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I
N A previous publication, data were presented on the hitherto

unknown life-history and habits of the mound-building ant,
Formica ulkei Emery, which occurs in two large groups of colo-

nies in the vicinity of Chicago, one at Palatine and the other at
Palos Park, Illinois. In this region, it inhabits the open forests or
forest borders. It builds mounds often 5 feet in diameter; the largest
seen was 9 feet long, 7 feet wide, and 2 feet high. F. ulkei is common
in Eastern Canada but occurs sparingly in the Transition Zone, al-
though it is similar in appearance and habits to its near relative,
Formica exsectoides Forel, of the eastern states.

The present report is concerned with studies upon the hiberna-
tion of this species. The work was done at the University of Chi-
cago under the direction of Dr. W. C. Allee, to whom I am greatly
indebted.

GENERAL METHODS

The study of the hibernation of F. ulkei was begun in the fall of
1924 and carried on through the following winter and spring. Some
additional data and checking observations were obtained during the
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winter of 1925-26, but the main body of the data was secured dur-
ing the preceding winter. During the 1924-25 studies, the colonies
at Palatine were visited regularly every io days between September
i and June 26. Three of the larger nests were selected for study. All
three were located along the edge of a small pond at about the same
distance from the water's edge. Each nest was entered several times,
each time in a different place, until the whole nest had been com-
pletely excavated. Then another nest was entered. In this way,
more comparable results were obtained than if different nests had
been entered on each successive trip.

On nearly every trip the nests were excavated to soil-water level.
Notes were taken on the place and manner of hibernation, amount
of activity shown by the ants, nest architecture, physical conditions
in the nest, and other related facts. Collections of hibernating ants
were made for physiological experiments on each trip. Other in-
habitants of the nest were collected as observed.

Early in the fall, a large number of worker ants were collected
from the field and established in large artificial nests in the labora-
tory, to be used as material in a series of physiological experiments.
They were kept at room temperature, fed, and otherwise cared for
throughout the winter.

HIBERNATION

The entrance into hibernation is gradual, involving an increasing
number of individuals until the activity of the colony ceases. On
September i, the usual surface activity was noted, and a large num-
ber of worker pupae were present at the surface. However, only
the upper parts of the nest were investigated on this trip. On Sep-
tember io, the nest was penetrated to soil-water level (1.5 feet be-
low the surrounding level). It was found that all the pupae had been
carried to the bottom of the nest in the 6 inches of saturated soil

just above the soil-water level, where they were found in groups of
from two to eight. Many workers were also found in loose, small
aggregations at the same level. These ants were sluggish and were
evidently beginning hibernation. The number of pupae decreased
on each succeeding trip, and by October 21 all pupae had emerged.
The hibernating ants were found in increasing numbers in the 6-
inch zone of wet clay just above the water level and were crowded
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into the lower burrows in densely packed masses. Surface activity
continued until November i. The U.S. Weather Bureau records for

Chicago showed a progressive decrease in mean temperature
throughout November, so that it is not likely that much, if any,
surface activity occurred after November i. The retirement into
hibernation, therefore, occupied a period of at least a month and a
half (September io-November i). This retirement was taking
place while other species of insects were still active, such as grass-
hoppers, crickets, damsel bugs (Nabidae), bee flies (Bombyliidae),
Pyrellia (Muscidae), syrphus flies (Syrphidae), etc. Some of these
insects complete their life-cycle during the fall, but the nabid bugs
and Pyrellia are hibernators in this region.

Emergence from hibernation in spring is likewise gradual. On
April 2, all the frost was out of the ground, and worker ants were
again actively crawling about on the surface of all the mounds. It
was not until May 14, however, that the hibernation aggregations
had completely broken up. The emergence from hibernation, there-
fore, is as slow a process as the entry into it in fall.

The hibernation period for this species was a prolonged one (5-
8 months). The winter of 1924-25 was not unusually long for the
Chicago region, and it is assumed that this period is normal for this
species. As compared with the hibernation period of most insects,
it is a long one.

Wingless females were found on various occasions throughout
the winter and spring. Many such females were taken in each nest,
usually in the dense aggregations of hibernating workers at the
bottom of the nest; but on February 7 several females were found
in the frozen portion of a mound located on high ground; on no
other occasion were they taken in the frozen surface earth. The ma-
ture females and the workers are the only castes which hibernate;
no immature stages were ever found in the nests during the cold
season.

Although the place of hibernation for the vast majority of the
individuals in the three nests regularly visited was in the 6-inch zone
just above the soil-water level, scattered individuals were found in
the upper frozen portions of the mound throughout the winter. But
this arrangement is not the only one. On December 13, a small nest
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(only 2.5 feet in diameter) was opened. Like the other nests studied,
it was located close to the edge of the pond. It was excavated to
soil-water level. The mound was unfrozen on this date because of

the rains of the week. In the upper portion of the mound, numerous
unaggregated workers were found; while the aggregations of hiber-
nating ants occurred in the lower part of the black, surface soil,
considerably above the soil-water level. In this small nest, then,
the place of hibernation was in the upper or middle levels, instead
of at the water level. On February 7, a large nest was opened which
was located on top of one of the low hills and removed 40-50 yards
from any low spot. This nest was penetrated to a depth of 4 feet
without finding any indication of soil water. A large number of ants
(workers and wingless females) were found in the frozen earth at
the top-some aggregated, some not. Typical aggregations of hiber-
nating ants were found at the bottom of the excavation, however.
It is obvious that the main hibernation site is not always at water
level but is sufficiently removed from the surface to escape frost.
The ants of the low-ground nests are necessarily limited in their re-
treat from the frost line, and hence are found in the zone just above
the water level.

MOISTURE CONDITIONS IN THE NEST IN WINTER

The moisture factor in the environment of the ants is variable

in the fall and spring. There is a considerable precipitation during
these two seasons in the Chicago region. Snow alternates with rain
until the next season is definitely established. In some years, the
snowfall is heavy and the ground is covered with snow all winter;
in other years, the ground remains bare nearly all winter.

The winter of 1924-25 was unusual in that a sleet storm during
the week of December 20 left a thick covering of ice which was
shortly afterward covered with snow. The maximum depth of snow
recorded was 5 inches. This snow and ice remained all winter until
about February 7, when the spring rains began.

The surface soil of the mound is subject to alternate freezing
and thawing in spring and fall, but during the winter it remains
frozen. The mound was frozen for the winter by December 13 to a
depth of I foot. The soil of the larger mounds froze to a depth of
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about 2 feet. This frost remained in the ground until February 24,
when the surface soil began to thaw; but it was not until April 2
that all frost had disappeared.

The few ants that spend the winter in the upper portions of the
nest, therefore, are subject to marked fluctuations in the moisture
factor of their environment in fall and spring. But when frost has
entered the ground, this moisture factor becomes very constant
until the spring thaw. During the winter, the ants that inhabit
these upper galleries are usually surrounded with frost crystals.
They seem to suffer no inconvenience, however, and survive the un-
certain conditions of their nest.

The moisture conditions were found to be very different at the
bottom of the nest. Here the ants were surrounded with saturated

clay just above the level of soil water, in the case of the nests regu-
larly studied. There were marked fluctuations of the level of the
water throughout the period of observation. (See Fig. i.) During
the fall, the soil water was near the surface because of the precipi-
tations of that season. The water receded during the winter to a
depth of over 5 feet.' With the spring thaw and rains the water
rose again, to a point near the surface. No direct data are available
on fluctuations in summer; but, judging from the drying up of the
nearby pond, undoubtedly another recession of the water occurred,
the beginning of which is indicated in Figure i.

These probable summer fluctuations do not come into relation-
at least, not directly-with the ants because of the fact that they
inhabit only the upper levels of the nest during this season. But
during the winter this fluctuation of the soil-water level constitutes
a real problem for the hibernating ants. Particularly is this true of
those colonies located near the low areas. In the three regularly
visited nests, the ants were always found in the 6-8 inch zone above
the water level. How, then, do they react to the changing water level?
It was observed that the hibernation aggregations were found at
deeper and deeper levels in the fall, and closer and closer to the sur-

face on each successive trip in the spring, but always just above the

I The rise in level shown on November 22 was the result of a short wet period. The
high point shown on January 13 represents an abnormal condition due to the fact that
I entered the nest in a place formerly excavated. Very few ants were obtained in this
hole.
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FIG. I.-Showing the position of the soil-water level during the period of observation (September-June)
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water level. These observations would seem to indicate a downward

and upward migration corresponding with the fall and rise of water
level in the nest. The observations were all made on colony No. 4, so
that the difference in water level and position of the hibernating
aggregations cannot be attributed to difference in the various nests.

Although the water level rose, the ants were not submerged as
a general rule. This point was determined when, on a number of
occasions, several shovelfuls of water and mud taken from below
the water level were examined to see if this material contained ants.

On no occasion were ants found in this submerged soil. However,
on one trip (December 13), a vertical burrow was exposed about
an inch above the water line. This burrow was filled with a dense

mass of ants, as all the burrows are at this level. The mass was re-
moved with a pair of forceps as far down as the forceps could reach
(considerably below the water line). After all the ants had been re-
moved, water filled the burrow to a point above the location of the
ants at the lowest level. No water could be seen in the burrow be-

fore the ants were removed. It is probable that the dense mass of
ants trapping bubbles of air had prevented the rise of the water in
this burrow.

It is probable, therefore, that the ants of the lowest levels do
come in contact with the water and may be submerged for a time
before they can make their escape. But that they readjust their
position I am convinced. And should they become submerged, they
are undoubtedly protected by the fact that they, like other ants,
can stand submergence for some time in cold water without injury.
Lasius latipes can be submerged in cold water for 27 hours; Cam-
ponotus pennsylvanicus, for 70 hours; and Pogonomyrmex barbatus
has been able to survive a flood of several days' duration.' This ex-
periment was not performed with F. ulkei; but it is entirely probable
that this species can likewise withstand submergence long enough
to adjust its position to the rising water, especially in view of the
reduced metabolism during hibernation.

In the nest on higher ground, the moisture situation at the sur-
face is just like that of low-ground nests in winter. But at the lower
levels it was found to be somewhat different. Soil water recedes

'William M. Wheeler, Ants (Columbia University Press, 1926), pp. 83-85.
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deeper into the ground in these high-ground nests, as has already
been pointed out. The hibernating aggregations are not surrounded
with saturated soil. However, other observations on high-ground
nests showed that the water level might rise to within 2 feet of the
surface, so that these nests are not without their fluctuations; but
the problem is less acute.

TEMPERATURE CONDITIONS IN THE NEST IN WINTER

A series of observations was made to determine the actual tem-

peratures occurring in the nests during the period of hibernation.
Temperatures of the soil, together with atmospheric temperatures,
were read every io days during the period of observation. All tem-
peratures were taken with a standard centigrade thermometer. The
soil temperatures were determined at three levels in the nest: (i)
at the surface, in the upper 2 inches of the soil of the mound; (2) at
the soil-water level in the water; and (3) midway between these two
points.

The results are shown graphically in Figure 2. Only the tempera-
tures obtained from the first two levels mentioned above are plotted.

The temperatures from the middle level were intermediate between
the other two. The temperatures are plotted on the ordinates, and
the dates are given on the abscissas. The air temperatures obtained
in the field were found to check closely with the mean temperatures
for those days obtained from the U.S. Weather Bureau station lo-
cated on the University of Chicago campus. No observations were
made on December 24, so the mean temperature for the day as
recorded by the U.S. Weather Bureau is inserted; it shows a decided
drop in temperature and indicates the cold period that occurred at
this time.

In general, the graphs of all temperatures show a definite down-
ward trend beginning in fall. The lowest surface-soil temperature
was recorded in early February; but it is probable that a very low

point was also reached during the cold period of late December,
though no data were obtained at that time. Thereafter the tem-
perature rose gradually at first and then very suddenly when the
frost left the ground. On the other hand, the temperatures of the
lower parts of the nest near the water level, where the mass of ants
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hibernate, gradually decreased to a point near o.o0 C., reaching this
low point in late February. At this time, the temperature of this

level approximated that of the surface soil because the spring thaw
had brought the soil water to a point near the surface. In the spring
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the temperature of the soil water rose as slowly and gradually as it
had fallen in the autumn.

The surface soil showed a decided fluctuation in temperature in
the spring, corresponding with the fluctuations of air temperatures.
The same thing undoubtedly takes place in the fall, although no
complete records are available on this point. During the winter, this
soil maintained a fairly constant temperature due to the insulating
effect of the frost in the ground and of the covering of snow and ice.

The temperatures at the water level, on the other hand, showed no
fluctuations at any time, a fact of great importance to the hibernat-
ing ants.

Not only was there a difference in amount of fluctuation in tem-
perature between the surface soil and the bottom level of the nest,
but there was a difference in the actual temperatures recorded. The
winter temperature of the soil water never descended below 3.50 C.
until the spring thaw raised the water to I foot io inches from the
surface. The soil water then assumed the temperature of that level,
and the temperature descended to nearly zero in consequence. The
surface-soil temperatures were found to descend to - 4.50 C., and
were consistently lower than those of the soil-water level until the
frost was out of the ground.

The small nest excavated on December 13 showed almost ex-
actly the same temperatures at the various levels as the larger,
regularly studied nests.

It is evident from the foregoing observations that the great
masses of hibernating ants at the soil-water level benefit not only
by the relative constancy of temperature but also by the higher tem-
perature here than at the surface. The few scattered ants that spend
the winter in the frozen surface soil are exposed to fluctuating tem-

peratures in fall and spring, with danger of alternate freezing and
thawing, but during the winter are surrounded by fairly constant
temperatures, especially if snow remains on the ground all winter.
They also have to endure a consistently lower temperature during
the winter months.

RELATION TO OTHER ANIMALS IN WINTER

Like other species of ants, Formica ulkei shares the nest with a
number of other species of animals. A large number of specimens
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were collected and identified during these observations. The com-
plete list of species has been published elsewhere.' These represent-
ed all degrees of relationship from symbiotic to hostile. Of the true
myrmecophiles, three species of pselaphid beetles (Batrisodes glo-
bosus Lec., B. spretus Lec., and B. schaumi Aube), one species of
staphylinid beetle (Megastilicus formicarius Casey), and a syrphid
larva (Microdon sp.) were found. A carabid beetle (Tachys incurvus
Say) of somewhat doubtful relationship was taken on several oc-
casions during the winter as well as in the summer.

With cessation of activities in the fall, a large number of ani-
mals invade the nest and make use of the temporarily abandoned
burrows for over-wintering. Among such species are Lachnosterna
larvae and adults, land isopods, earthworms; spiders, centipedes
and millipedes, wood roaches, ground beetles, and even ichneumon-
flies. To all these co-inhabitants, the ants are totally indifferent in
winter. On no occasion were such species found among the hiber-
nation aggregations of ants, but always in the deserted burrows.

ACTIVITY DURING THE WINTER

The degree of activity was observed throughout the hibernation
period. The aggregated ants were sluggish from the beginning of
hibernation and became slightly more so as the winter progressed.
During the entire winter, however, the aggregated ants at the bot-
tom maintained enough activity to be able to stagger to cover very
slowly when disturbed. Those found in the surface soil remained
slightly more active until frost entered the ground. Thereafter, these
ants became very dormant; on some of the colder days in winter
they were utterly unable to crawl and could only make feeble leg
movements. The difference in degree of activity shown by the bot-
tom and surface ants is the result of exposure to the different tem-
peratures already noted. The bottom ants were exposed to a tem-

perature which did not go below 3.50 C. in winter; it was only in
spring, when the soil-water level rose to a point near the cold sur-
face soil, that the temperature went lower than this. On the other
hand, the surface ants are exposed to temperatures at or below zero.

The fact that the ants are able to respond to the stimuli result-

'Ecology, IX (January, 1928), pp. 83-84.
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ing from exposure by crawling to cover makes it possible for them
to respond to the stimuli of the encroaching water by migrating
toward the surface, as already pointed out. But, although sufficient
metabolism is maintained to permit such response to these strong
stimuli, it is not enough to allow feeding, reproduction, care of the
nest, or any other of the usual activities of summer. Any responses
that are shown are emergency responses to very strong stimuli.

It is significant to note that ants brought from the field at any
time during the hibernation period resumed apparently normal ac-
tivity in the laboratory at room temperatures. Ants collected in the
field in early fall and kept in the laboratory continued to show the
usual activities all winter (feeding, nest repair and care, reproduc-
tion, and active crawling about the nest).

The degree of activity seen in F. ulkei during the winter is in
marked contrast with that of Camponotus herculeanus pennsylvani-
cus. The latter species hibernates under the bark of logs. It is deeply
lethargic during the winter months and does not readily come out
of hibernation when warmed. It is much more nearly a "true" hi-
bernator than F. ulkei.

WATER CONTENT OF WORKERS DURING THE WINTER

Numerous investigators (Bodine, 192I; Tower, 19o6; Breiten-
becher, 1918; and others) have called attention to the decrease in
water content of various hibernating insects. This suggested the
first line of attack on the physiology of hibernation in F. ulkei.

Workers were collected on each of the regular field trips, and
water content determinations were made during the entire hiber-
nation period. Three series were studied: A, workers taken at or
near the surface of the nest; B, hibernating workers from the dense

aggregations at the bottom of the nest; and C, workers from the
large stock nests kept in the laboratory all winter at room tempera-
ture. The A series consisted of ants that were active during fall
and spring but dormant while frost was in the ground during the
winter; the B series were partially dormant during the entire period
of observation; and the C series were active at all times. About
twenty-five workers were collected on each trip from each of the
levels mentioned and were brought to the laboratory in stoppered
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vials or bottles containing some moist earth or leaves so as to prevent

desiccating effects of a dry atmosphere. On the same day of collec-
tion, each ant was placed in a weighing bottle and weighed alive
on a sensitive laboratory balance. While the ants were being han-
dled and weighed, they were kept cool by being placed in an open
window. After being weighed, all ants were killed with chloroform
and placed in their respective weighing-bottles with the ground
stoppers removed, and the entire series of weighing-bottles and their
contents placed in a large desiccating jar. This jar contained phos-
phorus pentoxide as the desiccating agent, and a partial vacuum was
established. The ants were then left to dry for 3 or 4 days, when
they were again weighed from day to day until they came to a
constant weight (7-Io days). The precentage of water content was
then calculated for each specimen.

In the early weighings, it was found that the body weights varied
from 2.65 to I5.9 mg. Since other investigators had observed that
water content varied with weight, it was thought advisable to make
the determinations only on ants in the upper limit of variation, i.e.,
from 7 to 12 mg. This selection was made throughout the data
presented here. Adults only were used in these water-content
studies; no further selection as to age was made.

The results are shown graphically in Figure 3. The points on the
graphs represent the average water content of the 7-25 workers used
on each date. The water content of the hibernating B series (see
Graph B in the figure), though fluctuating somewhat, remained ap-
proximately at the same level during the entire period of observation;
it was usually lower than that of either of the other two groups. The
curve representing water content of the surface ants (see Graph A)
shows a different configuration. These ants suffered a marked drop in
water content from the normal of summer to the same level as that

of the hibernating (B series) ants during the winter, when they, too,
became dormant; but upon resuming activity in the spring, their
water content again rose to normal. Graph C represents the water
content of the laboratory animals (C series) which were kept active
all winter at room temperature. Even in these animals, the water
c6ntent decreased in the fall, but the normal amount was resumed

again in January; usually these ants had a higher water content
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than that found in freshly collected hibernating individuals. In the
spring and fall the water content of the surface and laboratory ani-
mals approximated each other, as would be expected, since both
were active at this time. The curve of the water content of the

laboratory animals is much more free from fluctuations than that
of either of the two series of field animals. This is probably to
be accounted for by the lesser amount of disturbance and agitation
of these animals. The hibernating animals were disturbed in col-
lecting them in the. field, in carrying them from field to laboratory,
and again in making the initial weighings. This disturbance was un-
avoidable and was approximately the same for each collection. The
values of the water content may not give the water content of the
hibernating ants in nature, yet they do show a reduction of water
content during hibernation.

Some checks of the above data were made the following year.
To determine the normal water content of active workers in summer,
a large number were collected on July 23 at Palos Park. These ants
were kept in stoppered bottles containing moist (not wet) leaves
and food, and on the following day were weighed in groups of from
22 to 26, instead of individually as in the work just described. They
were then desiccated as before. The water content of these animals

(420 in number) varied from 74.11 to 78.72 per cent, with an aver-
abe of 75-73 per cent-approximately the same values as for the
active laboratory and surface animals the year preceding. The re-
sults are given below:

No. of Percentage of No. of Percentage of
Animals Water Animals Water

22 76.70 25 74-98
24 78-72 25 75.22
25 76.07 25 74-96
25 74-43 23 74.62
25 65.29 25 74-91
25 76.21 25 76.29
25 75.65 25 76.33
26 75-90 25 74-11
25 76.06

420 total 75-73 average

On July 14, 62 workers were collected from the field and similar
determinations were made. These gave the following results:
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20 workers 74. i6 per cent
22 workers 73 .46 per cent
20 workers 74.63 per cent

The normal water content of active workers, though somewhat
variable, is about 75 per cent.

A check on the water content during the hibernation period was

also made. On March i5, a large number of hibernating workers
were collected in vials each containing a quantity of moist earth and
stoppered. These vials were put into a thermos bottle and sur-
rounded with cold water from the nearby pond. A piece of cotton
was packed in the top of the thermos bottle to prevent jarring of
the vials within. Not all the vials could be accommodated in the

thermos bottle, so the rest were packed in cotton which had been
soaked in the same cold pond water and the whole was wrapped in
several thicknesses of newspaper. At the laboratory, the thermos
bottle and paper package containing the collecting vials were placed
in a cold chamber without opening them. The following day, the
ants were allowed to crawl on filter paper in the cold chamber to
absorb the little droplets of moisture that had condensed on the
feet and bodies of some of them. They were then placed in weigh-
ing bottles, 26-59 in each bottle, and the determinations made as
before. The following are the results obtained:

No. of Percentage of No. of Percentage of
Animals Water Animals Water

27 64-92 45 60.77
33 63.80 51 59-92
47 60.72 56 61.94
26 60.25 50 60.78
35 60.33 42 6o.II
30 62.11

442 total 6. 26 average

These results bear out the statement made above that the absolute

values for the water content are not shown in Figure 3 and that
the water content descends lower than indicated.

Another series of determinations were made to see what effect

prolonged low temperature, extending beyond the normal hiberna-
tion period, would have upon the water content. The animals used
for this experiment were collected in April, while still hibernating.
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They were kept in a refrigerator room in a large crystallizing-dish
containing moist sand. The temperature of this low-temperature
chamber was at or near C. most of the time, but occasionally
the temperature rose because of lack of reliable temperature con-
trol. These ants, therefore, were subjected to low temperature and

occasional warmings until the time of the experiment-July i6.
They were weighed in the refrigerator so as to prevent undue ac-
tivity at warm temperature. The results follow:

No. of Percentage of
Animals Water

20 69.82
18 70.86
20 68.07
20 71.22

78 total 69.97 average

The water content is considerably higher in these animals than in
the hibernating workers, but considerably lower than in the active
ants in summer. Some water content adjustments had taken place
even under these circumstances.

RESPIRATION

A profound modification of respiration takes place in winter in
F. ulkei, as in all hibernating animals for which data are available.
This fact was established in a series of studies on hibernating and
non-hibernating workers.

The apparatus adopted for this part of the investigation was a
respirometer devised by Crocker and Harrington. It was made pri-
marily for use with plant materials, such as seeds, and to the writer's
knowledge, has never been used before for determining the respira-
tory exchanges of animals. The selection of this apparatus was made
because of its compactness and adaptability for use in small, cold
chambers. It also has the advantage of giving data on both the
oxygen consumption and the carbon-dioxide production, so that the
respiratory quotient can be readily determined. By proper manipu-
lation, it is possible to determine the amount of oxygen consumption
at regular intervals for a considerable period of time. The apparatus
is not sensitive to small differences in gaseous exchange and requires
several hours to register changes. A 24-hour period is usually re-
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quired, especially for use with low temperatures. For room tempera-
tures it would be possible to get results in a shorter period, but it is
always a matter of hours. (For a detailed description of the appara-
tus, see Harrington and Crocker, 1923.)

The container of the experimental material had to be modified
for use with animal material. The modified container, or animal
chamber, was constructed of Pyrex glass tubing 2.3 cm. in diameter
and 3 cm. long, with a false bottom put in I cm. from the lower edge
of the tubing. This bottom was perforated with holes large enough
to allow the carbon dioxide produced by the ants to diffuse out of
the animal chamber, but small enough to prevent the escape of the
ants through them. A cover was made to fit over the top. A pair
of glass knobs on each side-one on the lid, and the other on the
chamber proper-permitted fastening the lid to the chamber by a
wire. A small glass loop on top of the lid was convenient for raising
or lowering the animal chamber in the respirometer.

Briefly, the operation of the apparatus is as follows: The volume
of the respirometer is determined at the beginning of the experi-
ment, deducting for the volume of the ants used. The apparatus
is then sealed with mercury and a grease that does not readily ab-
sorb oxygen. At the close of the experiment several hours later, the
volume is again determined. Potassium hydroxide is then intro-
duced, which absorbs the accumulated carbon dioxide. This causes
a change in the level of the manometer, and the volume is again
calculated. The difference in the last two volumes gives the volume
of the carbon dioxide produced, while the difference in the first and
last volumes gives the volume of the oxygen consumed. All volumes
are calculated by means of formulas worked out by the originators
of the apparatus.

Two series of experiments were performed. One was done at
room temperature (20o-250 C.) with worker ants kept active in the
laboratory throughout the winter. The other series of experiments
was done at low temperatures (3.0-6 C.) on workers kept in con-
stant temperature chambers at 30-60 C. throughout the winter (this
is the temperature to which they are exposed in nature during this
period); hibernation conditions were simulated; and the ants kept
in a state of hibernation. One hundred ants were used in most of
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the experiments, and in most cases for a period of 24 hours. None
of the experimental ants were ever used in more than one experi-
ment. All ants were maintained in the laboratory in large stock
nests amply provided with moist earth and cared for so as to keep
the ants in as normal a condition as possible.

Two serious difficulties arose. In putting the ants into the ani-
mal chamber, they became unmanageable and persisted in crawling
out. They were thereby greatly disturbed. Also, because of the
agitation produced by handling the ants, formic acid in small drops
was often excreted, the fumes of which were so strong that they
killed some of the experimental animals. Consequently, it was nec-
essary to reduce their activity while they were being handled. This
was done by cooling them at a temperature a little above C.
for about an hour. The animal chamber and contained ants were

then exposed to the temperature at which the experiment was to
be done in the laboratory for about 3 hours, to allow the animals
to recover from the low temperature to which they had just been
exposed. The animal chamber with contained ants was carefully
handled to reduce jarring to a minimum.

The results of twelve experiments are given in Table I. The
oxygen consumption and the carbon dioxide output are shown for
high and low temperatures. Each figure represents the actual gase-
ous exchange of ioo workers for a period of 24 hours. The respira-
tory quotients are given for each experiment.

The respiratory exchanges of the workers kept active all winter
probably represent the normal, or very close to the normal, for the
species, even though the determinations were made during the hi-
bernation period, for these ants were actively crawling around all
winter, ate food put before them, and even reproduced. These ants
were quieted very easily by the cooling procedure and could there-
fore be handled with a minimum of disturbance during the experi-
ment. The results, therefore, are fairly uniform. The amount of car-

bon dioxide produced by the ioo workers for the 24-hour period
(average, 3-176 cc.) was consistently lower than the amount of oxy-
gen consumed (average, 3.6 cc.), so that the respiratory quotient
for these ants was below unity (0.81-0.95) in all the experiments
of this series.
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The results obtained on the hibernating workers proved to be
quite different. The somewhat irregular results can be accounted for
probably by the fact that cooling these ants to zero when they had
previously been kept at low temperature had little effect upon them
and because they were consequently agitated by handling. How-
ever, it may be pointed out that a marked reduction in respiratory
exchanges was evident in these hibernating animals as compared
with the active ones. Their respiratory activity was reduced to
about one-third the normal amount. This reduction is not nearly

TABLE I

THE RESPIRATORY EXCHANGES OF I00 WORKERS FOR A PERIOD OF 24
HOURS AT HIGH AND Low TEMPERATURES

ACTIVE ANTS AT 200-250 C. HIBERNATING ANTS AT 30-6* C.

DATE

CO2 O 2 Resp. CO. O2 Resp.
(Cc.) (Cc.) Quot. (Cc.) (Cc.) Quot.

Nov. 28 .......... 1.917 2.02 0.949
Dec. 16............ 3.948 4.715 0.837
Jan. 5 ............ 3.292 3.552 0.927 0.588 0o.647 0.909
Jan. 8 ............ 3.73 4.385 o.851 1-595 1.535 1.039
Jan. 19 ............. 2.46 3.02 o.815 0.743 0.950 0.782
Jan. 27 ........... 3.585 3.776 0.949 1.03 0.84 I.226
Feb. 17 ......................................... 1.172 1.24 0.946Feb. 25 ............................................ io8 0.713 1.554

Average ..................................................... 3.176 3.603 0.888 1. 039 6.987 . 076

as great as that reported for other hibernators, however. The carbon-
dioxide production (average, 1.039 cc.) for the ioo ants during the
24-hour period was in most cases greater than the oxygen consumed
(average, 0.987 cc.). The respiratory quotient was, therefore, on the
average, over unity (I.076). Such a respiratory quotient has been
obtained for the bee by Miss Parhon (1909), but it is in marked con-
trast with the respiratory quotient of hibernating mammals, in
which it may descend as low as 0.3.,

These results are imperfect and need extension, but the author
has no facilities at hand for immediate prosecution of the problem.

TEMPERATURE OF ANT AGGREGATIONS

Attention has already been called to the habit of gathering in
dense masses of closely packed individuals during the winter for

I J. Athanasiu, "Hibernation," Dictionaire de Physiologie, VIII (1909), 563-623.
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purposes of hibernation. It seems quite natural to inquire as to the
benefit, or benefits, derived from such aggregations in ants. The first

thought that occurs in this connection is that of temperature con-
servation, or possible production, as reported for bees in winter
(Philips and Demuth, 1914; also Gates, 1914)-
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FIG. 4.-Showing apparatus used in obtaining temperatures of ant aggregations.
I, side view. II, transverse section. a, groove containing ants; c, cork to prevent escape
of ants; g, groove to accommodate thermocouple wires; i, procelain insulator; p, glass
plate covering groove; t, thermocouple junction; w, wire leads from thermocouples.

To that end a series of thermocouple experiments was begun.
An apparatus was constructed of a block of maple wood io inches
long and ia inches in each of the other two dimensions. It was cut
into the shape indicated in Figure 4. In the upper side of the block
a groove was made with rounded bottom ! inch wide. This was
similar in dimension to the burrows found in ant nests. Ten con-

stantan-copper thermocouples, previously calibrated, were closely fit-

VoL. I, No. 3, JULY, 1928]



346 A. M. HOLMQUIST

ted into holes in the floor of the groove in such a way that the junc-
tions protruded into the groove. The junctions were - inch apart,
so that no matter where the ants aggregated in the groove, they
would always come in contact with at least one junction. One junc-
tion, however, was placed at one end of the apparatus outside of
the groove, for the purpose of measuring the temperature of the air
outside of the apparatus. This junction was unprotected from air
currents, from heat from the experimenter's body, and from his
breath; and the results obtained from it were, in consequence, in-
constant. A strip of glass was glued over the groove so as to permit
observations of the ants. A cork at each end of the groove closed
it completely, preventing the escape of the ants. A narrow strip of
filter paper was placed in the bottom of the groove and moistened
to keep the ants from drying during the experiment. Readings were
taken on a portable field millivoltmeter.

Ants were then put into the apparatus. These had to be cooled
before handling in order to prevent excessive excretion of formic
acid and consequent death to the ants, and also to facilitate their
handling generally. The apparatus was then clamped to a heavy
plank so as to prevent jarring of the apparatus and disturbance of
the aggregation during the experiment. The millivoltmeter and the
thermos bottle containing the cold junctions were placed under the
shelter of a wooden box (2 feet in all three dimensions), open on
one side, while the apparatus containing the ants was outside of
this box. This arrangement protected the apparatus from tempera-
ture changes caused by the presence of the experimenter. It was
found that the position of the aggregation could be controlled by
putting an opaque cover over the spot where aggregation was de-
sired. In this way, it was thought that, by causing an aggregation
at one end, a graduated series of temperatures could be obtained
from one end of the apparatus to the other if any marked differ-
ence in temperature was produced by the aggregation.

Seven experiments were performed. Some of these were run for
24 hours; others for shorter periods. One of the 24-hour experiments

is representative of the rest, and the result of this one is herewith
given. This experiment was performed April 15-16, 1925. One hun-
dred twenty workers were used. Readings were taken every 2 hours
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for the 24-hour period on junctions located as follows: three in the
densely packed aggregation at one end, giving the temperature of
a dense aggregation; one at the edge of the aggregation, giving the
temperature in a loose part of an aggregation; two outside of the
aggregation, not in contact with any ants, and giving the tempera-
ture of the air inside of the apparatus; and one outside of the ap-
paratus, giving the temperature of the air. Each set of readings took
15 minutes. The experiment was done outside of the laboratory at
outdoor temperatures (30-I4 C.).

The temperatures given by two of the junctions are plotted in the
graphs in Figure 5. These two sets of temperatures are those of a
dense aggregation, and those of the air outside of the aggregation
but within the apparatus. The temperature of the air outside of the
apparatus is not given because it was found that the couple was
so sensitive that it indicated fluctuations due to air currents or to

heat from the experimenter's body when the readings were taken.
Instead, the air temperatures inside the apparatus were used for
comparison because this couple was protected from such minor
changes of temperature and gave a representation of the tempera-
ture as it might be conceived to be in the air of the empty parts of
the burrows. Temperatures in the loose part of the aggregation were
found to be intermediate between air and aggregation temperatures.

Examination of the graphs reveals a wide range of air tempera-
tures between day and night (3.20-14.40 C.), which afforded a for-
tunate opportunity for testing the temperature of the aggregation
at various temperatures. It is seen that the temperatures within the
aggregation follow those of the air very closely, the widest differ-
ence being only about o.6' C. at the highest and lowest points of the
graph. No striking gradations of temperature were obtained. There
was neither a marked production of heat nor even a significant con-
servation of heat, such as is reported for the bee clusters in winter.
Only a slight lag in temperature of the aggregation is indicated. All
the other experiments substantiated the foregoing results. It has
been suggested that this lag is not more than might be expected of
a heap of dead ants closely packed together, or of other dead materi-
al. The substitution of dead ants or other dead material for the live,

hibernating ants was not made in this experiment, but thermocouple
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tests made by the author on the temperatures existing in various
types of hibernacula (under bark, in wood, under leaves, etc.) showed
that these dead materials exhibit a more or less marked lag in
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FIG. 5.-Showing the relative temperatures of the ant aggregation as compared
with those of the air during a 24-hour period. Graph A gives the air temperatures ob-
served, and Graph B the temperatures occurring in the aggregation.

temperature, even in the loosely heaped masses of dead leaves. At
all events, it is evident that if there is any heat production.in these
aggregations of partially dormant ants, it is negligible.
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DISCUSSION

A great variation in degree of dormancy may be observed among
hibernating animals during the winter months. Some sink into a
deep state of lethargy from which it is difficult, if not impossible,
to arouse them to activity, or to bring about resumption of develop-
ment in the case of the immature stages. These seem to show a pe-
riodicity in the hibernation phenomena which is independent of tem-
perature. This type of dormancy has been called "diapause," and
species exhibiting this diapause have been called "heterodynamic"
species (Roubaud, I922). Other species are deeply dormant only
during very cold weather and are easily roused from this dormancy
by warming. In fact, their activity is directly related to the en-
vironmental temperature. Such species have been designated "ho-
modynamic." Such species differences have been observed among
arthropods by the author. As a result of these differences, many
definitions of hibernation have been proposed. Some insist that the
term "hibernation" should only be applied to those species that
show the above-mentioned deep and periodic lethargy. Others in-
clude also the varying dormancy of those species which seek shelter
during the cold winter months but whose activity is determined by
the temperature. However one defines the term, the distinction be-
tween the deeply dormant, periodic type of hibernation and the
mere numbness and inactivity caused directly by cold is a very real
one and should be kept in mind. The former type has been desig-
nated "true hibernation" and the latter "false hibernation."

What type of hibernation does F. ulkei exhibit, and what is the
nature of its hibernation?

As already pointed out, its activity is much reduced during the
hibernation period but varies with the surrounding temperature.
The ants readily respond to warming. Ants kept at room tempera-
ture all winter remain active, feed, reproduce, and are apparently
in possession of normal activity throughout the hibernation period.
They retire to winter quarters gradually, maintaining some activity
at the surface until late fall. Emergence from hibernation is like-
wise gradual. As soon as frost is out of the ground and the soil be-
gins to warm, surface activity begins. Nor do the immature stages
require a period of exposure to low temperature for the completion
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of development, as is the case of species showing diapause phenom-
ena, for the eggs hatch in the laboratory nests at constant warm
temperatures.

In view of these facts, it cannot be said that F. ulkei exhibits
the periodic, deeply lethargic type of hibernation so common among
other Hymenoptera. On the other hand, its hibernation is less pro-
found, its activity being subject to temperature variations; in gen-
eral, this species resembles roaches, Drosophila, Musca domestica,
myriapods, etc., in its hibernation. If we adopt the terminology
"true" and "false" hibernation, only the latter term can rightly de-
scribe the hibernation of F. ulkei. Or, to use Roubaud's terminology,
we can refer to F. ulkei as being a "homodynamic" species.

F. ulkei, like other ants, is at all times very sensitive to tempera-
ture differences. In summer, its activities are confined to the parts
of the nest showing the more optimum temperatures; and on very
warm days, there is a careful avoidance of the hot, sun-baked por-
tions of the mound. The larvae and pupae are shifted from one
part of the mound to another in conformity with temperature and
moisture conditions. In fall, when temperatures are falling, the
pupae are carried to the bottom of the nest where warmer tempera-
tures obtain. This sensitivity to temperature differences was shown
by the following incident, observed in late fall. Twenty-five to thirty
workers had been placed in a large, wide-mouthed bottle which I
held in my hand. After a time it was observed that this entire group
had gathered in a mass directly over the small area warmed by my
thumb. Other incidents of a similar character have substantiated

this keen sensitivity to temperature differences.
This sensitivity to temperature and the close relation of ac-

tivity to temperature in this species suggest very strongly a possi-
ble explanation for retirement to hibernation quarters, as well as for
the described aggregation phenomenon seen in this species. The U.S.
Weather Bureau reports for the Chicago region for 1924 showed an
atmospheric temperature in late August that was above normal for
that season and locality. Early September was cool-in fact, 150 F.
below normal. This rather abrupt lowering of air temperatures
caused a similar change in the surface soil, but the deeper parts of
the nest were only slightly affected. The result was a reversal of
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the temperature conditions in the nest, with lowest temperatures
at the surface and progressively higher temperatures toward the soil-
water level. In order to escape the low temperatures in the upper
parts of the nest, the ants retired as far as possible from the colder
surface soil to the warmer levels below, carrying their pupae with
them. The weather report for the rest of September showed a con-
tinued, but irregular, drop in temperature, causing the retirement of
more and more ants to the deeper parts of the nest. This concen-
tration of the large number of individuals of the colony in the warm-

est parts of the nest at the bottom results in the formation of ag-
gregations as described. The arrival of others from above and the
upward migration from below to escape the rising water level re-
sult in the crowding of the ants into the densely packed masses so
commonly seen during the winter. Since it has been shown in this
paper that there is little or no heat production or conservation in
the aggregations, it is probable that the presence of a common ad-
vantageous site for escape from cold is in part responsible for the
formation of the winter aggregations, but instinctive reactions may
also play a part.

That temperature is the main factor in causing hibernation in
ants has been indicated by the work of Cobelli (1903). This inves-
tigator made observations on several species of ants and found that
the time of entrance into hibernation and emergence from hiberna-
tion was directly correlated with the sensitivity of these species to
cold. Other investigators (McCook, 1877; Tanquary, 1913) have not-
ed the relation between temperature and nest activity during fall
and winter in other species.

Emergence in spring seems to be a temperature phenomenon
also. This is shown by the fact that surface. activity begins as soon
as frost is out of the ground and gradually increases in intensity
until all ants have left their hibernation quarters at the lower levels
of the nest and become active at the surface. A possible explana-
tion of this gradual awakening was suggested by an observation
during an experiment on aggregations. The experiment was done
at a temperature of 220-250 C., so that the ants were not torpid.
They were congregated at one end of the apparatus under the opaque
cover. In order to move the aggregation to the opposite end of the
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apparatus, this cover was shifted to the opposite end, thus exposing
the aggregation to the sunlight. At once, some of the ants at the
free end of the group commenced to bestir themselves, and soon
they began to carry the other aggregated and inactive ants, one by
one, a short distance from the rest of the heap. Some of these re-
moved ants then engaged in the business of removing other ants;
while others retired to the new darkened end of the apparatus and
there began to form another aggregation. At once the condition in
the nest suggested itself. The scattered ants that over-winter in the
frozen soil of the mound are roused to activity in the spring when
the surface soil becomes warmed. In some nests, at least, the hi-
bernating masses of ants are forced upward at about the same time
by the encroaching soil water, making them available to the ants
that are already active. In view of the above-described observa-
tion, it is entirely possible that the ants of the hibernating aggre-
gation are pulled out from the pile bodily, carried toward the warm-
er surface soil, and roused to activity by these stray surface ants.
At least, the behavior mechanism is at hand. It is my opinion that
the work of arousing the rest of the colony constitutes one of the
chief activities of these surface workers during early spring. The up-

ward migrations that take place in some of the nests because of the
rising water may also bring some individuals so close to the surface
that they are influenced by the warm surface soil and are thereby
roused to activity.

The ants are surrounded with rather constant conditions during
their hibernation. Retirement to the deeper parts of the nest below
the frost line insures a non-fluctuating, slowly rising, and slowly
falling temperature that remains above C., and thereby fur-
nishes one protection against freezing. This is in accord with the
observations of Steiner (1924), who found that, although Formica

rufa maintained a constant nest temperature of 230-290 C. during
the summer, it was unable to do so during the winter.

The ants may or may not be surrounded with saturated soil,
depending upon whether the nest is located on high or low ground.
When they are in saturated soil, they are so situated only incidental-
ly in their escape from the cold temperatures of the surface. The
fluctuating level of the water constitutes the most disturbing factor
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in the winter environment of the colonies located on low ground.
This same disturbance may enter into the environment of the high-
ground colonies, but probably to a much less extent.

The reduction of physiological processes noted in this species is
the usual accompaniment of hibernation. But certain differences
may be pointed out.

The respiratory exchanges are not reduced nearly as much in
F. ulkei as is reported for other hibernators. In the hedgehog, res-
piration is reduced o0 times (Pembrey, 1903), in the marmot 30
times (Regnault and Reiset, 1849), in the spermophile 46 times
(Horvath, 188o), and in the grasshopper 8-io times (Bodine, 1923).
In comparison with these, respiration in F. ulkei was found to be
reduced only to one-third its normal amount. Perhaps this relative-
ly small reduction is correlated with the maintenance of a consider-
ably greater amount of activity on the part of the ants.

The respiratory quotient is variable in the different species of
hibernators during the hibernation period. In mammals, the respir-
atory quotient is reduced from unity to o.6 and may be reduced
to 0.3; in the frog, the respiratory quotient is increased, approaching
or even exceeding unity (Athanasiu, 1909); while in the bee, the
quotient is reported to remain around unity throughout the year
(Parhon, 19o09). The quotient in the case of F. ulkei, though some-
what irregular at low temperatures (0.782-1.554), hovers around
unity (1.076 average). The meaning of such differences in hibernat-
ing species is not clear. Krogh (1915) has correlated respiratory
quotients with the type of metabolism. According to his interpre-
tation, if any significance attaches to the quotients determined for
F. ulkei, it is that carbohydrate metabolism is indicated and that
stored carbohydrates furnish the nourishment during the winter.
But more experiments are needed on this point.

The loss in water content noted in F. ulkei during the winter is
one of the universal physiological accompaniments of hibernation.
It is a gradual process beginning in fall at the onset of cold weather
and inactivity and returning to normal on the resumption of activity
again. However, the reduction in water content is all the more re-
markable in the case of F. ulkei because it occurs in spite of the fact

that the animals are surrounded with saturated soil (luring this
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period. Not only does this reduction take place in ants in such wet
surroundings at low temperatures, but also in ants kept active at
a fairly constant moderate temperature and merely moist surround-

ings, for laboratory ants maintained all winter at 2o0-250 C. and
surrounded with moist soil also showed a reduction in water con-

tent. The loss of water in the laboratory ants was not great, how-
ever, and returned to normal in January. Such water-content be-
havior must be the result of cyclic changes in metabolism, and not
merely temperature and humidity effects, as determined for oak-
borers (Payne, 1926). It is with metabolic water that we are con-
cerned in the case of these ants.

There is nothing unusual about the body-temperature phenom-
ena. The ants react as most cold-blooded animals do when subject-
ed to low temperatures. Unlike the honey bee, this species of Hy-
menoptera gives no evidence of any appreciable heat production or
conservation in winter. Whether it is capable of maintaining a con-
stant nest temperature in summer, such as is reported for Formica
rufa (Steiner, 1924), has not been determined.

Of course, there is no feeding in nature during the winter, since
these ants are so sluggish and so closely packed in their burrows
that feeding would be out of the question even if food were avail-
able.

There is undoubtedly a reduction in body weight as a result of
the loss of water and of the consumption of stored food in the body,
though this point was not specifically investigated.

The advantages accruing from the type of hibernation seen in
this species are numerous. The ants are fully protected from freez-
ing, not only by their retirement far below the frost line, but also
by the increased concentration of their body fluids as a result of the
loss of water. Even those that over-winter in the upper frozen parts
of the nest are none the worse for their exposure because of this
lowering of the freezing-point and because of the insulating effect of
the snow and ice covering the mound. Should the surface tempera-
ture of the mound descend considerably below C., the ants are
further protected by the well-known super-cooling phenomena

(Bachmetjew, 1900oo; Payne, 1926) of the body fluids. The reduc-
tion in metabolism obviates the necessity for the intake of food;
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whatever nourishment is required is amply provided by the fat body.
The reduction in gaseous exchange prevents suffocation while ag-
gregated into the densely packed masses noted. The reduction in
the 0, requirement also permits submergence for a longer period
without injury, should this happen. The maintenance of a small
amount of activity allows them to adjust their position to the fluc-
tuating water level and to respond to other strong stimuli. The
benefit of aggregation in winter is not clear. There is no appreciable
heat conservation or production in the aggregation, and there is no
special need for this since they are so well protected against freezing
by other means. It is possible that there is a mechanical protection
against drowning when the water rises by the trapping of bubbles
of air among the many legs, antennae, and bodies of the ants, so
that the ants have time to readjust their position. There may also
be a satisfaction of a gregarious instinct. But it may well be that
the winter aggregation represents merely an incidental congrega-
tion of individuals within more or less limited optimal portions of
the nest.
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