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Abstract

The von Bertalanffy rule (1960) predicts that low incubation temperature during larval development will result in larger adult
body size. If larval development in social insects followed this rule, then low incubation temperature would induce the development
of larger workers and possibly even sexuals. To test this prediction, the effect of incubation temperature on larval development,
larval meal size, larval tending and worker recruitment to food in the fire ant, Solenopsis invicta was investigated. Temperatures
tested where within the range at which brood remains viable.

Contrary to the predictions of the von Bertalanffy rule, worker size was unaffected by incubation temperature, and sexuals were
reared at the high rather than the low incubation temperature. Moreover, larval meal size, the rate of larval tending by workers
and the total number of workers recruited to food were unaffected by temperature.

Mechanisms regulating developmental and behavioral homeostasis were as follows: the duration of larval development and the
rate of larval growth changed proportionately with temperature such that the mean and variation of pupal size was unaffected by
incubation temperature. Larvae solicited at the same rate, swallowed at the same rate and swallowed for the same duration such
that meal size was unaffected by incubation temperature. On the brood pile, fewer workers tended brood at higher incubation
temperatures, but worker tempo increased; as a result, brood tending was not adversely affected by incubation temperature. The
rate of worker recruitment to food sites outside the nest increased with temperature, but the duration of the recruitment effort
decreased such that, over time, the same total number of workers was employed to retrieve food.

Incubation humidity was also investigated. When brood chambers were less than 100% humid, workers recruited to food and
tended larvae (retrieved, sorted and groomed them), but did not feed larvae. Eventually, larvae died of starvation and were canni-

balized. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Insects are ectotherms, thus their rate of growth, time
to maturity and final adult size may depend upon the
temperature of their rearing environment as well as their
diet (Slansky and Scriber, 1985; Atkinson, 1994; Atkin-
son and Sibly, 1997). The inverse relationship between
body size and developmental temperature, the von Berta-
lanffy rule (von Bertalanffy, 1960), has been found in
many species of solitary insects (Hogue and Hawkins,
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1991; Gu and Danthanarayana, 1992; Bouletreau-Merle
and Sillans, 1996; Amett and Gotelli, 1999).

The relationship between body size and incubation
temperature for social insects is less well studied. In the
termite, Coptotermes formosanus, low incubation tem-
perature produced smaller nymphs (Waller and La Fage,
1988). In the sweat bee, Halictus ligatus, cool rainy
weather during the breeding season produced smaller
body size in workers and alates than warm, dry weather
(Richards and Packer, 1996). In the ant genus Myrmica,
the temperature at which eggs are laid determines
whether larvae develop rapidly and become workers or
whether they hibernate and retain the potential to
become queens (Brian, 1955, 1956, 1963). Hibernating

‘queen-biased larvae are more likely to succeed in

becoming queens when incubated at an intermediate
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temperature than at a low or high temperature (Brian,
1973). However, the final size of worker-biased larvae
reared early in the breeding season was unaffected by
incubation temperature (Elmes and Wardlaw, 1983).
Thus, worker size was independent of incubation tem-
perature within the viable range, but adult caste was not.

The fire ant, Solenopsis invicta, is a perennial species
subjected, not only to diurnal temperature fluctuations,
but also to seasonal fluctuations. Nesting in the soil buf-
fers these ants from air temperature extremes. In
addition, the deep and complex nests built by fire ants
(Tschinkel, 1998) provide the queen and workers a
choice of incubation conditions in which to lay eggs and
to rear larvae. Workers move brood up and down tem-
perature and moisture gradients several times a day to
optimize incubation conditions (Potts et al., 1984; Porter
and Tschinkel, 1993). The incubation temperature for
optimal brood development in this species is 32°C with
a survival range of 25-35°C (Porter, 1988). Because
thousands of larvae and pupae are distributed among
thousands of small brood chambers at any given time
(Cassill, 1996), many may experience less than optimal
incubation conditions.

If worker body size follows the von Bertalanffy rule
(1960), variation in incubation temperature induced by
nest complexity could explain the observed variation in
worker body size within a cohort (Tschinkel, 1988).
Moreover, temperature could regulate a beneficial trade-
off between colony size and worker body size. The
observed increase in colony size at higher temperatures
(Porter, 1988; Porter and Tschinkel, 1993) might be
mediated by the production of smaller workers (Porter
and Tschinkel, 1986).

Temperature could regulate individual growth and
development directly via a temperature switch (Brian,
1956), indirectly via a nutritional switch (Wheeler, 1986)
or both (Passera, 1974). If polyphenism was regulated
directly by a temperature switch, cool incubation tempera-
ture could induce a rise in JH levels, initiating major or
gyne development. Subsequently, the rate of larval growth
would increase causing larvae to signal more often for
feedings (Cassill and Tschinkel, 1995, 1999a). Alterna-
tively, temperature-delayed development could result in a
larger number of meals for a larva such that, when
nutrition was sufficient, JH levels could rise, initiating
major or gyne development. In this paper, we report the
effects of incubation temperature on larval development,
larval meal size, worker brood tending and worker recruit-
ment to food. In addition, we report the effects of incu-
bation humidity on these same variables.

2. Materials and methods
2.1. Source colonies

For temperature experiments, mature field colonies
were collected in Tallahassee during January of 1995

and maintained at 28°C in constant light for one month.
Colonies were fed a diet of tenebrionid beetle larvae and
20% sugar water. For the humidity experiment, year-old
laboratory-reared colonies were used. These colonies
were reared from newly-mated, monogyne, Solenopsis
invicta queens collected in Tallahassee, Florida, U.S.A.
during the spring of 1989. Both colony types were main-
tained by methods similar to those described by Banks et
al. (1981). There is no difference in the rates of feeding
between laboratory-reared and field-reared larvae
(Cassill and Tschinkel, 1999b).

2.2. Larval development

To examine the effect of temperature on final adult
caste or size, larvae from eight source colonies were
combined, sifted to collect small 4th instar larvae (mesh
#35; Cassill and Tschinkel, 1995) and divided into
groups of 0.1 g each (~100 individuals). Each larval
group was placed into an experimental nest containing
100 workers. The size of experimental colony fragments
were comparable to the size of groups found in subter-
ranean brood chambers in the field (Cassill, 1996). The
final number of brood successfully reared was not
determined.

Experimental brood chambers were circular with a
diameter of 2.25 cm and a depth of 0.3 cm, comparable
to the mean size of subterranean chambers in the field.
Two colony fragments were established from a source
colony. One of the pair was incubated at 25°C, the low-
est temperature at which brood can be successfully
reared. The other was incubated at 32°C, the temperature
at which optimal colony growth occurs (Porter and
Tschinkel, 1993). Both were fed 20% sugar water, water
and thawed tenebrionid larvae ad libitum. Each week for
a total of three weeks, a random sample of 20 white
pupae (a surrogate for adult size, Porter and Tschinkel,
1985) was harvested from each fragment (n=16x3).
Pupae were sampled during the time when both groups
were producing abundant pupae. Pupae were weighed
individually. Pupae with a mass between 1 mg and 4.25
mg were counted as majors; those with a mass <1 mg
were counted as minors. These procedures were repli-
cated using four different source colonies.

2.3. Larval meal size

Larval appetites were quantified using video tech-
nology (see Cassill and Tschinkel, 1995, 1999a). Food
for larval feeding consisted of a distilled water solution
with 6% (w/v) casamino acids powder and 10% granu-
lated sugar (w/v). We tested temperatures within the
range of viable brood production — 25°C, 30°C and
35°C. From one source colony, 8 g of workers were div-
ided into three groups of 2 g each. Each group was
placed into an experimental nest and deprived of food
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for 48 h. Larvae were collected using the same methods
as reported above, then placed temporarily into a single
brood chamber and deprived of food for 12 h. Nests con-
taining workers were placed in the temperature-con-
trolled room to acclimate 12 h before the experiment
began. One gram of larvae was added to each experi-
mental nest 2 h before the experiment began. Fire ants
respond within seconds to the immediate temperature,
regardless of the historic temperature (Potts et al., 1984).
Food was introduced 30 min. before videotaping began.
Taping lasted 2 h. These procedures were replicated
using a total of four source colonies.

A portion of this experiment was repeated using three
additional source colonies tested at 25°C and 35°C. This
time, starved larvae were placed in the nest with workers
12 h, instead of 2 h, before food introduction and videot-
aping. Temperature probes (VIS Tele-Thermometer; YSI
400 series) were placed inside the brood chambers to
confirm that ants were indeed experiencing those tem-
peratures established by the experimental protocol. In
addition, a thermometer was placed vertically on the
wall just above the nest and another horizontally on the
table beside the nest. Temperatures did not vary more
than 0.5°C among thermometers nor did the temperature
vary more than 1.0°C during the experiment. Results on
larval feeding from the second experiment did not differ
significantly from the first experiment; therefore, data
were pooled for analysis.

2.4. Worker brood tending

A grid with 5x5 cm cells was drawn on the monitor
with a black marker. After pausing the videotape, the
cells containing larvae (N) were counted as were the
cells containing both larvae and workers (n). A cell was
considered to contain a worker if at least half of a work-
er’s body was within the 25 cm? cell. The percent of
brood pile coverage was calculated as n/Nx100. The vid-
eotape was paused three times randomly for each treat-
ment in each replicate (n=36). The rate at which workers
encountered larvae was determined by counting the
number of workers that antennated a larva per hour.

2.5. Worker recruitment

For the replicates in which larval feeding was com-
pared at 25°C and 35°C, the number of workers recruited
to the food site was counted after food placement in the
arena at 10 min and again at 60 min. Three replicates
were completed.

2.6. Humidity
The effect of nest moisture on larval appetite was

tested on laboratory-reared colonies under two incu-
bation conditions, dry (50-65% ambient humidity) or

moist nest chambers (100% humidity). A colony was
starved for 48 h, then 2 g of workers (~4,000) were ran-
domly aspirated from the brood chamber and foraging
arena. Worker groups were halved and each half (1 g)
was placed into either a dry brood chamber or a water-
saturated chamber. Next, 1.0 g of larvae were aspirated
from the source colony’s brood chamber, divided into
half and each half (~1,000) was placed in each of two
experimental nests. Dyed food (Cassill and Tschinkel,
1995) was introduced into the arena of each experi-
mental nest. After 1 h, the number of fed larvae, as evi-
denced by the presence of dyed food in the mid-gut, was
counted. Approximately 200 larvae were sampled per
nest (50 each from four different locations on the brood
pile). Colony fragments were maintained for three weeks
on a standard diet (see Methods) to determine the fate
of larvae in dry nests. Replicates from 10 laboratory-
reared source colonies were completed.

2.7. Data analysis

Dependent variables included: rate of worker-to-larva
trophallaxis (number/larva/h); duration of trophallaxis
(s); rate of larval swallowing (number of boluses/s); dur-
ation of larval swallowing (s); lapsed time to first feeding
(s); worker density on brood pile (percent of brood pile
occupied by workers); rate at which workers encoun-
tered a larva (number/h); number of workers recruited to
food site; percent of larvae fed; and pupal weight (mg).
Depending upon the experiment, data were analyzed
using ANOVA or ANCOVA with larval size as a covari-
ate. ANOVA differences were reported as significant at
P<0.05. To determine differences among cell means,
Tukey’s Honestly Significant Difference test was used.
Diagnostic analysis was routinely performed to check for
outliers (S.D.>2.90) and to determine if assumptions of
normality and uniform variance held. Data did not
require transformation.

3. Results
3.1. Larval development

No significant difference in mean worker size was
found between incubation temperatures (P=0.385) or
among dates (P=0.715). There was a significant differ-
ence in mean worker size among colonies (P<0.001)
with one colony producing larger workers on average
than the other three colonies. Interactions among tem-
perature, colony and date were not significant. There was
no effect of temperature on variance in worker size
(COV: X?%0s5.,=0.148; P=n.s.) nor on worker size within
subcaste (major subcaste: P=0.565; minor subcaste:
P=0.469). Temperature had no effect on the ratio of
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major/minor workers (nonparametric: P=0.118) or on the
number of majors produced (X%=3.0, P=0.083).

A handful of sexual pupae was produced by each of
the colony fragments incubated at 32°C (mean=6 per
colony fragment). Sexual pupae were a mixture of males
and gynes. No sexuals were produced in colony frag-
ments incubated at 25°C.

3.2. Larval meal size

There was no difference in the rate of worker-to-larva
regurgitation among temperatures (P=0.252). Mean rate
of regurgitation was 25.0 h™! 6 S.D.; minimum=5 h™;
maximum=35 h~'. There was no effect of temperature
on the lapsed time to the first feeding per larva
(P=0.544). Mean lapsed time to the first feeding was
4.0+0.9 min S.D.; minimum=0.5 min; maximum=14.2
min. However, the mean duration of regurgitation was
inversely proportional to temperature (P<0.001), doub-
ling from 11 s at 35°C to 23 s at 25°C.

Because low temperature extended the duration of
regurgitation, larvae might have been receiving larger
meals. Therefore, the rate and duration of larval swal-
lowing was investigated using a dissecting microscope
at X80 magnification and fiber-optic lights. At each tem-
perature, 25°C, 30°C or 35°C, 10 larvae were selected
based on their orientation in the brood pile so that swal-
lowing could be observed. Food was dyed green (20%
v/v) using across-the-counter food dye to increase the
visibility of the bolus. Bolus size does not change with
growth in 4th instar (Cassill and Tschinkel, 1996).

Temperature did not affect the rate of larval swallow-
ing (2.240.2/s, meantS.E.M.; P=0.914) or the duration
of larval swallowing (11.8t1.9 s, meantS.EM.;
P=0.691). Larvae stopped swallowing after ~12 s
regardless of how long workers offered food to them.
The drop in the duration of larval swallowing after ~10—
12 s was also observed in hand-fed larvae (Cassill and
Tschinkel, 1996). All together, these findings demon-
strated that meal size in larvae was unaffected by incu-
bation temperature.

3.3. Worker brood tending

Worker coverage of the brood pile was inversely pro-
portional to temperature, decreasing about 30% as tem-
perature increased from 25°C to 35°C (P<0.003; Fig.
1a). Despite the decrease in the number of workers tend-
ing brood, the rate of larval encounter by workers
increased almost two-fold with temperature (P<<0.001;
Fig. 1b). To attain this increase in larval contact with
fewer workers, the tempo of workers had to increase
three-fold over the range of temperatures from 25°C to
35°C — a 30% increase in worker tempo per degree
increase in temperature.
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Fig. 1. Worker brood-tending behavior versus temperature. (a) Per-
cent of workers tending larvae per unit of brood pile was inversely
related to temperature. (b) In contrast, the rate at which workers
encountered larvae (number/h) increased proportionately with tempera-

- ture. The end result was that brood tending was unaffected by incu-

bation temperature. MeantS.E.M.

3.4. Worker recruftment

The pattern of recruitment varied significantly with
time (P<0.0001; Fig. 2), and there was a significant
interaction between variables (P<<0.001). Initially, the
number of workers recruited to food at 35°C was twice

the number of those recruited at 25°C. After 60 min, the

reverse was true. Thus, nearly the same total number
of workers was recruited to the food site regardless of
temperature (P=0.212).

3.5. Humidity

Four hours after food introduction, all larvae housed
in moist chambers (100% humidity) were fed while none



D.L. Cassill, W.R. Tschinkel /Journal of Insect Physiology 46 (2000) 933-939 937

1501
g .
E§ 125 « 35 degrees (C)
0'0—
39 1001
o
oD
c 751
Y
EE o
= 25 degrees (C)
s 254
0

0 10 20 30 40 50 60 70
Time (min)

Fig. 2. Workers recruitment to food versus temperature. When ambi-
ent temperature was 35°C, the initial rate of recruitment was high, but
declined quickly. In contrast, when ambient temperature was 25°C, the
initial rate of recruitment was low but continued at that level for an
extended period. In the end, the same total number of workers was
recruited to the food site regardless of temperature.

housed in dry chambers (~50-65% humidity) was fed.
Larvae were far more densely piled in dry chambers,
taking up about one-half the surface area of those in
dampened chambers. Over the next two weeks, regard-
less of nest moisture, workers recruited to food, shared
food with other workers via regurgitation, and groomed
larvae (presence/absence of these behaviors was
recorded). However, even in the presence of abundant
food, larvae in the dry chambers starved to death and
eventually were cannibalized.

4. Discussion

Contrary to the predictions of the von Bertalanffy rule
(1960), neither worker body size nor larval meal size
was affected by incubation temperature. Homeostasis in
the development of worker-biased larvae and in their
meal size was achieved by a combination of compensa-
tory development and behaviors. Additionally, sexuals,
which are far larger in body size than workers, were
reared only at high rather than the low incubation tem-
perature. A discussion of the compensatory mechanisms
regulating the homeostatic development and behavior of
worker-biased larvae follows.

4.1. Developmental homeostasis

Although temperature can extend the duration of lar-
val development two-fold (Porter, 1988; Porter and
Tschinkel, 1993), little is known of its effect on the rate
of larval growth. There are two possible relationships
between temperature and growth rate, either of which

can be inferred from the size of workers at eclosion. If
larval growth rate is temperature-independent, then tem-
perature-delayed development in a cool incubation
chamber should result in a larger pupa. This hypothesis
is consistent with the von Bertalanffy rule (1960). How-
ever, if larval growth rate is temperature-dependent, then
larvae will pupate at the same size regardless of incu-
bation temperature. We found that worker-biased larvae
pupated at the same mean size regardless of incubation
temperature. Thus, developmental homeostasis is achi-
eved by a temperature-dependent growth rate as well as
a temperature-dependent developmental duration. Both
changed similarly with temperature.

Worker size is an important factor in division of labor
(Cassill and Tschinkel, 1999c) and worker longevity
(Calabi and Porter, 1989) in the fire ant. Therefore, a
stable mean and a stable variation in worker body size
may be an adaptation by this perennial species to cope
with diurnal and seasonal fluctuations in temperature. In
support of this speculation is the fact that mean worker
size does not vary within or among seasons in mature
fire ant colonies (unpublished data).

The fire ant was an exception to the von Bertalanffy
rule in a second way. Sexuals (males and gynes), which
are far larger than workers, were produced at high rather
than low incubation temperature. The presence of males
in one but not the other treatment suggests that workers.
cannibalized sexual larvae at the low temperature. Both
of our findings, temperature dependent sexual production
and temperature independent worker body size, were
consistent with another ant species, Myrmica (Elmes and
Wardlaw, 1983). Because we did not test the effects of
temperature on eggs or early instar larvae, we can not
rule out the possibility that worker body size is tempera-
ture sensitive, if exposure occurs at an earlier develop-
mental stage. Until additional experiments are com-
pleted, the issues of whether caste determination and
body size are regulated by the same or different mech-
anisms, and whether these mechanisms include a tem-
perature switch (Brian, 1956, 1973), a nutritional switch
(Wheeler, 1986, 1990) or both (Passera, 1974), remain
unanswered.

4.2. Behavioral homeostasis

Despite a 10°C difference in the temperature within
brood chambers, larvae received the same total volume
of food. Meal size homeostasis was achieved through
several compensatory mechanisms. First, although tem-
perature extended the duration of each worker-to-larva
regurgitation event, the rate and duration of larval swal-
lowing was unaffected. Thus, larvae ingested the same
volume of food regardless of how long a worker
presented it to them. Second, worker number and worker
tempo varied with temperature in such a way that the
rate of brood tending by workers was homeostatic.
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Third, colonies achieved recruitment homeostasis by
increasing the initial rate of recruitment, but decreasing
its duration at high temperature relative to low tempera-
ture (Fig. 2). The mechanism by which colonies modu-
late recruitment rate and duration at different tempera-
tures is unknown.

4.3. Humidity

Although the effect of humidity on worker mortality is
minimal (Hood and Tschinkel, 1990), its effect on larval
mortality was dramatic. In dry nests, larvae were never
fed even though workers were able to retrieve, sort, pile
and groom them. The end result was that larvae died and
were eventually cannibalized before they could pupate.
We speculate that the mechanism by which larvae reduce
their rate of desiccation is linked to their ability to signal
for feedings.

In summary, our findings demonstrated that worker-
biased larvae achieved developmental homeostasis in the
face of variable incubation temperature through com-
pensatory behaviors and development. Such homeostasis
may be an adaptation by the fire ant to its perennial and
weedy life style. Hogue and Hawkins (1991) found that
temperature affected body size in species with a simple
life-history pattern, but not in species with more com-
plex life histories. Moreover, our results suggest that
caste determination and body size may be regulated by
entirely different genetic mechanisms or environmental
triggers. In the final analysis, although much is known
about the role of juvenile hormone in the timing of the
developmental switch from one caste to another in ants
(Wheeler, 1986, 1990, 1991, 1994), there remains much
to be learned about the internal and external regulation
of that switch.
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