L Q2

R 1.00000 0.58789 0.05706 -0.47929 -0.11161

Ma 1.00000 -0.01937 -0.73826 0.35299

Mi 1.00000 0.48476 0.79850

L 1.00000 -0.00651

Q 1.00000
Table 7. Pearson’s Correlation Coefficients between proportions of

reproductives (R), majors (Ma), minors (Mi), larvae (L), and
the queen (Q) across sections of nest 9.

R Ma Mi L Q?

R 1.00000 0.38474 0.17532 0.83757 -0.62257

Ma 1.00000 0.85361 0.26770 0.38503
Mi 1.00000 0.36471 0.66129
L 1.00000 -0.34791
Q 1.00000

*  denotes statistical significance at p <0.05

a due to the binary nature of queen proportion data, statistical significance could
not be determined for this group.
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attempted to flee or assumed defensive postures. At the higher temperatures of
early spring, reproductives also became active when the nest was disturbed, and
retreated into galleries or attempted to escape. Ambient temperatures below 5 °C
seemed to effectively immobilize all segments of the population. Mean, minimum,
and maximum temperatures for the Blacksburg area during the sampling period are

shown in Table 8.

The relationship of ambient temperatures to internal nest temperatures is
illustrated in Figures 7 through 11. In Figure 7, temperatures averaged by hour in
one week blocks are shown over the 62 day sampling period. Actual hourly
temperatures for weeks 2, 3, 5, and 6 are given in Figures 8 through 11. When
outside temperatures fell slowly over several days, nest temperatures paralleled and
ultimately approached ambient (Figures 8 and 9). When outside temperatures
fluctuated widely on a daily basis, nest temperatures fluctuated about half as widely
and avoided the extremes of ambient. Maximum ambient temperature between 9
February and 10 April 1989 occurred at 28 °C on day 94 (4 April); minimum
ambient temperature occurred at -14 °C on day 40 (9 February). Maximum nest
temperature occurred at 25 °C on day 87 (28 March); minimum nest temperature

occurred at -10 °C on day 41 (10 February).

Gallery temperatures, larval and adult cluster temperatures, and adult body
temperatures taken in situ are given in Table 9. On both dates, ambient
temperature was up to 3 °C colder than all other mean temperatures measured,

with the single exception of larval cluster temperatures on 11 April.
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Table 8. Ambient temperatures recorded at the Blackburg weather station,
Department of Commerce, Climatological Data Annual Summary for
Virginia 1987 - 1988.

Temperature (°C)

Month Mean Maximum Minimum
November 7.6 24 4 -8.3
January -3.2 12.8 -18.3
February 0.3 18.3 -16.7

April 10.7 26.7 2.2
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Table 9. Gallery, larval cluster, worker cluster, and worker body
temperature means for an overwintering C. pennsylvanicus nest.

Temperature (°C) at Site

Larval Worker Worker
Date Gallery Cluster Cluster Body Ambient
23Feb89  -1.6°" -1.7P -1.02 2,86 4,04
11 Apr 89 3.9 2.3¢€ 3.92 2.7P 2.6D:C

* Eneans within a row followed by the same letter are not significantly different
a=0.05)
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On 23 February, mean adult cluster temperature was significantly warmer (p< 0.05)
than all other temperatures, including adult body temperature. On 11 April, mean
adult cluster temperature was again significantly warmer than all others, excluding
gallery temperature from which it was not significantly different. All mean
temperatures on 23 February were significantly different (p< 0.05), excluding
gallery and larval cluster temperatures (p=0.86). On 11 April, the mean for gallery
temperatures was not significantly different (p=1.0) from that of adult cluster; the
adult body temperature mean was not significantly different from ambient (p=0.75),
nor was the larval cluster temperature mean (p =0.30), though adult body and larval
cluster temperature means were significantly different from each other (p< 0.05).

All other means showed significant differences (p< 0.001).

Carpenter ant supercooling curves frequently exhibited two peaks (Figure
12). An initial, usually small, release of heat (secondary peak) occurred at
comparatively high temperatures, with a second, larger release seen at lower
temperatures (primary peak). The latter peak was considered the true supercooling
point. Secondary peaks were observed in workers at approximately -8 °C, or about
10 °C higher than primary peaks at -18.6 °C. The supercooling points of all
segments of the nest population are given in Table 10. Minor workers supercooled
to slightly lower temperatures (-19.9 °C) than major workers (-17.2 °C), however
these supercooling points were not significantly different (p= 0.13). Mean
supercooling points of reproductives were about 2 °C lower than that of workers,
with the means for males (-19.9 °C) higher than that for females (-21.2 °C). Larvae

supercooled down to -22.1 °C, the lowest of all groups in the nest. It
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Table 10. Supercooling points of overwintering workers, reproductives, and
larvae of the carpenter ant Camponotus pennsylvanicus in
Blacksburg, VA.

Caste or Stage N SCP (°C) +SD

All Workers 27 -18.01 4.53
Majors -17.13 4.53
Minors -19.87 4.60

Reproductives 8 -19.50 3.57
Gynes -18.92 3.57
Males -19.85 3.38

Larvae 19 -22.14 4.98
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is remarkable that secondary peaks, seen in all other groups, were not observed for
larvae during supercooling point determinations. Significant differences between
groups existed only between majors, with the highest supercooling point, and larvae,

with the lowest (p< 0.01).

Analysis of hemolymph samples indicated the presence of only one polyol,
glycerol, in overwintering workers, larvae, and reproductives. Mean R¢-values were
0.67 for glycerol standards and 0.68 for glycerol samples. No other polyols were

detectable.

Laboratory colonies maintained a low level of activity throughout the winter.
Foraging at the water and honey water stations was observed daily, though
consumption by insects was minimal. Eggs and pupae first appeared in the colonies
in January (both eggs and pupae in three colonies, pupae only in a fourth colony),
indicating that both larval and queen diapause had ended and colony growth had

resumed.

3.4 Discussion

3.4.1 Nest Demography

Total populations of overwintering Camponotus pennsylvanicus nests were

higher than expected. While worker populations never attained the maxima
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observed by Pricer (1908) or Sanders (1964), larvae and reproductives were slightly
to substantially greater in sheer numbers as well as proportions than those found by
either of these authors. All overwintering nests contained larvae, which numbered
from 61 in nest 13 to 8007 in nest 5. Larvae far outnumbered workers in all nests,
except in two of the three nests sampled during April (nests 11 and 12). Though the
larva:worker ratio ranged from approximately two to four in all other nests, in nests
11 and 13 these ratios were 1.13 and 0.31 respectively. Unfortunately, the small size
of the April nests in comparison with all other nests makes conclusions difficult.
Nevertheless, the perceived trends in larval populations may be interpreted in two

ways.

First, it is possible that carpenter ant colonies experience a growth spurt in
early spring as vast numbers of overwintered larvae pupate and emerge as adults.
Though no pupae were found in any April nest, nests 11 and 13 contained no queen
and may have been satellite nests of larger colonies. The lower larval numbers seen
in these nests may indicate a transfer of larvae to other more suitable nests within
the colony in preparation of pupation. A spring population explosion, if it indeed
takes place, would be substantial. Unless accompanied by a high mortality in larvae,
workers, or both, colonies could easily double, triple, or quadruple in size annually.
Oster and Wilson (1978) have determined that middle-aged colonies typically
engage in exponential growth during their ergonomic phase. Winter and spring
mortality may or may not be high: diapause-related survival has not been examined
in the social insects, though seasonal life expectancies have been quantified in

honeybees (Ribbands 1964).
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A second, but more likely, possibility is that the huge numbers of
overwintering larvae represent a surplus which may serve as a low maintenance
emergency food reserve for the colony during periods of nutritional hardship. It has
been reported that larval feeding and growth ceases in September (Sanders 1964)
and resumes by the end of March (Hélldobler 1961), though the absence of pupae
in the present study suggests that it is not resumed before April in Virginia.
Holldobler (1961) observed no evidence of larval feeding at 4 °C, though some food
intake by larvae occurred at 25 °C, an uncommonly high winter temperature.
Ambient temperatures in the Blacksburg area during the 1987-1988 winter
experimental period did not climb to 25 OC until April, and monthly means, even for
April, were substantially lower. Most importantly, Hélldobler observed cannibalism
of brood at warmer temperatures in both C. herculeanus, which plugs its winter nests
and does not forage during winter, and C. ligniperda, which unplugs its winter nest to
forage at warmer temperatures. Significantly, in C. ligniperda, brood were not eaten
until diapause ended and the colony had returned to full activity. It is not now
known whether field colonies of C. pennsylvanicus plug the nest or forage during
winter, but foraging does occur during winter under laboratory conditions and it
would seem that larvae overwinter at little or no cost to the colony. During
precarious periods such as warm mid-winter spells and the interval between the
termination of diapause and the initiation of effective foraging, larvae may be the

only source of food available to the colony.

It should be noted that second year nest 12, opened in April, contained a

high proportion of larvae relative to workers, in contrast to the other nests opened
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in April. Perhaps the clear nutritional benefit of brood eating is offset by the
obvious imperative to maximize early colony growth. As the queen may provide
stomodeal secretions and trophic eggs, and because there are no reproductives to
support, pressure to cannibalize brood may be lower in brood nests than in more

mature colonies.

As with larvae, reproductives were present in overwintering nests at numbers
higher than expected. All nests collected from November to February contained
sexual forms, with totals varying from 20 (nest 9) to 596 (nest 3). Excluding those in
nests 1 and 4, the alates in the four remaining nests were largely or exclusively
female. At first glance, such high numbers of gynes suggests a pronounced threat of
increased carpenter ant infestations and reinfestations in spring. However, mass
production of gynes may simply be a colony countermeasure against high gyne
mortality and/or natal nest failure. It is not hard to believe that these large, clumsy
fliers suffer severe predation during swarming and nest site selection. Predation by
birds during swarming has been observed in the Blacksburg area by the author.
Furthermore, low success rates of laboratory natal nests have also been observed by
the author. Therefore, the threat of spring infestation and reinfestation is probably
less than sheer alate numbers would indicate. However, at least in some cases,
infestation and reinfestation could be pronounced - even assuming a 95% mortality
in swarming gynes, nests 3 and S would contribute 25 and 9 new nests, respectively,

to their areas after spring swarm.
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The virtual sexual segregation of alates within nests, and even their absence,
may be a factor of colony age. It has been suggested that a prepbnderance of males
in a colony signifies colony senescence (Pricer 1908, Sanders 1964). It has also been
established that sexuals are not produced until the colony reaches maturity, usually
after three to six years of existence (Pricer 1908). Sexual forms in nest 1 were
predominantly male; nest 4 alates were exclusively male. Nests 11, 12, and 13
contained no alates. Accordingly, nests 1 and 4 could be presumed to be nests of
old colonies, while nests 11, 12, and 13 could be presumed to be young nests.
Gibson’s (1987) data (section 3.2.2) support these assumptions. As stated earlier,
using her determinations of major worker proportions in colonies of various sizes
and ages, nests 11 and 12 were estimated to be young, while nests 1 and 4 were

estimated to be old. All other nests were apparently intermediate in age.

While hardly conclusive, it appears possible to estimate colony age through
the application of colony level major worker proportions to populations at the nest
level. The relative conformity between nests suggested by this observation is
interesting. It would seem that the proportions of major and minor workers, as well
as male and female alates, throughout the nests of a colony may not vary beyond the
limit imposed by colony age. This implies that all nests of a colony are more or less
uniform in character, if not in size, an intriguing speculation worthy of closer

examination in future research.

Assuming that nests 11 and 12 were in fact young nests and nests 1 and 4

were from old colonies, one further observation can be made. It appears that, as
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colonies age, not only do the ratios of males:alates and majors:workers increase, but
the ratio of larvae:minors escalates as well (Table 3). In nests 11 and 12, the
number of larvae per minor worker was 1.34 and 2.67, respectively, whereas in nests
1 and 4 those values are 5.65 and 7.74, respectively. All other nests, except nest 13,
lay intermediate to these two groups. It is not clear whether larval numbers are
growing more rapidly with colony age, or minors are simply dwindling in number
relative to majors, as majors increase in proportion to colony age. However, it is
possible that, as the colony ages, minor worker care of the brood increases in
efficiency as a direct result of the ontological development of physical castes.
Physical caste by definition results in task specialization. Consequently, the
increased production of majors which accompanies colony ontogeny may free
minors to devote their time more exclusively to brood rearing. In this regard, an

increased larva:minor ratio in older colonies is not surprising.

All colonies from November to April lacked eggs and pupae. These findings
agree with those of Pricer (1908), who found neither eggs nor pupae in C.
pennsylvanicus nests from September through April. The absence of these stages
implies that the colony as a whole does nor recommence normal growth before late
April or May, though some or all adult forms may emerge from diapause earlier.
Hence, in field nests, diapause as a suspension of reproduction and activity occupies
six months of the colony’s year. These observations differ markedly from those of
developing laboratory colonies maintained at warm temperatures throughout the
winter. Eggs and pupae were found in the laboratory colonies in January and

February, indicating an abbreviated diapause occurs under such conditions.



76

3.4.2 Organization Within the Nest

No obvious cluster structure in the overwintering nest was observed. In
brood nests, minor workers were found to predominate in the nest section bearing
the queen, though this was not the case with larvae. Eidmann (1942) observed
larvae and the queen at the heart of the overwintering cluster, and pronounced
them the "crystallization center" of cluster formation. It appears, however, that his
observations of overwintering clusters were not made in the field, but in the
laboratory on colonies held in artificial nest boxes. Among the narrow, labyrinthine
galleries of the field nest, the overwintering cluster, as described by Eidmann, would

be virtually impossible to execute and about as difficult to observe.

Stratification of overwintering nests as observed in Ontario by Sanders
(1964) may occur, at least occasionally, in C. pennsylvanicus in Virginia. While
larvae and alates were grouped together with workers in a more central location
within nests 4, 8, and 9, larvae and alates in nests 3 and S were both relegated to
opposite ends of the nest. The pattern observed by Sanders (1964) -- alates in
uppermost zone, larvae in lowermost zone -- may have been observed in nest 3.
Because nests used in the present study were collected from newly felled trees, it
was impossible to positively determine the orientation of the nest structure during
its infestation. At best, diameter differences imply that the alate-dominate section
had been uppermost, as in Sanders’ nests. Diameter differences were less
informative in nest S, and a similar assumption could not be made. Worker ratios

also showed some stratification. Higher major:minor ratios were found in the alate-
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dominated sections of both nests, and lower major:minor ratios were found in the
larva-dominated sections, similar to that seen by Sanders. A less random dissection
of overwintering nests than was executed in this study, with knowledge of prior nest
structure orientation, would be needed to clearly determine the validity in Virginia

of Sanders’ nest stratification findings.

The segregation reported in active C. modoc colonies was lacking in
overwintering C. pennsylvanicus nests. While Hansen and Akre (1985) found
reproductives characteristically absent from summer brood nests, they were found in
quantity in winter brood nests of the present study. Two of the three brood nests
examined in the present study contained sexuals; the third brood nest was
apparently a second year nest and therefore too young to produce alates.
Surprisingly, reproductives in nest S were found in the same section as the queen,
although not in direct contact with her. Alates were not found in the queen’s section
in nest 9, although it should be noted that nest 9 contained far fewer reproductives
than nest S (20 vs. 189). Possibly, the segregation observed by Hansen and Akre
(1985) in summer nests of C. modoc reflects a seasonal phenomenon. However, it
may be that summer nest segregation is a species specific event in C. modoc which
does not occur in C. pennsylvanicus. Further investigations of C. pennsylvanicus

summer nests are needed to refute the latter possibility.

Several physical associations were evident between various groups within the
winter nest. An expected association between larvae and the queen during

overwintering, as per Eidmann (1942) and Hélldobler (1961), was not observed. A
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negative correlation was found between the queen and both alates and larvae. High
proportions of minor workers, however, were found to be associated with the nest
sections containing the queen. This finding was not very surprising as minor
workers in active nests are more likely to attend the queen than are major workers
(Buckingham 1911). The association between larvae and minors was less
straightforward. In the two brood nests examined, the highest proportion of minors
were found in the section containing the queen, while the section with the highest
proportion of larvae held the second highest proportion of minors. In two of the
three satellite nests examined, the highest proportion of larvae were found in the
section bearing the highest proportion of minors; in the third satellite nest, the
highest proportion of larvae were found in the section having the second highest
proportion of minors. In all five nests examined, the lowest proportion of minors
were located in the section having the lowest proportion of larvae or lacking larvae
entirely. A strong physical association between major workers and alates was seen
in all five nests examined. Overall, a basic pattern was readily apparent, with those
nest sections having the highest proportion of sexuals also having the highest
proportion of major workers, and those having the lowest proportions of sexuals
having the lowest proportion of majors. Sanders (1964), who also noted an
association between larvae and minors in his winter nests, did not remark upon an
association between alates and majors clearly evident in his data. Neither did he
speculate upon the functional significance of his findings. However, it seems an
efficient allocation of resources for minor workers, which are commonly the colony
nurses, and major workers, which theoretically are produced to defend the colony’s

reproductive investments (among other things), to overwinter amongst their charges.
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3.4.3 Cold Hardiness

Throughout the six month sampling period, overwintering carpenter ant nests
remained largely inactive; full, normal activity levels were not observed. On warm
sunny days with a minimum air temperature of about 5 °C, workers responded to
nest disturbance with a sluggish to moderate activity, depending on ambient
temperature. On colder days, destruction of the nest initiated no visible response in
either workers or reproductives, which agrees well with the observations of Dubach
et al. (1959) on the activity threshold of overwintering C. pennsylvanicus from
Maryland. Consequently, dormancy occupies at least six months of the colony’s year
in Virginia, though fluctuations in air temperatures apparently could permit some
brief, limited periodic activity at warmer temperatures. As temperature maxima for
all four months sampled reached 12 °C or greater, it may be that temperatures rise
at some point during each month of diapause to levels at which activity is possible.
Whether these levels are sufficient to permit foraging is not at all known, though
casual observation suggests not: movements of alarmed overwintering workers were
often disjointed, clumsy, and slow. Perhaps the variety of overwintering insects
found in the galleries of carpenter ant nests attest to the absence of predation by

these ants during winter.

Laboratory colonies maintained at room temperature, on the other hand,
exhibited a low level of activity throughout the winter which included foraging.
Laboratory colonies also resumed growth and reproduction in January. Together,

these observations imply that true diapause may end as early as January in
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C. pennsylvanicus field colonies, but a period of temperature-dependent quiescence
follows which is superficially similar to the diapause state. This suggests that
colonies maintained at elevated temperatures year-round operate on an annual
cycle that is quite different from that of field colonies under natural conditions. The

implications of such findings for household infestations are intriguing.

Supercooling points for reproductives, larvae, and workers were quite low (-
17 to -22 OC) and consistent. Glycerol, which was present in all groups, undoubtedly
contributes to the depressed freezing points observed in this species. Major workers
exhibited the highest supercooling points, which may explain the greater activity
levels observed in this caste by Eidmann (1942). It is interesting that all groups
except larvae exhibited two supercooling points. As Ohyama and Asahina (1972)
have positively correlated the second supercooling point with freezing of the foregut
in C. obscuripes, it may be that all castes except larvae overwinter with food in the
crop. It should be remembered that larval growth ceases in September (Sanders
1964). The condition of the carpenter ant crop during overwintering has not
previously been investigated. However, preliminary dissections of gynes removed
from winter field nests in the present study have shown that this caste, at least,

overwinters with food in the crop.

No active thermoregulation was seen in the overwintering nest. Gallery,
cluster, and worker body temperatures were all within 3 OC of ambient. Nest
temperatures mimicked ambient, albeit on a narrower scale. Temperatures within

the nest lagged behind ambient by several degrees per hour. As outside
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temperatures fell slowly, nest temperatures also fell slowly, though rarely to the
depths of outside temperatures. Moreover, wide ambient temperature swings were
muted inside the nest with both daily minima and maxima rarely realized within the

nest.

Together, the above-mentioned factors have a positive effect on winter
survival. First, individual survival of low temperatures has been shown to be a
function of the rate of temperature fall over time (Baust and Rojas 1985), such that
survival increases as the speed of the temperature drop decreases. The nest
structure itself apparently generates a temperature lag which slows the rate of
cooling within the nest. This effect greatly reduces the threat posed by rapid
ambient temperature drops which insects in more exposed winter habitats must
routinely endure. Second, all insects have a lower lethal temperature usually, but
not always, located at or just below the supercooling point (Duman et al. 1982,
Hoffmann 1985). As mentioned above, ambient temperature extremes are not
experienced within the nest, suggesting that nest substrate thermally buffers the
colony, thereby providing additional protection against the lowest winter
temperatures. Interestingly, the January ambient temperature minimum was
alarmingly close to the mean worker supercooling point of -18.3 °C, and ambient
temperatures in February actually fell to the supercooling point of workers. As
freezing is function of time, even in the supercooled state (Ring 1980, Zachariassen
1985), prolonged exposure to this temperature would freeze and ultimately kill the
workers. In such circumstances, the difference of even a few degrees can imaginably

be of critical importance. It is nonetheless surprising that colonies rely upon such a
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small safety margin. It may be that while the current strategy is occasionally
inadequate for colony survival, perhaps the energetic cost of lowering the
supercooling point a few more degrees to ensure survival is prohibitively high and

consequently not adaptive.



Chapter 4. Characterization and Utilization Patterns of Nutrient Reserves in

Overwintering Camponotus pennsylvanicus Workers.

4.1 Introduction

Diapause is a facultative or obligate state initiated by a variety of
environmental stimuli, and characterized by much reduced metabolic rates and lack
of food intake (Behrens 1985). Consequently, most insects prepare for diapause by
amassing sizable stores of nutrient reserves (Lees 1955). Although storage reserves
are quite varied, lipids and glycogen are most commonly accumulated. Some
compounds may be stored in muscle tissue: Singh and Das (1980) observed
increased concentrations of protein and glycogen in the coxal muscles as well as in
the fat bodies of cold-acclimated Periplaneta americana Linnaeus. In general,
however, nutrient stores are accommodated in the fat body, which undergoes
structural changes at the cellular level in preparing to assume its storage role
(Behrens 1985). A concomitant tumefaction of the fat body itself may also be
visible; the fat bodies of pre-dormant C. modoc workers are clearly enlarged as early

as September (L. Hansen, personal communication).

The choice of storage products varies with species and includes many classes
of lipids, carbohydrates, and proteins. However, lipids are frequently the
predominant nutrient reserve, accounting for between 12% and 60% of dry weight

of both overwintering and diapausing insects (Lees 1955). This preference is

83
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understandable as lipids are a highly economical energy source, producing greater
amounts of metabolic water and calories per unit weight than either carbohydrates
or protein (Chippendale 1978). Lipids are primarily stored as triglycerides, with up
to 85% of lipid in diapausing insects present in triglyceride form (Lambremont et al.
1964). The oxidation of fatty acids probably supplies most of the energy needs of
the diapausing insect (Beenakkers et al.1981). Indeed, respiratory quotients from
several diapausing insects indicate that energy is chiefly acquired through the
combustion of lipids (Lees 1955). Work with the ant Formica ulkei Emery has
shown a relatively low respiratory quotient, and suggests that it may convert fats to
carbohydrates during diapause (Lees 1955). A few authors have analyzed lipid
utilization patterns over winter. Use of reserves ranges from slight to severe, and
seems to be species specific. Lees (1955) cited depletions of lipid stores through
diapause ranging from 2% in the sawfly Gilpinia polytoma (Hartig) to 66% in the

beetle Anatolica eremita.

Carbohydrates are also of importance to overwintering insects. Glycogen
and trehalose, both storage forms of glucose, are, together with triglyceride, the
three reserves upon which diapausing insects depend (Chippendale 1978). In
addition to being a convenient energy source for the post-diapause insect (Danks
1978), glycogen is also a probable precursor of glycerol, a common polyol and the
only cryoprotectant found thus far in Camponotus (Chino 1957, Dubach et al. 1959,
Somme 1964, Baust and Morrissey 1977, Ring 1981, Storey 1983). Glycogen
concentrations show a strong inverse relationship with glycerol levels, and most

glycogen enlisted in glycerol production is recovered following diapause (Steele
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1981). Furthermore, glycogen is not greatly affected by respiratory rates or
metabolic demands through winter (Steele 1981). It would appear, then, that
glycogen in overwintering insects is used primarily in cold hardening rather than in
energy production. Trehalose has also been implicated as a possible precursor of
glycerol, in combination with glycogen and glucose (Ring 1981). In addition, some
evidence suggests that both glycogen and trehalose are the preferred energy sources
in the early stages of diapause and furnish glucose according to demand
(Chippendale 1978). Therefore, carbohydrates serve both a nutritional and a cold

hardiness function in overwintering insects.

Though considered of less importance to diapausing insects than lipids and
carbohydrates, increased protein concentrations in overwintering insects have been
documented. Protein granules accumulate in quantity in the fat bodies of
overwintering corn borer larvae (Brown and Chippendale 1977); numerous protein
globules were observed in the fat bodies of overwintering honeybees (Kohler 1921 -
in Ribbands 1964). These proteins were not characterized or identified; however,
de Loof and de Wilde (1970) found and examined three proteins associated with
diapause, two glycoproteins and one glyco-lipoprotein. Rates of synthesis and
hemolympbh titres for these proteins peaked late in the pre-diapause period, but
dropped quickly upon onset of diapause as they became sequestered by the fat body.
Unfortunately, determinations of the functions of these diapause proteins are
lacking, and de Loof and de Wilde did not offer any speculations. Elevated levels of
free amino acids in the hemolymph, especially alanine and serine, have also been

correlated with the onset of diapause (Behrens 1985). Several theories have been
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advanced to explain their incidence: free amino acids may provide a handy source
from which post-diapause insects may draw for rapid protein synthesis; amino acids
may bind water and thus function as cryoprotectants; amino acids may participate in
uric acid synthesis and therefore may be of great importance in nitrogen excretion
during diapause (Behrens 1985). As with lipid stores, protein reserves decrease as

diapause progresses (Behrens 1985).

4.2 Materials and Methods
42.1 Collection

Workers used in this study were removed from field nests collected in the
Blacksburg area during the winter of 1987-1988 as per section 3.2.1. Individuals
were stored in the laboratory at -10 °C prior to analysis. Head widths of a random
sample of workers were measured as described previously (section 3.2.2) until a
pool of 74 workers per nest was created having 32 majors and 42 minors. Workers
having head widths of 2.0 mm or greater were considered to be majors; those having

head widths smaller than 2.0 mm were considered minors.
4.2.2 Preparation of Samples

From each nest’s pool of workers, 10 to 20 workers of each caste were used

for each analytical procedure. Each was weighed to the 104 g level, though ants
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used in micro-Kjeldahl determinations were weighed to the 1072 g. Specimens were
lyophilized in a Virtis USM-15 Freezedryer until body weight stabilized (usually
about 48 hours), and reweighed. Lyophilized specimens were placed into 1.5 ml
polypropylene microcentrifuge tubes with a 1/16" ball bearing, and ground 3
minutes using a Crescent dental amalgamator. Samples were drawn from this
material for testing. Ants were pooled for lipid analysis (two majors/sample, four
minors/sample) and for nitrogen analysis (two ants/sample). Carbohydrate

analyses were performed on individual ants.

Overall differences in dry weight determinations were tested for significance
using the General Linear Models procedure (SAS 1985). Differences between

groups were examined and clarified using Tukey’s method (SAS 1985).
4.2.3 Quantification of Nutrient Reserves
4.2.3.1 Lipid Analysis

A modified Folsch (1956) method was used to extract lipids. Two to four ants
were pooled and extracted, resulting in sample weights between 25 mg and 50 mg.
Samples were washed with one ml of a chloroform:methanol (1:1 v/v) solution,
which was followed by vortexing and centrifugation for 4 min at 10000 RPM in a
Fischer microcentrifuge (model #59A). This procedure was repeated, and the
organic supernatants collected into a preweighed 1.5 ml microcentrifuge tube and

dried under a stream of nitrogen . The tube and residue were then reweighed, with
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the difference between the initial and final weights being equal to the lipid present

in the sample.

The mean percentage recovery rate of the procedure was determined by a
spike-over analysis peformed on three to four paired samples during several runs.
Two samples were pooled, homogenized in a dental amalgamator, then partitioned
into two samples. The two samples were placed into preweighed microcentrifuge
tubes, and reweighed. A drop of corn oil (15 - 20 mg) was placed into one of the
two samples, the weight of which was then determined. Both samples were then run
through the extraction and quantitation procedure as described above. This

technique resulted in an overall recovery rate of 101.1 +9.9%.

The General Linear Models procedure and Tukey’s method (SAS 1985) were

used to test for significant differences in lipid content within castes among months.

4.2.3.2 Carbohydrate Analysis

Van Handel’s (1965) method of separating glycogen from sugars was used to
extract carbohydrates. Carbohydrates were quantified through use of the anthrone
reagent (Trevelyan and Harrison 1952). Samples of approximately S mg were
treated with 50 ul of saturated Na,SQOy, then twice extracted with one ml of 66%
ethanol saturated with Na,SOy, vortexed, and centrifuged for four minutes at 10000
RPM. The supernatant was removed, and the pellet was dried under nitrogen and

retained for subsequent glycogen determination. The supernatant was diluted ten-
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fold with Na,;SO4-saturated 66% ethanol. One ml of this solution was added to a
capped test tube containing 0.01 g of the anthrone reagent in 5.0 ml of dilute H,SO4
(500 ml conc. HySO4:200 ml d.H,O). Solutions were thoroughly mixed, and the
closed test tubes immersed in boiling water. After 10 minutes, all tubes were placed
in a cool water bath for several minutes to halt the reaction. Quantification of total
body free sugars was achieved by comparison against an array of glucose standards
mixed in 60% ethanol using a Perkin Elmer Lambda 3B Dual Beam
Spectrophotometer. Absorbance was read at 620 nm against a blank of ethanol

saturated with Na,SOy4. Values were recorded as glucose equivalents.

The pellet remaining from the sugar extraction was resuspended in one ml of
d.H,O0, and vortexed for 15 seconds. The solution was diluted two-fold with d.H,O,
and one ml was removed for testing with the anthrone reagent as described above.
Total body glycogen content was quantified through comparison against a series of
glycogen standards in d.H,O with the aid of a spectrophotometer. Absorbance was
read at 620 nm against a blank of d.H,O. Values were recorded as glucose

equivalents.

Efficacy of recovery was determined through a series of spike-over analyses
performed on three to four paired samples per run. Two samples were pooled,
homogenized in a dental amalgamator, halved, and weighed. To one of these was
added either 100 ug of glucose in 60% ethanol or 100 ug of glycogen in d.H,O.

Both halves were then run through the analysis with other unspiked samples.



90

Overall recovery rates of 92.9 +12.9% for free sugars and 91.6 +12.6% for glycogen

were obtained using the above technique.

Differences in glycogen and free sugar content within castes among months
were tested for significance using the General Linear Models procedure and

Tukey’s method (SAS 1985).

4.2.3.3 Nitrogen Analysis

Specimens were assayed using a micro-Kjeldahl (Mullins 1971) procedure in
which samples of approximately 0.5 mg were heated (150 ©C for about 12 hours) in
a digestion mixture of hydrous CuSQOy, selenous acid, and SN H,SO4. Samples were
then distilled at 300 °C for about 12 hours. The tubes were removed from heat, and
three ml of d.H,O were added to each sample, followed by three ml of 3.3N NaOH
and two ml of Nessler’s reagent (7 g KoHgly, 1.75 g gum ghatti, refluxed in one liter
of d.H,O for nine hours). Solutions were vortexed and allowed to stand for 10 min
before reading against a series of nitrogen standards and a digestion mixture blank.
Absorbance was read at 490 nm in a Perkin Elmer Lambda 3B Dual Beam

Spectrophotometer.

Procedural recovery rates were determined through spike-over analysis. Two
subsamples were taken from one homogenized sample and weighed. 10 ug of
(NH,4),S0, in d.H,O was then added to one of the two subsamples, and both were

run through the procedure as described above. Three to four paired samples were
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tested with each run. The overall recovery of nitrogen was 106 +15.2%. As
nitrogen recoveries for each run often slightly exceeded 100%, all nitrogen

determinations were adjusted to a 100% recovery rate.

Significant differences in crude protein content within castes and among
months was determined using the General Linear Models procedure and Tukey’s

method (SAS 1985).

4.2.4 Determination of Class Components

42.4.1 Lipid Components

Lipid class components were separated and identified using a High
Performance Thin Layer Chromatography (HPTLC) technique developed by Judge
(1988). Merck HPTLC silica gel plates (10 x 10 cm) were prewashed in a
chloroform:methanol mixture (2:1 v/v) and heat activated (110 °C, two hours).
Application of lipid standards containing monostearin, distearin, tristearin,
cholesterol, and cholesterol palmitate in 0.5, 1, 2, 4, 6, 8, and 10 ug/ul
concentrations was followed by application of lipid samples (extracted as per section
4.2.3, dried under nitrogen, and resuspended in a known volume). All standards and
samples were applied 1.0 cm from the plate’s edge in one ul aliquots using one ul
Drummond microcaps and a CAMAG Nanomat I Automatic TLC Applicator. The
spots were allowed to dry, and the plate was then placed in a CAMAG linear

developer. Two solvent systems were used: a benzene:diethyl ether:95%
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ethanol:acetic acid (50:40:20:0.2) system was first allowed to migrate 5.0 cm up the
plate from the origin, the plate was hot air dried, then hexane:diethyl ether (80:20)
system was allowed to migrate 7.0 cm up the plate from the origin. The plate was
again hot air dried, allowed to cool, and quickly immersed in a solution of 1 mM 6-
p-toluidino-2-napthalenesulfonic acid (TNS) in 95% ethanol, and hot air dried. The
plate was then scanned in a CAMAG TLC II Scanner at 366 nm under mercury

lamp. The lipids of six workers were analyzed; all samples were run in duplicate.

4.2.4.2 Carbohydrate Components

Sugar classes were separated and characterized using a HPTLC procedure
developed by Fell (1990). Merck HPTLC silica gel plates (10 x 10 cm) were
prewashed with methanol and pretreated with sequential sprays of 0.1 M NaHSO3
and citrate buffer:d.HpO (1:10), allowing the plate to dry between applications.
Plates were activated at 110 °C for one hour. Carbohydrate standards containing
glucose, trehalose, sucrose and fructose in 0.25, 0.50, 1.0, 1.5, and 2.0 ug/ul
concentrations, and carbohydrate samples (extracted as per section 4.2.3.2) were
applied as described above (4.2.4.1). After drying, plates were developed in a
CAMAG upright development tank, allowing an acetonitrile:d.HpO (85:15 v/v)
solvent system to migrate 7.0 cm up the plate from the origin three times. Plates
were dried between each run. After a final drying with hot air, plates were quickly
dipped into a solution of 0.1N ceric sulfate in 2N HpSO4 diluted in 15% HSO4
(1:10), and charred for 15 min at 110 °C. Plates were scanned using a CAMAG



93

TLC II Scanner at a wavelength of 440 nm. The free sugars of 15 workers were

analyzed; all samples were run in duplicate.

4.3 Results

Carpenter ants nest deep within wood, and as a result, retrieving a colony
necessitates the destruction of the nest. Consequently, repeated sampling of nests
over time is rendered impossible. Investigations of effects over time, then, must be
accomplished through the sampling of different nests at different times under
similar field conditions. Based upon the assumption that any caste from any two
nests are not statistically different within a given month, data from different nests
may be treated as repeated samples from a single data set. This approach was
adopted for the present study. Statistical analysis of differences in mean dry weight
and nutrient reserve content have indicated that few significant differences (a=
0.05) exist between members of a given caste in different nests within any month.
Only lipid contents showed significantly differences between major workers of nests
3,4, and 5. Minor workers of those nests exhibited significant differences in both
lipid and protein content. Significant differences between workers of nests 8 and 9
were limited to glycogen differences in majors. Overall, significant differences were
limited and, consequently, the findings are discussed below as though belonging to a

single, repeatedly sampled data set.
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4.3.1 Worker Dry Weight

The mean dry weights of overwintering C. pennsylvanicus major and minor
workers collected from field nests between November and April are shown in
Figure 13. Majors lost a total of 1.16 mg/ant, or 51.3% of their dry body weight,
over the five month period from November to April (Figure 14). Most of this
weight loss (69.0%) occurred from November to January, when majors experienced
a significant loss of 35.3% of their dry body weight (0.80 mg). Dry weights of
January and February were not significantly different (p= 0.94), with a mean loss of
less than 1% (0.01 mg). A loss of 24.1% of February’s dry weight, or 0.35 mg, was
seen from February to April, mean dry weight in April was statistically different (p <

0.01) from the mean dry weight in January, though not from that of February.

Throughout the five month sampling period, minor workers lost a total of
0.36 mg, or 42.9% of their dry body weight (Figure 14). A loss of 0.11 mg, or 13.1%
of dry weight, was observed November to January, and a period of stability was
observed from January through February when an apparent gain of 4.1% (0.03 mg)
occurred. The only statistically significant (p< 0.001) loss of dry weight, however,
took place between February and April, when a drop of 0.28 mg (36.8% of February
dry weight) was seen, representing 77.8% of all dry weight lost over the five month

period from November to April.
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Figure 14.  Percent difference in dry weight over time in overwintering
C. pennsylvanicus major and minor workers collected in
November, January, February, and April. (N = 20 (Nov); 60 (Jan);
40 (Feb); 60 (Apr).)
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4.3.2 Nutrient Class Composition of Major and Minor Workers

Nitrogen determinations for worker castes are given in Table 10. To simplify
discussion, an estimate of crude protein was made by multiplying nitrogen content
per sample by a factor of 6.25 (Hach and Brayton 1985). Protein values thus
determined are considered estimates because the micro-Kjeldahl technique also

detects nitrogen from non-proteinaceous sources.

Changes from November to April in composition of worker nutrient reserves
as a fraction of dry body weight are given in Figure 15. Overall, lipids and protein
were by far the chief constituent reserve classes, jointly contributing more than 80%
of dry body weight throughout the sampling period in both majors and minors. No
significant changes (a= 0.05) over the sampling interval occurred in the levels of
these two compounds as a percentage of dry body weight. Glycogen fluctuations
were virtually identical in both castes, with a significant drop in January to less than
3%, followed by a slow increase through February and April. Other carbohydrates
contributed about 5% to 7% of dry body weight, the smallest share of the four

compounds examined.

4.3.3 Nutrient Utilization in Major Workers

Changes in energetic reserves through the sampling interval are presented as

mean mg per major worker in Figure 16. Lipids declined steadily from 0.92 mg/ant

in November to 0.45 mg/ant in April, a significant loss of 51.1% of total body
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Table 11. Mean nitrogen levels (mg/ant) and mean dry body weight (mg)
of overwintering gynes and major and minor workers of the
carpenter ant Camponotus pennsylvanicus.

Gynes Majors Minors
Month Dry Wt Nitrogen Dry Wt Nitrogen Dry Wt Nitrogen
Nov. 81.3 4.86 2.25 0.15 0.84 0.05
Jan. 84.3 4.65 1.46 0.10 0.73 0.05
Feb. 70.7 3.77 1.45 0.11 0.76 0.05
Apr. —-- - 1.10 0.09 0.48 0.04
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Figure 15.  Mean proportion of nutrient reserve classes as a fraction of dry
weight in overwintering C. pennsylvanicus major and minor workers.
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lipids (p= 0.001). At 0.91 mg/ant, protein levels were comparable to lipid levels in
November, but dropped more quickly than did lipids by January; an apparent 7.8%
increase was seen by February, followed by a decline to 0.54 mg/ant by April, with
an ultimate loss of 40.7% of total body protein from November to April. Only
protein content changes from November to January, however, were strongly
significant (p< 0.001). Glycogen comprised 0.36 mg/ant in November, plunged to
0.03 mg/ant in January (a 91.7% drop), and gradually rose to 0.16 mg/ant by April,
an overall loss of 55.6%. Significant differences (p< 0.001) in glycogen content
existed between all months except February and April (p=0.08). Free sugars
steadily declined from 0.16 mg/ant in November to 0.06 mg/ant by April, a
significant decrease of 62.5% (p< 0.001).

4.3.4 Nutrient Utilization in Minor Workers

Figure 17 shows differences in mean mg of nutrient reserve per minor worker
over the sampling interval. In November, minor workers contained 0.40 mg lipid,
0.32 mg protein, 0.14 mg glycogen, and 0.06 mg other carbohydrates. Lipids fell
steadily to 0.23 mg in April, a final loss of 42.5%. Protein remained fairly constant
until February, after which levels fell to 0.21 mg, an significant drop of 35.7% in two
months (p< 0.01). Glycogen dropped to 0.02 mg in January, an 85% decrease in
two months, and rose to 0.08 mg by April, resulting in a final loss of 42.9%. Sugars
fell to 0.03 mg over the sampling period, a 50% loss, with a siginificant decrease

seen between means of February and April (p< 0.01).
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4.3.4 Reserve Class Constituents

Analysis of free sugars revealed the presence of glucose and trehalose.
Although these sugars were not quantified, their relative proportions appeared to
vary, as a clear predominance of glucose was seen in some individuals and a
predominance of trehalose in others. A third, unidentified sugar was present in
trace amounts in some samples. No other sugars were detected at or above the level

of 5 ug per mg ant dry body weight.

Lipid composition was more complex, revealing a variety of lipids present in
the overwintering worker. One major and six minor peaks were detectable. 65 -
86% of lipids observed consisted of triglycerides. Monoglycerides, diglycerides,
cholesterol, and cholesterol esters were also present at much lower concentrations.
Spots remaining at the origin were assumed to be phospholipids (see Judge 1988),

although this assumption was not verified.

4.4 Discussion

The mean dry body weight of overwintering major workers in November
(2.25 mg) was found to be 2.7 times heavier than that of minor workers for that
month (0.84 mg). However, majors lost a greater proportion of their dry body
weight over the period from November to April. Overall, the mean dry body weight

of major workers fell 51.3% over five months, while that of minor workers fell
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42.9% during the same interval. Weight loss was discontinuous: during the period
from January to February, dry weight did not change significantly (a= 0.05), with
majors sustaining a loss of less than 0.01% and minors exhibiting a gain of 4.1%.
This brief respite is most likely attributable to ambient temperatures (see Chapter 3,
Table 7). Mean temperatures for January and February, -3.2 °C and 0.3 °C,
respectively, were substantially lower than November and April means. In addition,
monthly minima for January and February were quite low and approached the
supercooling point (and therefore probably the lower lethal temperature as well) for
workers as determined in Chapter 3. Consequently, workers undoubtedly passed
much of these two months in a supercooled state, generally characterized by greatly

diminished rates of metabolism.

Around the stable period of January and February, rates of dry weight loss
differed for majors and minors. At the a= 0.05 level, a significant loss of dry weight
(69.0% of the overall loss) was observed in major workers between November and
January, whereas dry weight of minor workers during that time did not change
significantly (only 30.0% of the overall loss). Minors experienced their most rapid
loss of dry weight between February and April - 77.0% of total weight lost, a
significant change. Apparently, metabolic demands on stored reserves are greater
in November and December for major workers and in March and April for minor
workers. Most probably, such differences are based on functional differences
between castes. Minor workers are consistently associated with care of the queen
and brood (Buckingham 1911, Fowler 1982, Gibson 1987). As temperatures rise in

March and April, the overwintering queen and larvae may begin to require
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attention. Holldobler (1961) determined that field colonies of C. herculeanus and C.
ligniperda (Latrielle) indeed resumed feeding of larvae in March. Though no eggs
were found in any C. pennsylvanicus field colonies examined in the present study, it
is likely that egg laying ensues shortly thereafter. The queen may require intensive
care after dormancy to bring her up to reproductive condition. Hence, the loss seen
in minors between February and April may represent the increased demands on this

caste posed by the resumption of brood tending and queen care.

The cause of the large reduction of major worker mass during November
and December is less clear. Two explanations are possible. First, this caste may be
serving as repletes, as seen in C. fraxinicola Smith (Wilson 1977). Majors may be
surrendering food to nestmates on warm November and December days when
temperatures are high enough to elevate metabolism and yet foraging is precluded
by season. The temperature mean for November 1987 was 7.6 °C, but temperatures
reached a maximum of 24.4 °C during that month. As majors of C. pennsylvanicus
normally function in a similar capacity throughout the colony’s active period (i.e.. as
"tankers" who ferry honeydew from aphid tenders to the nest), majors could
conceivably continue their storage role into winter. Majors may be donating to
either minors or gynes, or to both. Minors workers sustained only a 13.1% loss of
dry weight from November to January; in comparison, majors endured a loss of
35.4% of their dry weight. Furthermore, gynes actually showed a slight increase in
dry weight over the same period (Chapter S). It may be that majors, who have been

found to be strongly associated with reproductives in the winter nest (Chapter 3),
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function to minimize weight loss in gynes, as all potential queens will face a period

of starvation during their claustral method of colony founding.

It is equally possible, however, that losses of dry weight in major workers
over November and December were simply due to the greater levels of activity in
this caste during that time. Eidmann (1942), in his examination of overwintering
cluster formation, found that a group of major workers functioned as guards at the
nest’s entrances. These individuals were more active throughout the winter than any
other group, joining the cluster last as temperatures dropped, and leaving it first
with rising temperatures. Though the colony assembled into a cluster at 8 °C, the
guards did not participate until temperatures dropped to 5 °C. In the present study,
the temperature mean for November, 7.6 °C, fell between these two threshold

temperatures.

The chief energetic reserves of overwintering carpenter ant workers were
lipids and proteins. Together, these two compounds contributed greater than 80%
of dry body weight from November to April. Lipid content was comparable
between castes, varying from 40.7% to 49.5% of dry body weight in majors and from
40.8% to 47.9% of dry body weight in minors. Though few determinations have
been made in Hymenoptera, Spradbery (1973) found that lipid levels in Paravespula
spp. wasp queens fell from 41% in September to 27% in January, and continued to
fall to 9% by June. In other orders, lipid contents as high as 60% have been
observed in overwintering Culex pipiens Linnaeus females (Lees 1955). Minimum

levels of lipid for overwintering insects appear to lie between 10% and 15% (Lees
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1955). Lipid levels of C. pennsylvanicus workers as determined in the present study
are only moderately high in comparison; however, lipid levels in overwintering C.
pennsylvanicus gynes were found to be quite high in comparison (Chapter 5). The
acquisition of lipid reserves in overwintering ants is not surprising. Lipid is the food
reserve most commonly found in insects (Danks 1978). Furthermore, the
accumulation of neutral fats and lipids in the fat bodies of diapausing insects is well
documented, and has been shown to increase with decreasing temperatures
(Hoffmann 1973, Downer and Kallapur 1981). The predominance of lipids in
overwintering insects seems largely due to its bioenergetic economy - oxidation of
fatty acids yields more calories and metabolic water than an equivalent weight of
either carbohydrates or proteins (Chippendale 1978). It appears that most of the
energy requirements of diapause are met through the oxidation of fatty acids
(Beenakkers et al. 1981). As a result, lipid stores decrease through diapause
according to metabolic demands (Hoffman 1985). In the present study, lipid
reserves were depleted by 51.1% in overwintering majors and by 43.1% in
overwintering minors over five months. Additionally, lipid depletion occurred at a
more or less constant rate, even through January and February. This is of interest
because low monthly temperature means and stable dry body weights for those two
months suggests that metabolism had otherwise been minimized. Lipases are less
susceptible to freeze-inactivation than are other enzymes (Meryman 1966). Lipids,
therefore may be the energy source of preference during diapause, perhaps relied

upon when other reserves are cold-inactivated.
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The predominant lipid constituent was found to be triglyceride. Triglyceride
has also been determined to be the principal storage form of lipids in the diapausing
facefly Musca autumnalis De Geer (Valder et al. 1969), the boll weevil Anthonomus
grandis Boheman (Lambremont et al. 1964), and the south western corn borer
Diatraea grandiosella (Dyar) (Chippendale 1973). Triglyceride is, for most insects,
the limiting factor for survival - most insects depend upon adequate stores of lipid,
in the form of triglyceride, along with glycogen and trehalose reserves, to ensure

survival into spring (Chippendale 1978).

The origin of the large lipid reserves in overwintering workers is unknown.
Feeding on household grease has been observed in summer (Dukes 1982), but field
equivalents of this behavior are lacking. In predormancy, C. modoc colonies will not
feed on protein sources after September, and feeding on honeydew slowly declines
subsequently (Hansen and Akre 1985). It may be that sizable stores of
carbohydrates are acquired in preparation of diapause from honeydew, plant sap,
and nectar, and are later used for synthesis of abundant lipid reserves. This would
explain the low concentrations of carbohydrates (other than glycogen) observed in
overwintering workers. Elevated lipid levels during diapause may also in some way
be tied to the hyperlipidemic effect associated with starvation (Ziegler 1985,
Mwangi and Goldsworthy 1977, Wlodawer and Wiesniewska 1965) but this link has

not been explored by other researchers.

Protein content between castes was also comparable, varying from 40.4% to

49.4% of dry body weight in majors, and from 38.0% to 45.6% dry body weight in
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minors. Protein utilization patterns varied by caste. In majors, protein utilization
was heavier between November and January than was utilization of lipids: while
only 21.7% of lipids, or 42.6% of all lipid lost between November and April, were
depleted during the first two months, 29.7% of protein, or 73.0% of all protein lost,
was used during November and December. A pause in demands on protein reserves
appeared between January and February, followed by a decline which paralleled
that seen in lipids. By contrast, changes in protein suggesting utilization by minors
was not observed until February, after which time a 32.9% loss of protein was seen.
Prior to February, protein levels in minors actually showed a small, though not

significant at the p= 0.05 level , increase of 2.2% from November.

Protein concentration and utilization were comparable to that seen for lipids,
stressing the value of this class of compounds to overwintering workers. While large
amounts of protein granules are sequestered in the muscle and fat body of some
diapausing insects (Brown and Chippendale 1977, Singh and Das 1980), few
elaborations of their functional import have been forthcoming. Although
Chippendale (1978) maintained that most diapausing insects rely less on protein and
amino acids than on triglycerides, glycogen, and trehalose, elevated levels of free
amino acids, glycoproteins, and glyco-lipoproteins have been found in overwintering
insects (Behrens 1985). The increase in free amino acids is not well understood -
currently contending theories postulate that they may function as cryoprotectants,
may be exploited for rapid post-diapause protein synthesis, or may play a role in
excretion during diapause (Behrens 1985). Glycoproteins and glyco-lipoproteins are

membrane-associated proteins, and elevated levels of these compounds may be
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involved in ensuring membrane permeability at low temperatures, as has been
demonstrated for phospholipids and sterols (Downer and Kallapur 1981, Kallapur ez
al. 1982). Glycoproteins, as carrier proteins, may also be enlisted in transport of
carbohydrate resources during diapause (Agosin 1978). It would be very interesting
to know if any of the protein found in overwintering C. pennsylvanicus workers,
however, could be thermal hysteresis factors (THFs). THFs are also known in cold
water teleost fishes, but are exclusively proteinaceous in insects, and have been
found in all freeze-avoiding hibernating insects investigated prior to 1985
(Zachariassen 1985). Both proteins and glycoproteins have been implicated
(Duman 1982). Thermal hysteresis factors are produced in early fall and decline or
disappear through spring. In addition, production is temperature- and/or
photoperiod-dependant (Duman 1982), all of which makes their presence in

overwintering Camponotus seem a reasonable assumption.

Lipid and protein usage patterns in workers produced a kind of cross-over
effect: during the January-February interval, majors switched from heavier protein
consumption to heavier lipid consumption, and minors switched from almost
exclusive lipid use to heavy protein use. The early loss of protein in majors may be
associated with the maxillary glands, which have been found in C. sericeiventris
Guerin major workers to be disproportionately large (Busher et al. 1985). Busher et
al. (1985) found that the maxillary glands of majors in this species contained about
5.5 times more protein per gland than did the maxillary glands of minors. In
addition to their implication in trophallaxis (Forbes and MacFarlane 1961), these

glands are the source of invertase and amylase, enzymes employed in polysaccharide
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and glycogen digestion. Busher et al. (1985) had concluded from their findings that
majors probably serve an important role as colony food processors. It is conceivable
that this role is performed for the colony through fall as well. Majors suffered a
92% loss of glycogen and a 44% loss of sugars by January, in comparison with an
85% loss of glycogen and a 2% loss of sugars in minors for that period. Although
some glycogen undoubtedly is enlisted in glycerol production, majors may be
surrendering some glycogen, or a carbohydrate derived from it, to nestmates, as
their supercooling points, the highest of all nest groups, suggest. In addition,
differences in depletion of free sugars also indicate that majors may be processing
and surrendering carbohydrates to nestmates: minors show little evidence of sugar
depletion from November to January, and gynes actually increased their sugar levels

by 60% during these months (Chapter 5).

The initiation of protein metabolism in minors after February, on the other
hand, could be tied to brood care. The pharyngeal glands of bees, which are
enlarged in nurse bees, are used in production of brood food, or bee milk, a protein-
rich food source (Ribbands 1964). As pharyngeal glands are absent in Camponotus,
the salivary glands may fulfill this function (Bernard 1951 - in Forbes and
MacFarlane 1961). According to Forbes and MacFarlane (1961), the salivary glands
are well developed in all worker castes of C. pennsylvanicus. However, perhaps the
function of the salivary glands varies with caste, as does the function of the
pharyngeal glands in honeybees (Ribbands 1964). Further, although it has not been

demonstrated, carpenter ant larvae may have a considerable need for protein during
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development, as is the case with Vespa orientalis Fabricius larvae (Ishay and Ikan

1968).

The utilization patterns of glycogen and sugars were similar for both worker
castes. Sugars represented only about 7% of dry body weight in minors and from
about 5% to 7% of major dry body weight. Overwintering major workers
experienced a 62.5% sugar loss over five months; minors lost 50.0% of their sugars,
though loss occurred only through the last three months of the study. Glycogen
levels and utilization patterns were strikingly similar in both castes. As a percentage
of dry body weight, glycogen concentrations dropped dramatically from a five month
high of 16% to 17% in November to a five month low of 1.7% (majors) to 4.1%
(minors) in January. After January, levels climbed steadily until November levels
had been almost completely recovered by April. This is in agreement with Steele
(1981) who found that glycogen is largely recovered from glycerol after
overwintering. Glycogen, along with lipid, glucose, and trehalose, has also been
named as a possible precursor of glycerol, the polyol employed by overwintering C.
pennsylvanicus (Chino 1957, Baust and Morrissey 1977, Morrissey and Baust 1976,
Ring 1981, Storey 1983). Although sugar and lipid concentrations appear
unaffected by temperature fluctuations, the pattern of glycogen consumption clearly
parallels the mean ambient temperatures recorded during the period of study
(November to April) (Figure 18). As glycogenolysis is a function of temperature
(Storey 1983) and glycerol production is temperature-dependant in less deeply

diapausing insects (Somme 1964), such a temperature-substrate level
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correlation points toward glycogen as an ultimate precursor for glycerol synthesis in

these ants.

The sugars glucose, trehalose, and fructose evidently are able to function as
anti-freeze agents by virtue of their colligative properties (Block and Zettel 1980,
Tanno 1964 - in Duman 1982, Somme 1969 - in Duman et al. 1982, Danks 1978),
though sugar concentrations as determined in the present study may be too low to
greatly affect supercooling points. However, these sugars could be acting in concert
with glycerol to mask heterogeneous nucleation sites, thereby lowering the
supercooling point. Such a masking complex has been recorded in the beetle
Coleomegilla maculata (De Geer) (Baust and Morrissey 1975, Baust and Morrissey
1977).



Chapter 5. Nutrient Reserve Utilization by Camponotus pennsylvanicus Gynes

During Overwintering and Colony Founding

5.1 Introduction

Male and female reproductives emerge into the carpenter ant nest in
summer and overwinter in the nest until their release in a nuptial flight the
following spring (Pricer 1908, Sanders 1964). Their annual emergence in the nest
appears to be coincident with the cessation of growth of pre-dormant larvae
(Sanders 1964), a circumstance which implies : :at maintenance costs to the colony
for reproductives are high. For example, carpenter ant gynes overwinter in the nest
and therefore require sufficient food reserves to sustain them through winter and
the spring initiation of colonies. Though this general perception has not as yet been
verified or quantified, Keller and Passera (1988) have provided indirect supporting
evidence in their work with gynes of the Argentine ant Iridomyrmex humilis (Mayr).
Queens founding colonies independently initiate nests singly and without assistance
from their worker sisters. Dependently founding queens initiate colonies together
with worker sisters. 1. humilis founds colonies in a dependent manner through
budding, and exhibits significantly less enhancement of lipid and dry weight between

eclosion and swarming than do gynes of independently-founding species.

The precise period during which gynes accumulate the above-mentioned

reserves is still undefined. Accumulation of large lipid reserves by many insects
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during overwintering is well documented (Lees 1955). Lipid storage and utilization
have several inherent advantages: storage requires far less water and combustion
yields far greater outputs of energy and metabolic water than do either proteins or
carbohydrates (Chippendale 1978). With respect to lipid content, sexual
dimorphisms have been found in the Lepidoptera and Diptera whereby males have
higher concentrations of lipid than do females. However, it is generally accepted
that females of species having feeding adults contain greater levels of lipid than do
males (Beenakkers et al. 1981). This inequity may be partly attributed to
vitellogenesis, which requires considerable amounts of lipid that are often drawn
from the fat body though lipid may also be synthesized by the ovaries themselves
(Gilbert 1967).

Despite the fact that vitellogenin also contains a protein component, no
mention has been found in the literature of a documented need for or accumulation
of protein specifically by overwintering females. It has been shown that protein is
sequestered in the muscles and fat body of cold-acclimated cockroaches (Singh and
Das 1980), however, and protein granules and globules have been observed in the
fat bodies of other insects during winter (Kohler 1921, Brown and Chippendale
1977). Additionally, elevated levels of free amino acids in the hemolymph of
diapausing insects have been recorded (Behrens 1985). It is thought that, among
other things, these amino acids may provide the materials for rapid post-diapause

synthesis of proteins (Behrens 1985).
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Glycogen and other carbohydrates are also of importance to overwintering
and post-diapause insects. A variety of carbohydrates are suspected precursors of
glycerol (Chino 1957, Baust 1976, Ring 1981, Storey 1983), the polyol utilized by
overwintering carpenter ants (Dubach et al. 1959, Somme 1964). Furthermore,
some mono- and disaccharides have a cryoprotective effect (Doebbler 1966). In
addition to its contributions toward cold hardiness as a glycerol precursor, glycogen
appears to have value as a post-diapause energy source (Danks 1978). This may
explain the large accumulation seen in diapausing bumblebee gynes, which found

nests independently (Roseler and Roseler 1986).

Camponotus queens found nests claustrally, the most common mode of
independent colony initiation in ants (McCook 1883, Pricer 1908, Eidmann 1926,
Wheeler 1933). Claustral founding is characterized by the isolation of each queen
within a cell after swarming and insemination, and the complete absence of foraging
by the founding queen (Wheeler 1933). Thus, C. pennsylvanicus (DeGeer) queens
do not feed during nest initiation, a period of about 70 to 100 days from the laying of
the first egg to the foraging of the first worker (McCook 1883, Pricer 1908, Mintzer
1979, Fowler 1982). Camponotus queens are able to endure phenomenally long
periods without access to food: records exist of queens successfully rearing young
after being held for more than one year (Eidmann 1926, Viehmeyer 1908 - in
Wheeler 1933). Presumably, queens are able to exploit the nutrients present in the
wing musculature and abdominal fat body (Wheeler 1933). Histolysis of the flight
muscles has been observed in other ant species (Janet 1906, 1907 - in Markin et al.

1972, Haskins and Enzmann 1938 - in Haskins and Haskins 1955, Markin et al. 1972,
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Toom et al. 1975a, 1975b, Fletcher and Blum 1983) and in termites (Hewitt and Nel
1969, Van der Westhuizen et al. 1987). The process has not yet been verified or
quantified in carpenter ants. However, queens of the imported fire ant Solenopsis
invicta Buren have been monitored during founding, and striking degradations of
the flight muscles were found. Also observed were severe reductions in dry weight
and glycogen content, as well as more moderate losses of lipid and protein (Markin
et al. 1972, Toom et al. 1976), suggesting that glycogen is the primary energy source
during founding. In the termite Hodotermes mossambicus (Hagen), colony initiation
was accompanied by a dramatic depletion of lipid reserves and a small decrease in
glycogen content, implying lipid is used preferentially over glycogen during termite

colony founding (Van der Westhuizen et al. 1987).

5.2 Materials and Methods

5.2.1 Collection of Gynes and Queens

Gynes were removed from nests collected in and around the Blacksburg area
from November 1987 through February 1988, as described in Chapter 3 (3.2.1). Ten
overwintering gynes per nest, where available, were randomly selected for each
analytical procedure. All gynes were stored in the laboratory at -10 °C prior to

analysis.
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Founding queens were collected at swarming in May 1988. Forty C.
pennsylvanicus queens were collected in total and brought to the laboratory. Twelve
were immediately frozen for determinations at the time of swarming. The
remaining 28 queens were housed individually in 100 x 15 mm Petri dishes atop a
water vial. A cotton wick from the water vial protruded into the Petri dish through a
small perforation in the floor of each dish, providing each queen with free access to
water. No food was supplied at any time. Of this group, 12 queens either died or
did not lay eggs, while 16 succeeded in rearing brood. Eight queens were frozen at
the hatch of their first larva. The remaining eight queens were frozen upon the

emergence of their first callow worker.

5.2.2 Sample Preparation

After all of the overwintering gynes and founding queens had been frozen,
individuals were weighed, lyophilized for 48 hours in a Virtis USM-15 Freezedryer,
and reweighed. Using dissection scissors, gasters of the founding queens were
removed above the petiole, and the dry weights of both body halves recorded. Each
body half was placed individually into a 1.5 ml polypropylene microcentrifuge tube
together with a 1/16 inch ball bearing, and ground in a Crescent dental
amalgamator for three minutes. Overwintering gynes were not dissected, but were
ground whole. Samples for subsequent analyses were drawn from the ground

material.
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5.2.3 Analysis of Nutrient Reserves

Each body half was assayed for total lipid, crude protein, and carbohydrate
content, as described in Chapter 4. The techniques of Folsch (1956) (modified),
Van Handel (1965), and Mullins (1971) were used for extraction. Gravimetric
methods were used to quantitate lipids; colorimetric methods were used to
quantitate carbohydrates and nitrogen. Sample sizes analyzed were as follows:
approximately 0.5 mg for the nitrogen assay; approximately 4.0 mg for the
carbohydrate assay; approximately 23 mg for the lipid assay (about 15 mg for the
thorax, about 30 mg for the gaster). Lipid samples varied considerably in weight
because all material remaining after nitrogen and carbohydrate assays was extracted
for lipids. Overall recoveries for the techniques were as follows: lipids, 101 +9.9%;
free sugars, 92.9 +12.9%; glycogen, 91.6 +12.6%. Recovery rates for nitrogen were
not obtained as samples were improperly spiked. Therefore, because all other
compounds were recovered between 90% and 101%, and because nitrogen was
over-recovered in worker analyses (Chapter 4), protein determinations were
uniformly adjusted to 100% as indicated by the mean recovery observed for worker

protein determinations (106.3 +15.2%).

The General Linear Models multivariate ANOVA procedure (SAS 1985)
was selected to detect interactions between groups. Tukey’s method (SAS 1985)

was used to test for and clarify group differences when observed.
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5.2.4 Determination of Nutrient Reserve Classes

The classes of lipid and carbohydrate constituents of overwintering gynes
were determined using the High Performance Thin Layer Chromatography
techniques of Judge (1988) and Fell (1990), as described in Chapter 4. Twelve

gynes were analyzed using both techniques; all samples were run in duplicate.

5.3 Results

Though overwintering gynes were collected from several nests at different
times and queens were captured on different days and in different areas during
swarming, it was assumed that gynes of any two mature colonies were not
significantly different in size and weight within a given month. As destruction of
carpenter ant nests during colony collection is unavoidable, repeated sampling of
single nests is precluded. Assumptions of comparability within months were
therefore necessary to an analysis of carpenter ants involving changes over time.
Using Tukey’s method, gynes from nests 3 and 5 (January) were found to differ (a=
0.05) only in sugar content and dry weight. Conversely, gynes from nests 8 and 9
(February) differed in all respects except protein content. At present, it is unclear
whether these differences are due to sampling error, or represent real disparities
between gyne populations of different nests within months. As these results neither
support nor invalidate the above assumptions, the data of the present study are

treated as a single data set repeatedly sampled over time.
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5.3.1 Dry Body Weight and Total Body Reserves of Overwintering Gynes and

Colony Founding Queens

Differences between dry body weights of gynes during overwintering and
spring queens during colony founding are given in Figure 19. In November, mean
gyne weight was 81.4 mg. By January, gynes exhibited an apparent weight gain of
2.9 mg (3.6%), though this was not a statistically significantly increase (p= 0.31).
However, a significant decrease (p< 0.001) of 13.1% was seen by February,
resulting in a mean dry body weight of 70.7 mg. At the time of swarming in May,
gyne dry weight had fallen to 66.0 mg. Dry weight thereafter decreased
substantially: to 52.3 mg (62.0% of January dry weight) at the hatch of the first
larvae in June, and to 27.0 mg (32.0% of January dry weight) at the emergence of
the first workers in July. The period from May to July encompassed 67.0% of all dry
weight lost from January. Indeed, 44.2% of the overall decrease observed in gyne

dry body weight occurred in one month - from June to July.

The concentrations of nutrient reserves as a percentage of dry body weight
are presented in Figure 20. (Nitrogen levels are given in Table 11. For the sake of
convenience, nitrogen values were converted into an estimate of crude protein by
multiplying by a factor of 6.25 (Hach and Brayton 1985). Protein levels thus
determined are considered only estimates, however, because the micro-Kjeldahl
technique also detects non-proteinaceous nitrogen.) Lipid and protein were the
chief contributors to dry weight, together providing from about 78% of November

dry weight to virtually 100% of July dry weight. From November levels of 40.2%,
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Mean dry body weight of C. pennsylvanicus gynes collected from
field nests during overwintering (November - February) and of
spring queens during colony 1mt1at1on (May = swarming; June = hatch
of first larva; July = emergence of first worker. Vertical bars = +SD. N = 11
(Nov); 40 (Jan); 40 (Feb); 28 (May; 28 (Jun); 28 (Jul).)
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Figure 20.  Proportions of nutrient reserve classes as a fraction of dry body
weight in C. pennsylvanicus gynes through overwintering and colony
Init1ation. (May = swarming; June = hatch of first larva; July = emergence of
first worker. Vertical bars = +SD. Lipid: N = 8 (Nov); 20 (Jan); 20 (Feb); 56
(May); 56 (Jun); 56 (Jul). Protein: N = 3 (Nov); 20 (Jan); 20 (Feb); 56 (May); 56
(Jun); 56 (Jul). Carbohydrate: N = 3 (Nov); 20 (Jan); 17 (Feb); 56 (May); 56 (Jun);
56 (Jul).)
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lipid concentration as a percentage of dry weight peaked at about 62% in mid-
winter. By May, when gynes had swarmed, lipids as a fraction of dry body weight
dropped to 40.3%, and remained low throughout nest founding, despite a small rise
to 43.4% by the hatch of the first worker in July. Protein concentration varied in a
very different fashion. Protein levels as a fraction of dry body weight were fairly
constant from November to February, with mean values dropping only from 37.4%
to 33.4%. Substantial increases in protein as a proportion of dry body weight were
evident subsequently; protein concentration climbed gradually to 41.1% at swarming
in May and 46.1% in June, and sharply to 64.4% of dry weight by the emergence of
the first workers in July, the latter a significant increase (p<0.001). The percentage
of glycogen varied considerably: a 17.9% concentration in November essentially
disappeared by January (0.5%), reappeared by February (6.4%), and nearly doubled
by May (11.1%). Thereafter, during nest founding, glycogen levels decreased more
rapidly than dry body weight and almost to the point of total depletion (0.7%) by the
July eclosion of the first workers. Free sugars, which in general contributed the
smallest fraction by far of dry body weight, did not change significantly from
November (1.9%) to Febraury (2.2%). Sugar concentrations doubled by swarming
in May (4.1%), however, and did not decrease significantly through colony founding.
In fact, sugar levels in June at the hatch of the first larvae (5.3%) were significantly

higher (p< 0.001) than those of July.

The levels of nutrient reserves are presented in mg per gyne in Figure 21.
Lipid levels, interestingly, showed statistically significant changes (p< 0.01) between

all months examined. Lipid content exhibited a striking peak in January with a
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Figure 21.  Levels of nutrient reserve classes in C. pennsylvanicus gynes through

overwintering and colony initiation. (May = swarming; June = hatch of
first larva; July = emergence of first worker. Vertical bars = +SD. Lipid: N = 8
(Nov); 40 (Jan); 40 (Feb); 56 (May); 56 (Jun); 56 (Jul). Protein: N = 3 (Nov); 20
(Jan); 20 (Feb); 56 (May); 56 (Jun); 56 (Jul). Carbohydrate: N = 3 (Nov); 20
(Jan); 17 (Feb); 56 (May); 56 (Jun); 56 (Jul).)
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58.4% inflation over November levels (from 32.7 mg to 51.8 mg). After January,
lipids levels were progressively smaller throughout the experimental period. By
July, after a loss of 77.2% of January’s maximum, only 11.9 mg remained. Protein
concentrations were maintained at a somewhat constant level from November to
May, with a drop of 5.4 mg (18.6% of January’s concentration) evident in February
which was not statistically significant (p= 0.58). Over six months (November -
May), protein levels fell by merely 10.6%; however, from May to July (between
swarming and the emergence of the first workers) 10.0 mg of protein were utilized,
resulting in an overall loss of 43.4%. Glycogen concentration in gynes plummeted
from 14.6 mg in November to 0.42 mg in January, rising to 7.4 mg by May at
swarming. Thus, only 50.7% of the glycogen gynes contained in November had been
recovered by May. Depletion was heavy between May and July, with all remaining
glycogen essentially exhausted during colony initiation (97.3% of May glycogen
stores were consumed by July). Sugar levels fluctuated between about 1.5 mg and
2.8 mg from November to June. Diminution of free sugars accompanied only the
final stage of brood rearing, with a significant loss of 70.4% of free sugars occurring

from June to July (p< 0.001).

5.3.2 Class Constituents

High Performance Thin Layer Chromatography (HPTLC) revealed the
presence of only two free sugars, glucose and trehalose, in overwintering gynes.
These sugars were not quantified, however, and predominance could not be

ascertained as relative composition of the two sugars seemed rather variable across
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individuals.

HPTLC analysis also revealed that triglycerides represented 42 - 77% of
lipids stored by overwintering gynes. Monoglycerides and diglycerides, and
cholesterol and cholesterol esters were present as well, though at substantially lower
levels. Spots observed at the origin after separation of lipid classes were assumed to

be phospholipids (see Judge 1988), though this has not been confirmed.

5.3.3 Dry Weight and Nutrient Store Changes Within Queens During Colony

Initiation

Percentage dry weight lost and mean mg dry weight lost per body half and
per insect are shown in Figure 22. Over the three month period of colony initiation,
queens lost a total of 38.4 mg, or 58.7%, of their dry body weight. Though all three
dry body weights were significantly different (p< 0.01), loss appeared somewhat
more severe in the second stage of colony founding (the period between larval hatch
and adult emergence) than in the first stage of colony founding (the period after
swarming but preceding larval hatch): a 20.0% decrease in dry body weight was
evident during the first stage of founding, whereas a 38.7% decrease was seen
during the second stage. Weight changes occurring within body halves were clearly
time-related. 82.4% (10.8 mg) of all weight lost between swarming and larval
emergence took place in the head and thorax of the queen. Between hatch of the

first larvae and emergence of the first workers, however, 97.2% (24.6 mg) of all
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weight reduction was due to losses from the gaster of the queen. During the first
stage of colony founding, the queen experienced a 42.9% decrease in head/thoracic
dry weight, with a concomitant loss of only 5.3% of gaster dry weight. In
comparison, during the second stage of colony founding, queens endured an
additional 62.5% drop in gaster dry weight along with a 1.7% reduction in

head/thoracic dry weight.

Concentrations of the four constituent reserves in the head/thorax and gaster
are presented in Figure 23 as fractions of dry \;veight over time. (Nitrogen levels are
shown in Table 12. An estimate of crude protein was obtained by multiplying
nitrogen values by a factor of 6.25 (Hach and Brayton 1985) to simplify discussion.)
Protein was the chief contributor to thoracic dry weight from May to July (64.6% -
76.2%). Lipid contributed most of the dry weight of the gaster until July, when
surpassed by protein as a fraction of dry weight. Carbohydrates, only minor
head/thorax constituents, decreased over time: free sugars from 3.1% to 2.5%, and
glycogen from 0.7% to 0.4%. Greater levels of carbohydrate, especially glycogen,
were found in the gaster; these were also progressively depleted over time.
Glycogen dropped from 18.1% to 1.0% of dry weight, while sugars fell from 4.8% to
3.8%.

Using the General Linear Models procedure, the effects of period and body
part on lipid as a percentage of dry weight were both found to be significant, though
body part effects (p< 0.001) were stronger than those of period (p< 0.05). A strong

interactive effect between period and body part was evident on protein and
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Figure 23.  Proportions of nutrient reserve classes in the anterior and posterior
body halves of C. pennsylvanicus spring queens during colony
founding. (May = swarming; June = hatch of first larva; July = emergence of
first worker. Vertical bars = +SD. N = 56 for each reserve class/month.)
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Table 12. Mean nitrogen levels (m%/body segment) and mean dry weight
(mg) of body segments of Camponotus pennsylvanicus queens
during spring colony founding.

Swarming Larval Hatch Worker Eclosion

Body Segment Dry Wt Nitrogen Dry Wt Nitrogen Dry Wt Nitrogen

Head/Thorax 26.3 271 15.0 1.83 14.3 1.61
Gaster 39.7 1.68 37.3 2.04 12.7 1.18
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glycogen (p< 0.001), and sugar (p<0.05) concentrations. Note that changes of lipid
levels over time were similar and parallel for both head/thorax and gaster, whereas
changes of levels of other reserves were quite different and somewhat convergent
over time. Reserve contents are presented in mg per body section in Figures 24 and
25. All groups demonstrated significant interactive effects with regard to period and
body segment (p< 0.001). Patterns for carbohydrate and lipid were similar: a strong
tendency toward convergence in July (at emergence of the first workers) was
evinced by the nutrient content of both body parts, with overall slopes negative.
Protein utilization differed in that a convergence appeared in June (larvae hatch )

and divergence reappeared in July (worker emergence).

Figure 26 shows nutrient content of the head/thorax and gaster. Protein and
lipid were the primary components of both body parts. During the first stage of
colony founding, both were sharply reduced in the thorax - 80.3% of all protein and
100% of all lipid lost from the thorax during founding occurs at that time.
Carbohydrates are also consumed during that time, though their contribution to the
dry weight of the head/thorax is insubstantial. No statistically significant (a= 0.05)
changes in nutrient reserve content took place in the head/thorax during the second

stage of colony founding.

While proteins were predominant in the head/thorax throughout founding,
lipids predominated in the gaster until July, when protein content slightly exceeded
lipid content. Between June and July, gaster lipid levels dropped by 52.2%, which
amounted to 81.2% of lipid lost from the gaster through founding (May to July). All
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other nutrient stores also fell sharply in the gaster during the second stage of
founding. After a 22% rise during the first stage of founding, proteins decreased by
41.7% (5.3 mg). Sugars also displayed a stage one increase (26.3%), followed by a
stage two 79.2% drop, as did glycogen, which fell 35.2% by June and another 63.0%
by July. Of all energetic classes, however, only protein levels increased significantly
during the first stage of colony founding (p < 0.05); during the second stage of

founding, all changes in all compounds were significant (p< 0.001).

5.4 Conclusions

Analyses of effects over time within the carpenter ant colony are inherently
problematic due to the inaccessibility of carpenter ant nests. As a result, repeated
samples must be drawn from several nests under similar field conditions.
Assumptions regarding statistical comparability between different nests within the
same sampling period must be made. In the present study, overwintering gynes
were collected from different nests and during different months, and spring
founding queens were collected at different locations and on different days. It was
assumed, though not corroborated, that gynes from different nests within the same
month were physiologically similar, and could therefore be considered part of a
single, repeatedly sampled data set. Statistical analysis at least partly supported this
assumption. Gynes from different nests opened in January differed significantly
(a= 0.05) in only two of the five variables under consideration: dry weight, protein,

lipid, glycogen, and free sugars. Gynes from February nests differed in four of the
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five variables consedered. The overall sample size for February, however, was
smaller than that of January by 18%, which may explain the greater variability of the

February group.

Differences in dry weight suggest that gynes may no longer be accumulating
reserves by January, however a substantial reorganization in terms of nutrient
composition is apparent. Between November and January, a significant loss of
glycogen was offset by a significant increase in lipid, resulting in an overall gain in
dry weight of 2.9 mg, or 3.6%), for that period. While glycogen reserves effectively
disappeared (97.3% loss) by January, lipid levels rose by 19.1 mg (58.4%), free
sugars were 0.9 mg (60%) higher, and protein changed by only 1.4 mg (4.6%). The
loss of glycogen may well be attributed to glycerol production, as it coincides with a
sharp drop in mean ambient temperatures and parallels the glycogen patterns
observed in both major and minor workers (Chapter 4). In work with C.
pennsylvanicus, Dubach et al. (1959) found glycerol production to be temperature-
dependent. Somme (1964) encountered maximum concentrations of glycerol from
December to February in four species of freeze-susceptible and freeze-tolerant
insects. This period of maximum glycerol concentration conforms to the interval of

glycogen consumption for gynes.

In the absence of substantial depletion of reserves other than glycogen, the
lipid and sugar increase (perhaps the protein levels as well) may derive from an
exogenous source. Major workers, who exhibit a strong physical association with

alates in the winter nest (Chapter 3), are likely candidates. Majors had higher
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concentrations and displayed more severe losses of lipid and protein than did minor
workers during the interval from November to January. Majors also lost a much
higher proportion of their dry weight during that period than minors. Majors serve
food storage and processing functions in C. pennsylvanicus summer nests (Fowler
and Roberts 1980, Busher et al. 198S, Tilles and Wood 1986) and have been noted
to act as repletes in C. fraxinicola Smith (Wilson 1977). Therefore, it is possible that
major workers are passing lipids or carbohydrates to gynes, which gynes are then
storing as lipids, perhaps also conserving a fraction as carbohydrate, as indicated by
the tremendous increase in lipids and minor increase in free sugars by January. It is
also possible, however, that gynes may be using a fraction of their glycogen stores to
further supplement their lipid reserves, as not all glycogen is necessarily enlisted in

glycerol production.

Between January and February, differences were seen in dry weight and all
nutrient reserves other than glycogen, which remained quite low. Consumption of
lipid during this period was also rather heavy in workers (Chapter 4), perhaps
indicating the importance to all castes of this compound as a basic energy source.
Protein consumption in gynes was very similar to that of lipids during this interval,
implying an equally important role for protein. It is most likely that sugar losses
between January and February (41.7%) were also due to metabolic demands. In
light of these depletions, metabolic demand from January to February appears to be
heavier than would have been predicted based on ambient temperatures (Figure
18). The colony should have been spending much of this time in a supercooled

state. As worker utilization of all substrates other than lipid was found to be quite
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light during the same period (Chapter 4), perhaps consumption in gynes may be
attributed in part to oogenesis. The duration of and time at which oogenesis takes
place is unknown in Camponotus, but overwintering queens of the imported fire ant
Solenopsis invicta mature oocytes gradually through the winter (Fletcher and Blum

1983).

Between February and May, lipid was the only resource to show significant
decreases. The restoration of protein, sugars, and some glycogen lost prior to
February may represent the resumption of feeding within the colony. Subsequent
contributions to the communal stomach may result from spring foraging, but the
possibility of brood cannibalism cannot be disregarded (Chapter 3). Lipids alone
were strongly depleted during this time. It seems likely that this consumption was
simply a continuation of the steady utilization observed after January. It would be
interesting to know whether lipid levels fall below May levels in April and are

bolstered from April to May, just prior to swarming and colony founding.

After swarming, lipid use in gynes continued to be heavy, with similar rates of
depletion occurring before and after the hatch of the first larvae. Protein and
glycogen utilization were evident only after swarming, and glycogen proceeded to
virtual disappearance by the time the first workers emerged . Free sugars displayed
a pattern of delayed use, as marked reduction were seen only after larval hatch. A
similar phenomenon was observed in S. invicta queens during colony founding
(Toom et al. 1976): depletion of glycogen was initiated at oviposition, though lipid

levels did not fall before the appearance of the first larvae. This would suggest that
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queens utilize glycogen as their chief energy sources for self-maintenance, perhaps
then turning to free sugars as glycogen is exhausted. Unfortunately, free sugars
were not examined in the Toom et al. study. Protein, on the other hand, probably
plays an important role in brood rearing. Toom et al. (1976), who recorded a peak
and subsequent drop in protein concentration of S. invicta queens which
corresponded with the appearance of larvae, concluded that proteins were being
synthesized specifically for use as a larval nutriment. No doubt the larval need of
protein in other species (Ishay and Ikan 1967) is further support for these findings.
It is also possible that protein, together with lipid, may also be enlisted in oogenesis
after swarming. Vitellogenin has both a protein and a lipid component, and insect

eggs themselves may be high in lipid (Beenakkers et al. 1981).

Mobilization of reserves within the body of the queen during colony initiation
is clearly a dichotomous procedure. 82.4% of dry body weight lost by founding
queens prior to emergence of larvae occurred in the thorax, and 97.2% of dry weight
lost between emergence of larvae and eclosion of workers occurred in the gaster.
Weight loss in the gaster was dramatic: 67.8% of gaster mass was lost, compared
with 44.6% of thoracic mass. By the time of first worker emergence, mean gaster
dry weight amounted to only 88.8% of mean thoracic dry weight. This dichotomy is
of course also evident in levels of nutrient reserves. At the time of the nuptial flight,
the gaster contained substantially higher concentrations of all energetic reserves
except protein than did the thorax. By the appearance of the first workers,
differences between thorax gaster content of sugar, glycogen, and lipid were

negligible. Protein exhibited a unique utilization pattern, which is discussed below.
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Within the thorax, protein and lipid, the chief constituents of the thorax,
exhibited major losses between swarming and larval emergence, 31.7% (5.3 mg) and
39.0% (3.2 mg) respectively. During the same interval, protein in the gaster
demonstrated a 22.1% increase (2.3 mg), while lipids decreased by only 12.1% (2.2
mg). During the period between first larval and first worker emergence, very little
thoracic protein was lost (11.4%, or 1.3 mg), and thoracic lipid exhibited no
significant change. In contrast, at the same time abdominal protein was depleted
41.7% (5.3 mg) and abdominal lipid dropped by 59.4% (9.5 mg). This would suggest
that these two resources are being mobilized in the thorax and transported to the
gaster during the first stage of nest founding, perhaps for use in oogenesis. Lipid
utilization patterns suggest that this substance is being consumed as well as
sequestered in the abdomen, since depletion in both body halves was seen. Before
the hatch of the first larvae, however, protein significantly increased in the
abdomen, the only component to do so. In fact, though the thorax contained greater
amounts of protein than the gaster at swarming and eclosion of the first workers,
more protein was found in the gaster at the hatch of the first larvae than was found
in the thorax at that time. The queen, therefore, appears to be "loading" her
abdomen to ready herself for brood. This observed mobilization of protein may
represent both egg production and the synthesis of a substrate important for larval
nutrition. The obvious source of thoracic protein is, of course, the flight muscles of
the queen. Consequently, the patterns of protein utilization observed seem also to

support the prevailing assumption of flight muscle autolysis during founding.
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Glycogen and free sugars, found at extremely low concentrations in the
thorax, are apparently not involved in brood rearing. Carbohydrate utilization
patterns in the abdomen demonstrated a steady and rapid depletion of glycogen
through founding to the point of almost complete consumption (98.6%, or 7 mg
consumed). Free sugars remained stable until the hatch of the first larvae, probably
as a direct result of glycogen consumption. Glycogen has been shown to be a
primary energy source for S. invicta gynes during founding, with levels falling sharply
during early stages of colony initiation (Toom et al. 1976). By the emergence of the
first workers in the present study, sugars had also fallen (1.9 mg, or 79.2%), though
less sharply than glycogen. It seems likely that glycogen, a storage polysaccharide, is
converted to free sugars for metabolism, and as glycogen becomes depleted over
time, free sugars subsequently shrink as well. Carbohydrates were almost
completely consumed by the eclosion of the first workers, yet workers may not
forage for up to 25 days following eclosion (Mintzer 1979). It would be of interest to
determine whether C. pennsylvanicus queens sustain themselves through this final

stage of colony initiation by utilizing their remaining lipid stores.



Chapter 6. Summary

Carpenter ants are household pests found throughout the U.S. which forage
in homes and excavate nests in structural wood. Mature colonies typically contain
up to 3000 - 6000 workers (Fowler 1986), are polydomous (occupy more than one
nest) (Sanders 1964), and feed on a variety of household and other foods (Pricer
1908, Gotwald 1968, Smith 1965, Dukes 1982, Youngs 1983). Though foraging
continues through spring, summer, and fall, the isolated mating flights of spring
seem to elicit the most public complaints (Fowler 1983, Fowler and Roberts 1983a).
Most of the research to date has dealt with the state of the active summer colony.
Virtually nothing is known about the condition of the carpenter ant colony in winter
and early spring, however. This study examined the composition, organization, and
cold hardiness of overwintering colonies of Camponotus pennsylvanicus, the most
common carpenter ant in Virginia, and the complex of nutrient reserves and their

changes in overwintering gynes and workers, and in spring founding queens.

The collection of entire carpenter ant nests entails the total
destruction of the nest. Consequently, repeated sampling of nests over time was not
possible. The examination of nests collected at different times through winter was
undertaken based upon the assumption that individuals of any given caste from
different nests were not significantly different within a given month. Through
statistical analyses of various caste means, this assumption was at least partly borne
out: workers within a month differed in up to two of the five variables concerned;

January gynes differed in two variables, while February gynes differed in four of five
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variables (section 5.4). However, both the gyne population and the gyne sample
population were considerably smaller in February than in January. The smaller
February sample size may be responsible for the greater variability seen. As the
assumption was not strongly disproved, the data were treated as a repeated sampling

over time.

Censusing of overwintering field nests revealed a complete absence of both
eggs and pupae, which agrees with the findings of Pricer (1908) in Illinois and
Sanders (1964) in Ontario. Worker numbers varied between 34 and 2047, well
below Fowler’s (1983) worker population upper limit of 6000. Larvae, however,
were surprisingly abundant: with the exception of nests 11 and 13, larvae
outnumbered workers by a factor of two to four. Such data suggest either high
winter/spring mortality rates for larvae or workers, or that larvae are overproduced
to provide an emergency food reserve. Holldobler (1961) observed cannibalism of
the brood by overwintering workers at elevated temperatures in C. herculeanus and
C. ligniperda. As larvae enter diapause in the first or second instar (Mintzer 1979,
Hansen and Akre 1985), do not require food after September except at unusually
high temperatures (Hansen and Akre 1985, Holldobler 1961), and are present in
apparent excess, they are ideal candidates for consumption, particularly during the

interval between termination of diapause and onset of effective foraging.

Reproductive numbers varied from 20 to 596 (20 to 508 gynes, one to 88
males) in those nests having sexual individuals. The high numbers of gynes

observed in some nests is probably a compensatory response to heavy mortality of
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spring queens. However, the potential for spring infestation and reinfestation
should not be discounted: even assuming a 95% mortality, nests 3 and S could

contribute up to 25 and 9 new nests respectively in their areas after spring swarms.

The ratio of major workers to all workers, a colony age-related factor,
seemed to be a satisfactory indicator of colony age when assessed at the nest level,
as it agreed well with other indicators such as presence of alates and proportion of
male alates, and, to a lesser degree, with total worker populations. The ratio of
larvae to minor workers seemed also to vary with colony age, increasing from
approximately 1:1 in young colonies to almost 8:1 in old colonies. These figures
suggest that minor worker care of the brood increases in efficiency with colony age,
which is not surprising since increased task specialization accompanies physical

caste development.

Though neither eggs nor pupae were found in field nests of overwintering C.
pennsylvanicus, these stages appeared in laboratory colonies during January and
February. Laboratory colonies also displayed low-level foraging activity throughout
the winter. These data indicate that colonies housed at elevated temperatures
through winter do not experience a diapause as deep or prolonged as colonies

exposed to low temperatures.

In terms of winter nest organization, the type of colony clustering observed
by Eidmann (1942) and Hélldobler (1961) in C. herculeanus and C. ligniperda, with

the queen and larvae central and workers arranged concentrically around them
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according to task specialization, was not seen in field nests of C. pennsylvanicus.
Some stratification with respect to larvae, alates, and worker castes was observed in
nests 3 and 5. In both nests, larvae were predominant in one half of the nest while
reproductives predominated in the other. Worker caste ratios varied as well, with
higher minor:major ratios found in the larva-dominated sections and lower
minor:major ratios encountered in the alate-dominated sections. This agrees with
Sanders’ (1964) findings, although as the original orientation of the nest structures
in the present study was not known, ultimate agreement with Sanders regarding

upper and lower nest section composition could not be ascertained.

Segregation by nest type, as observed in active C. modoc nests by Hansen and
Akre (1985), was not found in overwintering C. pennsylvanicus nests. In two of three
brood nests, alates were found in the nest along with the queen. The third brood
nest appeared to be a second year nest and, thus, had not yet reared any

reproductives.

Several physical associations between castes were clearly evident. Major
workers were strongly correlated with reproductives within nests; minor workers
were strongly associated with the queen. Larvae were more strongly associated with
minors than with any other group, which concurs with Sanders’ (1964) findings.
Though winter clusters have been reported in colonies of C. herculeanus and C.
ligniperda (Eidmann 1942, Holldobler 1961), queens in the present study (nests S
and 9) exhibited a negative correlation with both larvae and reproductives,

indicating an absence of winter clustering in C. pennsylvanicus. The functional
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significance of some of the above associations may be based upon polyethistic
considerations: for example, minors are involved in both brood care and queen
maintenance (Buckingham 1911, Sanders 1964, Fowler 1982), while majors are
presumably produced by the colony to guard its reproductive investment, among

other duties (Oster and Wilson 1978).

In winter, the temperatures to which the colony is subjected approach
ambient. Gallery, worker body, worker cluster, and larval cluster temperatures were
typically up to three degrees warmer than ambient temperatures. In general, nest
temperatures fluctuated less rapidly and severely than did ambient temperature, an
effect which provides protection from sudden temperature drops and no doubt
contributes to greater survival. When ambient temperatures fell slowly, however,
temperatures within the nest approached ambient over time. At these low ambient
and nest temperatures, further protection is provided by glycerol, a polyol with
cryoprotective properties. Glycerol was the only polyol found in all castes and
larvae, though glucose and trehalose, which may also serve cryoprotective functions,
were present as well. Supercooling points were rather low, ranging from -17.2 °C in
majors to -22.1 °C in larvae. A second, higher supercooling point at about -8 °C
was evident in all adults; Ohyama and Asahina (1972) found two supercooling
points of similar values in workers of C. obscuripes, the higher of which they
subsequently attributed to the freezing of the foregut. These findings suggest that
all castes except larvae may be overwintering with food in the crop, a conclusion

supported in the present study by preliminary dissections of overwintering gynes.
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During the five months from November to April, mean dry body weight of
major workers decreased 51.3% of their dry body weight, while minors decreased
42.9%. Most of the loss in majors (69.0%) occurred between November and
January, whereas the only significant loss in minors (77.8%) occurred between
February and April. The same effect was also seen in worker utilization of protein:
the only significant decrease in protein levels in majors took place between
November and January, and the only significant decrease in minors was seen
between February and April. It seems likely that these events are explicable based
on polyethistic considerations. Minors are more frequently associated with care of
the queen and brood (Buckingham 1911, Fowler 1982, Gibson 1986); these two
groups probably require less attention in fall as the queen ceases egg laying and the
larvae stop feeding in September (Pricer 1908, Hansen and Akre 1985). With the
approach of warm weather, these groups undoubtedly begin to require substantial
care. Majors, on the other hand, are more active at lower temperatures than other
members of the colony and assume guard duties within the winter nest down to 5 °C
(Eidmann 1942). There is also a possibility that major workers serve to some extent

as repletes, as is seen in C. fraxinicola (Wilson 1974).

With regard to nutrient reserves of overwintering workers, lipid and protein
were the chief component classes of both major and minor workers, jointly
contributing greater than 80% of dry weight through the months examined. Over
the five month sampling period, no significant changes (a= 0.05) in these reserves
as a fraction of dry weight were observed. As adjusted for changing dry body weight,

however, lipid was steadily depleted (51.1% in majors, 42.5% in minors), even
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through January and February. Protein was utilized more selectively, as described

above.

Glycogen displayed a characteristic pattern of severe January consumption
and slow subsequent recovery, which was evident in both worker castes.
Consumption patterns of glycogen as a fraction of dry weight emulated the changes
in mean ambient temperature during the period of study. As a probable precursor
of glycerol, such a temperature-substrate level correlation is not surprising. Other
carbohydrates were present at low concentrations (about 5 - 7%), the smallest

component of the four compounds observed.

Investigations of carbohydrate class constituents revealed the presence of
only glucose and trehalose; neither was consistently predominant. Lipid class
constituents consisted mainly of triglyceride, but also included mono- and
diglyceride, and cholesterol and cholesterol ester. Phospholipids may also be

present.

Analysis of gyne nutrient reserve composition indicated that, asin workers,
lipids and protein formed the bulk of gyne dry weight, with wide fluctuations in
glycogen and less than 10% of dry weight coming from other carbohydrates.
Overwintering gynes exhibited no differences in dry weight between November and
January, but substantial reorganization of nutrient reserves was evident during that
time. A dramdtic loss of glycogen (97.3%) was offset by an increase in lipid

(58.4%); free sugars rose by 60%, and protein remained stable. The remarkable
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accumulation of lipid and smaller increase in free sugars in January raises the
possibility of an exogenous source of this material. Major workers, which are
physically associated with alates in the winter nest and show heavy depletions of dry
weight and protein between November and January, are considered candidates in

light of their food storage role in active colonies.

Between January and February, decreases in all reserves in gynes were seen,
in contrast to worker utilization patterns during that time. Increases, however, were
evident by swarming in May. During nest initiation, depletion of all reserves except
sugar proceeded rapidly; sugars were not utilized until after the emergence of the

first larvae in June.

Investigation of nutrient reserve utilization patterns within the anterior and
posterior body halves of spring queens during colony founding revealed that
composition and consumption patterns differed markedly between the head/thorax
and the gaster. Significant losses of dry weight (p< 0.05), as well as the four
reserves, occurred only in the head/thorax during the first period of colony founding
(between swarming and emergence of first larvae). Significant losses in the gaster
(p< 0.05), conversely, took place only during the second half of colony founding
(between larval emergence and first worker eclosion). Protein was the only
substrate to increase significantly (p< 0.05), which it did in the gaster during the
first period of colony founding. These observations indicate that queens are
mobilizing reserves in the thorax after swarming, and that these reserves are

essentially exhausted by the time of larval emergence. Between larval emergence
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and worker eclosion, energetic reserves in the gaster are heavily exploited.
Glycogen is probably consumed continuously for self-maintenance, as has been seen
in Solenopsis invicta (Toom et al. 1976). Lipid may continue to be depleted at the
steady rates observed during overwintering; however, it is probably also enlisted in
oogenesis along with protein. Protein may also be used as a larval nutriment, as its
accumulation in the gaster prior to larval emergence indicates. Toom et al. (1976)
suggested that S. invicta may synthesize protein for that purpose during nest
founding. The absence of sugar depletion seen during the first stage of colony
founding most likely results from the rapid consumption of glycogen, a common
storage carbohydrate; as glycogen reserves are depleted, free sugars are also

consumed without being replaced.
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