


while at the same time avoiding pathogen exposure

will determine the true benefits nests provide.

Variation in nest temperature and moisture can have

major impacts on colony growth in social insects due

to effects on brood (Porter 1988; Asano & Cassill

2012). Changes in nest temperature of only 3–5°C

from optimum can slow or halt brood development

even when colonies have sufficient resources for

growth (Porter 1988; Kipyatkov & Lopatina 2015). To

compensate, some species build mounds or other

structures that collect solar heat or generate heat

through compost decomposition (Rosengren et al.

1987; Penick & Tschinkel 2008; Vogt et al. 2008).

More generally, species respond behaviorally by relo-

cating brood throughout the day or season to track

preferred temperatures and moisture levels (Potts et al.

1984; Roces & N�u~nez 1989; Penick & Tschinkel 2008;

Xu et al. 2009). Workers of fire ants and honey bees

can discriminate changes in nest temperature as little

as 0.25–2°C (Winston 1987; Porter & Tschinkel 1993),

and this ability may allow species to respond to extre-

mely narrow temperature gradients. While the major-

ity of studies on brood thermoregulation have focused

on species that build large or specialized nests, brood

thermoregulation is likely important more generally,

even for species that live in relatively small nests.

The same benefits that nests provide to the animals

that inhabit them—controlled temperature and mois-

ture conditions—also make nests ideal habitats for

microbes and potential pathogens. Soil and leaf litter

contain some of the highest diversities of microbes on

record (Torsvik & Øvre�as 2002) and pose a challenge

to species that build nests in these habitats. Social

insects are particularly at risk to pathogen exposure

due to their dense living conditions and high interac-

tion rates (Fefferman & Traniello 2009). Ants devel-

oped specialized glands early in their evolution to

inhibit microbial growth (Yek & Mueller 2011), and

species produce a variety of antimicrobial compounds

(Schluns & Crozier 2009). However, the production of

antimicrobials is metabolically expensive and may

incur significant costs for small or newly founded

colonies (Poulsen et al. 2002). An alternative

approach is for colonies to contain or avoid microbes

inside their nests by designating certain areas as refuse

chambers (Bot et al. 2001) or ‘toilets’ (Czaczkes et al.

2015) as well as avoiding areas where microbes are

abundant or difficult to control. In this way, microbes

may influence behavior and nest organization in addi-

tion to microclimate factors.

Here we studied how colonies of the acorn ant Tem-

nothorax curvispinosus responded to variation in tem-

perature, moisture, and microbial growth inside their

nests. T. curvispinosus is among the most common ant

species in eastern forests of North America (Pearse

1946; Stuble et al. 2013), and their colonies nest

inside fallen acorns or hickory nuts on the forest floor

(Fig. 1). While large colonies may fill an acorn

entirely, small- to medium-sized colonies generally

inhabit only a small portion of an acorn. Colonies

may have room to adjust their position in response to

microclimate or microbial factors that could differ

between the tops and bottom halves of an acorn. The

top is more exposed to solar heating and relatively

dry, while the bottom is often embedded in moist soil,

which favors the growth of microbes (Clark 1967).

Working with colonies in the laboratory, we tested

three main hypotheses for how colonies would

respond to different nest conditions:

1 Moisture preference—Colonies will prefer moist

regions of the nest (bottom) over dry regions to pre-

vent desiccation.

2 Temperature preference—Colonies will prefer

heated regions of the nest (top) over cool regions to

stimulate brood production.

(a)

(b)

Fig. 1: (a) Temnothorax curvispinosus colony inhabiting the bottom half

of an acorn nest (top half removed); (b) close-up view of ants inside the

nest (Photographs by Lauren Nichols).
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3 Microbe avoidance—Colonies will avoid regions of

the nest that favor microbial growth (bottom) to pre-

vent pathogen exposure.

We evaluated each hypothesis independently to

compare which factor(s) had the strongest impact on

nest organization in T. curvispinosus. We then discuss

how our results may apply to other nest-inhabiting

species.

Methods

Study Species and Laboratory Conditions

We collected whole colonies of Temnothorax curvispino-

sus from populations near Raleigh, NC, USA

(35.7611°N, 78.6836°W, elevation 107 m), between

spring 2013 and fall 2014. All colonies contained at

least one queen (some contained up to 6 queens,

which is in line with previous accounts of polygyny in

this species (Alloway et al. 1982)) and 17–174 work-

ers. Colonies of this species nest inside fallen acorns or

hickory nuts, and we provided each colony with a

hollowed acorn to serve as a nest chamber in the lab

by splitting an acorn (Quercus spp., ~16 9 16 mm)

along its longitudinal axis and removing the nut to

leave an empty interior space (Fig. 1). A small hole

(~2 mm diameter) was left open between the top and

bottom halves of the acorn to serve as a nest entrance,

and both halves were held together with a small rub-

ber band (15 mm diameter). We fed colonies ad libi-

tum with a combination of frozen mealworms

(Zophobas morio), vials containing 20% sucrose solu-

tion, and an artificial diet designed specifically for ants

(Bhatkar & Whitcomb 1970).

Moisture Preference Experiment

To test whether T. curvispinosus colonies displayed a

moisture preference, we allowed colonies to move

into acorn nests after either the top or bottom half

had been soaked in water, while the other side was

left dry. Acorn halves were soaked in water for

30 min, and the moistened half was then covered

with paraffin film on the outside to prevent drying

during a trial. Colonies generally moved into their

new acorns within one hour, and we counted workers

and brood (larvae and pupae) on either half after 6 h

or 12 h from the time new nests were provided (re-

sults were similar for both time points, so we com-

bined data from all trials in our final analyses). As a

measure of nest moisture, we weighed acorn halves

before and after soaking in water as well as at the end

of our trials. Soaked acorns increased in weight by an

average of 41% (0.35 g) due to water gain after soak-

ing, and they maintained an increase in weight of

33% and 27% during trials of 6 h and 12 h, respec-

tively. The weight of dry acorn halves remained close

to the same before and after the experiment (an aver-

age increase in weight of 5%), which indicates that

they remained relatively dry throughout our trials.

We used 13 colonies in trials with the top half of the

acorn moistened and 13 colonies in trials with the

bottom half of the acorn moistened.

Temperature Preference Experiment

To test whether T. curvispinosus colonies displayed a tem-

perature preference, we heated acorns from above to

simulate warming by the sun. Colonies were allowed to

move into dry acorns, which were then transferred to a

cooling block (VWR, Radnor, PA, USA). The bottom half

of the acorn was imbedded in soft clay cooled to 18°C

(monitored with a thermometer throughout the experi-

ment), while the top half was heated using a heat lamp

(red light, 75 watts) positioned approximately 0.5 m

above the acorn. Small strips of paper were placed on

top of the clay to create an insulating layer akin to leaf

litter. This leafy analogue did not cover the top of the

acorn, which remained under direct light. Colonies

were heated for 2 h, at which time nests were opened

to count workers and brood (larvae and pupae) on

either half. Temperature readings using an infrared

thermometer aimed at the top of the acorn registered

36 � 1°C at the time colonies were opened. For the

control group, all steps and conditions were replicated

except the cooling block and heat lamp were not turned

on. We used 17 colonies in heated trials and 17 colonies

in unheated controls.

Microbe Avoidance Experiment

In addition to moisture and temperature, we tested

whether T. curvispinosus colonies adjusted their posi-

tion in response to microbial growth on the bottom of

their nests. We cultured microbes from an old acorn

nest that had visible cultures of moldy fungi. This

acorn nest was initially constructed in the laboratory

from a dried acorn, and the cultures growing on it

likely came from the ants themselves or from

microbes generally present in the laboratory environ-

ment. We washed the inside of this acorn with 100 ll

sterile DI water and spread the washing on a Petri

plate of potato dextrose agar. Plates were incubated at

37°C until fungal growth covered most of the plate,

and then the plates were stored at 4°C before inocu-

lating new nests. The plates featured a mix of several
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morphologically distinct cultures of filamentous fungi.

Because we were not interested in the response of

T. curvispinosus to any one specific microbe species, we

inoculated new nests with a mix of cultures. We used

a sterile spatula to take ~2 mm2 of fungal mycelia

from three locations of the Petri plate that featured

distinct microbe cultures. We transferred these cul-

tures to an acorn half that was then kept moist at

25°C for 1–2 wk to give time for microbes to grow (all

acorns were inoculated with the same three microbe

cultures). The acorn was then rejoined with its miss-

ing half, and colonies were given 6 h to move into the

nest. Nests were opened after 6 h to count workers

and brood (larvae and pupae) on either half. For the

control group, all steps and conditions were replicated

except colonies were given acorns with two clean

halves. We conducted trials with 13 colonies in acorns

inoculated with microbes and 17 colonies in clean

acorns as a control.

Previous observations suggested colonies moved to

the top of their acorn nests in the laboratory over time.

We predicted that colonies might move to the top of

the acorn in response to microbial growth on the bot-

tom half of their acorn. In nature, acorns are generally

imbedded in moist soil, which would likely promote

the growth of mold and other microbes. Therefore, we

simulated this condition in the laboratory by providing

seven colonies with new acorn nests and embedded

the bottom of these acorns in moist sand. We opened

acorns once per week to assess the position of the col-

ony inside the nest for a period that lasted up to

34 wk. We noted when more than 90% of the colony

was found on the top half of the acorn for at least two

consecutive weeks (a clear indication that colonies had

relocated to the top of the acorn). After this time, we

flipped the acorns and checked the colony position 2–

7 days after the acorns were flipped. If colonies initially

avoided the bottom half of an acorn due to the growth

of microbes, then we predicted colonies would con-

tinue to avoid this half when their acorn was flipped

(i.e., they would stay on the ‘clean’ half of the acorn

rather than move back to the top). On the other hand,

if colonies had developed a general preference for the

top of the acorn that was not due to avoidance of

microbes, then we predicted colonies would move back

to the top of the acorn after it was reversed (i.e., they

would shift from the ‘clean’ half of the acorn to the

potentially ‘microbe-covered’ top).

Statistical Analyses

We tested whether colonies changed their location

inside their nests using the Mann–Whitney U-test to

compare the proportion of workers and brood on the

top of their nests between treatment and control colo-

nies. The Mann–Whitney U-test is a more conserva-

tive, nonparametric test (it does not require the

assumption of normally distributed data). For all

experiments, colonies were only tested once for each

treatment to maintain independence and to avoid

pseudoreplication. Statistical tests were conducted

using GraphPad Prism 6 (GraphPad Software, Inc.

2015) statistical software.

Results

Moisture Preference

Colonies of Temnothorax curvispinosus showed no mois-

ture preference (Fig. 2a). There was no difference in

the position of workers (Mann–Whitney U-test,

n = 13, U = 77.5, p = 0.71) or brood (Mann–Whitney

U-test, n = 13, U = 84.5, p = 0.99) inside the nest

when either the top half or bottom half of the acorn

was moistened. Instead, all colonies moved to the bot-

tom of the nest regardless of moisture treatment.

Temperature Preference

Colonies showed a preference for the top half of the

acorn when it was heated to simulate warming by the

sun (Fig. 2b). The proportion of brood on the top half

of heated acorns was significantly higher compared

with unheated controls (Mann–Whitney U-test,

n = 17, U = 87, p = 0.0132), and the proportion of

workers was also higher but did not differ significantly

from unheated controls (Mann–Whitney U-test,

n = 17, U = 118, p = 0.37). The movement of colo-

nies to the top half of the acorn indicated a preference

for warmer temperatures, which would increase the

rate of brood development. In contrast, nearly all

workers (91%) and brood (97%) were found on the

bottom half of nests in unheated controls (Fig. 2b).

Microbe Avoidance

When the bottom half of an acorn was inoculated

with microbe cultures, a significant portion of colo-

nies shifted to the top half of the acorn after 6 h

(Fig. 2c). The proportion of both workers (Mann–

Whitney U-test, ncontrol = 17, nmicrobes = 13, U = 49,

p = 0.0090) and brood (Mann–Whitney U-test, ncon-

trol = 17, nmicrobes = 11, U = 46, p = 0.0147) was higher

on the top half of inoculated acorns compared with

non-inoculated controls. In contrast, 73% of workers

and 93% of larvae and pupae were found on the bot-

tom half of control acorns.
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We monitored colonies in the laboratory for 7–

34 wk to see how their position inside new nests

changed over time as microbes were given time to

grow. All colonies spent the first 1–5 wk predomi-

nantly on the bottom half of the acorn. Colonies

began to shift to the top of the acorn by week 7 (indi-

cated when more than 90% of the colony was found

on the top half), and over 50% of colonies had shifted

to the top of the acorn by week 16 (Fig. 3). In addi-

tion, all nests had visible signs of microbial growth by

the end of each trial. When a colony was consistently

found on the top of the acorn (more than 90% of the

colony on the top half of the acorn for two consecu-

tive weeks), we flipped the acorn to test whether colo-

nies would stay on the bottom—indicating potential

microbe avoidance—or whether colonies would

return to the top where they were most recently

located. Out of seven colonies, only one moved back

to the top within 1 wk, while all other colonies

remained on the bottom half, consistent with the

microbe avoidance hypothesis.

Discussion

Nests provide shelter and protection for ant colonies

from environmental extremes, but a nests’ ultimate

utility depends on how colonies use behavior to track

optimal conditions and prevent pathogen exposure.

We found that colonies of the ant Temnothorax curvis-

pinosus shifted their location inside their nests in

response to two primary factors: temperature and

microbial growth. When colonies were heated from

the top to simulate warming by the sun, workers

moved brood to the warm, top half of the nest, which

would stimulate brood development. In contrast,
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sented by boxplots showing median, 25–75%, and non-outlier range

(open circles indicate outliers). Moisture had no effect on colony loca-

tion with all colony members located at the bottom of the nest regard-

less of treatment (n = 13). Heating the top of the nest resulted in a

greater proportion of the colony’s brood on the top half of the nest

compared with unheated controls (n = 17). Microbial growth on the

bottom of the nest resulted in a higher proportion of both workers
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colonies showed no response to differences in mois-

ture inside their nests and generally moved to the

bottom of the acorn regardless of moisture treatment,

the strongest factor that influenced colony position

inside the nest was the presence of microbes—colo-

nies avoided the bottom halves of their nests when

they were inoculated with microbes, and colonies

also tended to shift to the top halves of their acorns

in new nests after microbes had time to grow. While

ants and other social insects produce antimicrobial

compounds, avoiding regions of the nest where

microbes are abundant or difficult to control may be

an additional line of defense to limit exposure to

potential pathogens.

Unlike their responses to temperature and microbial

abundance, T. curvispinosus colonies did not change

their location in response to moisture. Low moisture

environments can provide a challenge for small

insects that are susceptible to desiccation, but ant spe-

cies vary in their ability to tolerate dry conditions.

While species that nest in soil generally require high

humidity, ant species that nest in drier habitats, such

as trees or woody material above ground, are gener-

ally more tolerant of dry conditions (Hood & Tschin-

kel 1990). Because T. curvispinosus colonies nest inside

acorns that can dry out when humidity is low,

T. curvispinosus colonies may be more tolerant of dry

conditions. In fact, one closely related species—

T. wheeleri—is among the most desiccation-resistant

of all ant species that have been studied (Hood &

Tschinkel 1990). High tolerance for dry conditions

may explain why T. curvispinosus colonies showed no

preference for moist or dry regions of their nests,

although moisture inside the nest is likely important

for other ant species (Xu et al. 2009).

Colonies of T. curvispinosus moved to the top of their

acorns when they were heated from above to simu-

late warming by the sun. Warm temperatures stimu-

late brood development (Porter 1988; Kipyatkov &

Lopatina 2015), and T. curvispinosus has relatively

high thermal requirements for growth compared with

other co-occurring species (Pelini et al. 2012; Dia-

mond et al. 2013). When acorns were heated in the

laboratory, colonies brought brood to the top half of

the acorn where warm temperatures would increase

brood development rate. What was remarkable in

T. curvispinosus is that they were able to take advan-

tage of a temperature gradient inside the confines of a

tiny acorn. Other ants adjust the position of brood to

take advantage of solar heating (Penick & Tschinkel

2008; Anderson & Munger 2009), but these species

often build large nests as well as construct mounds

that act as solar collectors. If T. curvispinosus colonies

actively track temperature inside nests as small as an

acorn, then thermoregulatory behaviors are likely

important for most if not all ant species, even those

that live in relatively small nests. The degree to which

solar heating occurs in T. cusrvispinosus nests in the

field, however, requires further study. If acorns are

fully exposed to the sun, then heating is likely to

occur, but this may not apply in areas where acorns

are in the shade or covered by leaf litter. This could

explain why colonies responded more strongly to the

presence of microbes in their nests than their response

to nest temperature.

While temperature and moisture are the primary

factors thought to affect nest organization in social

insects, the strongest factor for T. curvispinosus was the

presence of microbes. Colonies of T. curvispinosus

avoided areas of the nest where visible microbes were

already present, and colonies in untreated acorns

moved to the top of the nest over several weeks as

mold or other microbes had time to grow. The bottom

half of an acorn in the field is generally embedded in

moist soil—which favors the growth of microbes (Bar-

ros et al. 1995)—and we created similar conditions in

the lab by embedding acorns in moist sand. Colonies

presumably moved to the dry, upper halves of their

acorns because microbes there were easier to control.

The ability of social insects to cope with microbial

communities in their environment and to mitigate

pathogen exposure is key to their ecological success

(Fefferman & Traniello 2009). Compared with solitary

species, social insects invest more heavily in antimi-

crobial compounds to kill or slow microbial growth

(Stow et al. 2007; Hoggard et al. 2011). Our results

suggest further that colonies aggregate in areas of the

nest where microbes are less abundant or potentially

easier to control, although there is evidence from

others that ant colonies prefer nests with low levels of

pathogens present that could facilitate immune prim-

ing (Konrad et al. 2012; Pontieri et al. 2014). Never-

theless, avoiding regions of the nest that favor

microbial growth may allow smaller colonies to con-

serve resources that would otherwise be devoted to

the production of antimicrobials. In contrast, large

colonies may be able to invest more heavily in antimi-

crobial production due to lower costs per capita.

How common are behaviors used by social insect

species to avoid pathogen exposure inside their nests?

One clue is the presence of specialized larval hairs

found in a variety of ant species that allow workers to

hang larvae from the ceiling of the nest rather than

leaving larvae on the floor (Wheeler & Wheeler 1976;

Penick et al. 2012). Our findings for T. curvispinosus

suggest that the ceiling of the nest may be more

Ethology 122 (2016) 790–797 © 2016 Blackwell Verlag GmbH 795

J. Karlik, M. J. Epps, R. R. Dunn & C. A. Penick Nest Organization in Temnothorax Ants



sanitary than the floor due to differences in moisture

levels. Hanging larvae from the ceiling may therefore

elevate larvae above areas where microbes are abun-

dant or difficult to control. In T. curvispinosus, larvae

possess ‘anchor-tipped’ hairs that serve this purpose,

and anchor-tipped hairs are found on larvae from at

least 22 ant genera within the subfamily Myrmicinae

(Penick et al. 2012). In other ant genera, ‘single-

hooked’ hairs and ‘sticky doorknobs’ may serve a sim-

ilar purpose (Peeters & H€olldobler 1992; Penick et al.

2012). This suggests that hanging larvae from the ceil-

ing of the nest is a common practice in ants that may

help avoid pathogen exposure. In addition, hanging

larvae from the ceiling of the nest could serve a ther-

moregulatory purpose by placing larvae in closer con-

tact with nest surfaces heated by the sun. Both factors

seem to be important for T. curvispinosus, and future

studies on social insects should consider both micro-

climate and pathogen exposure as factors that influ-

ence nest organization.
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