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Abstract 
The centralAustralian ant Melophorus bagoti is active during the hottestperiods 
of the summer day. Despite soil surface temperatures exceeding 700 C and air 
temperatures at ant height exceeding 50- C, this species did not cease midday ac-
tivity. Individuals were able to survive 2.5 min under these conditions without 
thermal respite. During natural foraging activity, however, thermal refuges were 
used during the hottest times of the day. In the laboratory the ants were found to 
have a critical thermal maximum (CTMax) of 56 70 C and were able to survive 
for 1 h at 540 C Peak activity in the field occurred when soil surface temperature 
was 600 C and air temperatures at ant height and ant body temperatures were 
both 460 C. Apart from being one of the most thermally tolerant animals known, 
M. bagoti is unique in its avoidance of "cooler" temperatures. During February 
and March this species did not begin its daily aboveground activity until the soil 
surface temperature reached a mean of56 10 C and the air temperature at ant 
height was 43.9 C. In mid-April the corresponding temperatures at first activity 
were approximately 40 C lower, but activity ceased for winter shortly thereafter. 
There is no evidence linking polymorphism in this species with its thermal 
biology. 

Introduction 

Thermophilia has been noted in the desert ant genera Ocymyrmex (For-
micidae: Myrmicinae) of southern Africa and Cataglyphis (Formicinae) of 
northern Africa and Eurasia (Hilldobler and Wilson 1990). These ants typ-
ically forage for arthropods (Harkness and Wehner 1977; Marsh 1985a) that 
have presumably succumbed to the extreme heat, which these ants, however, 
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are able to withstand (Marsh 1985a, 1985b; Cerda et al. 1989; H6lldobler 
and Wilson 1990). Although they have been studied less than the above-
mentioned genera, it is clear that some ants of the Australian genus Melo-
phorus (Formicinae) are similar in many respects, including their foraging 
for dead arthropods at extremely high temperatures (Greenslade 1979; 
Briese and Macauley 1980; Andersen 1983; Wehner 1987; Morton and 
Davidson 1988). 

Some of the ecological implications of activity at high temperatures by 
Melophorus have been investigated. It has been noted that the ants are active 
only during summer months (Andersen 1983) and that their activity periods 
tend to be different from those of other sympatric ant species (Briese and 

Macauley 1980). It has been suggested that their temporal foraging patterns 
may be designed to avoid interactions with ants of the genus Iridomyrmex, 
which are abundant and ubiquitous in Australia (Greenslade 1979; Green-
slade and Halliday 1983; Morton and Davidson 1988). However, there have 
not been any investigations concerning the details of the thermal responses 
and tolerances of any species of Melophorus. 

Here, we combine laboratory and field experiments with microclimatic 
measurements and observations of foraging ants to describe the thermal 
limits and behavior of Melophorus bagoti Lubbock, 1883, in central Australia. 
This species is widespread in arid regions of Australia, where our preliminary 
observations of its activity during very hot conditions suggested that it may 
be an extreme example within this genus. Its large size makes it easy to 
observe, to manipulate, and to directly measure body temperatures (Tb'S) 
with fine thermocouple probes. Like all members of the genus, this species 
is polymorphic. Although the polymorphism appears to be continuous, for 
the purposes of our study most workers were conveniently categorized as 
either small (15-25 mg and 6-8 mm long) or large (30-50 mg and 10-12 
mm long). Additional objectives of this study were to determine whether 
there are thermal advantages for the different body sizes and whether or 
not workers of different sizes exploit different microclimates to enhance 
the foraging ability of the entire colony. 

Material and Methods 

Laboratory Measurements 

The critical thermal maximum (CTMax) was measured by placing ants in a 

250-mL flask (closed at the top with plastic wrap) containing 3 mm of soil 
from the field site. The temperature of the flask was raised 1lC min-1 by 
immersing it in a water bath above a hot plate (Schumacher and Whitford 
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1974; Curtis 1985; Marsh 1985b). Temperature was measured with a 30- 
gauge thermocouple (type K) in conjunction with a Tsuruga digital ther- 
mometer suspended 3 mm above the soil. All thermocouples and digital 
thermometers used in the laboratory and field were calibrated in a water 
bath against a mercury thermometer traceable to a standard. The CTMax 
was considered to be the temperature at which ants began to have spasms 
(Marsh 1985b). The critical thermal minimum (CTMin) was determined by 
adding ice to the water bath so that the flask cooled at approximately 1-C 
min-1. The CTMin was considered to be the temperature at which activity 
ceased. 

The effects of longer-term exposure to high temperatures were examined 
by placing 10 ants at a time in a 250-mL flask (containing 3 mm of soil, a 
thermocouple at 3 mm above the soil, and three or four flakes of moist, 
rolled oats to provide some moisture, but no free water, for the ants) into 
an oven for an experimental period. The oven also contained two large trays 
of soil that served to stabilize its temperature. The oven containing the flask 
was set at the nominal temperature for each trial several hours before the 
ants were introduced. At the time of the experiment the ants were dropped 
into the flask, and plastic wrap was used to close the top of the flask. The 
introduction of the ants resulted in a drop in flask air temperature, but once 
the temperature reached the nominal temperature (approximately 5 min 
after introduction) a stopwatch was started. Flask air temperature was re-
corded at 1-min intervals with an Epson P-40 printer connected to the Tsu- 
ruga thermometer. After the experimental period (30, 60, 90, or 120 min) 
the flask was removed from the oven and a ball of water-soaked oats was 
added to the flask. Two hours later the number of live and dead ants was 
recorded. 

Field Site 

Observations and experiments were performed at four Melophorus bagoti 
nests on the grounds of the CSIRO Division of Wildlife and Ecology 10 km 
south of Alice Springs, Northern Territory, Australia. The vegetation at the 
site is a grassy, low, open woodland growing on a sandy clay loam. The 
ground layer is dominated by tussocks of Cenchrus ciliaris, which cover 
approximately 20% of the ground surface. There is a sparse overstory of 
Acacia estrophiolata and Hakea eyreana. Voucher specimens of M. bagoti 
from the site are deposited in the Australian National Insect Collection, 
CSIRO Division of Entomology, Canberra, Australian Capital Territory. 
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Microclimate 

The following microclimatic variables were recorded at hourly intervals on 
the field site during February and early March (summer) and again in mid- 
April 1991: solar radiation, measured with a BWD Precision Instruments 
pyranometer in conjunction with a BWD Precision Instruments integrator 
recorder; air temperature at 2 m (Ta2m); air temperature at ant height in the 
shade (Ta3mm sh); air temperature at ant height in the sun ( Ta3mm sun); and soil 

surface temperatures in the shade and in the sun (Tssh and Tsn). Air tem-
peratures were measured with 30-gauge thermocouples with their tips coated 
with white enamel paint to minimize errors due to radiation (Christian and 
Tracy 1985). Soil surface temperatures were measured with "surface-mount" 
thermocouples (Omega Engineering) with a thin layer of soil covering 
the sensor. Shade temperatures were measured under a 1-m2 cardboard 
shield (at 0.6 m above the soil) with the upper surface covered with 
aluminium foil. 

Ant Operative Environmental Temperature (Te) and Tb 

Ant Tb'S were measured in two ways using rapid response hypodermic 
needle probes with a diameter of 0.2 mm (Omega Engineering, 
HYPO331G60SMPM) in conjunction with an Omega Engineering type T 
thermocouple thermometer. In the first instance, the probe was inserted 
into the thorax of ants that had been killed with ethyl acetate, and they were 
then placed in various microhabitats as measures of Te (Bakken 1976; Marsh 
1985b). These temperatures serve as a measure of the equilibrium temper-
ature that an ant would attain in that microhabitat without evaporative cooling 
or metabolic heat production, and for most small insects this is approximately 
equal to Tb (Casey 1981; Marsh 1985b). The Te's were measured at ant height 
in the sun and shade and in full sun but elevated 20 mm above the soil to 
determine the thermal effect of an ant's being in vegetation at this height. 

The fine hypodermic probes were also used to measure Tb'S of foraging 
ants by sticking the probe through the wall of the thorax after the ant had 
been grasped with forceps. Several precautions were taken to minimize 
errors due to handling or conductive heat exchange. (1) Plastic forceps 
were used to grasp the ant to minimize heat transfer between the ants and 
the holding device. (2) Prior to the measurements the probe was kept el-
evated and in the shade of the observer so that it was exposed to air tem-
peratures that were cooler than the environmental temperatures at ant height. 
Thus, any errors due to conductive heat exchange between the hypodermic 
probe and the ant would have resulted in measurements slightly cooler 
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rather than slightly warmer than the true temperatures. (3) Ants were kept 
at their normal height above the soil during the measurements. (4) If a 
measurement was not obtained within an estimated 3 s from the time the 
ant was first restrained, then the ant was released without a temperature 
being recorded. (5) After the temperature had been noted, the ant was lifted 
and examined closely to determine that the probe was properly inserted in 
the thorax before the Tb was recorded. The Tb measurements injured the 
smaller ants, but larger ants typically resumed normal foraging behavior 
after being released. 

Field Experiments 

A measure of critical temperature under field conditions was performed by 
holding ants by the tarsi of one hind leg on an area of bare, fully insolated 
soil for a period of 2.5 or 5 min (O'Neill and Kemp 1990). Plastic forceps 
were used to hold the ants; the tips of the forceps were pushed under the 
soil to prevent the ants from crawling above the soil surface, but the ants 
were able to stand in a normal manner with their thoraxes approximately 3 
mm above the soil. Soil surface temperature and air temperature at a height 
of 3 mm were measured simultaneously (at 1-min intervals) at a site ap-
proximately 2 m from the ant. After the allotted time the ant was released, 
and its ability to escape and return to the nearby nest was recorded. 

An experiment was performed in the field to determine whether the Te 
of small and large morphs differed in the same microclimatic conditions. 
The hypodermic probes were inserted into a large and a small dead ant, 
and they were positioned 20 cm apart in lifelike postures in full sun. Seven 
measurements of Te were recorded from the pair of ants at 15-s intervals 
after they had equilibrated for at least 20 min. This was repeated 10 times 
(near solar noon on 2 d) with 10 pairs of ants. The Te's of the large and 
small ant of each experimental pair were compared with a t-test. 

An experiment was performed with dead ants and the hypodermic probes 
to determine the transient temperatures for an ant moving from full sun to 
full shade or vice versa (Willmer and Unwin 1981). The ant was allowed to 
equilibrate for 20 min in either full sun or full shade, and then the shade 
was introduced or removed and temperatures were then recorded at 3-s 
intervals for 2 min with a Tsuruga thermometer connected to the Epson 
printer. The temperatures were later inspected, and a plateau equilibrium 
temperature was defined as being reached at a point at which temperatures 
leveled off or reversed direction for three consecutive readings. Regression 
analysis was used to calculate a slope of temperature versus time from the 
beginning of an experiment until the plateau was reached. This experiment 
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was repeated with nine large and nine small ants, and the slopes were 
compared by ANOVA. 

Field Observations 

The nest hole of M. bagoti is plugged from the inside when the nest is 
inactive. This makes it easy to determine the time and conditions at the 
beginning and ending of the colony's activity. In the mornings the nests 
were inspected continuously to determine when activity began. The time 
and Tss and Ta3mmsun at the nest hole were recorded at the time of first 

activity each day and at the time of last activity on some days. Activity at 
nest holes was recorded during a 10-min period each hour. The number of 
ants entering or exiting the nest was tallied, and large and small ants were 
recorded separately. 

During each hour foraging behavior was investigated by following workers 
individually and recording the number of seconds spent on fully insolated 
soil and the number of seconds spent in a cooler microhabitat. Cooler mi-
crohabitats included shade or an elevated site on vegetation. Each hour a 
total of 180 s of foraging time was quantified for each of the two size classes. 
Because individuals sometimes went into the nest or were lost for some 
other reason, each 180-s sample consisted of data pooled from 3-5 indi-
viduals. 

Foraging activity was also investigated by measuring the amount of time 
a worker spent in full sun before retreating into a cooler microhabitat. A 
stopwatch was started when the ant moved from a cool microhabitat and 
was stopped when it returned to such a site. This was repeated for six large 
and six small ants each hour. 

Statistics 

One- and two-way ANOVAs were used to investigate differences between 
the sizes, times of day, or months for the different parameters examined. A 
Fisher's protected least significant difference was used to separate means 
in one-way ANOVAs. 

Results 

Laboratory Measurements 

The mean CTMax for large ants was 56.60C (n = 15, range = 54.50-58.10C) 
and was not significantly different (t28 = 0.51, P = 0.62) from that of small 
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workers (56.80C, n = 15, range = 54.70-58.70C). Similarly, the CTMin's 
were not different (t28 = 1.77, P = 0.09) between the large (X = 13.50C, n 
= 15, range = 10.70-150C) and small (X= 14.10C, n = 15, range = 11.50- 
15.50 C) workers. 

The ability of the ants to survive longer-term exposure to high tempera-
tures is shown in table 1. Most ants survived up to 120 min at 520C and for 
as long as 60 min at 54-C. 

Microclimate 

The hourly mean solar radiation and environmental temperatures for 15 d 

during February to early March are shown in figure 1. The days were uni- 

formly hot with few clouds. Maximum Tsun often exceeded 650C and oc-

casionally exceeded 700 C, and maximum Ta3mmsun exceeded 500C during 
midday on some days. Similar data for three days in mid-April are shown in 

figure 2. Although distinctly cooler than the earlier conditions, April was 
nevertheless characterized by cloudless skies and warm temperatures. 

TABLE 1 

Results of an experiment in which ants were held at high temperature 
in an oven 

Mean Temperature Time 

(-C) (min) Percentage Surviving (n = 10) 

49.8(.71) 30 100 

52.1(.56) 30 100 

54.0(.26) 30 90 

55.0(.29) 30 10 

56.0(.24) 30 0 

50.3(.98) 60 100 

52.1(.51) 60 90 

53.9(.39) 
60 60 

51.9(.56) 90 90 
51.9(.54) 120 80 

Note. The mean temperatures are means of measurements taken at 1-min intervals inside a 
sealed flask at 3 mm above the soil layer in the bottom of the flask. Data in parentheses 
are SDs. 
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Fig. 1. Microclimatic measurements for summer (February and March) 
near the nests ofMelophorus bagoti. Points represent means, and the er-

ror bars for solar radiation are I SD. 

Ant Te and Tb 

A two-way ANOVA of the Tb data during summer revealed no difference 
between large and small ants (F1,434 = 3.24, P = 0.07), but there was a 

significant effect for time of day (F5,434 = 25.07, P< 0.001). The data for the 
two sizes have been combined in figure 3, which shows the daily pattern 
of Tb; temperatures were lower (420-43-C) during the first and last hours 
of activity but similar (450 -46oC) throughout the remainder of the day. 

Figures 4 (summer) and 5 (mid-April) show hourly means for mea-
surements of Te at 3 mm in sun, at 3 mm in shade, and at 20 mm in sun 
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Fig. 2. Microclimatic measurements for April near the nests of Melopho-
rus bagoti. Points represent means, and the error bars for solar radiation 
are + 1 SD. 

and Tb measurements of live ants. The measurement of Te at 3 mm in sun 
was higher than Te at 20 mm in sun, which was higher than Te at 3 mm 
in shade. During summer, Tb was not different from Te at 3 mm in sun 
during most hours of the day but was significantly lower (P < 0.05) at 
hours 12 and 13. During April, ants were active for a much shorter period 
of the day, but during the hours they were active there was no difference 
between Tb and Te at 3 mm in sun (F1,70 = 1.52, P = 0.22). The slight 
discrepancies between Tb'S in figures 3 and 4 are due to the fact that the 
Tb data in figure 4 represent a subset, measured at the same time as the 

Te's, of the data in figure 3. 
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Fig. 3. Ant body temperatures as a function of the time of day during 
summer. Error bars represent 95% confidence intervals. 

Field Experiments 

All ants were able to survive being held in full sun for 5 min under conditions 
of Tssun<   660C (table 2). At Tssun between 660 and 700C most ants were 
affected after 5 min, but all were able to survive 2.5 min under these con-
ditions. 

Of 10 experiments comparing simultaneous measurements of the Te of 
large and small ants, five showed no significant difference between the two 
sizes. In three experiments, the smaller ant was significantly hotter, and the 
larger ant was significantly hotter in the other two. Under field conditions 
there was no consistent size effect on Te. 

A two-way ANOVA on the slopes of temperature versus time for the heating 
and cooling of dead ants revealed no difference between large and small 
ants (F1,27 = 0.79, P = 0.38) and no difference in the slopes of heating 

compared to the slopes of cooling (F1,27 = 3.44, P = 0.075) under field 

conditions. The overall mean time to go from an equilibrium temperature 
in shade to an equilibrium temperature in sun (and vice versa) was 53 s. 

Field Observations 

The counts of ants going into and out of the nest over 10 min each hour 
during summer were expressed as an arcsine-transformed percentage of the 
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Fig. 4. Mean operative environmental temperature as measured from 
mounted dead ants in three microhabitats during summer. Mean body 
temperatures of living ants that were measured simultaneously are also 
shown. Error bars are - 1 SD. One side of overlapping error bars has 
been left offfor clarity. 

total number of ants counted on the day (because nests were of different 
sizes). A two-way ANOVA revealed no significant difference in the relative 
abundance of the two sizes across the day (F1,, = 0.01, P = 0.99 for ants 

going into the nest; F1,7 = 0.01, P = 0.99 for ants going out), but there were 
significant differences in the number of ants present at different times of 
the day (FI,7 = 21.95, P< 0.001 for ants going in; F,, = 14.83, P< 0.001 for 
ants going out). Figure 6 shows that there was relatively low activity early 
and late (1000 and 1700 hours), highest activity at the nest during late 
morning (1100 and 1200 hours), and an intermediate level of activity at 
other hours. The number of ants going out dropped an hour before there 
was a reduction in the number going in. 

A two-way ANOVA of the amount of time spent in cool microhabitats 
(shade or elevated) revealed no difference between the two sizes of ants 

(F1,6 = 0.10, P = 0.75), but there was a significant effect due to hour of day 

(F1,6 = 15.11, P< 0.001). The pattern of exploitation of cooler microhabitats 
is illustrated in figure 7. Small amounts of time were spent in cooler areas 
early and late in the day (1000, 1100, and 1600 hours), relatively high 
amounts at 1300 and 1400 hours, and intermediate amounts at the hours of 
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Fig. 5. Mean operative environmental temperature as measured from 
mounted dead ants in three microhabitats during April. Mean body tem- 
peratures of living ants that were measured simultaneously are also 
shown. Error bars are + 1 SD. One side of overlapping error bars has 
been left of for clarity. 

1200 and 1500. The mean number of seconds in cooler areas (of the 180-s 

sample period) ranged from 12 s at 1000 hours (6.7% of foraging time) to 
90 s at 1300 hours. Thus, at the hot hour of 1300 the mean amount of time 

spent in cooler areas was 50% of the foraging time. 
The length of time foragers spent in the sun between visits to cooler 

microhabitats followed a similar pattern. There was no difference between 
the two sizes of ants (F1,, = 0.55, P= 0.46), but the hours of the day differed 

greatly (F1,, = 38.02, P < 0.0001) as shown in figure 8. The mean amount 
of time that foragers spent in the sun ranged from 10 s at 1300 hours to 98 
s at 1700 hours. During the heat of the day the foragers stopped often, 
although often only briefly, but at cooler times of the day they appear to 
actively avoid shade. 

During summer Melophorus bagoti did not begin activity in the mornings 
until the Tsn reached a mean of 56.10 C and the mean Ta3mm sn 

at the nest 

opening was 43.90C. At this time of year nests were active for a mean of 
6.75 h a day. In April the environmental temperatures at first activity were 
approximately 4-C lower, and the nests were active only a mean of 2.90 h 
a day. This represents a 57% reduction in foraging time for the colony. On 
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TABLE 2 

Results of a field experiment in which ants were held on the surface of the 

soil for a given period 

Tssun Ta3mm sun Period 
(oC) (oC) (min) Result 

56-60 .... 45-52 5 All survived 

61-65 .... 45-54 5 All survived 

66-70 ... 45-52 5 2 each size survived; 4 each size died 
66-70 ... 44-51 2.5 All survived 

Note. The range of soil surface and air temperatures at ant height are given for each 
experimental period. Six large and six small ants were used in each experimental period. 

the basis of counts of ants at the nest during 10 min of each hour, during 
the hours in which there was activity at the nest in April there was a 96% 
reduction in number of ants foraging compared to summer. Thus, activity 
was reduced significantly in April despite the fact the days were cloudless 
with Ta2m reaching 300C, Tssun > 500C, and Ta3mm sun reaching 400C. Given 
the daily and seasonal patterns of activity relative to environmental condi- 
tions, it can be concluded that these April conditions are marginally too 
cool for maximal activity by M. bagoti. Two of the four nests became com-
pletely inactive for the winter during the last week of April and the other 
two became inactive the first week of May. There was an asymmetry between 
temperatures at the start and end of daily foraging activity (table 3) with 
the ants being active at cooler temperatures late in the day as compared to 
the beginning of the foraging day. 

Discussion 

No evidence in any of the experiments or observations suggested a thermal 
advantage to worker caste polymorphism in Melophorus bagoti. The thermal 
tolerances, foraging behavior with respect to activity times, thermoregulatory 
behavior, and Tb'S of large and small ants were not different. Although larger 
ants receive more solar radiation due to their larger surface areas, this may 
be offset by the fact that the larger ants are slightly higher above the soil 
surface where the air temperature is cooler and wind speeds are higher. 
The net effect of these two counteracting factors would largely depend on 
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Fig. 6. Activity at the nest entrances expressed as the angular transfor-
mation of counts during 10 min of each hour. Ants going into the nest 
are shown in the top graph, and ants leaving the nest are shown in the 
lower one. Error bars represent 95% confidence intervals. 

the thickness of the boundary layer close to the ground, which in turn would 
depend on wind speed. Because of their relatively greater surface area to 
volume ratio, smaller ants would tend to heat and cool faster than larger 
ants. It is therefore likely that under controlled conditions in the laboratory 
it would be possible to demonstrate differences in both heating rate and 
equilibrium temperature between the large and small ants. Under field con-
ditions, however, the interacting factors that determine the Tb Of an animal 
close to the ground, where there is an extremely steep thermal and wind 
speed gradient, change with slight variations in wind speed and with the 
small convective eddies apparent in desert conditions. In these very rapidly 
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Fig. 7. The amount of time (of 180 s offoraging activity measured each 

hour) that ants spend in cooler microhabitats (shaded or elevated) as 

opposed to being on fully insolated bare soil. Error bars represent 95% 

confidence intervals. 

changing conditions, it is unlikely that the different-sized ants could suc-
cessfully exploit the small dynamic differences in their environment unless 
they foraged in distinctly different microhabitats. This was not apparent. 

The effects of size differences with respect to water loss have been mod-
eled in the desert ant Pogonomyrmex rugosus (Lighton and Feener 1989), 
indicating that larger ants would be able to forage for longer periods than 
smaller ants. For this species, a 20-mg ant would be able to forage for >8 
h at 450C. If the rate of water loss in M. bagotiis similar to that of P. rugo'sus, 
then M. bagotiwould be able to forage much longer than the 6.75 h during 
which nests are active in summer. Thus, it seems unlikely that polymorphism 
in M. bagoti has evolved as an adaptation related to either water loss or the 
thermal environment. 

The thermal tolerances of M. bagoti in the laboratory are extremely high 
compared with those of other animals. The CTMax is higher than in any of 
the other desert ants tabulated by Marsh (1985b). It should be stated, how-
ever, that the methods used to determine CTMax in ants do not directly 
measure Tb; more important, when the flask containing the ants is heated 
from below the positioning of the thermocouple above the bottom is critical. 
The temperature gradient is steep, and slight differences in height would 
make it difficult to precisely compare results from different studies. 
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Fig. 8. The amount of time ants spend in full sun between visits to cooler 

microhabitats as a function of time of day. Twelve ants (six large and six 

small) were timed each hour. Error bars represent 95~% confidence 
intervals. 

Unlike the flasks in the CTMax experiment, however, the flasks in the 
longer-term exposure experiments were uniformly heated and isolated in- 
side the oven from different thermal environments. The air temperature at 
ant height would necessarily be very near Tb. The only mechanism that 
could reduce Tb would be evaporative cooling, and that would not be ef-
fective in a sealed flask in an oven, even if the ants were physiologically 
capable of transporting enough water. The lethal dose (LDS50) for M. bagoti 
for 1 h exposure to high temperature would be between 540 and 550C. 
Several species of Cataglyphis from the Sahara can survive an hour at 500C 
and 10-20 min at 550C (Delye 1967), but no other combinations of time 
and temperature are available for comparison. Cataglyphis bombycina from 
the pre-Saharan steppe of Tunisia was found to be the most thermally tolerant 
of the ants and beetles of that area, with an ability to survive 10 min at 500C 
(Heatwole and Harrington 1989). Ocymyrmex barbigerfrom southern Africa 
were unable to survive 30 min continuously at 510 C, but they were able to 
survive this temperature with brief thermal respites (Marsh 1985 b). Another 
thermally tolerant insect, the thysanuran Thermobia domestica, is able to 
survive long periods at temperatures as high as 520C but only 12 min at 

54-C (Sweetman 1938). 
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TABLE 3 
Paired comparisons of temperatures on days when they were measured 
both at the start and end offoraging activity for a nest 

Tssun Ta3mm 

(oC) (oC) 

Summer: 
start 57.4 44.8 
End 45.8 41.6 

April: 
start 52.1 40.2 
End 42.2 35.6 

Note. Only days for which both starting and ending environmental temperatures were 
recorded are included, and the data were analyzed with paired t-tests. For Tsson in summer, 
t, = 8.81, P = 0.0003; for Ta3,mm in summer, t5 = 2.25, P = 0.07; for Ts,,, in April, t5 = 12.74, 
P = 0.0001; for 

Ta3mm 
in April, t5 = 6.66, P = 0.001. 

The results of the field measure of critical time at high temperatures also 
indicated an extreme tolerance to hot conditions. All ants survived being 
held in place for 2.5 min in conditions of Tssun between 660 and 700C and 

Ta3mm sun between 440 and 51oC. This period of time without thermal respite 
is much longer than workers experience during unencumbered activity (figs. 
7 and 8). However, the thermal "refuges" used by M bagoti during midday 
are undoubtedly still very hot given that the patches of shade tend to be 
small in the sparsely vegetated habitat. Considering that less than 50% of 
the foraging time during midday is spent in such refuges, it appears that 
the ants forage near the thermal limit and exploit thermal refugia on a time 
scale of seconds to be active under these extreme conditions. Similar for-

aging at the thermal limit has been reported in other desert arthropods 
(Marsh 1985b; Lubin and Henschel 1990). The desert ant O. barbiger uses 
thermal refuges at high temperatures, but when T,,o reaches 670C above-
ground activity ceases. 

Despite the fact that there were times during this study when Ts,,n ex-
ceeded 70-C, there was never a cessation of activity by M. bagoti during 
midday. As figure 9 illustrates, no other ant is known to continue its activity 
under such extremely hot conditions (Marsh 1985b; Holldobler and Wilson 
1990). As long as there is some vegetation to provide shade and elevated 
microenvironments, it may never be too hot in central Australia for foraging 
by M bagoti. 
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tivity due to hot conditions, (b) peak activity, and (c) first activity of the 

day for a number of species of ants. Except for the data for Melophorus 

bagoti these data were taken from table 10-1 of Hblldobler and 

Wilson (1990). 

The mean Tb Of foraging M. bagoti in summer was 46.00C during midday, 
and a maximum reading of 51.10C was recorded. Measurements of T7 at 3 
mm in the sun were similar to measurements of Tb except for 2 h in the 
heat of the day in which Tb's were significantly lower than Te's. This dis-

crepancy could possibly be explained in part by slight errors in measure-
ments of Tb resulting from conduction from the cooler probe. If this effect 
had been significant, however, it would have presumably affected the mea-
surements at all times of the day. It is more likely that the lower Tb's for 
these 2 h can be explained by the thermoregulatory behavior illustrated in 
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figures 7 and 8. Ants during this time of day spent about half of their time 
in cooler microhabitats and would therefore be in a thermally transient state 
(Tracy and Christian 1986) much of the time. It is likely that many of the 
ants caught and measured during this period had only recently left a cooler 
microhabitat and, unlike the dead ant (Te at 3 mm in sun), were not in 
thermal equilibrium with the environment. 

The peak in activity during summer occurred at 1100 and 1200 hours. 
This corresponded with a mean Tsuo of 600C and a mean Ta3mm sun of 460C 
and represents a peak of activity at environmental temperatures well above 
that for other ants and higher than the maximum conditions for most species 
(fig. 9). As mentioned above, the Tsn experienced by M. bagoti is also 
higher than other ants. Thus, the thermal tolerances, the maximal conditions 
tolerated, and the thermal conditions at peak activity all indicate that M. 
bagoti is extraordinarily tolerant of high temperatures. However, perhaps 
the most striking aspect of the thermal biology of this species is the extremely 
hot conditions constituting minimal conditions for activity. During summer 
the Tsn at first activity is 56.10C; similar data for other ants are compared 
in figure 9. There were no other ants apparent on the study site in the 
mornings at the time of the first activity of M. bagoti. 

The fact that these ants are capable of walking at temperatures as low as 
150C suggests that the reasons for restricting activity to times of extremely 
high temperatures may be related to interactions with other species rather 
than direct physiological limitations. The slow walking speeds of the ants 
at lower temperatures during the CTMin experiments suggested that their 
foraging effectiveness would be reduced if they attempted to be active under 
these conditions. Measures of CTMin for some other desert ant species are 
as follows: Formica perpilosa, 5.20C, and Trachymyrmex smithi, 9.70C 
(Schumacher and Whitford 1974); Pogonomyrmex californicus, 4.70C, P. 
rugosus, 4.80C, and Novomessor cockerelli, 3.60C (Whitford and Ettershank 
1975); three species of diurnal Myrmecocystus ranged between 11.20 and 
12.0 C (Kay and Whitford 1978); Camponotus detritus, 4.6 C (Curtis 1985); 
eight species of Namib desert ants ranged between 8.50 and 13.30C (Marsh 
1988); the central Australian ant Ochetellusflavipes, 11.20C (S. R. Morton 
and K. A. Christian, personal observation). Thus, M bagoti has a slightly 
elevated CTMin (13.80C), but it is not markedly high for a desert ant. Al- 
though the minimum Tb at which aboveground activity occurs is approxi-
mately 25-C higher than the CTMin, it seems certain that most underground 
activity occurs at temperatures between the CTMin and the lowest above-
ground Tb'S. There is a good reason, therefore, why the physiological ad-
aptations that allow this ant to exploit extremely high temperatures have 
not resulted in a large reduction in abilities at lower temperatures as mea- 
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sured by CTMin. Other measures of physiological performance at lower 

temperatures might, however, reveal more clearly the extent of the spe-
cialization to high temperatures. The degree to which the physiological 
abilities of M. bagoti to withstand extremely high temperatures represent 
unusual biochemical mechanisms is presently unknown. 

Apart from documenting the remarkable heat tolerance of M. bagoti, this 

study has demonstrated that there is not a relationship between polymor-
phism and the thermal limits or thermal environments exploited by this 

species. The extreme intolerance of environmental temperatures slightly 
below those encounted at first emergence, but nevertheless hot, is unique 
among ants. This intolerance raises interesting questions concerning the 

relationship between the physiological limits and ecological requirements 
of this thermophilic species. 
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