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Abstract In leaf-cutting ants, workers are expected to
excavate the nest at a soil depth that provides suitable tem-
peratures, since the symbiotic fungus cultivated inside nest
chambers is highly dependent on temperature for proper
growth. We hypothesize that the different nesting habits
observed in Acromyrmex leaf-cutting ants in the South
American continent, i.e. superficial and subterranean nests,
depend on the occurrence, across the soil profile, of the
temperature range preferred by workers for digging. To test
this hypothesis, we first explored whether the nesting habits
in the genus Acromyrmex are correlated with the prevailing
soil temperature regimes at the reported nest locations. Sec-
ond, we experimentally investigated whether Acromyrmex
workers engaged in digging use soil temperature as a cue to
decide where to excavate the nest. A bibliographic survey
of nesting habits of 21 South American Acromyrmex spe-
cies indicated that nesting habits are correlated with the soil
temperature regimes: the warmer the soil at the nesting site,
the higher the number of species inhabiting subterranean
nests, as compared to superficial nests. For those species
showing nesting plasticity, subterranean nests occurred in
hot soils, and superficial nests in cold ones. Experimental
results indicated that Acromyrmex lundi workers use soil
temperature as an orientation cue to decide where to start
digging, and respond to rising and falling soil temperatures
by moving to alternative digging places, or by stopping dig-
ging, respectively. The soil temperature range preferred for
digging, between 20°C and maximally 30.6°C, matched the
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range at which colony growth would be maximized. It is
suggested that temperature-sensitive digging guides dig-
ging workers towards their preferred range of soil tempera-
ture. Workers’ thermopreferences lead to a concentration of
digging activity at the soil layers where the preferred range
occurs, and therefore, to the construction of superficial
nests in cold soils, and subterranean ones in hot soils. The
adaptive value of the temperature-related nesting habits,
and the temperature-sensitive digging, is further discussed.

Keywords Acromyrmex - Ants - Nest - Excavation -
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Introduction

For ants inhabiting nests excavated in soil, nest depth
largely affects microclimatic conditions faced by colonies
(Seeley and Heinrich 1981; Sudd 1982), since temperature,
humidity, and air composition strongly vary with soil depth
(Hillel 1998). Therefore, ants are expected to dig their nests
at those soil layers providing a proper microclimate for col-
ony growth.

The selection of an adequate soil layer for nest location
should be particularly relevant for leaf-cutting ants. Leaf-
cutting ants of the genera Atta and Acromyrmex cut leaves
as a substrate for a symbiotic fungus they cultivate inside
the nest chambers. This fungus has strict demands of high
humidity and temperatures between 25 and 30°C for proper
growth (Powell and Stradling 1986; Quinlan and Cherrett
1978). It represents the only food source for the developing
brood, and to a lesser extent, for the adults (Bass and
Cherrett 1995; Quinlan and Cherrett 1979; Weber 1972).
Workers are therefore expected to provide it with an ade-
quate nest microclimate so as to ensure its growth.
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In the leaf-cutting ant genus Acromyrmex, nests show
interspecific differences regarding their depth (Fowler and
Claver 1991). Some species construct mound-shaped super-
ficial nests, with the fungus garden located at the soil sur-
face level and covered by a thatch mound composed of soil
and plant fragments. In contrast, other species inhabit nests
with multiple chambers excavated up to a depth of 3 m
(Bonetto 1959; Fowler 1985; Gongalves 1961; Lapointe
et al. 1998). Acromyrmex species inhabiting mound-shaped
superficial nests are widespread in the southernmost colder
regions of South America, thus suggesting that thatched
nests have the same properties as the mound nests of wood
ants (genus Formica) in the northern hemisphere (Seeley
and Heinrich 1981), i.e. the thatch helps the colony to
achieve higher and more stable temperatures than those of
the surrounding environment (Farji-Brener 2000). The pre-
dominant occurrence of superficial nests with increasing
latitude in Acromyrmex and other ants (Seeley and Heinrich
1981) correlates with the concomitant decrease in average
soil temperatures with latitude (Hillel 1998; Rosenberg
et al. 1983). We propose the hypothesis that the two nesting
habits observed in Acromyrmex, i.e. superficial and subter-
ranean nests, are brought about by the temperature prefer-
ences of workers when excavating the fungus chambers.
Given that soil temperature is negatively correlated with
soil depth (Campbell 1977; Hillel 1998; Rosenberg et al.
1983), the preferred temperature range for digging would
occur in hot soils at deeper layers than in cold soils. The
prevailing soil temperature regime is therefore expected to
influence the determination of nest depth in Acromyrmex
leaf-cutting ants.

Even though other variables like soil moisture or air
composition also depend on soil depth, we argue that soil
temperature is the most relevant selective force that has
influenced the determination of nest depth in Acromyrmex
species over evolutionary time. Without disregarding the
influence of soil moisture on nest depth, as reported for a
number of ant species (Seeley and Heinrich 1981; Sudd and
Franks 1987), temperature is known to largely determine
growth, brood production and survival in ant colonies
(Brian and Brian 1951; Callcott et al. 2000; Korzukhin
et al. 2001; Markin et al. 1974; Porter 1988; Southerland
1988). For leaf-cutting ants in particular, temperature is a
powerful variable predicting the occurrence and density of
Paraguayan and Argentinean species (Farji-Brener 1994;
Fowler 1983), and workers show temperature-sensitive
behavioural responses in different contexts, such as brood
or fungus relocation (Bollazzi and Roces 2002), and food
search (Kleineidam et al. 2007).

We first hypothesize that Acromyrmex species present a
subterranean nesting habit in hot soils, and a superficial one
in cold soils. To evaluate this hypothesis, a bibliographic
survey on 21 South American Acromyrmex species was
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carried out, and the relationship between nesting habit and
soil temperature at the nesting site was established. We fur-
ther hypothesize that the observed nesting habits are
brought about by the temperature preferences of workers
while digging. Therefore, we have performed a series of
laboratory experiments with the species Acromyrmex lundi
aimed at assessing: (1) the influence of soil temperature on
workers’ digging performance; (2) whether workers show
thermopreferences and use soil temperature as a cue to
decide where to start digging; (3) whether digging workers
respond to changes in soil temperature by giving up their
activity and by changing digging places, thus allowing
them to seek for their preferred soil temperatures for further
digging.

Materials and methods

Soil temperature and observed nest depths in South
American species of the genus Acromyrmex

The bibliographic survey on South American Acromyrmex
species was carried out so as to: (1) classify the species as
having either subterranean or superficial nests, and (2)
determine the soil temperature regime (see below) of the
locations where species have been reported to occur.

First, nests were assigned as either subterranean or
superficial depending on the location of the fungus cham-
bers in the soil profile. In superficial nests, an imaginary
line representing the soil surface would cut through a fun-
gus chamber at a given point. In such cases, the fungus gar-
dens are usually covered by a thatch of plant fragments and
soil, as in Acromyrmex heyeri (Fig. 1). In contrast, in sub-
terranean nests one or multiple fungus chambers are
entirely located under the soil surface level, as in Acromyr-
mex striatus (Fig. 1).

A. striatus

A. heyeri

Fig. 1 The superficial nest built by Acromyrmex heyeri (from Bonetto
1959) and the subterranean nest excavated by Acromyrmex striatus
(from Carbonell 1943). Scale bar 10 cm
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Second, the locations where the surveyed Acromyrmex
species have been recorded were assigned as having one of
two possible soil temperature regimes, i.e. the mean annual
soil temperature at a depth of 50 cm. The data of Van Wam-
beke (1981) and the Global Soil Temperature Regimes map
(USDA 2005) were used. Both the thermic and isothermic
soils belong to the first category, called thermic soils (USDA
1975), which present a mean annual soil temperature
between 15 and 22°C. Both the hyperthermic and isohyper-
thermic soils belong to the second category, called hyper-
thermic soils (USDA 1975), which present a mean annual
soil temperature higher than 22°C. Since shading alters soil
temperature regimes by locally diminishing soil temperature
(Alval4 et al. 2002; Rosenberg et al. 1983; Weber 1959), the
nesting sites were scored as exposed or shaded. Such division
has commonly been employed in several surveys of the
Acromyrmex genus throughout South America (Fowler 1985;
Fowler and Claver 1991; Gongalves 1961; Kusnezov 1978).
It considers the vegetation cover at the nesting site: nests in
exposed grasslands versus nests under the shade of trees or
inside woods. This classification results in four categories of
nesting sites, ranging from the colder to the warmer ones as
follows: shaded thermic soils, exposed thermic soils, shaded
hyperthermic soils, and exposed hyperthermic soils. The bib-
liographic survey was limited to Argentina, Brazil, Colom-
bia, Paraguay, Venezuela and Uruguay, since the most
complete investigations regarding nesting habits of Acromyr-
mex species have only been made in these countries.

Effect of soil temperature on workers’ digging performance

Laboratory experiments were performed with 1-one-year
old colony of Acromyrmex lundi collected in Sarandi del Yi,
Uruguay (33 20'25"S, 55 37'53"W), and transported to the
Department of Behavioural Physiology and Sociobiology at
the University of Wiirzburg, Germany. A. lundi was chosen
because colonies show plasticity in their nesting habits. Col-
onies dig subterranean nests (Fowler 1985) in the hot soils
of Paraguay (Van Wambeke 1981), but inhabit in addition a
thatch mound of leaf fragments and debris between aerial
tree roots (Bonetto 1959) in the milder soils of west Argen-
tina (Van Wambeke 1981). The soil used during the labora-
tory experiments was a mixture of sand and clay (2:1) with a
mass water content of 12% (range 10—15%).

In order to assess how soil temperature affects workers’
digging performance, groups of five workers (mean body
mass = 2.46 mg) were presented with soils at either 10, 15,
20, 25, 30, 35 or 40°C, and the total amount of soil exca-
vated over 4 h was recorded. A plastic tube of 10 cm length
and 1 cm diameter filled with soil was used as a digging tube
(Fig. 2a). It was fitted within an aluminium plate fixed to a
thermostatic plate, which maintained the soil at the desired
temperature by means of a thermoregulated water bath.

The ants were introduced in a small box attached to the
digging tube, and allowed to dig for 4 h. Twenty-four
replicates were done for each soil temperature.

Soil temperature selected by workers for commencement
of digging

In order to know whether workers decide where to start
digging depending on the sensed soil temperature, groups of
three workers were simultaneously confronted with two
soils at different temperatures, and their preferences were
recorded. For this, a simultaneous binary choice between a
soil at 25°C and a soil at either 15, 20, 30 or 35°C was used.
The experimental set up consisted of three interconnected
boxes (Fig.2b). The two lateral ones, called the digging
boxes, were filled with soil and placed on separated plates
independently thermoregulated by two thermal baths
attached to them. When the soil inside the digging boxes
reached the two temperatures to be tested, three workers
were introduced in the middle box. The temperature selected
for the commencement of digging was defined as that of the
digging box where workers started and continued digging

1 Tb

Fig. 2 Ant box (A), aluminium plate (@), digging tube (D), thermo-
static plate (Th) attached to a thermal bath (7b) to regulate its temper-
ature, digging boxes with different temperatures (D1, D2), initial
digging box (Di) and optional digging box (Do), computer-controlled
Peltier element (Pe). Grey areas represent the soil. Scale bar 2 cm
(only for the digging boxes)
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over 30 min. Having once selected a box, workers were not
observed changing to the other side. In control assays both
soils were maintained at 25°C, and preferences for a particu-
lar side were recorded in the same way. Forty replicates
were carried out for each pair of tested temperatures.

Workers’ responses to increasing and decreasing soil
temperatures while digging

In natural soils, temperature varies continuously over time, so
that workers are expected to be exposed to changing temper-
atures while engaged in digging. Therefore, workers were
confronted with either decreasing or increasing soil tempera-
tures while digging, and their performance was recorded. It
was quantified as the rate of soil pellets removed from a soil
undergoing a continuous temperature change, compared with
a soil at constant temperature. A group of five workers was
placed inside an ant box (Fig. 2c) located between two dig-
ging boxes filled with soil initially maintained at room tem-
perature, 24°C. Workers could start digging only inside the
so-called initial digging box, because the access to the oppo-
site one, called the optional digging box, was blocked by a
sliding door. Thirty minutes later, this door was opened, so
that workers could choose between either continuing digging
inside the initial digging box or moving to the optional dig-
ging box. Digging activity was monitored over 100 min (see
below). Through this procedure, it was assessed whether
workers show site fidelity to the initial digging place when
soil temperature remained unchanged. This series was con-
sidered the control one. In two other independent experimen-
tal series, the sliding door was opened 30 min after the assays
began, and the soil temperature at the initial digging place
was either increased or decreased at a rate of 0.1°C/min for
100 min. Thus, the soil temperature changed either from 24
to ca. 34°C, or from 24 to ca. 14°C. Inside the optional dig-
ging box the soil was maintained at the same temperature
workers experienced in the initial box at the beginning (ca.
24°C). By measuring workers’ digging activity in the initial
and optional digging boxes, the temperature at which work-
ers stopped digging in the first box and eventually moved
into the optional box was assessed. As a measure of digging
activity, the number of soil pellets removed by workers from
each digging box over time was recorded by four video cam-
eras placed at each side of both digging boxes. From the
video recording, the number of pellets removed every 5 min
(with constant, increasing or decreasing temperatures) was
counted. A very accurate change of soil temperature inside
the initial box was achieved using a computer-controlled Pel-
tier element located inside an aluminium plate, above which
the initial digging box was placed (Fig. 2c). Soil and air tem-
perature were recorded inside the initial and optional digging
boxes using a temperature data logger equipped with four
wire sensors (Voltcraft® K204). Twelve replicates of the

@ Springer

series with increasing and decreasing temperatures, as well
as the control ones, were performed.

Finally, in order to know whether the threshold tempera-
ture at which workers stop digging may compromise
worker survival, mortality rates of A. lundi workers as a
function of temperature were evaluated. For this, indepen-
dent groups of 50 workers (mean body mass = 2.43 mg)
were placed in Petri dishes inside an incubator at 98% rela-
tive humidity, and exposed to constant air temperatures
ranging from 25 to 42°C, in 1°C steps. After 6 h, the num-
ber of dead workers in each group was counted.

Results
Soil temperature and nesting habits in Acromyrmex

For the 21 South American Acromyrmex species, the
warmer the soil at the nesting site, as a consequence of soil
temperature regime and nesting-site exposition, the higher
the number of species inhabiting subterranean nests (G-test
= 13.65, df = 3, P = 0.003) (Fig. 3a, Table 1). Whereas
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Fig. 3 a Nest types recorded for 21 Acromyrmex species depending on
the soil temperature regimes (thermic or hyperthermic soil) and nesting
site exposition (shaded or exposed) at the site of occurrence. b Left Dis-
tribution of thermic and hyperthermic soils in South America, partially
based on the Global Soil Temperature Regimes map (USDA 2005).
Right Soil temperature at 10 cm (continuous line) and 40 cm depth
(dashed line) over 48 h in a hyperthermic (10°56'S, 45°69'W) and a
thermic (29°17'S, 53°69'W) soil in spring 2005. Data obtained from
the PCD Program (CPTEC 2006)
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Acromymrex species exclusively inhabit superficial nests in
colder soils, mostly subterranean nests occur in the hottest
soils. In the milder soils, Acromyrmex inhabit both nest
types. Figure 3b presents the distribution of thermic and
hyperthermic soil temperature regimes in South America,
as well as examples of the soil temperature variation over
48 h at locations subjected to either a hyperthermic or a
thermic regime.

Table 1 presents the data of nesting habits of the sur-
veyed species depending on the soil temperature regime.
Two Acromyrmex subgenera are recognized based on
workers’ morphology and the substrate used to cultivate
the fungus (Gongalves 1961; Weber 1972). First, the
subgenus Acromyrmex that comprises species cutting
dicotyledoneous leaves, i.e. leaf-cutting ants (Table 1).
For this subgenus, the warmer the soil at the nesting site,

the higher the number of species inhabiting subterranean
nests (G-test = 12.2, df = 3, P = 0.006). Five out of the 16
species in the Acromyrmex subgenus, i.e. ambiguus,
aspersus, crassispinus, lundi and rugosus, showed intra-
specific nesting plasticity (Table 1), i.e. the nesting habit
depended on soil temperature, being superficial in colder
soils and subterranean in the hottest ones (G-Test = 9.64,
df =3, P =0.02). Second, the subgenus Moellerius, which
comprises five species of grass-cutting ants (Table 1).
Within this subgenus, there was no correlation between
nesting habit and soil temperature at the nesting site
(G-test for exposed hyperthermic vs. exposed thermic =
0.17, df = 1, P = 0.67). With the exception of A. heyeri
that inhabits a superficial nest, the other four Moellerius
species occurred in subterranean nests irrespective of soil
temperature.

Table 1 Nest types recorded for the 21 surveyed Acromyrmex species depending on the soil temperature regimes (thermic or hyperthermic soil)

and nesting site exposition (exposed or shaded) at the site of occurrence

Thermic soils

Hyperthermic soils

Shaded Exposed Shaded Exposed

Subgenus Acromyrmex
Acromyrmex ambiguus™> <-4 kopw Superficial Subterranean
Acromyrmex aspersus™! Superficial Superficial Subterranean
Acromyrmex crassispinus®m-oP Superficial Superficial Subterranean Subterranean
Acromyrmex lundi lundi®®¢4:e45-0.p.:% Superficial Subterranean Superficial Subterranean
Acromyrmex rugosus®H&-oP Superficial Subterranean
Acromyrmex niger®® Subterranean Subterranean
Acromyrmex octospinosus® Subterranean Subterranean
Acromyrmex hispidus fallax' Subterranean Subterranean
Acromyrmex laticeps laticeps™ Subterranean
Acromyrmex subterraneus™ Subterranean
Acromyrmex lobicornis®>¢4e-0puw Superficial Superficial
Acromyrmex disciger’ Superficial Superficial
Acromyrmex coronatus®>*-410p Superficial
Acromyrmex diasi* Superficial
Acromyrmex hispidus®>©-4%t Superficial
Acromyrmex hisz‘ryxi Superficial
Subgenus Moellerius
Acromyrmex balzani®&¢-oPY Subterranean Subterranean
Acromyrmex striatus™>c-4-0ps Subterranean Subterranean
Acromyrmex fracticornis™>>P Subterranean
Acromyrmex landolti>¢4e-opnar Subterranean
Acromyrmex heyeri*dedeiopw Superficial Superficial
> Superficial 5 (100%) 5 (50.0%) 6 (54.5%) 2 (15.4%)

ubterranean o 0% D% 6%
> Sub 0 (0%) 5 (50.0%) 5 (45.5%) 11 (84.6%)

¢ Argentina; *“Bonetto (1959); bFarji—Brener (1994); “Farji-Brener (2000); dKusnezov (1956); *Kusnezov (1978); F™Brazil; ‘De Andrade (1991);
gFernandes Soares et al. (2006); iGongalves (1961); iGuerra de Gusmao (1998); Link et al. (2001a); 'Link et al. (2001b); ™Link et al. (2001c);
"Colombia; "Lapointe et al. (1998); *PParaguay; °Fowler (1985); PFowler and Claver (1991); ¥"Venezuela; 9Espina and Timaure (1977); "Navarro
and Jaffé (1985); S"VUruguay; *Carbonell (1943); Zolessi and Abenante (1973); "Zolessi and Gonzalez (1974); YZolessi and Gonzélez (1978);

“Zolessi and Philippi (1998)
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Soil temperature and digging behaviour

Soil temperature strongly influenced digging performance
of A. lundi workers. Workers dug more in soils at 25°C than
in soils at lower or higher temperatures (Fig. 4).

When presented with a choice between two constant
temperatures, i.e. 25°C and one alternative, workers pre-
ferred to start digging in soils at 25°C than in soils at 15 and
35°C, and there were no differences in preference in the
range of 20-30°C (Fig. 5).

Workers responded to changes in soil temperature expe-
rienced while digging, but qualitatively differently to
increasing and decreasing temperatures. During the control
experiments with no temperature change, workers mostly
continued digging at the initial digging place after the slid-
ing door was opened (Fig. 6a). In contrast, workers exposed
to increasing temperature at the initial digging place moved
to the optional digging place after a while (Fig. 6b), and
their digging activity was almost completely concentrated
there. In the experiments with decreasing soil temperature
(Fig. 6¢), digging activity in the initial box decreased as
temperature changed, but no concomitant increase in activ-
ity in the optional box was observed. The total digging
activity was therefore lower than that observed in the two
previous experiments (Fig. 6; one-way ANOVA, F34,) =
17.26, P < 0.001; post hoc Scheffe test at P < 0.001). There
was no difference in the total digging activity between the
control series and the series with increasing temperatures
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Fig. 4 Digging performance measured as the volume excavated over
4 h by five A. lundi workers in soils at different temperatures (median
25-75%). Values sharing the same letter are not statistically significant
(Kruskal-Wallis test, H = 156.9, df = 6, P < 0.001; post hoc, Nemenyi
test, P < 0.001)
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Fig. 5 Soil temperature selected by groups of three A. lundi workers
at which to start digging. Dual choice tests presenting both 25°C (black
bars) and an optional temperature (white bars 15, 20, 30 or 35°C), as
indicated on the abscissa. **P < 0.01, ***P < (0.001 (Xz-test)

(one-way ANOVA, F345 = 17.26, P < 0.001; post hoc
Scheffe test at P < 0.001).

For the series with increasing temperatures, the average
threshold temperature at which workers decided to give up
and to change the digging place was evaluated by plotting
digging activity in the initial digging box (as a percentage
of the total activity in the two boxes) as a function of the
actual temperature (Fig. 7a). The sigmoidal fit shows that
the soil temperature at which digging activity decreased to
50% at the initial box was 30.3°C. Figure 7b presents the
relationship between worker mortality and temperature
established in the laboratory assays. The sigmoidal fit
shows that the lethal air temperature (50% mortality) was
39.7°C.

Discussion

Nest depth as an adaptation based on thermoregulatory
needs

Our bibliographic survey suggests that the nest depths in
Acromyrmex leaf-cutting ants are adaptive responses based
on the colony’s thermoregulatory needs. The warmer the
soil, i.e. from shaded thermic soils to exposed hyperthermic
soils, the higher the number of species inhabiting subterra-
nean nests (Fig. 3a). We argue that inhabiting subterranean
nests in warm soils is advantageous because of the
avoidance of higher temperatures at the superficial soil
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Fig. 6a—c Number of soil pellets removed every 5 min by workers ei-
ther from the initial digging box (grey portion) or the optional digging
box (white portion). a Control experiments with constant soil temper-
ature (24°C) in both digging boxes. b Experiments with increasing soil
temperature in the initial digging box, and constant in the optional one.
¢ Experiments with decreasing soil temperature in the initial digging
box, and constant in the optional one. Bars far right Total digging
activity in the initial and optional digging boxes

layers (Fig. 3b). Conversely, living in superficial nests in
cold soils benefits from the milder temperatures at the
superficial soil layers (Fig. 3b). The observed trend, how-
ever, should be interpreted with caution. First, although
each species contributed only once to each soil temperature
category, most of them contributed more than one observa-
tion to the whole data set. Second, species are not necessar-
ily independent sampling units, because closely related
species often inherit traits from common ancestors. These
considerations make it difficult to perform a comparative
interspecific analysis of what we consider an adaptive trait
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Fig. 7 a Digging activity in the initial box, as a percentage of the total
number of pellets removed from both digging boxes, as a function of
the average temperature of the 5-min interval (data from the grey/white
bars, see Fig. 6b). Continuous line Digging activity (%) = 98.13 {1 +
exp[—(T — 30.31)/—1.67]} (T in °C), R*=0.59, P <0.001. b Worker
mortality as a function of air temperature in 1°C steps (n = 7, £SE).
Dashed line Mortality (%) = 101.63 {1 + exp[-(T — 39.72)/—0.36]} (T
in °C), R? = 0.98, P < 0.001. Dotted lines Soil temperature at which
digging activity fell to 50% (a), and air temperature at which worker
mortality reached 50% (b)

(Harvey and Pagel 1991). Therefore, it is worthwhile to
consider the conditions under which the Acromyrmex genus
originated in South America, as well as the phylogenetic
relationship among species.

The Attini ant-fungus mutualism originated in South
America during the early Cenozoic, 45-65 million years
ago (Mueller et al. 2001; Schultz and Brady 2008), when
the South American climate was warm, wet and non-sea-
sonal (Ortiz-Jaureguizar and Cladera 2006). The leaf-cutting
ant genera Afta and Acromyrmex originated in southern South
America later during the Miocene, around 8-12 million
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years ago (Schultz and Brady 2008). The South American
climate started to become dryer then, and colder and sea-
sonal in regions south of 15°S, and the biomes were domi-
nated by park and grassland savannas (Ortiz-Jaureguizar
and Cladera 2006). Given that Acromyrmex species origi-
nated under climatic conditions that could be regarded as
unsuitable for fungal growth (Griffin 1994), colonies are
therefore expected to have developed adaptations to main-
tain their fungus gardens under proper microclimatic condi-
tions inside nests.

A closer examination of Table 1 suggests that the adap-
tation to soil temperature through the different nesting hab-
its mostly occurred in the subgenus Acromyrmex, because
members of the subgenus Moellerius with the exception of
A. heyeri, present a subterranean nesting habit indepen-
dently of soil temperature. Since species belonging to the
subgenus Acromyrmex probably originated from Moelle-
rius ancestors (Fowler 1982), it can be argued that the
superficial nesting habit is a derived trait. This hypothetical
scenario is supported, first, by the fact that the fungus-
growing ant genus Trachymyrmex, which represents the
transition between the lower attines and the Acromyrmex
(Brandao and Mayhé-Nunes 2007; Mayhé-Nunes and Jaffé
1998; Schultz and Brady 2008), inhabit subterranean nests
(Weber 1972) that show marked morphological similarities
to the subterranean nests of four out of the five Moellerius
species. Both in the genus Trachymyrmex and the Moelle-
rius group, nests comprise multiple regularly-spaced fun-
gus chambers interconnected by tunnels (Weber 1972).
Second, from the time of the postulated origin of Acromyr-
mex, 8—12 million years ago (Schultz and Brady 2008),
temperatures have continuously decreased in South Ameri-
can latitudes south of 15°S (Ortiz-Jaureguizar and Cladera
2006). Therefore, adaptations to colder environments are
expected to have evolved, such as the acquisition of a
superficial nesting habit and the construction of thatched
nests with thermoregulatory benefits. As mentioned above,
the likely basal Moellerius species inhabit subterranean
nests, yet as grass-cutting ants they are restricted to grass-
lands and exposed nesting sites, and are more abundant in
hot hyperthermic soils (Table 1). Inhabiting subterranean
nests under these conditions would have the advantage of
avoidance of higher soil temperatures near the soil surface.
In this line of argument, it is noteworthy that the only
Moellerius species that build superficial thatched nests,
A. heyeri, is one of the southernmost distributed species of
Acromyrmex. It reinforces the idea that the construction of
superficial thatched nests is an adaptive response to soil
temperature.

In addition to the observed temperature-related pattern
of nesting habits across species, intraspecific plasticity in
nesting habits depending on soil temperature has also been
reported for members of the Acromyrmex subgenus
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(Table 1). To what extent this plasticity can be accounted
for by the experimentally explored temperature-sensitive
digging behaviour is discussed in the next sections.

Temperature-sensitive digging and nest depth

Our laboratory investigations showed that A. lundi workers
use soil temperature as an orientation cue to decide where
to start digging. In addition, workers respond to rising and
falling soil temperatures by either moving to alternative
digging places, or by stopping digging, respectively. These
results indicate that A. lundi workers show a marked ther-
mopreference while digging, and prefer to dig in soils with
temperatures between 20°C and maximal ca. 30°C. This is
the first experimental demonstration that temperature is
used as a orientation cue in the context of collective digging
in ants. We suggest that during nest growth, digging work-
ers orient towards their preferred range of soil temperature,
which leads to a concentration of digging activity at the lay-
ers where it occurs. For instance, the higher the average soil
temperature, the deeper the nest location, since the pre-
ferred temperature range will occur at deeper layers. Such a
mechanism may account for the construction of superficial
nests in cold soils, and subterranean ones in warm soils.

As in most ants, nest excavation in Acromyrmex begins
as a founding chamber dug by the mated queen at 5-20 cm
depth (Bruch 1923; Camargo etal. 2004; Montenegro
1973). In exposed habitats of tropical areas, where tempera-
tures at the soil surface may exceed 30°C during daily
oscillations (Passerat de Silans et al. 2006) (Fig. 3b), work-
ers are expected to dig downwards to avoid them. Our
results support this view, because workers avoided a soil at
35°C to start digging, yet started in a soil at 25°C (Fig. 5).
In addition, workers digging in a soil with increasing tem-
perature stopped digging around 30-32°C, but continued
digging at the same rate at a neighbouring location at 25°C
(Fig. 6b). In both shaded hyperthermic soils and in thermic
soils, however, the need to avoid the superficial soil layers
during nest enlargement would not necessarily be so
marked. There, the location of the superficial founding
chamber may already offer a suitable temperature range for
colony growth (Fig. 3b). Therefore, workers may enlarge
the nest without the need to go deeper into the soil profile,
where soil temperatures are likely lower than near the sur-
face. This view is also supported by our results. Workers
were reluctant to start digging in soils at 15°C (Fig. 5), and
when confronted with decreasing soil temperatures, dimin-
ished digging activity and did not show a tendency to
change digging places (Fig. 6¢). Acromyrmex superficial
nests would therefore be expected to comprise one single
large chamber. This is indeed the fact for nine species
inhabiting superficial nests, with the only exception being
Acromyrmex lobicornis, which excavates multiple small
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chambers inside a solid mound constructed with soil and
debris (Bonetto 1959; Gongalves 1961; Zolessi and Gon-
zélez 1974).

As mentioned in the Introduction, other variables such as
soil moisture, or colony size, are also expected to influence
the determination of nest depth. Nest depth in Acromyrmex
landolti, as an example, has been shown to be negatively
correlated with soil moisture (Lapointe et al. 1998), and
colonies are known to relocate fungus gardens across the
soil profile as a response to soil moisture. Humidity control
is highly relevant for fungal growth (Roces and Kleineidam
2000), but it appears unlikely that humidity requirements
alone may account for the reported patterns of nesting hab-
its in the genus Acromyrmex. Soil temperature seems to be
a more powerful predictor of nesting habits. For instance,
Acromyrmex crassispinus colonies build subterranean nests
in the hot soils of Paraguay, yet superficial ones in the
colder thermic soils of central Argentina and south Brazil
(Bonetto 1959; Fowler 1985; Gongalves 1961; Guerra de
Gusmao 1998; Link et al. 2001c), although both regions
present the same soil moisture regime (USDA 1975).

Regarding the effect of colony size on nest depth, it is
known for ants that the excavated nest volume depends on
the number of colony workers (Buhl et al. 2005; Deneu-
bourg and Franks 1995; Halley etal. 2005; Rasse and
Deneubourg 2001). Therefore, colonies would simply go
deeper as they grow because of the increasing excavated
volume, and differences in nest depth among colonies could
merely be regarded as a by-product of differences in the
sizes of mature colonies. In addition, ant colonies in tem-
perate areas tend to be larger than those of tropical areas
(Kaspari and Vargo 1995). Assuming this trend for the
genus Acromyrmex, and considering that nest depth would
depend on colony size as indicated above, Acromyrmex
nests should occur deeper in temperate areas than in tropi-
cal ones. However, our results do not support this hypothe-
sis, since the subterranean nesting habit mainly occurs in
the tropical areas, where hyperthermic soils are predomi-
nant, and the superficial nesting habit in the temperate areas
with thermic soils. Regarding colony size, while Acromyr-
mex rugosus colonies excavate subterranean nests in hyper-
thermic soils in north Brazil (Fernandes Soares et al. 2006),
A. heyeri colonies build superficial nests on thermic soils of
southern Brazil, even though the latter have a 10 times
larger worker population (Diehl-Fleig and Droste 1992;
Guerra de Gusmao 1998).

The adaptive value of temperature-sensitive digging

The adaptive value of temperature-sensitive digging is
emphasized by the threshold temperature at which A. lundi
stops digging when temperature increases, i.e. 30°C as
determined in our study (Fig 7a). This temperature is not

lethal at all for workers (Fig 7b), but matches the tempera-
ture at which brood development in ants starts being nega-
tively affected, as reported for two common South
American ants from subtropical and temperate areas,
Camponotus mus and Solenopsis invicta (Porter 1988; Por-
ter and Tschinkel 1993; Roces and Nifiez 1989). Tempera-
tures above 30°C were in addition found to be lethal for the
symbiotic fungus Attamyces bromatificus isolated from col-
onies of Acromyrmex octospinosus, Atta cephalotes and
Trachymyrmex urichi (Powell and Stradling 1986). Thus,
A. lundi workers seem to avoid, while digging, the soil tem-
peratures that are unsuitable for both fungus and brood
development, and prefer those temperatures that are known
to maximize fungal growth (Bollazzi and Roces 2002;
Powell and Stradling 1986).

We suggest that plasticity in nesting habits based on
temperature-sensitive digging has promoted the coloniza-
tion of different habitats. It is noteworthy that the five Acro-
myrmex species with changing nesting habits occur in more
habitats, from exposed hyperthermic soils to shaded ther-
mic ones (Table 1), than those species lacking nesting plas-
ticity, such as the Moellerius species confined to exposed
soils (Table 1). This emphasizes the fact that for nest-build-
ing animals, an advance in their abilities to control the nest
microclimate could lead to an extension of the habitats for
the taxon (Hansell 2005). Although not necessarily linked
to speciation, innovations in building behaviour that give
rise to the invasion of new habitats might subsequently
facilitate adaptive radiation (Hansell 2005). Interestingly,
the subgenus Acromyrmex, with members that show plas-
ticity in nesting habits depending on soil temperature, pre-
sents more species than the subgenus Moellerius, with
members that inhabit invariant nests.

As for other ants, differences in nest depth in Acromyr-
mex have been regarded as adaptations aimed at achieving a
suitable nest microclimate (Farji-Brener 2000; Lapointe
et al. 1998; Navarro and Jaffé 1985; Seeley and Heinrich
1981). However, the question about what variable within
the soil environment may account for the observed nest
depths in ants remained unexplored. Our analysis suggests
that soil temperature is a strong predictor of the observed
nest depths in the genus Acromymrex. Further, our study
provides, to our knowledge, the first experimental evidence
for the use of soil temperature by digging workers as an ori-
entation cue, suggesting its major role for the determination
of nest depth across the soil profile. Temperature-sensitive
digging behaviour in Acromyrmex would therefore help
colonies to achieve a proper nest climate for fungus and
brood development, and so maximize colony growth rates.
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