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Zusammenfassung 

Bei Blattschneiderameisen der Gattung Atta leben Millionen von Arbeiterinnen in 

gigantischen Nestern. Ausgewachsene Kolonien produzieren jährlich etwa 30.000-40.000 

Männchen und 4.000-5.000 Jungköniginnen und die Hochzeitschwärme sind auf wenige Tage 

im Frühling beschränkt. Die Biologie des Schwärmens in Atta ist größtenteils unbekannt und 

die faszinierende Organisation der beeindruckenden Paarungsschwärme ist in bisherigen 

Arbeiten beinahe völlig übergangen worden. 

In meiner Diplomarbeit untersuche ich drei verschiedene Aspekte der Paarungsbiologie von 

Atta vollenweideri. Die Arbeit basiert auf Daten, die im Oktober und November 2009 

während eines Feldaufenthaltes im Rio Pilcomayo National Park, Formosa, Argentinien 

gesammelt und anschließend an der Universität Würzburg und der Universität Konstanz 

analysiert wurden. 

 

Im ersten Teil der Arbeit korreliere ich Wetterbedingungen mit verschiedenen Phasen des 

Schwarmverhaltens, um externe Zeitgeber zu identifizieren, die an der Initiierung der 

Schwärme beteiligt sind. Regen spielt dabei eine zentrale Rolle. Atta-Königinnen gründen 

ihre Kolonien claustral, weshalb die frisch befruchteten Königinnen sich nach der Paarung in 

den Boden eingraben müssen. Daher besteht ein hoher Selektionsdruck, sich erst nach 

kräftigen Regenfällen zu paaren. Ich fand heraus, dass mindestens 21,59 mm Niederschlag 

innerhalb der letzen drei Tage vor einem Paarungsflug fallen müssen. 

Regen ist notwendig, aber nicht ausreichend. Durch Korrelation von verschiedenen 

Klimaparametern mit Schwarmverhalten zeigte ich, dass die Kombination dieser Parameter 

den Zeitpunkt des Schwärmens beeinflusst. Ich berechnete ein Schwellenmodel, welches 

aufdeckte, dass die Temperatur an Schwarmtagen mindestens 27,7°C sein und um mindestens 

0,4°C verglichen mit dem Vortag steigen muss. Der Luftdruck muss um mindestens 1,8 hPa 

in den letzen sechs Stunden vor dem Abflug fallen und die mittlere Sonneneinstrahlung an 

solchen Tagen immer größer als 317 W/m² sein. Obwohl einige dieser Parameter auch an 

anderen Tagen während der Feldstudie erfüllt waren, wurden Flüge nur eingeleitet, wenn alle 

Parameter zutrafen. Das Wetter scheint das Schwärmen zwischen verschiedenen Nestern 

innerhalb eines Gebietes zu synchronisieren. 

Das Schwarmverhalten kann in drei aufeinanderfolgende Phasen eingeteilt werden: 

Initiierung, Aggregation und den eigentlich Hochzeitsflug. Die Initiierungsphase beginnt mit 

den Regenfällen und dauert bis zur Einleitung des Preswarming. Die Aggregationsphase 

erstreckt sich von Preswarming bis zum Abflug der Geschlechtstiere und der sich daran 
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anschließende Hochzeitsflug endet mit der beginnenden Koloniegründung durch befruchtete 

Königinnen. 

Ich konnte nachweisen, dass die Tiere Schwarmverhalten nach schweren Regengüssen zeigen. 

Wenn alle Flugbedingungen erfüllt sind, sammeln sich sehr aggressive Arbeiterinnen auf dem 

Nest. Nach einiger Zeit folgen den Arbeiterinnen zuerst Männchen und dann Königinnen. Vor 

dem Abflug aggregieren die Männchen in großer Zahl und die ersten Männchen starten etwa 

um 18.30 Ortszeit. Über einen Zeitraum von 45 min fliegen immer mehr Männchen ab. Die 

Königinnen starten etwa um 18.45, in der Mitte des Massenabfluges der Männchen, und ihre 

Abflugzeit endet gegen 19.20. 

Jedes Geschlecht zeigt ein charakteristisches geschlechtsspezifisches Verhalten, welches von 

mir zum ersten Mal detailliert beschrieben wird: Die Königinnen schlagen mit ihren Flügeln 

und rudern gleichzeitig mit ihren Vorderbeinen in der Luft. Möglicherweise müssen die 

schweren und behäbigen Königinnen ihre Muskulatur vor dem Flug aufwärmen. Alternativ 

könnte ein Pheromon abgegeben und durch die Flügelbewegung in der Luft verteilt werden. 

Im Gegensatz dazu belecken die Männchen ihre Vorderbeine mit den Mundwerkzeugen. Es 

ist möglich, dass auch hier ein Pheromon abgeben wird, mit dem die Tiere vor der Kopulation 

miteinander kommunizieren. 

Die Geschlechtstiere fliegen mindestens 80 m hoch in die Luft, wo die Paarung stattfindet. Ich 

konnte niemals Kopulationen beobachten. Mit Karussellversuchen demonstriere ich, dass 

Königinnen ein großes Ausbreitungspotential haben. Im Durchschnitt können sie mit einer 

mittleren Geschwindigkeit von 1,3 m/s 6,86 km weit fliegen. 

 

Im zweiten Teil der Diplomarbeit beschreibe ich die Morphologie der Geschlechtstiere. A. 

vollenweideri Königinnen sind sehr groß. Die mittlere Kopfbreite beträgt 4,78 mm, während 

Männchen kleiner sind (Kopfbreite: ø 2,45 mm). Beide Geschlechter haben große Augen und 

Ocelli, welche zur Navigation und Partnerfindung während des Hochzeitsfluges eingesetzt 

werden. Im Verhältnis zur Kopfbreite sind bei Männchen die Augen 33% und die Ocelli 66% 

größer als bei Königinnen. Weiterhin besitzen die Männchen sehr lange Beine mit großen 

Tarsalklauen, die zum Festklammern an Königinnen während der Kopulation dienen. Das 

männliche Kopulationsorgan ist groß und außen liegend. Das Organ hat auffällige 

artspezifische Anhänge, welche conspezifische Paarung sicherstellen. 

Ungeflogene Königinnen sind sehr schwer für eine Ameise. Das mittlere Trockengewicht 

beträgt 391,9 mg, da ihr Körper große Muskeln für den Hochzeitflug und Ressourcen zur 
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Koloniegründung enthält. Die Männchen sind mit einem durchschnittlichen Trockengewicht 

von 22,5 mg wesentlich leichter. 

 

Im letzten Teil meiner Arbeit korreliere ich Veränderungen in der Zusammensetzung von 

Pheromonen mit verschiedenen Phasen des Schwarmverhaltens, um mögliche Sex-Pheromone 

zu identifizieren, die von A. vollenweideri während des Paarungsflugs verwendet werden. 

Zur Bestimmung der Mandibeldrüseninhalte extrahierte ich Köpfe von Geschlechtstieren zu 

vier verschiedenen Zeitpunkten: „vor dem Flug“ (am Tag vorher gesammelt), „ungeflogen“ 

(Tiere, die nach einem Hochzeitsflug auf dem Nest verblieben), „fliegend“ (aus der Luft 

gefangen) und „nach dem Flug“ (in der der Nacht nach einem Flug gesammelt). Ich 

identifizierte 29 verschiedene chemische Substanzen in Königinnen und 19 in Männchen. Das 

Sekret ist geschlechtsspezifisch von je drei Substanzen dominiert: 4-Methyl-3-Heptanon (4-

Me-3-On) und 4-Methyl-3-Heptanol (4-Me-3-Ol) finden sich in beiden Geschlechtern. 1-

Undecanol vervollständigt das weibliche Sekret und Oktansäure das männliche. 

Ich berechnete, dass eine Königin im Mittel 12.421 ng Mandibeldrüsensekret vor dem Flug 

und 3.008 ng nach dem Flug hat. Männchen enthielten 368 ng Sekret vor dem Flug und 129 

ng danach. In beiden Geschlechtern ändert sich in der Abfolge des Schwärmens das 

Verhältnis zwischen 4-Me-3-On und 4-Me-3-Ol. Bei Königinnen nimmt der Anteil von 4-Me-

3-Ol zu. Es deutet darauf hin, dass Mandibeldrüsensekret während des Schwarmes abgegeben 

wird und sehr wahrscheinlich der Kommunikation zwischen den Geschlechtstieren dient. 

In der Aggregationsphase lag ein seltsamer süßlicher Geruch über den Kolonien. Viele 

Königinnen rochen ebenfalls so, während andere den Duft nicht zeigten. Durch den Vergleich 

des chemischen Profils von riechenden und nicht riechenden Tieren konnte ich 4-Me-3-On als 

Ursprung des süßen Geruches identifizieren. 

Ich gehe davon aus, dass während des Hochzeitsfluges 4-Me-3-On und 4-Me-3-Ol von den 

Königinnen abgegeben werden und zur Kommunikation über größere Distanz eingesetzt 

werden. 1-Undecanol dagegen dient möglicherweise der Kommunikation über kurze 

Entfernungen. Direkte Beweise für die Funktion der identifizierten Substanzen sollten in 

weiteren Verhaltensstudien erbracht werden. 
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Summary 

Leaf-cutting ants of the genus Atta built giant colonies inhabited by millions of individual 

workers. Mature colonies produce about 30,000-40,000 virgin males and 4,000-5,000 virgin 

queens each year and mating swarms occur only on very few days in spring time each year. 

The biology of swarming in Atta is largely unknown and the fascinating organization of the 

amazing mating swarms is almost completely unaddressed in the literature. 

In my diploma thesis, I investigate three different aspects of the mating biology of Atta 

vollenweideri. The work is based on data collected during a field trip to the Rio Pilcomayo 

National Park, Formosa, Argentina from October to November 2009, and subsequent data 

analysis at the University Würzburg and the University Konstanz. 

 

In the first part of this thesis, I correlate weather conditions with different phases of swarming 

behavior in order to identify the external zeitgeber for the initiation of swarming. Rain plays a 

crucial role. After mating, newly inseminated queens found colonies claustraly and have to 

dig themselves into the soil. Hence, there is a high selective pressure to mate only after 

substantial rainfalls. I found that at least 21.59 mm precipitation have to fall in the last three 

days before a mating swarm. 

Rain is necessary but not sufficient. By correlating several climatic parameters with swarming 

behavior, I found that the combination of different parameters influences the timing of 

swarming. I calculated a threshold model, which revealed that on swarm days the temperature 

has to be at least 27.7°C and to increase at least 0.4°C to the day before. Atmospheric pressure 

has to fall at least 1.8 hPa in the last six hours before flight and the mean solar radiation of the 

day is always higher than 317 W/m². Although some of these parameters were met on other 

days during the study period, only on days where all of them were fulfilled, flights were 

initiated. Weather seems to synchronize swarming of different nests in a geographical range. 

Swarming behavior can be divided into three consecutive phases: initiation, aggregation and 

mating flight. First, the initiation phase lasts from the rainfalls to the beginning preswarming. 

Second, the aggregation phase lasts from preswarming till departure of alates and third, the 

mating flight ranges from take off of the alates to beginning colony founding by queens. 

I found that sexuals show swarming behavior after heavy rain. When flight conditions are 

met, aggressive workers emerge all over the nest. After some time, these workers are followed 

first by males, which cluster with several thousand individuals on nest, and then by queens. 

The first males take off at around 6.30p.m. local time and the flight lasts approximately 45 
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min. The females start at 6.45p.m., which is in the middle of the mass swarm of the males, 

and departure time ends at about 7.20p.m. Queens do not cluster on nest surface. 

Before taking off, each sex shows characteristic pre-flight behavior. I describe these behaviors 

in great detail for the first time. The queens flap their wings and paddle with the front legs. 

Probably the ponderous queens have to warm up the wing muscles or a dispensed pheromone 

is emitted and dispersed in the air by wing movement. In contrast, males lick their front legs 

alternately with the mandibles. Maybe here also a pheromone is released and a pre copulatory 

communication between alates is maintained. 

Alates fly at least 80 m high in the air, where mating takes place. I could never observe 

copulations. In carousel experiments, I demonstrate that the queens have a big potential for 

dispersion. On average they can fly 6.86 km with a mean velocity of 1.30 m/s. 

 

In the second part of my diploma thesis, I describe the morphology of the sexuals. Queens are 

big and clumsy. They have a mean head width (HW) of 4.78 mm. Males are smaller (HW: ø 

2.45 mm). Both sexes have large eyes and ocelli, which are used for navigation and mate 

location during nuptial flight. In proportion to HW, eyes are 33% and ocelli 60% larger in 

males than in females. Males also have very long legs with big tarsal claws that are shaped for 

attaching to females during copulation. The male copulation organ is huge and external. The 

organ has pronounced appendages, which are species specific and ensure the copulation only 

with conspecific females. 

Preflight queens are very heavy for an ant. They had 391.9 mg mean dry weight, because their 

body contains huge muscles for flying and resources for colony founding. Males are lighter. 

They had a dry weight of 22.5 mg. 

 

In the last part of my work, I correlate changes in the composition of pheromones with 

different phases of swarming behavior in order to find possible sex pheromones used by A. 

vollenweideri alates during mating swarm. 

To indentify the mandibular gland (MG) contents, I extracted heads of four different 

categories of sexuals: before the flights (before flight), alates that remained on the nest after a 

flight (non flying), flying alates (flying) and alates collected in the night after the nuptial 

flights. I found 29 distinguishable chemicals in queens and 19 in males. The secretion in each 

sex is dominated by three substances. 4-Methyl-3-Heptanon (4-Me-3-On) and 4-Methyl-3-

Heptanol (4-Me-3-Ol) are common in both sexes; In queens MG secretion is completed with 

1-Undecanol and in males with Octanoicacid. 
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I calculated a queen to have on average 12,421 ng MG secretion before flight and 3,008 ng 

after flying; males had 368 ng secretion before flight and 129 ng after flying. In both sexes, 

the ratio between 4-Me-3-On and 4-Me-3-Ol in the MG secretion changes in the sequence of 

swarming. In queens the ratio is shifted towards higher amounts of 4-Me-3-Ol. This indicates 

that the MG secretion is released during swarming and very likely used for communication 

between the alates.  

During aggregation phase, I detected a strange sweetish smell over the colonies. Many queens 

smelled the same way, while others do not emit these odors. By comparing the chemical 

signature of smelling vs. non smelling, I could identify 4-Me-3-On as source for the sweetish 

smell. 

I propose that during mating flights 4-Me-3-On and 4-Me-3-Ol are released by the queen and 

act as long range signal, while 1-Undecanol is possibly used in close range communication. 

Direct evidence of the function of the different identified components remains to be 

investigated in further behavioral studies. 
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1. Introduction 

1.1 General introduction 

In the present study, I investigate different aspects of the mating biology in the leaf-cutting 

ant Atta vollenweideri. Leaf-cutting ants cut fresh plant material, on which a symbiotic fungus 

is grown that is feed to the larvae. The evolution of the unique skill to use green plants as 

fungal substrate freed these ants from usual food limitations and has enabled them to expand 

in colony size (Weber, 1972). Where members of this genus occur, they are often serious 

insect pests, which cause great damage on agriculture (Hölldobler & Wilson, 1990; Weber, 

1972). A single colony is inhabited by millions of worker ants (Fowler et al., 1986) and the 

nests constructed by this worker force are huge (e.g. Jonkman, 1980b; Moreira et al., 2004). 

All Atta are monogyn (Hölldobler & Wilson, 1990). Every colony is founded by only one 

queen, after she has mated during a nuptial flight. Nuptial flights in Atta are highly 

synchronized in the same geographical range (Moser, 1967; Moser et al., 2004) and initiated 

by favorable weather conditions. In ecological terms, synchronization guarantees two things 

(McCluskey, 1992): On one hand, alates of different natal nests can mate, in order to maintain 

genetic diversity. On the other, the numerous predators got over-saturated with food, so that 

more queens have a chance to survive the nuptial flight. Male Atta are only short lived, and 

die soon after the nuptial swarms. The only task they have to fulfill in their live is sex, and 

thus sexual selection led to highly derived male morphology, in particular of the male 

copulatory organs. In contrast, queens are long-living and each mated queen has the potential 

to found a new colony, which could grow to immense dimensions. During the mating flights, 

it is critical for females and males to recognize and to find each other. Therefore, a 

pronounced communication system is expected, that is used during swarming. Most likely, 

Atta ants use sex pheromones produced in the mandibular glands (DoNascimento et al., 

1993b; Hernandez et al., 1999) that lead the sexes together. 

 

In the following paragraph, I first give a short overview on the biology of Atta, then I 

introduce the three main topics climate and behavior, morphology and gland chemistry in 

greater detail. 
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1.2 Biology of Atta 

1.2.1 Geographical distribution 

Atta is restricted to the tropical and subtropical climate zones of the new world. Its 

geographical distribution ranges in the north from the south of the USA (Texas, Louisiana; A. 

texana) to approximately the north of the Buenos Aires province (Argentina; A. 

vollenweideri) in the south (Borgmeier, 1959; Weber, 1972). The different Atta inhabit 

diverse habitats from tropical rainforests over deciduous forests and savanna to arid 

grasslands. 

 

1.2.2 Fungus culturing 

The genus Atta belongs to the monophyletic myrmicine tribe Attini (Wetterer et al., 1998). 

Unique in ants, the Attini evolved the ability to collect plant and other organic material to 

culture a symbiotic fungus, on which their larvae feed (Müller et al., 1998). Together with its 

sister genus Acromyrmex, Atta species are the only Attini, which can use green plant material 

for fungus culturing. This evolutionary adaption freed leaf-cutters from food limitations, 

enabled enormous colony sizes (Weber, 1972), and with estimations going up to several 

million colony members living in mature Atta nests (Jonkman, 1980a; Fowler et al., 1986). 

Further the utilization of fresh leafs made them to be the 

eudominant consumers of primary production in the 

neotropics (Blanton & Ewel, 1985; Costa et al., 2008; 

Weber, 1972) that are serious insect pests in their 

distribution area (Hölldobler & Wilson, 1990; Robinson & 

Fowler, 1982; Varon et al., 2007). 

The only other social insects that also have the ability of 

fungal agriculture are old world termites in the 

Macrotermitinae (e.g. Macrotermes and Odontotermes) 

(Aanen et al., 2002),  

which collect mostly dead leafs and rooting wood. Together 

with Atta, these termites have in common the construction of 

gigantic nests that are inhabited by several millions of 

individuals. 

 

 

 

Figure 1: Media worker of 
Atta vollenweideri cutting 
grass. 
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1.2.3 Nest mound and inquilines 

Atta nests have to house millions of workers and big amounts of fungus gardens. 

Consequently, they are huge and conspicuous. Soil excavated by the workers forms hills and 

can be seen from a distance in open landscape. The nest architecture has been studied 

intensely by various authors over a long period of time (e.g. Eidmann, 1932; Jonkman, 1980b, 

b; Moreira et al., 2004; Moser, 1963; 2006). 

Mature nests of Atta contain several thousand of chambers (Jonkman, 1980c; Moreira et al., 

2004) that can be located very deep in the soil. All members of such impressively huge nests 

are daughters of one single mother queen (Hölldobler & Wilson, 1990). 

The ants have evolved an amazing ventilation system, to ensure the ventilation of the fungus 

chambers deep in the soil. Air flows in the nests through tunnels in lower peripheral nest 

regions and flows out through tunnels located in the upper central region of a nest 

(Kleineidam et al., 2001). 

The Atta nests are not only famous for their size but also for the rich fauna of guests living in 

it. Various arthropods of many different taxonomic groups have been described to be attophil, 

i.e. to life in close association with Atta-ants (Eidmann, 1937; Weber, 1972). Especially 

beetles are very abundant in the nests. Some species have been found to ride on alates during 

mating flights, like the roach Attaphila fungicola (Moser, 1963a, 1967) in A. texana (figure 2). 

Most likely the riders use the sexuals for long range dispersion. 

 
Figure 2: Larvae of the myrmecophile roach Attaphila fungicola riding 
on an Atta texana male before nuptial flight. Picture by Linda Hooper-
Bui. 
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1.2.4 Worker polymorphism and division of labor 

All Atta show a remarkable size polymorphism which coincides with a size depended division 

of labor (alloethism), (Wilson, 1980). Based on head width (HW) and the according tasks 

predominantly performed, Wilson (1980) classified the following behavioral worker-

subcastes in A. sexdens: gardener-nurses (HW ø=1.0mm), within-nest generalists (HW 

ø=1.4mm), forager-excavators (HW ø=2.2mm) and defenders (HW >3.0mm). During 

foraging different subcastes are involved. Forager-excavators cut vegetation (compare figure 

1) and transport the leaf fragments on pronounced foraging trails to the nest (figure 3). There 

leafs are degraded further by the within-nest generalists and incorporated to the fungus by the 

gardener nurses. Recent work by Kübler et al. (2010) however suggests that the only 

anatomical separation of workers is defined in the organization of the antennal lobe. 

 
Figure 3: Atta vollenweideri workers transport freshly cut grass on a foraging trail back to 
their home colony. Picture by Flavio Roces. 

 

1.2.5 Atta vollenweideri 

The species investigated in the present diploma thesis is Atta vollenweideri Forel, (figure 4). 

Ecological literature about this species is very anecdotal. Most research concerning A. 

vollenweideri has been conducted by J.C.M. Jonkman in the 1970s in Paraguay. 
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It is the southernmost species of Atta (Borgmeier, 1959; Moser, 2006), limited to the Gran 

Chaco eco-region in central South America (Jonkman, 1976; Jonkman, 1980b). A. 

vollenweideri cuts predominantly various grasses (compare figure 1) (Jonkman, 1976). Young 

fresh grasses are preferred when available (Jonkman, 1978/1979). 

According to the crystallized calcium carbonate excavated from deeper soils, the nests 

mounds are brightly white in color and very conspicuous. They can easily be seen from great 

distances and are as bright white spots likewise distinguishable on satellite images and aerial 

photographs (Jonkman, 1976, 1978, 1979, compare figure 9).  

Most nests stand in slightly elevated areas, which get not permanently flooded during the 

rainy season (Jonkman, 1979). This is because the ants could not forage over longer periods in 

such patches. Established colonies reach a mean age of 10 years (Jonkman, 1978/1979). 

 
Figure 4: Caste polymorphism in Atta vollenweideri. Shown are different workers arranged 
by increasing size from left to right. The winged ants are a male (second from right) and a 
queen (right). Picture by Jonas Finck. 

 

1.3 Climate and behavior 

1.3.1 Production of alates 

Each colony life cycle starts with a single inseminated queen. She is the mother of all the 

millions of sterile workers, which live in the same nest. Autuori (1947, as cited in Jonkman, 

1980c) defined a colony to be sexual mature, when it can produce virgin queens on its own. 

Till a nest can reproduce it has to grow for several years. In A. vollenweideri the first alates 

are breed after 5 years (Jonkman, 1980c). Once full-grown, colonies can produce several 

thousand alates (Fowler et al., 1986). 



  Introduction 

13 
 

The sexual brood is detectable in the nests already several months before the mating swarms 

start (Geijskes, 1953). In A. sexdens the alates hibernate as adult insects (Eidmann, 1936) and 

Moser (1967) noted that in A. texana sexuals wait in upper nest chambers for 1-2 month till 

the first mating swarm. 

 

1.3.2 What is already known about mating swarms in Atta? 

There are only anecdotal records about swarming behavior of Atta species in the 

contemporary literature. In the following paragraph a short review of the literature published 

in English and German is given: 

 

1.3.3 Climate factors 

The swarming behavior of mature Atta nests is in the same geographical range highly 

synchronized (Moser, 1967; Moser et al., 2004), which indicates the appearance of a 

zeitgeber. Alates of different nests fly always on the same days at the same time. In ecological 

terms, outbreeding between alates of different nests is guaranteed, if they fly and mate 

simultaneously (McCluskey, 1992). Also the chance for queens to survive the nuptial flights 

is higher, when more individuals show swarming behavior at the same time, because the 

diverse predators got over-saturated with food. Most likely the swarms in an area are induced 

and synchronized through weather conditions that act as zeitgeber. 

Before swarming behavior can appear, substantial rainfalls are necessary (Eidmann, 1932; 

Jonkman, 1980b; Moser, 1967; Moser et al., 2004). In addition it is assumed that beside 

previous precipitation other climate parameters have to be favorable, in order to induce 

swarming. Moser (1967) suspected moisture, humidity, temperature, wind and light 

conditions to have influence on the timing of swarming. 

It has been reported previously that swarming days are hot and sunny (Eidmann, 1932; Wille, 

1929). Further, most swarm days are calm with no wind or only low wind velocities 

(Eidmann, 1932; Moser, 1967; Moser et al., 2004). 

Noticeable, swarming behavior can be induced through artificial watering (Moser, 1967) of 

nest mounds, if all other parameters seem to be favorable. In addition to weather conditions, 

the influence of an internal clock on the timing of nuptial flights cannot be excluded 

(McCluskey, 1992). 
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1.3.4 General appearance of an Atta mating swarm 

In spring time, prior to the mating swarms, when the temperature rises, the nest structure 

changes. After the first rainfalls new nest entries are excavated and old entries enlarged by the 

workers (Eidmann, 1936, Moser, 1967, Moser 2004). On swarm days the entire colony is 

buzzing with excitement. The workers run over the nest surface with mandibles open and 

heads orientated in the air (Eidmann, 1932; Moser, 1967; Wille, 1929). They are extremely 

aggressive and attack everything that gets close to the colony. Moser (1967) named this 

behavior “preswarming”. Before the alates start flying, they crawl out of the nest and 

aggregate on the nest surface (Moser, 1967; Moser et al., 2004), with males being visible 

some time before the queens. In A. texana the males start flying first (Moser, 1967) and only 

few depart in the beginning of a swarm. By and by more males take off. The first females 

follow at approximately the peak of the male’s flight.  

Mating takes place high in the air and has so far not yet been observed directly (Hölldobler & 

Wilson, 1990). Queens can fly long distances. Individual queen are constantly stated to fly up 

to around 10km (Cherrett, 1968; Moser, 1967). One should consider that, if females are 

drifted by strong winds, even larger distances could be crossed. 

After mating flights the males 

die very soon. Queens land on 

the ground, brake of their wings 

with the hind legs (compare 

photograph in Moser, 1967) and 

start to dig themselves into the 

wet soil (Weber, 1972) using 

the mandibles. At a depth of 20-

30 cm, a small founding 

chamber is constructed (Huber, 

1905 as cited in Hölldobler & 

Wilson, 1990). Colony-

founding is claustral, which means that the queen will not leave her initial chamber for 

foraging. Now the queen regurgitates the small bit of fungus originating from her parental 

nest she had carried during the nuptial flight in her infrabuccal pocket (von Ihering, 1898 as 

cited in Hölldobler & Wilson, 1990). Soon the queen starts laying eggs. At the beginning 

most eggs are consumed by her and the fungus is mainly cultured on basis of the queens’ 

feces (Hölldobler & Wilson, 1990; 2008). 

 

Figure 5: Queen of Atta texana in the fungus garden of a 
laboratory colony. The queen is groomed steadily by the 
much smaller workers. Picture by Alexander Wild. 
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On a broad scale, swarming behavior spans a long range from the rainfalls to the start of 

colony founding and is composed of three phases: initiation phase, aggregation phase and 

mating flight. As initiation phase I name the time from rain to the beginning preswarming of 

workers on swarm-days. As aggregation phase I entitle all happenings between preswarming 

and the take off of the sexuals. Finally, the term mating flight is used for all behaviors 

between the departures of alates from the natal nest till the start of colony founding by 

digging activities in queens. 

 

1.3.5 Predators of Atta-alates 

The chance of a queen to survive the first year is very low, 99.95% die in the first year 

(Weber, 1966). Before, during and after mating flight are alates subjected to a high predation 

risk and mortality. The same has been reported for newly founded colonies (Fowler et al., 

1986). A lot of birds as well as mammals include Atta-sexuals into their diet during the swarm 

period (Weber, 1966; 1972). Other serious enemies are ground living ant species like 

Pheidole sp and Solenopsis sp. (Weber, 1966; Fowler, 1987). The fat and protein rich Atta-

queens are tasty and in some regions collected by indigenous people for food. For example, A. 

cephalotes and A. mexicana are eaten in Oaxaca, Mexico (Ramos-Elorduy et al., 1997). 

 

1.3.6 Multiple mating in leaf-cutting ants 

The queens of all leaf-cutting ants investigated so far mate with more than one male during 

the nuptial flight (Boomsma et al., 1999; Murakami et al., 2000), while all other Attini seem 

to mate only once (Murakami et al., 2000). Within the genera Atta and Acromyrmex, multiple 

mating has probably evolved only once in a common ancestor (Villensen et al., 2002) and 

Atta shows lower mating frequencies than Acromyrmex (Fjerdingstad & Boomsma, 2000). 

Based on sperm counting, Kerr (1961, as cited in Hölldobler & Wilson, 1990) estimated A. 

sexdens to mate with 3-8 males. Fjerdingstad et al. (1998) and Helmkampf et al. (2008) 

demonstrated the mean effective paternity to be between 2 and 3 fathers per colony in A. 

colombica. 

Beside in leaf-cutters, multiple mating is rare in social Hymenoptera. It has only been 

demonstrated in Apis mellifera honey bees (Adams et al., 1977; Page, 1980), Vespula wasps 

(Foster & Ratnieks, 2001; Goodisman et al., 2002), Pogonomyrmex harvester ants (Rheindt et 

al., 2004; Wiernasz et al., 2004) and Eciton army ants (Franks & Hölldobler, 1987). 
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1.4 Morphology 

1.4.1 General morphology of Atta sexuals 

In Atta the males and especially the female reproductives are greatly enlarged when compared 

with other Attini (Weber, 1972). The females are huge and clumsy (Hölldobler & Wilson, 

1990). They have an almost spherical and proportionally large gaster to accommodate the 

large ovaries. Thorax is pronounced and contains in pre-flight individuals huge muscles, 

which are necessary for the mating flights. Males have for the same purpose also a distinct 

thorax but are always more slender (Borgmeier, 1959). 

Both sexes differ not only in body length and shape. Heads in males are disproportionally 

smaller in relation to their body size. This is a common feature in male ants (Smith, 1943). 

Furthermore male antennae consist of 13 segments, whereas workers and queens have 11 

segmented antennae (Weber, 1972). The mandibles of males have also a different shape. They 

are mostly triangular with reduced dentition and more elongate than those in the other castes 

(Weber, 1972). 

 

1.4.2 Morphology of eyes and ocelli 

Eyes and ocelli in ant alates should be selected for the nuptial flight. This is especially true for 

Atta, because after the mating flight queens never see sunlight again and males die very 

quickly. Compound eyes of attine workers are located near the middle of the head and only 

moderately developed compared to ants in general (Weber, 1972). In contrast to workers, 

alates have generally well developed eyes. Klotz et al. (1992) reported queens and males in 

Camponotus pennsylvanicus to have larger eyes than workers of a similar head width. This is 

also true for Atta (Weber, 1972). In relation to body size, males have much bigger eyes than 

females, which is also true e.g. for flies (Zeil, 1983) and butterflies (Rutowski, 2000), where 

mate detection seems to be the selective force enlarging eyes in the male sex. 

All Atta sexuals have 3 ellipsoid ocelli arranged in a triangle on the top of the head. Like the 

compound eyes ocelli are also bigger in males than in females (Moser et al., 2004). Alates 

need their ocelli only once in life, during mating flight. It is broadly assumed, that ocelli play 

an important role in maintaining stability in flying insects, which was demonstrated for 

example in dragonflies (Stange & Howard, 1979) as well as in locusts (Taylor, 1981).  
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1.4.3 Copulation organ 

The males of Atta have large and complex external copulation organs (Weber, 1972; Baer & 

Boomsma, 2006). Each species has morphological distinct male genitalia that are specific for 

the particular species and fit to the female vagina like lock and key. 

Before copulation, the organ is hidden inside the gaster, where it fills a huge proportion of the 

gaster’s volume. As genetic tools had not yet been invented, the structure of the male genital 

apparatus was the best taxonomic attribute, which could be used by myrmecologists to 

distinguish between the very similar species (Borgmeier, 1959) and to divide the genus into 

subgenera. 

 

1.4.4 Biomass 

As pointed out above, a mature colony produces several thousand of virgin queens and males 

in each year. As larvae those animals consume huge proportions of the fungus. Also they are 

not only big in relation to workers by size measurements but as well when their biomass is 

taken into account. The queens are very heavy, weighting several hundred times more than 

the smallest workers (Hölldobler & Wilson, 1990).  

Fjerdingstad & Boomsma (1997) determined the average pre-flight dry weight of A. 

colombica with 213 mg for queens and 52 mg for males. After flight, the mass in both sexes 

was clearly reduced, because the animals use a large amount of their carbohydrate storage as 

fuel during flight (Jutsum & Quilan, 1978). 

It is reasonable that the very many alates produced each year in a mature nest consume during 

their larval development a high proportion of the colonies fungus, but the impact of sexuals 

on the foraging balance of Atta is unknown. For example, Jonkman (1980a) estimated an 

average A. vollenweideri nest to contain about 40 kg of fungal substrate (dry mass), for which 

more than 8,000,000 fresh grass particles are needed. Based on biomass data he further 

calculated a colony to be inhabited by an average of 3,500,000 workers. The influence of 

sexuals was not included into his calculations.  

 

 

 

 

 

 



 

 

1.5 Gland chemistry 

1.5.1 Mandibular glands 

All ants posses a variety of glands scattered over their body. Many different chemical 

substances are produced in them. M

they have the potential to affect the behavior of 

very important glandular source is the mandibular glands (MG). A pair of those glands is 

found in almost all ants. They are locat

mandibles base. Very many chemicals are verified from MG (Hölldobler & Wilson, 1990). 

Most pheromones produced there can be classified as alarm and sex pheromones. Very likely 

the production of alarm pheromones is evolutionary derived from sex pheromon

(Hölldobler & Maschwitz, 1965b

bees and wasp, where no alarm communication system is present. There

used only for attracting sexual partners (Ayasse et al., 2001).

Figure 6: The location of some exocrine glands in an 
Wilson, 2008. 

 

1.5.2 Chemical communication in 

Atta ants show probably the most complex and remarkable chemical communication system 

of all ants. In almost all situations they orientate mostly on chemical cues (Hölldobler & 

Wilson, 1990; 2008). All Atta

chemical substances. Moser & Blum (1963) showed in 

poison gland-secretions, for that the workers follow. This substance turned out to be 4

Methylpyrrole-2-Carboxylate (MMPC) (Tumlinson et al., 1971) and functio

marking pheromone in all Atta

recruitment pheromone is 3-Ethyl

 

All ants posses a variety of glands scattered over their body. Many different chemical 

substances are produced in them. Most of those chemicals can be called pheromones, because 

they have the potential to affect the behavior of fellows (Hölldobler & Wilson, 1990; 2008). A 

very important glandular source is the mandibular glands (MG). A pair of those glands is 

all ants. They are located in the head (compare figure 6

mandibles base. Very many chemicals are verified from MG (Hölldobler & Wilson, 1990). 

Most pheromones produced there can be classified as alarm and sex pheromones. Very likely 

production of alarm pheromones is evolutionary derived from sex pheromon

, 1965b). This view is supported by observations in some solitary 

bees and wasp, where no alarm communication system is present. There,

only for attracting sexual partners (Ayasse et al., 2001). 

The location of some exocrine glands in an Oecophylla worker. From Hölldobler & 

Chemical communication in Atta 

ants show probably the most complex and remarkable chemical communication system 

of all ants. In almost all situations they orientate mostly on chemical cues (Hölldobler & 

Atta maintain conspicuous foraging trails, which are marke

chemical substances. Moser & Blum (1963) showed in A. texana that trails are labeled with 

secretions, for that the workers follow. This substance turned out to be 4

Carboxylate (MMPC) (Tumlinson et al., 1971) and functio

Atta species investigated so far, except in A. sexdens

Ethyl-2,5-dimethylpyrazine (EDMP) (Cross et al., 1979). 
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All ants posses a variety of glands scattered over their body. Many different chemical 

ost of those chemicals can be called pheromones, because 

(Hölldobler & Wilson, 1990; 2008). A 

very important glandular source is the mandibular glands (MG). A pair of those glands is 

ed in the head (compare figure 6) and end at the 

mandibles base. Very many chemicals are verified from MG (Hölldobler & Wilson, 1990). 

Most pheromones produced there can be classified as alarm and sex pheromones. Very likely 

production of alarm pheromones is evolutionary derived from sex pheromones 

). This view is supported by observations in some solitary 

, MG-secretions are 
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ants show probably the most complex and remarkable chemical communication system 

of all ants. In almost all situations they orientate mostly on chemical cues (Hölldobler & 

maintain conspicuous foraging trails, which are marked with 

that trails are labeled with 

secretions, for that the workers follow. This substance turned out to be 4-

Carboxylate (MMPC) (Tumlinson et al., 1971) and functions as trail 

sexdens, whose main 

dimethylpyrazine (EDMP) (Cross et al., 1979). Trail 
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pheromones affect the behavior in extraordinary small concentrations (Kleineidam et al., 

2007). 

Beside the trail marking system, the alarm communication of leaf-cutting ants has been 

studied intensely too. Alarm pheromones are produced in the mandibular glands (Hölldobler 

& Wilson, 1990) and 4-Methyl-3-Heptanone (4-Me-3-On) is the principle alarm pheromone 

in all Atta species. It induces aggressive reactions in workers like raising the head upwards 

with open mandibles (Blum et al., 1968; Moser et al., 1968) in combination with the 

willingness to attack every non familiar object. In addition to 4-Me-3-On are various other 

components out of the mandibular gland secretion involved in the alarm communication. For 

example, citral is very abundant in the mandibular glands of A. sexdens (Butenandt et al., 

1959). Citral releases no heavy aggression and seems to be a defensive substance, which 

potentially banishes enemies (Francelino et al., 2006). 

MG secretions are not only used for communication. Rodrigues et al. (2008) and Mendonca et 

al. (2009) recently produced evidence, that MG contents can have a function in nest hygiene, 

because chemicals of the MG prevented alien fungus spores from germination in A. sexdens. 

 

1.5.3 Caste polymorphism in mandibular gland secretion 

It is noticeable that citral occurs in A. sexdens not in all worker castes. It has only been found 

in the MG of workers with a head width of more than 2.0 mm. It is absent in minor workers, 

whose secretion is dominated by 4-Me-3-On (DoNascimento et al., 1993b; Francelino et al., 

2006). A similar polymorphism in MG secretion is also reported from other Atta species 

(Francelino et al., 2006; Hernandez et al., 1999; Hughes et al., 2001). Hence, different 

mandibular gland contents within the worker caste seem to be a general phenomenon in the 

polymorph leaf-cutting Attini. Besides the citral in larger A. sexdens, most chemicals are not 

very species specific. The relative proportion of substances varies between the different castes 

(Francelino et al., 2006; Hernandez et al., 1999; Hughes et al., 2001) and many species have 

several components in common like the already mentioned 4-Me-3-On. Very likely species 

specificity is assured through the ratio between the major components. 

During mating, pheromones play another very important role, not only in Atta but in almost 

all animals. 

 

 

 

 



 

 

1.5.4 Sex pheromones 

Many animals use chemical cues to find their mate, no matter if vertebrates (Doty, 1986) or 

invertebrates are taken into account (for a comprehensive list of studies about insect sex 

pheromones see www.pherobase.org

identification and communication of potential sex partners. For instance they can be signals of 

sexual receptiveness, lead partners willing to copulate together and finally induce mating. A 

very well know example is the silk moth 

were the first to identify the structure of a sex pheromone. He and his coworkers found that a 

mixture of lOE,12Z-Hexadecadienol (Bombycol) and the corresponding aldehyde Bombycal 

is released by females in order to attr

the pheromones to be sufficient for a behavioral reaction (Schneider et al., 1968), which is 

probably the case for most sex pheromones. Another phenomenon seems to be that related 

species use similar or even the same substances (Carde & Minks, 1997). Species specific 

communication is achieved through the right mixture of the single components (Roelofs & 

Carde, 1977).  

 

1.5.5 Sex pheromones in Atta 

4-Methyl-3-Heptanon together with the corresponding alcoh

7) is probably the most important sex pheromone in 

Hernandez et al., 1999). Both substances are prominent in both sexes. The strong chemical 

polymorphism within the worker 

have different MG contents. Furthermore, the MG secretion varies between mated and 

unmated individuals in A. sexdens

et al., 1999). 

Figure 7: Structural formula of 4
Heptanol (right), the most prominent pheromones in 
www.pherobase.org 
 

 

Many animals use chemical cues to find their mate, no matter if vertebrates (Doty, 1986) or 

invertebrates are taken into account (for a comprehensive list of studies about insect sex 

www.pherobase.org). In many species, pheromones play a key

identification and communication of potential sex partners. For instance they can be signals of 

sexual receptiveness, lead partners willing to copulate together and finally induce mating. A 

very well know example is the silk moth Bombyx mori. In this species, Butenandt et al. (1959) 

were the first to identify the structure of a sex pheromone. He and his coworkers found that a 

Hexadecadienol (Bombycol) and the corresponding aldehyde Bombycal 

is released by females in order to attract males. Subsequent work showed very low amounts of 

the pheromones to be sufficient for a behavioral reaction (Schneider et al., 1968), which is 

probably the case for most sex pheromones. Another phenomenon seems to be that related 

even the same substances (Carde & Minks, 1997). Species specific 

communication is achieved through the right mixture of the single components (Roelofs & 

 

Heptanon together with the corresponding alcohol 4-Methyl-

important sex pheromone in Atta (DoNascimento et al., 1993

Hernandez et al., 1999). Both substances are prominent in both sexes. The strong chemical 

polymorphism within the worker subcastes of Atta is also true for queens and males

. Furthermore, the MG secretion varies between mated and 

A. sexdens (DoNascimento et al., 1993b) and A. lea
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Many animals use chemical cues to find their mate, no matter if vertebrates (Doty, 1986) or 

invertebrates are taken into account (for a comprehensive list of studies about insect sex 

). In many species, pheromones play a key role in 

identification and communication of potential sex partners. For instance they can be signals of 

sexual receptiveness, lead partners willing to copulate together and finally induce mating. A 

Butenandt et al. (1959) 

were the first to identify the structure of a sex pheromone. He and his coworkers found that a 

Hexadecadienol (Bombycol) and the corresponding aldehyde Bombycal 

act males. Subsequent work showed very low amounts of 

the pheromones to be sufficient for a behavioral reaction (Schneider et al., 1968), which is 

probably the case for most sex pheromones. Another phenomenon seems to be that related 

even the same substances (Carde & Minks, 1997). Species specific 

communication is achieved through the right mixture of the single components (Roelofs & 

-3-Heptanol (figure 
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Beside the main substances, the MG in the sexuals 

of both species contain small amounts of various 

secondary alcohols and ketones of medium carbon 

chain length. 

It has to be noted that physiological or behavioral 

evidence for those substances to function as sex 

pheromones is still lacking. Until now, the only 

experimental evidence is given by Bento et al. 

(2007), who could induce preswarming behavior in 

workers of A. sexdens by presenting equimolar 

mixtures of 4-Me-3-On and 4-Me-3-Ol like it 

appears in the MG secretion of pre-flight males. 

In insects, olfactory information is processed in the 

antennal lobe. Olfactory receptor neurons from 

sensilla project to the antennal lobe, which is the 

first olfactory neuropil. There olfactory 

information is sorted in functional units (glomeruli) according to odor specificity. 

(Kleineidam & Rössler, 2009) 

It is noticeable that males of A. vollenweideri show 3 distinct macroglomeruli in their antennal 

lobe (Kübler et al., 2010; see figure 8). It is very likely, that in each macroglomerulus one 

single pheromone component is represented. This leads to the assumption, that the species 

should have three different sex pheromone components. 

 

1.6 Goals of this study 

Several aspects of the biology of Atta are well known. The remarkable trail pheromone 

communication has been subject to many studies for a long time and currently the neuronal 

basis of pheromone communication is investigated. To go beyond and addressing how 

pheromone communication is evolved, sex pheromones have to be identified and the sequence 

of pheromones and behavior have to be described in great detail.  

The aim of my study is to broaden the knowledge about mating biology in Atta. I focus on 

three different aspects of mating in Atta vollenweideri: First I correlate weather conditions 

with the behavior of the alates during swarming in order to find climate parameters, which 

initiate and synchronize the mating swarms. The behavior is reported both on group and 

individual level. Second, the morphology of females and especially males is described. Third, 

 
Figure 8: Antennal lobe of an Atta 
vollenweideri male. The three 
macroglomeruli are shown in red. Here 
are most likely the sex pheromones 
represented in the brain. Scale bar = 
100 µm. Picture from Kübler et al., 
2010. 
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I examine the chemical composition of female and male mandibular gland extracts, which 

possibly are involved in the communication of the sexuals during mating. 
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2. Material and Methods 

2.1 Climate and behavior 

2.1.1 Study site 

All field observations, experiments and sample collections were done in the Rio Pilcomayo 

National Park, Formosa, Argentina from the 3rd October to the 16th November 2009. I stayed 

this time together with Jonas Fink, who helped in various field experiments, at the beautiful 

field station “Estero Poi”. The Park is located in the northernmost part of Argentina, close to 

the border to Paraguay at 58°10’W / 25°07’S. The Area belongs to the “Chaco Humedo” - the 

humid part of the Gran Chaco ecoregion (Gorleri, 2005) - and is characterized by a typical 

subtropical climate: relatively cold and dry winters in contrast to hot and wet summers. Mean 

annual temperature is 23°C, mean relative humidity 79% and mean precipitation 1200 mm, 

which exceeds evaporation in all months except in August (Puljate et al., 1995 as cited in 

Kleineidam & Roces, 2001). Temperatures can go beyond 45°C in summer, whereas in winter 

night temperatures can drop below 0°C (Gorleri, 2005). The entire range is completely flat 

and on an elevation of about 75-80 m above sea-level. 

The soil has a high percentage of heavy clay and is therefore almost impenetrable for water. 

During the rain season after massive rainfalls the entire landscape remains flooded for some 

time. Typical for the park is a flat palm savanna dominated by Caranday Palms (Copernica 

alba) and various grasses. This grassland is interrupted regularly by the so called “montes” 

and “esteros”. The montes are areas on which thickets of shrubs and low trees grow. Esteros 

are in contrast slightly lower areas and thus flooded to various extends all over the year. 

 

2.1.2 Ant colonies 

In order to choose suitable nests for field experiments and to find once located colonies again, 

several nests of Atta vollenweideri have been labeled with GPS coordinates. Nests of A. 

vollenweideri occur frequently in the savanna. A standard GPS device (GarminGPSMap 

60CSx, Garmin Ltd., Olathe, USA) was utilized. Using the software MapSource 6.13.7 

(Garmin Ltd., Olathe, USA) we created a map of the studied area. Figure 9 shows a satellite 

image (Google Earth, Google Inc., USA) of the territory.  
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Figure 9: Overview-map of the study site. All living nests of Atta vollenweideri are 
indicated by points. Red points mark nest observed closer in this study, blue ones nests 
with only low activity. The field station is in the middle of the picture on the left. GPS-
coordinates obtained by Jonas Finck. 
 

All the bright spots indicate possible ant colonies. Unfortunately, many mature colonies were 

found to have died recently. This could possibly be explained by an extreme drought in 2008 

and the also very dry year 2009 (Schick and Roces, personal communication). Therefore, 

despite intensive searching, only 15 living nests were discovered at foot distances from the 

field station. Of that colonies two (Nido 10 and Nido 13) showed only weak activity. Three 

easily accessible huge nests, which could be expected to be sexually mature according to their 

size (Jonkman, 1980c), were chosen for further studies and observations. These nests were 

named “Nido A”, “Nido B” and “Nido C”, and their physical properties are listed in table 1. 
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Table 1: Physical parameters of the nests selected for close investigation. d=diameter, 
r=radius, rmin=smallest radius, rmax=maximal radius, h=height, A=surface of nest mound; 
V=volume of nest excavated soil; all length measurements in m; area calculations in m² and 
volume calculations in m³ respectively. 

Nest d r rmin rmax h A V 

Nido 1: Nido A 8.32 4.16 3,93 4,41 0.79 54.42 14.29 

Nido 2: Nido B 7.73 3.87 3,95 4,38 0.87 48.75 14.54 

Nido 9: Nido C 8.27 4.13 3,62 4,30 0.80 54.26 14.06 
 

Surface of nest mounds was calculated with the formula for the area of an ellipse 

(A=π*rmin*rmax) and volume of excavations with that for an ellipsoid sphere segment (V= 

1/3*π* rmin*rmax h) (Jonkman, 1980b). The height (h) was the difference between the highest 

point of the nest (excluding nest turrets) and the level of the nearby ground. Minimum (rmin) 

and maximum (rmax) radii were the half of the smallest and biggest diameter. To highlight the 

dimensions of a mature Atta vollenweideri nest, figure 10 shows a picture of Nido B. Note 

Mr. Kleineidam, who is 182 cm tall, on the left. 

 

Figure 10: Photograph of the nest Nido B highlighting the enormous size of Atta 
vollenweideri colonies. Mr. Kleineidam on the left is 182cm tall. 
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2.1.3 Collection and storage of sexuals 

For behavioral experiments and chemical extractions queens and males of A. vollenweideri 

were collected. If sexuals were attendant at night, we collected some with insect forceps or 

our fingers directly from the nest surface or out of nest entries. On swarm days, flying animals 

were caught out of the air with aquarium fish nets (15 cm x 12 cm) or hands respectively. 

After collecting and untill use in behavioral experiment or for chemical extractions, animals 

were stored either individually in round plastic tubes (8 cm long; ø=1,5 cm) or in groups up to 

15 individuals in plastic containers (10 cm x 10 cm x 10 cm). Plastic tubes had a small hole 

(ø=2 mm) for air exchange. For supply with water and to keep humidity high, a piece of wet 

cotton wool was added to each tube. For ventilation, the plastic containers had holes (ø=2 cm) 

covered with fly screen in their screw caps. To maintain humidity, the bottom of the 

containers was coated with an around 2-3 cm high layer of wetted soil. 

 

2.1.4 Recording and analyses of climate data 

During the complete field trip, climate data were recorded. We used a Vantage Pro2 weather 

station (Davis Instruments, Hayward, USA) equipped with a fan-aspirated Integrated Sensor 

Suite (Davis Instruments, Hayward, USA). The sensors were assembled on the station’s free 

standing radio mast in approximately 3m height for the main sensor unit and respectively 15m 

for the wind sensor. So the wind sensor was placed higher than the tallest surrounding trees. 

Data were logged every 10 min with the integrated data logger and transferred via USB to a 

laptop using the software Weatherlink 5.8.3 (Davis Instruments, Hayward, USA). Out of the 

variety of available parameters the following were analyzed closer: precipitation, temperature, 

atmospheric pressure, relative humidity and solar radiation. Data were plotted with Microsoft 

Excel (Microsoft, Redmond, USA). 

For analyses of weather parameters favorable for swarming behavior, I calculated a simple 

threshold model. In that model the following parameters were included: ∆p, rain 12h, rain 

72h, ∆Tempmax, Temp and Radsolar. Every parameter is calculated from the approximate start 

of the mating flight phase (6.30p.m.) backwards. ∆p is change in atmospheric pressure in the 

last 6h. Rain 12h and rain 72h are the total precipitations in the last 12h or 3 days 

respectively. For ∆Tempmax we computed the change in the maximum temperature within the 

last 6h between the day and the corresponding time on the day before. In contrast, Temp is the 

actual measured temperature. Finally radsolar is the mean solar radiation in the last 6h. All 

these parameters were chosen for analyses concerning to preliminary observations. 
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2.1.5 Watering of nest 

To study if substantial precipitation induces swarming behavior, and to collect sexuals, Nido 

A was artificially watered, because there were no bigger rainfalls till the mid of October. On 

13th of Oct., at around 9a.m. about 2000 l water were sprinkled over a period of 30min on the 

nest. This was done with the help of the parks water supply truck and a long hose. In the 

evening around 7p.m. another 200 l were added with buckets. All together some 40 l per 

square meter nest surface (see table 1) were applied. This comes up to 40 mm precipitation, 

which is comparable to a heavy natural thunderstorm. 

 

2.1.6 Behavioral observations 

During the entire field trip, all observations and behaviors concerning A. vollenweideri 

reproductives were carefully noted. All mentioned times are given in local time (UTC -3). 

The three nests were checked each evening between 8p.m. to 11p.m for the presence of 

sexuals. On almost every day in the afternoon we searched between 1p.m. and 5p.m. the nests 

for the appearance of exceptionally aggressive workers running very fast over surfaces, which 

is an undoubtedly sign for a swarm day (Moser, 1967; Moser et al., 2004). If we found a nest 

to be in aggregation phase prior to a mating flight, the other nests were controlled for the 

synchronized occurrence of aggregation behavior. Nests showing swarming behavior were 

subsequently monitored with care for all the time until the end of the mating flights with 

beginning darkness. This was done for all nests on all swarm days except for Nido B on 23th 

of Oct., where we arrived at the colony not until 6.45p.m., a time at which the nest already 

was in mating flight phase, because the first males had already taken off. While the sequence 

of swarming behavior proceeded, all behaviors on colony-level were chronological listed. 

This spanned form the emergence of the first alates on nest surface to the take off of the last 

queen and also e.g. to what predators feed on virgin queens and males during swarming 

behavior. 

 

2.1.7 Recording of pictures and video sequences 

In addition to visual observations we took digital photographs and recorded video sequences 

during all stages of swarming behavior. We used a Panasonic Lumix DMC-FZ28 (Panasonic 

Cooperation, Kadoma, Japan) for most pictures and videos as well as an Olympus µ850 SW 

(Olympus Cooperation, Tokyo, Japan) pocket camera for some additional pictures. Later I 
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processed the videos using the free software avidemux 2.5 (www.avidemux.org). Pictures 

were also processed using Adobe Photoshop 7.0 (Adobe Systems, San Jose, USA). 

Single females and males were selected for focal observations. I followed those individuals on 

the nest surface with the video-camera till they took off. Out of these video sequences, sex-

specific pre-flight behavior was classified and described. To illustrate these behavioral 

components based on original pictures and video clips, Katja Leicht performed drawings from 

queens as well as from males. 

Altogether these recordings were used to estimate large scale parameters of A. vollenweideri 

swarming behavior: sex ratio, total number of alates and succession of the swarming behavior. 

 

2.1.8 Marking of queens and light trapping 

It has been reported for some other Atta species (e.g. A. texana, Moser, 1967; Moser et al., 

2004), that queens are attracted by light. To investigate the dispersion potential and to answer 

the question, if queens are attracted by light, we marked queens and tried to lead them to an 

artificial light source.  

The major part of the marking experiment was done by Jonas Finck. On 8th of Nov., shortly 

before the start of flights, we marked 158 queens of Nido B and 42 queens of Nido C with 

colony specific color dots on the thorax or abdomen (edding Paintmarker 780, edding AG, 

Ahrensburg, Germany). Marking did not noticeable change the queen’s behavior.  

As light-trap we used a powerful LED spotlight (AHS-19LED, ETT-Versand, Braunschweig, 

Germany), placed in the translucent textile inner tent of a standard three-person igloo tent (3 

m x 3 m base area). It was placed on the road, half way in between the nests B and C 

(compare figure 9). The surrounding savanna was completely dark, so that our artificial light 

was the only source of light in a radius of at least 2 km. On 9th of Nov., the light-trap was 

placed at the same point again, but without previous marking of queens. After the end of the 

flights on both days the vicinity of the light was checked for queens and possible nest 

foundations at about 9.30p.m.  

 

2.1.9 Carousel experiment 

We used a self-constructed passive carousel, which could be turned by the flying alates, to 

investigate possible flight distances and other flight parameter of individual queens and males. 

The carousel consisted out of a round block of stainless steel (ø=33 mm, high=50 mm) with a 

central boring of 6 mm diameter. In that boring a second metal block (ø=33 mm, high=25 



 

 

mm) with an adherent axis (ø=5

bearings. On the top of the second block a wire arm (ø=3

with a small stripe of duct tape. At one ending

arm with dental wax (Surgident periphery wax, Heraeus

the animals. So the total length of the arm was 4

the animals of 195 mm (total circle 1.23

avoid unbalance while in moving. Alates were prepared the following way: with a small drop 

of dental wax a 3-4 cm long piece

thorax, like illustrated in figure 11

the sense of walking on ground,

readily with their legs. Whenever one of those individuals

attached to the carousel. In the cases the alate 

etc. the number of rotations was counted for one minute. When it stopped flying on its own, 

the animal was released and the time since start was taken. Out of the mean number of 

rotations per minute (U) and the

per minute (dm), the total flight distance (d

Thereto we used the formulas d

If an alate flew on the carousel, an open plastic container (20x20x9

non flying alates was placed beneath it and the behavior of the animals in the box was 

observed. 

 

Figure 11: Fixation of a queen on the carousel. The queen is 
clued to a piece of electric cable via a drop of wax on the top of 
the thorax. The wire is attached to an electric clamp that is 
connected to the wire-arm and over it to the carousel.
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mm) with an adherent axis (ø=5 mm, length=25 mm) was pivot mounted on two fitting ball 

bearings. On the top of the second block a wire arm (ø=3 mm; length=410

with a small stripe of duct tape. At one ending, a standard electric clamp was attached to the 

Surgident periphery wax, Heraeus Kulzer, Hanau, Germany

the animals. So the total length of the arm was 440 mm with an effective radius (r

mm (total circle 1.23 m), because the arm was fixed on its balance point to 

avoid unbalance while in moving. Alates were prepared the following way: with a small drop 

long piece of one-veined DC-cable was mounted on the top of the 

, like illustrated in figure 11.  

In doing so it was 
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wings functioning. The 
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attached with the clamp 

of the wire arm.

The carousel was placed 
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alates were available, 
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clamps. To give them 

the sense of walking on ground, a Styrofoam-ball (ø~12 mm) was offered, which they moved 

readily with their legs. Whenever one of those individuals started to move the wings, it was 

attached to the carousel. In the cases the alate proceeded with flying after 2, 10, 20, 30

etc. the number of rotations was counted for one minute. When it stopped flying on its own, 

the animal was released and the time since start was taken. Out of the mean number of 

rotations per minute (U) and the total flight time (t), we calculated the mean distance flown 

), the total flight distance (dt) and the average velocity (v) of flying alates. 

Thereto we used the formulas dm=2*π*r e*U, dt=t*dm and v=dm/60 s respectively.

he carousel, an open plastic container (20x20x9 cm, l*w*h) containing 

alates was placed beneath it and the behavior of the animals in the box was 

 
Fixation of a queen on the carousel. The queen is 

clued to a piece of electric cable via a drop of wax on the top of 
the thorax. The wire is attached to an electric clamp that is 

arm and over it to the carousel. 
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mm) was pivot mounted on two fitting ball 

length=410 mm) was fixed 

a standard electric clamp was attached to the 

Kulzer, Hanau, Germany), to hold 

an effective radius (re) to turn by 

m), because the arm was fixed on its balance point to 

avoid unbalance while in moving. Alates were prepared the following way: with a small drop 

cable was mounted on the top of the 
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wings functioning. The 
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started to move the wings, it was 

proceeded with flying after 2, 10, 20, 30 min 

etc. the number of rotations was counted for one minute. When it stopped flying on its own, 

the animal was released and the time since start was taken. Out of the mean number of 

we calculated the mean distance flown 

) and the average velocity (v) of flying alates. 

s respectively. 

cm, l*w*h) containing 

alates was placed beneath it and the behavior of the animals in the box was 
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The climate and behavior part was performed with the help of Jonas Finck and Katja Leicht. 

Jonas Finck gave assistance in various experimental approaches in the field. In particular, he 

recorded the GPS-map of the study site, helped in measuring nest parameters and recorded 

one mating swarm. Further, he marked queens in the light trapping experiment. 

Katja Leicht painted the great drawings of the sexuals. 

 

2.2 Morphology 

2.2.1 Measurements 

A Leica EZ4D stereo microscope (Leica Microsystems, Wetzlar, Germany) in combination 

with visualization software Leica Application Suite 1.6.0 (Leica Microsystems, Wetzlar, 

Germany) was used to measure head width (HW) as well as length and width of compound 

eyes and ocelli in queens and males. Prior to each series of measurements, the microscope 

was calibrated through taking a picture of a millimeter scaled ruler. After calibrating the 

magnification of the stereo microscope was held constant. All objects were photographed and 

subsequently length measuring was performed on the images. HW was taken as the distance 

between the outer rims of the eyes (Kübler et al., 2010). In case of males, 20 HW were 

additionally taken into analyses from specimens that have been collected by C.J. Kleineidam 

in 2008 from Nido A and have been measured the same way. Those HW values did not differ 

from the other values obtained from animals (n=22) collected in 2009 (t-test, p=0.69) so 

results could be safely combined. 

Of both, left and right compound eyes, length (L) and width (W) were measured. The same 

was done for the middle ocellus, which was chosen because its size is according to Moser et 

al. (2004) highly correlated with that of the two outer ocelli. As measure (A) of eye and ocelli 

surfaces the cross-sectional areas at the base of the eyes and ocelli were calculated using the 

formula of a regular ellipse (A=π*L*W/4) (Moser et al., 2004). In following explanations this 

areas are considered to be the surface areas. Surface areas of right and left eyes were almost 

equal (paired t-test, p=0.97 in queens; p=0.88 in males), so that the average area between both 

sides of one animal were used. To estimate the size of eyes and ocelli in proportion to the HW 

of the alates, square roots of the area values were calculated. This is necessary because area 

data are in isomorph relation scale with the power of two, whereas head width data are linear 

(compare Moser et al., 2004). The quotients of mean linearized areas through the mean HW 

were calculated for eyes and ocelli in both sexes. Results were considered to be a measure for 

the importance of the optic system. 
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Body length and wing length were too big to be measured under the stereo microscope. They 

were simply obtained using a standard ruler with millimeter scaling. Body length was the 

distance from the ridge of the head without mandibles to the end of the abdomen in natural 

walking position. Left and right fore wings were measured from the base at the upper side of 

the thorax to their tip. Left and right wings have always been of the same length, so that 

distinguishing between both was not necessary. 

 

2.2.2 Bleaching 

Aiming to make the copulation organ of males visible, I bleached some individuals in 35% 

H2O2 (Stüben & Linsenmair, 2009). Males were taken out of the 70% conservation ethanol, 

short dripped on filter tissue and directly transferred into the H2O2. They stayed in the 

solution for 144 h. After bleaching objects were rinsed 3x30 min in distilled water and 

subsequently dehydrated in a 50%, 70%, 90%, 95%, 2x100% alcohol series for 1 h in each 

concentration step. Preliminary experiments revealed that even after very long treating of 

objects with H2O2 very fine cuticle hairs remain visible. So I’m confident that bleaching is not 

effecting the structure of the cuticle. 

 

2.2.3 Recording of images 

2.2.3.1 Light microscopy 

Pictures were recorded in two different ways. First frontal portraits of heads (figure 19) were 

taken with a stereo microscope equipped with a Zeiss extended focus AxioCam MR3 camera 

(Carl Zeiss AG, Oberkochen, Germany). Stacks of images were recorded and pictures were 

reconstructed using Zeiss Axio Vision 4.7 software. Pictures of the male’s copulation organ 

and of the legs of females, males and workers were recorded in a different way. The same 

Leica EZ 4D stereo microscope connected to a personal computer running Leica Application 

Suite 1.6.0 was used as for the measurements of morphological parameters like HW. Pictures 

were edited and labeled using Adobe Photoshop 7.0 (Adobe Systems Inc., San Jose, USA). 

 

2.2.3.2 Scanning electron microscopy 

In addition to light microscopic pictures, scanning electron micrographs (SEM) were taken at 

the Department of Electron Microscopy, University of Würzburg, to get a closer and more 

three-dimensional look on the copulation organs. Male copulation organs are usually inserted 
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in the abdomen and only the tip of the organ is visible. Stüben and Linsenmair (2009) 

reported that as a side effect of their bleaching method male genitalia are extended. Single 

males were bleached in 35% H2O2 till the copulation organ was fully extruded. This was the 

case after 72h. Bleached specimens were 3x rinsed in aqua dest. for 30min, dehydrated in an 

ascending series of ethanol (50%, 70%, 90%, 95%, 2x100%, 1h each) and washed 3 times for 

1h in 100% acetone. Afterwards the abdomen was cross-sectioned in the middle with a sharp 

razor blade. The end of the abdomen with the attached copulation organ was fixed on small 

self-gluing electron microscopy specimen holders. Subsequently specimens were critical point 

dried (Baltec CPD 030, Bal-Tec, Witten, Germany; now part of Leica Microsystems, Wetzlar, 

Germany) and sputtered (Baltec SCD Sputter Coater, Bal-Tec, Witten, Germany) with 

Platinum-Palladium for 300 s at 25 mA. Objects were viewed with a Zeiss DSM 926 (Carl 

Zeiss AG, Oberkochen, Germany) scanning electron microscope at 15 kV working current. 

 

2.2.4 Drying 

Dry weight of Atta vollenweideri alates was obtained for later calculations of the proportion 

sexuals contribute to the total foraging intake of a mature colony. Fresh weight could not be 

measured, because in the field no scale was available. Therefore females and males stored in 

alcohol since collection were used. Due to a shortage in self collected males, 7 males 

collected by C.J. Kleineidam in October 2008 at the same side (Nido A) and kindly left by 

Andy Sombke (University of Greifswald) were included into analyses. Dry weight of those 

males was not different to dry weight of the 6 self-collected males used (t-test, p=0.67), so 

that data could safely be pooled together. To let the conservation alcohol evaporate, animals 

were placed on filter tissue at room temperature for 24 h. Afterwards for each individual the 

original weight, which is in following called “fresh” weight was scaled. All scaling was 

performed using a Sartorius Handy H110-D microscale (Sartorius AG, Göttingen, Germany). 

Specimens were dried at 50-55°C. Fjerdingstad & Boomsma (1997) dried alates of A. 

colombica. They used 150 h for gynes and 78 h for males with a temperature of 60-65°C. 

According to the lower temperature used, drying time was elongated to 192 h (queens) and 96 

h (males) on account to the much larger body size of gynes. Past drying procedure animals 

were individually scaled again for obtaining the dry weight. 
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2.3 Gland chemistry 

2.3.1 Extracting 

2.3.1.1 Preparation of head extracts 

For chemical extracts I used the whole heads of female or male Atta vollenweideri alates. 

DoNascimento et al. (1993b) in A. sexdens and Hernandez et al. (1999) in A. leavigata found 

no difference in the volatiles of dissected mandibular glands and entire head capsules, so I 

could safely use the whole head capsules. The animals were collected and stored as described 

above. 3 heads per sample were used in case of queens and 10 heads per sample for males 

according to the much bigger heads of queens. In relation to different times of collection of 

alates, four distinct categories of extracts were made: before flight, non flying, flying  and 

after flight . For the first category “before flight” the animals were collected in the night 

before a mating flight and for the second “non flying” I used alates that had remained on the 

nest surface at the end of mating flights. In category “flying” I extracted the heads of winged 

ants, which had been caught out of the air short after departure from nest surface at the 

beginning of the mating flight phase. The last category “after flight” contained males and 

wingless queens collected from the ground in the night after a swarm day. In all groups, only 

animals from the same nest were pooled into one extract except for after flight, since it is not 

possible to allocate the origin of alates after flight. 

Before decapitation ants were cooled down in a freezer for approximately 20 min. Heads were 

cut off with scissors or a razor blade. Due to a shortage in suitable glass vials I used two 

different methods for extraction. In the beginning the heads were crushed in a glass vial 

containing about 1 ml hexane (Reagentplus, >=99%, Sigma-Aldrich, Buenos Aires, 

Argentina) using a clean glass rod. After 24 h the extracts were transferred to a new vial 

(Hughes et al, 2001). Noticing that I would probably run out of vials, if I would proceed with 

this method, I changed the procedure of extraction. Now after decapitation the heads were 

squeezed firmly with clean forceps in a piece of clean filter paper. After squeezing the filter 

paper was immediately transferred into a glass vial containing about 1 ml hexane. Later, gas 

chromatographic analyses showed now difference between both methods. All tools used for 

extractions were intensely rinsed with hexane before and past every utilization. 
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2.3.1.2 Preparation of surface extracts 

Some females had a remarkable sweet smell. Through human nose some queens were 

classified into smelling and non-smelling individuals. The same was tried for males but it was 

not possible to decide, if individuals were either smelling or not. To investigate the origin of 

this odor, the surface of whole queens was washed for about 3 min in about 2 ml hexane in a 

clean steel can, which was rinsed several times with hexane and 96% ethanol before and after 

each use. Extracting was performed in the way that one or two animals were placed in the can, 

solvent was added and then the can was slightly moved. During extraction the can was closed 

with Parafilm® (American National Can, Chicago, USA) to avoid evaporation of solvent. 

Finally the animals were removed and the solvent was transferred into a glass-vial. 

Every vial from mandibular gland and surface extracts was sealed with Parafilm® and 

transported back to Germany. Unfortunately some samples had dried out or drained off during 

flight or storage, because either the screw thread of some vials had a flaw or the sealing in the 

screw caps were defect. All further steps and the analyses were performed in the laboratory of 

Prof. Giovanni Galizia at the University of Konstanz. 

 

2.3.1.3 Processing of extracts prior to analyses 

Prior to analyses each series of extracts was prepared in a different way, dependent on the 

original extraction method. Crushed-in-hexane samples were carefully concentrated under a 

flow of nitrogen to reduce the solvent till a small droplet remained. To the droplets 100 µl 

pentane (n-pentane for analysis >=99%, Merck, Darmstadt, Germany) were added. Pentane 

was used instead of also available hexane due to much lower contamination according to 

comparing GCMS analyses of both solvents. In filter paper samples the extract was removed 

and transferred to a new vial with a clean glass-pipette. The filter paper remained in the old 

vial and was washed 5 times with 200µl pentane. After each washing step the solvent was 

transferred to the vial that contained to original extract. Preliminary GCMS experiments 

proofed that a 6th washing contained none of the substances of the original extract. So 5 

washing steps were considered to be practical. Like for crushed-in-hexane samples the 

solutions were reduced under nitrogen and 100 µl pentane were added to have a distinct 

volume of solvent for later calculations. 

To allow a calculation of amounts out of the GC peaks, an internal standard was added. 

Toluene (toluene for analysis >=99.5%, Riedel de Haen, Seelze, Germany; now part of 

Sigma-Aldrich) was chosen, because of its retention time and purity. Test runs showed, that 
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the toluene peak in GC did not overlap with any peak out of the samples. Thus 10 µl solution 

of toluene in pentane (10-3 %) were added to each vial containing the extracts prepared as 

described previously. After adding the standard the samples were vortex for approximately 20 

s, caps of vials were sealed with Parafilm® and samples were stored at room temperature till 

analyses in GCMS. 

Surface washing samples were only analyzed qualitative. Thus no internal standard was 

added. Prior to injection those extracts were also reduced under nitrogen to a small droplet, 

dissolved in 100 µl pentane and stored alike as the head extracts. 

 

2.3.2 Chemical analyses 

2.3.2.1 GCMS – gas chromatography mass spectrometry 

1 µl of each extract was injected into a Trace GC Ultra 1.4 SR1 gas chromatograph (Thermo 

Fisher Scientific Inc., Waltham, USA) with a split/splitless injector using a 10 µl Hamilton 

syringe (Hamilton Bonaduz AG, Bonaduz, Switzerland). The syringes were rinsed 3 times 

with clean pentane prior and past to each injection. Components were separated on a non-

polar 5% Phenyl Polysilphenylene-siloxane capillary column (SGE forte ID-BPX5, 60 m x 

0.25 mm, 1.0 µm film thickness, ultra low bleed; SGE Analytical Science, Melbourne, 

Australia). Helium was used as carrier gas at a column flow of 1.5 ml/min and a pressure of 

2,5 bar. The injection port was kept at 200°C. For all analyses the oven was programmed with 

the following temperature sequence: After injection, an initial temperature of 60°C was 

maintained for 2 min, and then heated to 180°C at 5°C/min and further to 300°C at 10°C/min. 

The final temperature was held for 1 min. To remove contaminations as well as long chained 

and polar molecules out of the column, after every 5 runs the GC was programmed manually 

to a temperature of 300°C to 350°C that was retained for at least 30-60 min.  

Via a MS transferline heated to 300°C the GC was connected to a mass spectrometer (DSQ II 

1.4.2, Thermo Fisher Scientific Inc., Waltham, USA) that was using electron impact 

ionization and a single quadrupole ion trap. The electron filament had a dynode voltage of -10 

kV and the ion source was kept at 200°C. 

The entire GCMS setting was controlled with Xcalibur 1.4 SR1 (Thermo Fisher Scientific 

Inc., Waltham, USA) spectroscopy software. 
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2.3.2.2 Identification of extract contents 

Gas chromatograms were analyzed with the same Xcalibur software package. Peaks in 

chromatograms of samples were first compared with those of a series of chromatograms from 

the pure hexane used for extraction in the field. Therefore approximately 1 ml hexane was 

prior to injection concentrated under a flow of nitrogen and suspended again in 100 µl 

pentane like it was done for the real samples. Peaks present in both, sole hexane and gland 

extract, were considered to be contamination and excluded from the analyses. The mass 

spectra of all substances only found in gland samples were compared with the spectra in the 

library of Xcalibur. For each peak the most likely database hit was checked with the catalogue 

of commercially disposable synthetic chemicals. Table 2 lists all those substances and the 

original supplier. In an additional series of experiments all chemicals that could be obtained 

this way were analyzed in the same GCMS as the mandibular gland samples using the same 

parameters and temperature program. Subsequent retention times and spectra of synthetic 

standards and samples were checked for congruence. 

Table 2: Synthetic chemicals used for verification of database hits. Except 4-Methyl-3-
Heptanone, which was from ChemSampCo (Philadelphia, USA) all other chemicals could be 
purchased from the Sigma-Aldrich group (St. Luis, USA). CAS-number and type are also 
given for each reference chemical. 

Substance CAS-number Supplier Type 

3-Methyl-Butanoicacid 503-74-2 Aldrich 99.0% 

3-Methyl-Butanoicacid-Ethylester 108-64-5 Fluka 97.0%+ 

2-Heptanone 110-43-0  Fluka p.a. 

2-Heptanol 543-49-7 Fluka 99.0%+ 

4-Methyl-3-Heptanone 6137-11-7 ChemSampCo 96.0% 

Hexanoicacid 142-62-1 Fluka p.a. 

4-Methyl-3-Heptanol 14979-39-6 Aldrich 99.0%+ 

3-Octanone 106-68-3 Aldrich 98.0% 

Octanal 124-13-0 Fluka 98.0%+ 

Nonanal 124-19-6 Aldrich 95.0% 

Phenylethylalcohol 60-12-8  Aldrich 99.0%+ 

Octanoicacid 124-07-2 Fluka p.a. 

1-Nonanol 143-08-8 Fluka p.a. 

3-Decanone 928-80-3 Aldrich 97.0%+ 
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Octanoicacid-Ethylester 106-32-1 Aldrich 99.0%+ 

Decanal 112-31-2  Aldrich 92.0%+ 

Nonanoicacid 112-05-0 Fluka p.a. 

1-Decanol 112-30-1 Aldrich 99.0%+ 

1-Undecanol 112-42-5 Aldrich 97.0% 
 

 

2.3.2.3 Calculation of amounts per animal 

The areas of all interesting sample peaks and the peak of the internal toluene standard were 

integrated with Xcalibur. Out of the peak areas and the area of the toluene peak for each 

extract the mean amount per head was calculated. Outgoing from the simple rule of three the 

proportion of the amounts between a substance represented by a peak (a(peak)) and the toluene 

standard a(toluene) is equal to the proportion of the corresponding peak areas (A(peak); A(toluene)): 
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Each peak represents only 1/100 of the entire substance in one sample, because 1µl of the 

entire solution consisting of the remaining droplet in 100µl pentane and 10µl of toluene 

standard solution were injected in the GC. Also in each sample more than one head was used 

in the original extraction. Thus a(substance) must be divided through the number of heads N used 

in each sample. 
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The amount of toluene was known. To each sample V(stand) = 10µl toluene solution containing 

a concentration c(toluene) = 10-3 vol% were added. From the total amount of toluene in each 

processed sample also 1/100 was injected in the 1µl to the GC. 
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Inserting all those assumptions and the density of toluene ρ(toluene) = 0.87kg/l into the formula, 

following term is achieved that was used for calculation the amounts of chemicals per head in 

each sample: 

�����
���� ��� ����� �  
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Amount data were plotted with R 2.10.1 (www.r-project.org). The different categories were 

statistically analyzed with Kruskal-Wallis-ANOVA also using R. 
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3. Results 

3.1 Climate and behavior 

3.1.1 Climate conditions  

3.1.1.1 Precipitation 

From previous studies (Moser, 1967, Moser et al., 2004) it was known that swarming 

behavior in Atta are influenced by various weather parameters. This is also the case in A. 

vollenweideri. Heavy rainfalls are essential for the initiation phase of swarming behavior to 

start. In table 3 the swarming days are listed for the three colonies studied closer. All nests 

had a major swarm, in that more  

Table 3: Days on which mating flights occurred. +++: main swarm, over 60% of alates 
flew; ++: ordinary swarm: between 40% and 10% of alates flew;+: minor swarm: less 
than 10% of alates flew. 

Nest 17.10. 18.10. 20.10. 23.10. 08.11. 09.11. 

Nido A ++ +++ + no no no 

Nido B no no no ++ +++ ++ 

Nido C no no no no ++ +++ 
 

than 60% of all alates took off. Main swarms are accompanied by smaller pre- and post-

swarms, which consisted of far less animals. The overall rain patterns of the study site 

represented by the precipitation per 24 h in mm from 6th of Oct. to 14th of Nov. are illustrated 

in figure 12. Nido A was not synchronized with the nests B and C. Following our artificial 

induction on 13th of Oct. this nest had his main flight 5 days later, on 18th of Oct., 

accompanied by a preswarm on 17th of Oct. and a very week post-swarm on 20th of Oct. None 

oft the other nests showed any swarming behavior on those days. Nidos B and C swarmed at 

8th and 9th of Nov. after a long and dry period in late October and early November, which 

lasted from 25th of Oct. to 5th of Nov. Nido B had his main swarm on 8th of Nov. and Nido C 

its on 9th of Nov. Before, on 7th of Nov. it had rained 79.48 mm. Conspicuously at 23th of Oct. 

Nido B performed a preswarm, while none of the other nests showed any activity. Prior to the 

swarm, 21.59 mm rain have been measured on 21th of Oct. Summed up swarming behavior 

only occurred after substantial rainfalls, but if it had rained during the light period of a day, 

the animals flew on the following day. During the long dry period lasting from 24th of Oct. to 

5th of Nov., we never observed any swarming behavior on the nests. 
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Figure 12: Daily rainfall at study site in mm. * labels the artificial watering of Nido A. 
Colored arrows mark swarm days (red=Nido A, black=Nido B, green=Nido C). Bold arrows 
stand for main swarms, middle arrows for ordinary swarms and thin arrows for minor swarms 
(compare table 3). 

 

3.1.1.2 Weather parameters beside rain 

Beside substantial precipitation, there are several other weather parameters potentially 

influencing the timing of swarming behavior. Therefore, they have to be favorable on swarm 

days. I remember those days to be warm and sunny with an almost clear sky and only gentle 

wind. Figure 13 shows the course of temperature, atmospheric pressure and precipitation at 

the study site.  

In the evening on each swarm day the temperature had crossed her daily maximum and was 

decreasing due to the near sunset. It seems that mating behavior occurs on the first day or the 

first two days after heavy rain, with an increasing maximum day temperature compared to the 

rainy days before. In the case of atmospheric pressure, there was a pronounced drop on swarm 

days. At the late morning or the early noon of swarm days the pressure always had begun to 

continuously decrease. The drop was always higher than 1.8 hPa in the last 6 hours. Around 

6p.m. it reached a day minimum, short before or at the time the first alates started to fly. For 

the strength of individual flights compare table 3. 
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Figure 13: Course of climate parameters at the study site. a) shows the period from 06.10.-
25.10.2009, b) for 26.10.-14.11.2009; Temperature in °C is illustrated in red and 
atmospheric pressure in hPa alike in black. Blue bars mark precipitation in mm/day. Time of 
flying is indicated with green lines. Mating flights occur on warm days after substantial 
rainfalls, but nut on days with rainfall during the light period of the same day. On each 
swarm day atmospheric pressure drops down constantly to reach a minimum short before 
initiation of flights. * in a) labels artificial watering of one Nido A. A black arrow below the 
date axis marks days, on which all conditions of the threshold model are fulfilled (compare 
table 4). 

 

3.1.1.3 Threshold model for weather parameters 

I selected those parameters for closer analyses, which seemed to have influence on the timing 

of swarming behavior. Swarm days were mostly warm, clear and cloudless. Therefore I 

included the actual temperature as a measure for warmth and also the solar radiation as a 

measure for sky conditions and sun intensity. In addition, swarm days were usually the first 

warm days after previous cooler rainy day(s). Thus ∆Tempmax was calculated to implicate the 

change in temperature to the day before. Still substantial rain is necessary some days before 

for induction of the initiation phase. Rain during the illuminated period of the same day, 

however, was never observed. Hence, I included rain 12h and rain 72h to test for these 

assumptions. Lastly, on swarming days the barometer went down in the hours preceding the 

nuptial flights, so that I implicated ∆p to the model. 

Each threshold was defined through the minimum value of each parameter at the approximate 

starting time of mating flight phase (6.30p.m.) for the three naturally caused swarms on 23th 

of Oct and 8th and 9th of Nov. In case of ∆p, the lowest drop in pressure in the last 6 h was on 

8th of Nov. with 1.8 hPa. Consequently all ∆p values smaller than 1.8 hPa did not cross that 

threshold and can be over gone in analyses.  

 

 

 

 

 

 

 

Table 4: Threshold model for climatic parameters. For each day thresholds are shown for 
the time short before the first ants on swarm days start flying (6-6.30p.m.). If the threshold is 
not crossed, the value is 0 and the cell is colored grey. White cells with value 1 indicate that 
threshold was crossed at a given day. Those days at which all thresholds were crossed are 
colored in blue and all swarm days are accentuated in bold letters. Thresholds are defined 
through the minimum values for each parameter on days, at which a naturally caused mating 
swarm occurred. ∆p is the difference between the atmospheric pressure in the last 6h. Rain 
12h and Rain 72h are the total precipitation in the last 12 h and 7 2h. ∆Tempmax is the 
difference between maximum temperatures in the last 6 h compared with the day before. 
Temp is the actual temperature. Radsolar is the mean solar radiation in the last 6h. For exact 
definition of threshold values please see text. 
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According to “rain 12h”, the requirement was no rain in the last 12 h, so the condition was 

only fulfilled and therefore the threshold crossed, if there was no rain during that time. To rain 

“72h” in contrast, the lowest observed total precipitation in the 3 days before a swarm has 
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been 21.59 mm rain for 23th of Oct. Thus all rain amounts equal or bigger crossed that 

threshold. In the event of temperature smallest increase in daily maximum compared with the 

day before was 0.4°C on 8th of Nov. and the minimum temperature at which alates flew was 

25.7°C as well on the same date. All values higher than those ones are considered to have 

crossed. Finally, the mean solar radiation in the last 6 h was 317 W/m² on 8th of Nov. and all 

days with equal or higher solarization were taken into count. 

It was tested, if all thresholds are only crossed on swarm days, or if there are other days 

without mating swarms, which also fulfill all conditions of the model. 

Table 4 summarizes the final model. For each day, threshold values are given for the usual 

start-of-swarming-time, about 6.30p.m. All thresholds are crossed on 6 days: 14th, 17th and 

23th of Oct. and 8th, 9th and 13th of Nov. Of those days 17th and 23th of Oct. as well as 08th and 

09th of Nov. are natural swarm days. On 14th of Oct. and 13th of Nov. no mating swarms could 

be observed. Furthermore, on 13th of Oct. only rain 12h was achieved. At the two other 

natural swarm days (18th and 20th of Oct.) only the condition for precipitation in the last 3 

days (“rain72h”) was not met. 

 

3.1.2 Behavior 

3.1.2.1 Group behavior 

3.1.2.1.1 The nights before 

In the following passages, the sequence of a typical swarming behavior based on my field 

observations is described. Induced by weather conditions, each swarming behavior sequence 

develops in a characteristic way. On a broad scale swarming behavior can be divided into 

three phases: initiation phase, aggregation phase and mating flight. 

Each swarming behavior begins with the initiation phase. After the rainfalls, the workers 

broaden the big central nest entries and also the total number of entrances expands. In the 

nights before swarming, like shown in figure 14a), some alates sit in the big central nest 

entries that are not used for foraging. Seldom had few individuals also crawled slowly over 

the surface of the nest. They seemed not to be influenced by the circumfluent worker force, 

except for some unavoidable collisions. An active holding and carrying back of alates by 

workers, like it has been reported for Camponotus herculeanus (Hölldobler & Maschwitz, 

1965a) has never been observed in A. vollenweideri. In that phase the sexual forms are very 

sensual to disturbance. If we moved on the nest surface they immediately let themselves fall 

backwards from the entries deep into the tunnels and appeared again not until some time. Also 
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the animals were strictly photonegative. They disappeared as soon as we switched on our 

flashlights, no matter that they have been equipped with red-filters. The number of alates 

visible was greatest in the hours after sunset and getting gradually smaller later in the night. 

 

 
Figure 14: Illustration of distinct phenomena in relation to nuptial flights a) alates sitting in an 
central nest entrance in a night before swarm (Nido C, 07.11.); b) a wasp gets killed on nest surface 
by aggressive workers performing preswarming behavior (Nido A, 17.10.); c) the first males start to 
spread on nest surface before a swarm (Nido C, 09.11.); d) short before the first males take off the 
entire nest is covered with males (Nido A, 18.10). Scale bars are 1 cm for b) and 10 cm for a), c) and 
d). 

 

3.1.2.1.2 Behavior of the workers 

Swarm days are clearly distinguishable, because very lots of workers run extremely quickly 

and excited over the nest surface. During this period the head is orientated upright in the air 

and mandibles are widely open. The ants are outstanding aggressive in comparison to their 

usual aggressiveness level and attack willingly every object on the nest surface, no matter if 

a) b) 

c) d) 
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this is an unlucky tarantula or wasp (see figure 14b) crossing the nest nor experimental 

marking flags nor human rubber-boots. This phenomenon started usually in the early 

afternoon (after 12p.m.), the earlier the bigger the subsequent swarm was, and was also 

heavier on days with main swarms. It also became more pronounced, the nearer the start of 

flying comes. With the beginning of preswarming, the initiation phase of swarming behavior 

ends and the aggregation phases starts. In the course of preswarming, workers also crawl up 

nearby vegetation behaving the same way like the colony fellows on the nest. The workers 

remained in alert for the entire swarming behavior and only slowly calmed down in darkness 

after 8p.m. Some workers continued with the preswarming till late at night. 

 

3.1.2.1.3 Behavior of the males 

A few males are already visible during that stage in the central entries. Later in the afternoon 

at around 4p.m. more and more males aggregate in those entries. First males are still sensitive 

to disturbance and go back into the nest when bothered. This behavior gets weaker and finally 

is lost, the sooner the flying comes. Towards 5.30p.m., males begin slowly but continuously 

to spread all over the nest. The early stage of the males appearance on nest surface in 

aggregation phase is shown in figure 14c). Have the males in the beginning only appeared out 

of the big central entries, they later crawl out of over 90% of the entrances, even out of the big 

foraging holes on the side as well as out of very small ones in the periphery of the nest. 

Shortly before the mating flight, the entire nest is covered with males (compare figure 14d). 

The males remain in movement on the nest surface, sometimes hiking over each other in 

several layers. Finally, at around 6.20-6.40p.m. the first males start flying. With the take off 

of the first alates the aggregation phase ends and the mating flight begins. During the 

beginning only individual males take off. To and by more and more males follow them, 

resulting in a mass flight of males with thousands of individuals starting per minute at about 

6.40-7p.m. After that peak, the start frequency gets quickly slower. Last individual males fly 

at beginning darkness between 7.10-7.20p.m.  

 

3.1.2.1.4 Behavior of the queens 

In contrast to the males sequence that of the queens is different in many ways. The first single 

queens in aggregation phase are visible in the nest entries later than the males. The first 

queens crawl out at about 6.20 to 6.30p.m, what is short before or after the departure of the 

first males. Thereafter they aggregate in the entries, but never spread densely over nest 
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surfaces before flying. In difference to males, which appear in almost every nest entrance, the 

queens are concentrated in the big central entries. Only seldom few queens have been 

observed to come out of a peripheral entrance. Instead, single females walk out at 6.40-

6.50p.m. and soon prepare themselves for takeoff. Shortly after the first females fly away, 

what approximately overlaps with the male’s mass-swarm. The mass swarm of the queens is 

initiated, which reaches a peak at 6.50-7.10p.m. Like in the male’s case, after the flight peak, 

the frequency of starts drops down fast. The last queens fly around 7.15-7.25p.m., which is 

about 10min after the last males. While using their wings, queens perform a loud humming 

sound that resembles the noise of a propeller-driven aircraft heard from a distance. The  

 

 

Figure: 15 Illustration of distinct phenomena in relation to nuptial flights (part II) a) a queen moves 
her wings and paddles with front legs in preparation to flying (Nido A, 18.10.); b) look in the sky 
filled with flying Atta vollenweideri in the main peak of the queens flight (Nido C, 09.11.); c) 
phoretic Attacobius sp. spider sitting on the thorax of a virgin queen (Nido A, 18.10.); d) 
characteristic wall of soil pellets indicating a new founded nest. Scale bars are 1 cm for a) and c) and 
10 cm for d). 

c) d) 

a) b) 
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described sequences of behaviors were always the same in all observed swarming behaviors 

for all colonies. 

 

3.1.2.1.5 Overall patterns 

Some patterns stretching on both sexes are worth mentioning. First, during the entire time 

before and during a swarm no interactions between workers and alates, apart from some 

collisions have been observed. Sometimes the workers walk over the winged forms, which 

had no influence on the behavior of both. Also I never observed any interactions between the 

sexuals, whether sometimes several layers of them were at the same place and also males 

frequently crawled over queens in front of the nest entrances. Second there was an unknown 

honey-like sweet smell detectable by human nose for all flights. The source of that smell is 

not known. Some but not all queens smelled similar, even after month of storage in 70% 

conservation alcohol. After departure most alates flew almost upright in the air (compare 

figure 15b). They reached great height, which I could not measure. Single queens that I had 

followed with binoculars (Sornet 8x60, Waffen Frankonia, Würzburg, Germany) flew higher 

than observable. I estimate A. vollenweideri alates to fly at least 80m high. In the sky most 

alates from the same colony seemed to trend in the same direction. Altogether for the mature 

colonies I estimate a total number of about 30,000-40,000 males and 4,000-5,000 queens to be 

produced each year. This means a male biased sex ratio queens to males of approximately 

1:10 to 1:8. 

Finally, on some few alates in the colonies Nido A and Nido C an Attacobius sp. spider was 

sitting on the top of the thorax. The spiders appeared to be undectable for the alates, because 

they behaved as if the spider was not present. If we removed a spider from the thorax with 

forceps and placed them on the colony they immediately went to the back of another alate. 

Figure 15c) shows a single queen carrying a spider on its back. 

 

3.1.2.1.6 After the end of swarming 

The true mating is most likely high in the sky. I could never observe copulations in Atta 

vollenweideri. After the flights, both sexes repeat back to the ground. Queens start 

immediately to search for a suitable place for founding a new nest as soon as they reach the 

soil again. If they have found a favorable place they dig a tunnel into the soil using their 

mandibles. With the foundation of a new nest by a queen the mating flights and also likewise 

the swarming behavior ends. Freshly nest foundations are easily visible due to their 



 

 

characteristic wall of earth pellets (picture 15d). In contrast, 

living males have been found la

After the flight of the last alates

workers stayed alerted till deep in the night. Also past the swarm some sexual forms remained 

on the nest surface. They moved quickly back into the nest. When it was completely dark 

(around 8p.m.) a few of them sat again in the nest entries or crawled over the nest surface. 

After the last flight for each colony, no alates were visible at night. Few alates remained in 

each colony, because they had failed in taking of, even if they had tried to do

had one or more defect or missing wings or were noticeably handicapped in another way for 

example with crippled antennae. Later in the night, each colony foraged only very sparely. No 

big foraging bouts were established as in usual nights.

Alates are not attracted to light. At our light trap we found not one 

covered with huge amounts of beetles, midges, moth and other insects. Of together 200 

marked queens, not one has been found again.

(1.8 km) from the field station to Nido B

 

3.1.2.2 Individual Behavior 

3.1.2.2.1 Males 

Figure 16: Drawing highlighting pre
legs very fast alternating with his mouthparts while standing still. Scale bar: 1
drawing by Katja Leicht.

When the males are present on the nest surface

flight, they run without an obvious purpose busily mixed up. In between they stop walking 

 

characteristic wall of earth pellets (picture 15d). In contrast, the males die quickly. Almost no 

living males have been found later in the night on swarm days. 

last alates, preswarming behavior soon weakened down, but some 

workers stayed alerted till deep in the night. Also past the swarm some sexual forms remained 

on the nest surface. They moved quickly back into the nest. When it was completely dark 

m.) a few of them sat again in the nest entries or crawled over the nest surface. 

After the last flight for each colony, no alates were visible at night. Few alates remained in 

each colony, because they had failed in taking of, even if they had tried to do

had one or more defect or missing wings or were noticeably handicapped in another way for 

example with crippled antennae. Later in the night, each colony foraged only very sparely. No 

big foraging bouts were established as in usual nights. 

Alates are not attracted to light. At our light trap we found not one Atta

covered with huge amounts of beetles, midges, moth and other insects. Of together 200 

marked queens, not one has been found again. We looked for them on the road 

km) from the field station to Nido B (compare figure 9). 

Drawing highlighting pre-flight behavior of males. Male licks his front 
legs very fast alternating with his mouthparts while standing still. Scale bar: 1
drawing by Katja Leicht. 

When the males are present on the nest surface in aggregation phase short

flight, they run without an obvious purpose busily mixed up. In between they stop walking 
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the males die quickly. Almost no 

preswarming behavior soon weakened down, but some 

workers stayed alerted till deep in the night. Also past the swarm some sexual forms remained 

on the nest surface. They moved quickly back into the nest. When it was completely dark 

m.) a few of them sat again in the nest entries or crawled over the nest surface. 

After the last flight for each colony, no alates were visible at night. Few alates remained in 

each colony, because they had failed in taking of, even if they had tried to do so. Mostly they 

had one or more defect or missing wings or were noticeably handicapped in another way for 

example with crippled antennae. Later in the night, each colony foraged only very sparely. No 

Atta alate, but it was 

covered with huge amounts of beetles, midges, moth and other insects. Of together 200 

We looked for them on the road the entire way 

 

flight behavior of males. Male licks his front 
legs very fast alternating with his mouthparts while standing still. Scale bar: 1 cm; 

shortly before their 

flight, they run without an obvious purpose busily mixed up. In between they stop walking 



 

 

and start to lick their first pair of legs with the m

the legs quickly through the middle of the ma

ending with the prolonged tarsi. In doing so, they alternate between the left and the right front 

leg. We could observe this behavior on each video sequence taken from individual males for 

all colonies. After a sequence of likings a male proceeds with walking around before he starts 

liking again. Walking and liking turn several times before males fly away. Short

taking off, they spread their wings and start flying out of walking from overall on the nest

Sometimes a male needs several trials until flying acts properly.

 

3.1.2.2.2 Queens 

Figure 17: Drawing highlighting pre
Characteristic movements are indicated with arrows. Queen shakes her head 
and paddles with front legs while moving her wings. Scale bar: 1
drawing by Katja Leicht.

Like in the group behavior, queens 

mentioned above that queens take of soon after their 

queens start flying, each one performs the same behaviors. While staying at the same points 

 

and start to lick their first pair of legs with the mouthparts like shown in figure 16

the legs quickly through the middle of the mandibles, beginning at the base of one leg and 

ending with the prolonged tarsi. In doing so, they alternate between the left and the right front 

leg. We could observe this behavior on each video sequence taken from individual males for 

sequence of likings a male proceeds with walking around before he starts 

liking again. Walking and liking turn several times before males fly away. Short

they spread their wings and start flying out of walking from overall on the nest

Sometimes a male needs several trials until flying acts properly. 

Drawing highlighting pre-flight behavior of Queen. 
Characteristic movements are indicated with arrows. Queen shakes her head 
and paddles with front legs while moving her wings. Scale bar: 1
drawing by Katja Leicht. 

behavior, queens are also different from males in individual b

that queens take of soon after their arrival on nest surface. Before individual 

each one performs the same behaviors. While staying at the same points 
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outhparts like shown in figure 16. Males pull 

ndibles, beginning at the base of one leg and 

ending with the prolonged tarsi. In doing so, they alternate between the left and the right front 

leg. We could observe this behavior on each video sequence taken from individual males for 

sequence of likings a male proceeds with walking around before he starts 

liking again. Walking and liking turn several times before males fly away. Shortly before 

they spread their wings and start flying out of walking from overall on the nest. 

 

flight behavior of Queen. 
Characteristic movements are indicated with arrows. Queen shakes her head 
and paddles with front legs while moving her wings. Scale bar: 1 cm; 

are also different from males in individual behavior. It was 

on nest surface. Before individual 

each one performs the same behaviors. While staying at the same points 
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they stand on the second and third pairs of legs, lift the head up and shake it form side to side. 

At the same time, they flap the wings and paddle with the front legs, which are in the air as it 

is shown in figure 17 and figure 15a). This behavior is interrupted by short walks. Afterwards 

queens start again with flapping wings and paddleling front legs. In the second before final 

take off, most queens deposit a droplet of brownish liquid on the ground. Although queens 

departure from everywhere on the nest, they seem to prefer the a bit elevated turrets of the 

central nest entrances. Queens are only slow and sedate flyers. They can easily be caught out 

of the air with bare hands and even fly straight against the nearby observing scientist on the 

nest. Once in the air, they fly with the body orientated to the ground in an angle of about 35°. 

For a successful start most queens need several trials. Some queens crash down repeatedly, 

even if they have already flown a short way. 

 

3.1.2.3 Flight parameters obtained with carousel 

Table 5: Flight parameters obtained from alates on passive carousel; show are mean ± sd and range; 
for sex: F=female, M=male. 

Sex Number Start time 
Flight 

duration in 
min 

Turns / 
min 

Flight distance 
in km 

Average 
velocity in m/s 

M n=2 
8.15 p.m.± 

00.42h 
45.5 ± 2.1 48.7 ± 7.2 2.72 ± 0.28 1.00 ± 0.15 

M range 
8.15p.m.-
9.15p.m. 

44-47 43.6-53.8 2.52-2.91 0.89-1.10 

F n=12 
3.50p.m. ± 

4.39h 
89.2 ± 31.7 63.6 ± 11.2 6.86 ± 2.18 1.30 ± 0.23 

F range 
9.08a.m.-
23.22p.m. 

42-140 46.7-78.8 2.63-9.51 0.96-1.61 
 

Flight parameters obtained from alates using the passive carousel are shown in table 5. 

Altogether we got data from 12 queens and only 2 males. Most males flew just very briefly, 

so that they could not be included into data analyses. Queens flew 89.2 ± 31.7 min (range=42-

140 min) and moved the arm of the carousel 6.86 ± 2.18 km (range=2.63-9.51 km) during that 

time. The calculated average velocity for females was 1.30 ± 0.23 m/s (range=0.96-1.61 m/s). 

In the case of the males, all parameters have been smaller. They were able to move the 

apparatus for around 45 min (45.5 ± 2.1 min, range=44-47 min) and could cover 2.72 ± 0.28 

km (range=2.52-2.91 km) in that period of time with mean velocity of 1.00 ± 0.15 m/s 

(range=0.89-1.10 m/s). The average start-time of females and males differed also: the queens 

started with flying all over the day, from morning (9.08a.m.) to late in the night (23.22p.m.), 



  Results 

53 
 

with a calculated mean in the afternoon (3.50p.m.± 4.39 h). In contrast, the two males flew 

both in the evening at 8.15 p.m.± 00.42 h (range=8.15p.m.-9.15p.m.). 

The alates in the open plastic boxes that have been placed beneath the carousel, when it was 

moved by a flying ant, showed no clear behavioral reaction. After opening the box, some of 

them climbed up the border, but most remained inside. None of them made attempts to start 

flying and follow the individual already on wings. 

 

3.1.2.4 Predators of Atta vollenweideri alates 

A lot of other animals feed on alates of leaf-cutting ants in the study site. All identified 

vertebrate predators are listed in table 5. Birds observed were identified with “Birds of 

Argentina and Uruguay - A field guide” (Narosky & Yzurieta, 2003). Most vertebrate 

predators are birds which pick the ants directly from the nest surface or catch them on wing in  

Table 6: Identified vertebrate predators observed to feed on Atta vollenweideri alates. 

Predator Scientific name Family Habit 

Nine-Banded 
Armadillo 

Dasypus 
novemcinctus 

Dasypodidae 
collects alates from 

nest 

Short-Tailed Hawk Buteo brachyururs Accipitridae catches alates in air 

Plumbeous Kite Ictinia plumbea Accipitridae catches alates in air 

Snail Kite 
Rostrhamus 
sociabilis 

Accipitridae catches alates in air 

Little Nightjar 
Caprimulgus 

parvulus 
Caprimulgidae catches alates in air 

Plush-Crested Jay 
Cyanocorax 

chrysops 
Corvidae 

collects alates from 
nest 

Purplish Jay 
Cyanocorax 
cyanomelas 

Corvidae 
collects alates from 

nest 

Chaco Chachalaca Ortalis canicolis Cracidae 
picks landed alates 

from ground 
Great Rofous 
Woodcreeper 

Xiphocolaptes major Dendrocolaptidae 
collects alates from 

nest 

Red-Crested Cardinal Paroaria coronata Emberizidae 
picks landed alates 

from ground 
Yellow-Headed 

Caracara 
Milvago chimachima Falconidae catches alates in air 

Southern Crested 
Caracara 

Polyborus plancus Falconidae 
collects alates from 

nest 

Greater Thornbird 
Phacellodomus 

ruber 
Furnariidae catches alates in air 

Fork-Tailed 
Flycatcher 

Tyrannus savanna Tyrannidae catches alates in air 

Great Kiskadee Pitangus sulphuratus Tyrannidae catches alates in air 
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the air. Shortly before the mating flight, various birds like Cyanocorax chrysops and C. 

cyanomelas sit on the shrubs near the ant colonies and approach the first males that move out 

and aggregate on the nest. Also they prey on single males when they spread over nest surface. 

When later in the succession of the aggregation phase the first queens appear, most birds 

selective choose queens. Other birds hunt flying alates on wing like Milvago chimachima or 

Tyrannus savanna for example. Often I found queens on the ground that were missing the 

abdomen, indicating that the birds only take the fat parts of the queens. On all swarms days 

birds ate a noticeable proportion of all flying alates, especially in case of queens. 

Beside the diversity of birds, other predators have also been observed. One armadillo 

(Dasypus novemcinctus) was observed feeding on mostly queens on the nest surface of Nido 

C ignoring the bites from the soldier subcaste. Also we found queens and males on the ground 

that were attacked by small myrmicine ants like Solenopsis sp. Finally, some males stuck in 

the big nests of sub-social spiders that spun their enormous nests between the palms in the 

savanna. 

 

3.2 Morphology 

3.2.1 Morphological description of females and males 

3.2.1.1 General appearance 

Queens and males of Atta vollenweideri are markedly different. Each sex is characterized by 

distinct shape and distinct anatomical structures. The general appearance of females is 

illustrated in figures 15a) and 17. They have big spherical abdomen and are in all body parts 

much bigger and voluminous than males, which are slender and smaller, as is pointed out in 

figure 17. Females are 23.6 ± 0.9 mm (n=16) and males 14.7 ± 0.9 mm (n=15) long (table 7). 

Both sexes have a well defined thorax, on which the wings insert. In resting and walking 

wings are folded on the back. The first wings are bigger than the second. In queens they are 

29.2 ± 0.4 mm long (n=11) and hence over 10 mm longer than in males (18.7 ± 0.9 mm, 

n=13) (table 7). Despite size and general morphology alates differ also in the forms of the 

heads. Figure 18 shows portraits of heads from queens and males. The queens heads are 

bigger and almost triangular. Measured between the outer rim of eyes, they have a head width 

of 4.78 ± 0.12mm (n=38) (see table 7) which is almost twice as big those of males (2.45 ± 

0.07, n=42) that are more roundly. Heads have one distinct spine at the each outer edge of the 

front in both sexes. The queens posses only short hairs distributed more or less uniformly over 

the head. In males the sides of the head are covered with bunches of long cuticle hairs and  



 

 

Table 7: Morphological characteristics of 
and males (M) as well as sample size (n) of measured animals for each case. Weighted animals have been 
dried at 50-55°C for 192h (females) and respectively 96 h (males).

S HW in mm BL in mm 

F 
4.78 ± 0.12 

n=38 
23.6 ± 0.9 

n=16 

M 
2.45 ± 0.07 

n=42 
14.7 ± 0.9 

n=15 

Legend: S = Sex; HW = Head with; EA = Eye area; OA = Ocellus area; BL = Body length; WL = Wing 
   length; FW = “fresh” weight; DW= Dry weight

 
shorter hairs are spread over the rest of the head. Mandibles in females are 

and due to own experience also very sharp, whereas in males they are short, delicate and 

slightly jagged. Beside shape and size of mandibles, shape and size of antennae is also 

different. Male antennae have 13 segments and are very long a

those of worker and females. Especially the scape is prolonged, what is also true for funiculus 

and the apical segments. Workers and queens have always 11

18a) the antennae of a queen are visible

the antenna prolonged. 

Figure 18: Frontal portraits of heads of 
sexes have big compound eyes and ocelli, especially the male. The queens mandibles are 
massive and sharp, whereas those of the males are slender and slightly jagged. Male heads have 
hairs all over with distinct long bunches on each side of th
contrast have short uniform hairs sparsely spread over the head. Scale bars are 1mm each.

 

 

characteristics of Atta vollenweideri alates. Shown are mean ± sd for females (F) 
and males (M) as well as sample size (n) of measured animals for each case. Weighted animals have been 

55°C for 192h (females) and respectively 96 h (males). 

 WL in 
mm 

EA in 
µm² 

OA in µm² 

 29.2 ± 0.4 
n=11 

501,940 ± 
30,528 
n=37 

56,253 ± 
5,738 
n=36 

 18.7 ± 0.9 
n=13 

240,731 ± 
59,481 
n=22 

41,696 ± 
4,033 
n=33 

Legend: S = Sex; HW = Head with; EA = Eye area; OA = Ocellus area; BL = Body length; WL = Wing 
length; FW = “fresh” weight; DW= Dry weight 

shorter hairs are spread over the rest of the head. Mandibles in females are 

and due to own experience also very sharp, whereas in males they are short, delicate and 

slightly jagged. Beside shape and size of mandibles, shape and size of antennae is also 

different. Male antennae have 13 segments and are very long and diminutive in comparison to 

those of worker and females. Especially the scape is prolonged, what is also true for funiculus 

and the apical segments. Workers and queens have always 11-segmented antennae.

a) the antennae of a queen are visible. Their segments are relatively short with no part of 

 

Frontal portraits of heads of a) female and b) male Atta vollenweideri
sexes have big compound eyes and ocelli, especially the male. The queens mandibles are 
massive and sharp, whereas those of the males are slender and slightly jagged. Male heads have 
hairs all over with distinct long bunches on each side of the head above the eyes. Queens in 
contrast have short uniform hairs sparsely spread over the head. Scale bars are 1mm each.
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alates. Shown are mean ± sd for females (F) 
and males (M) as well as sample size (n) of measured animals for each case. Weighted animals have been 

FW in mg DW in mg 

759.1 ± 40.6 
n=12 

391.9 ± 32.1 
n=12 

65.5 ± 21.7 
n=13 

22.5 ± 2.1 
n=13 

Legend: S = Sex; HW = Head with; EA = Eye area; OA = Ocellus area; BL = Body length; WL = Wing  

shorter hairs are spread over the rest of the head. Mandibles in females are powerful, massive 

and due to own experience also very sharp, whereas in males they are short, delicate and 

slightly jagged. Beside shape and size of mandibles, shape and size of antennae is also 

nd diminutive in comparison to 

those of worker and females. Especially the scape is prolonged, what is also true for funiculus 

segmented antennae. In figure 

. Their segments are relatively short with no part of 

 

Atta vollenweideri alates. Both 
sexes have big compound eyes and ocelli, especially the male. The queens mandibles are 
massive and sharp, whereas those of the males are slender and slightly jagged. Male heads have 

e head above the eyes. Queens in 
contrast have short uniform hairs sparsely spread over the head. Scale bars are 1mm each. 



  Results 

56 
 

3.2.1.2 Size of eyes and ocelli 

It is noticeable that both sexes have big compound eyes and also very well developed ocelli. 

The eyes are spherical elliptical and located roughly above the base of the antennae on the 

side of the head (figure 18). In queens eyes are 961.5 ± 37.0 µm long and 664.8 ± 25.5 µm 

wide (n=37), with no difference between left and right eyes. The area calculated out of those 

length measurements is 501,940 ± 30,528 µm² (table 7). Males have also big eyes that are 

equally in size on both sides. In their case they are 630.6 ± 78.5 µm, and 479.9 ± 57.3 µm 

wide (n=22) coming up to a covered area of 240,731 ± 59,481 µm² (table 7).  

The alates have three big ocelli, which form a triangle in the middle of the front. The middle 

ocellus is in both sexes slightly elliptical. In females it is 283.0 ± 18.4 µm long, 252.7 ± 11.8 

µm wide and has an area of 56,253 ± 5,738 µm² (n=36). In males ocelli are a bit smaller. 

Spanning over an middle area of 41,696 ± 4,033 µm² the middle ocellus is 242.9 ± 14.5 µm 

long with an according width of 218.3 ± 11.1 µm (n=33). 

In proportion to head capsule width, the eyes and ocelli are bigger in males than in females. In 

case of the eyes the quotient between mean square roots of areas and head width was 0.15 for 

queens and 0.20 for males. For ocelli the proportion was in males (0.08) also considerably 

larger than in females (0.05). So eyes are in males 33% and ocelli 60% larger than in females. 

 

3.2.1.3 Polymorphism in leg morphology 

When I observed males walking on the nest surface, I noticed the males to have difficulties in 

doing so. Looking closer it turned out, that males had extremely prolonged tarsi and they 

walked more or less on the back of their tarsi. Figure 19 shows the last segments of a right 

frontleg from an individual male (19a), queen (19c) and medium sized worker (19e). Images 

in higher magnification illustrate the last tarsomeres with attached tarsal claws of each leg 

(male: 19b), queen: 19d), media worker: 19f). Male legs are slender and very long with 

especially the tarsomeres strongly prolonged. Tarsal claws are pronounced, long and appear to 

be bigger than in the other two castes (figure 19b). The leg of a queen differed strongly in 

morphology and structure (figure 19c). In proportion to the huge body, it is relatively thick 

and robust, but also relatively short. Especially the tibia is very massive. Claws are shorter 

than those in males (figure 19d). The leg of a medium sized worker (head width 2.4 mm) is 

also shown. Its form is situated somewhere in the middle between those of females and males. 

Tarsi are short and slender. Tarsal claws are in relation to the rest of the leg relatively long. 



 

 

 

 

 

 

 

 

 

Figure 19: Distal end of front legs and the legs tarsal claws of different 
vollenweideri castes. 
and tarsal segments are strongly prolonged. Claws are huge and long. 
d) illustrate a front leg and the a
relatively short and thick, tarsi are also short, thick and not prolonged. Claws 
are short but strong. The entire leg is covered densely with short hairs. 
Finally e) and f) present in comparison those of a media
2.4mm). In shape the leg is in between male and queen. Like in queen the 
tarsi are not prolonged, but tarsal claws are relatively long. Scale bars are 
1mm each. 

a) 

c) 

e) 

 

Distal end of front legs and the legs tarsal claws of different 
castes. a) and b) show those of males. Male legs are slender 

and tarsal segments are strongly prolonged. Claws are huge and long. 
illustrate a front leg and the associated tarsal claw of a queen. The leg is 

relatively short and thick, tarsi are also short, thick and not prolonged. Claws 
are short but strong. The entire leg is covered densely with short hairs. 

present in comparison those of a media worker (head width 
2.4mm). In shape the leg is in between male and queen. Like in queen the 
tarsi are not prolonged, but tarsal claws are relatively long. Scale bars are 

b) 

d) 

f) 
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Distal end of front legs and the legs tarsal claws of different Atta 

show those of males. Male legs are slender 
and tarsal segments are strongly prolonged. Claws are huge and long. c) and 

ssociated tarsal claw of a queen. The leg is 
relatively short and thick, tarsi are also short, thick and not prolonged. Claws 
are short but strong. The entire leg is covered densely with short hairs. 

worker (head width 
2.4mm). In shape the leg is in between male and queen. Like in queen the 
tarsi are not prolonged, but tarsal claws are relatively long. Scale bars are 



 

 

3.2.1.4 Male copulation organ

A striking anatomical feature in 

that crawl out of a colony in preparation of a nuptial flight. Before a male has copulated it is 

inserted into the abdomen like illustrated in the drawin

fills out a huge percentage of it. After mating flights some males could be collected from the 

ground with outstretched copulation organs. If the abdomen of a non mated male was pressed 

between two fingers from the petiolus to the tip it became also visibl

extruded copulation organs could not be drawn back again. The copulation organ is a hard 

cuticle structure consisting out of different spines and appendages

color.  

Figure 20: Ventral view on the copulation organ of an 
attached to the tip of the abdomen and usually inserted in it. Here it is extruded using H
(see text). a) shows a image of the genitalia focused on the lower i.e. ventral part, while the 
focal plane in b) is deeper i.e. more on the dorsal side. Scale bars are 1
Legend: La: lamina annularis, Sa: sagittae, St: stipes, Vo: vollsella.

In experimental preparation treatment with 35% H

make the organ visible. Figure 2

copulation organ threaten that way. Figure 2

organ. In figure 21 the dark color got lost due to bleaching effects of H

are still clearly distinguishable. Nomenclature of copulation organ follows Borgmeier (1959). 

The organ is located at the tip of the abdomen. On the central lamina annular

from outside to inside the in each case paired vollsella (Vo), stipes (St) and sagittae (Sa). Each 

Vo attaches on the sides of the La in the more ventral part of the copulation organ and has the 

appearance of a long thin spine. The Vo surrou

but mainly also in the same focal plane. St are narrow, long and slightly curved to the middle 

with tips almost touching themselves. In contrast to Vo

 

copulation organ 

A striking anatomical feature in males is their huge copulation organ. It is not visible on males 

that crawl out of a colony in preparation of a nuptial flight. Before a male has copulated it is 

inserted into the abdomen like illustrated in the drawing of a non flown male (figure 16

fills out a huge percentage of it. After mating flights some males could be collected from the 

ground with outstretched copulation organs. If the abdomen of a non mated male was pressed 

between two fingers from the petiolus to the tip it became also visible. It appeared that once 

extruded copulation organs could not be drawn back again. The copulation organ is a hard 

cuticle structure consisting out of different spines and appendages dark brown to black in 

 

Ventral view on the copulation organ of an Atta vollenweideri
attached to the tip of the abdomen and usually inserted in it. Here it is extruded using H

shows a image of the genitalia focused on the lower i.e. ventral part, while the 
is deeper i.e. more on the dorsal side. Scale bars are 1 mm each.

Legend: La: lamina annularis, Sa: sagittae, St: stipes, Vo: vollsella. 

eparation treatment with 35% H2O2 proofed to be a suitable method to 

make the organ visible. Figure 20 shows images recorded from a ventral position of a 

copulation organ threaten that way. Figure 21 shows SEM recordings of the male copulation 

gure 21 the dark color got lost due to bleaching effects of H2O

are still clearly distinguishable. Nomenclature of copulation organ follows Borgmeier (1959). 

The organ is located at the tip of the abdomen. On the central lamina annular

from outside to inside the in each case paired vollsella (Vo), stipes (St) and sagittae (Sa). Each 

Vo attaches on the sides of the La in the more ventral part of the copulation organ and has the 

appearance of a long thin spine. The Vo surround the St, which are a bit more dorsally located 

but mainly also in the same focal plane. St are narrow, long and slightly curved to the middle 

with tips almost touching themselves. In contrast to Vo, St consist of thicker cuticle, because 
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males is their huge copulation organ. It is not visible on males 

that crawl out of a colony in preparation of a nuptial flight. Before a male has copulated it is 

g of a non flown male (figure 16) and 

fills out a huge percentage of it. After mating flights some males could be collected from the 

ground with outstretched copulation organs. If the abdomen of a non mated male was pressed 

e. It appeared that once 

extruded copulation organs could not be drawn back again. The copulation organ is a hard 

dark brown to black in 

 

Atta vollenweideri male. The organ is 
attached to the tip of the abdomen and usually inserted in it. Here it is extruded using H2O2 

shows a image of the genitalia focused on the lower i.e. ventral part, while the 
mm each. 

proofed to be a suitable method to 

shows images recorded from a ventral position of a 

shows SEM recordings of the male copulation 

O2, but all structures 

are still clearly distinguishable. Nomenclature of copulation organ follows Borgmeier (1959). 

The organ is located at the tip of the abdomen. On the central lamina annularis (La) attach 

from outside to inside the in each case paired vollsella (Vo), stipes (St) and sagittae (Sa). Each 

Vo attaches on the sides of the La in the more ventral part of the copulation organ and has the 

nd the St, which are a bit more dorsally located 

but mainly also in the same focal plane. St are narrow, long and slightly curved to the middle 

St consist of thicker cuticle, because  



 

 

Figure 21: SEM images of A. vollenweideri
from dorsal, b) the same organ seen caudal from the left. The organ consists of the central Sa, a 
more dorsal pair of St and a more ventral pair of Vo. All appendages insert on the La. Scale bars 
are 1mm each.  
Legend: La: lamina annularis, Sa: sagittae, St: stipes, Vo: 
 

they remained darker colored after treatment with H

rim. The middle of the copulation organ is formed by the Sa. The Sa form a broad plate. They 

are wedge-shaped, adhered together at the base and form a distinct groove in the middle. 

 

3.2.2 Biomass 

Queens are longer and more voluminous than males. This 

biomasses are compared. Before drying queens weighted 759.1 ± 40.6 mg (n=12; table 7). 

After 192 h at 55-55°C weight was almost halved. Dry weight of unmated 

females was 391.9 ± 32.1 mg. Males in comparison had a much lower biomass. It was 65.5 ± 

21.7 mg before drying and 22.5 ± 2.1 mg (n=13) after 96

third of the initial mass. So in mean one female is 17.4 times heavier than one 

up a mature A. vollenweideri

4,000-5,000 queens per year. M

900 g males are produced, which comes up to a total weight of 2,243

The weight ratio queens/males is about 2:1 in contrast

1:10-1:8. A mature A. vollenweideri

This comes up to 7,840-9,800 g queens and 3,375

life. 

 

 

a) 

 

 
A. vollenweideri genitalia. a) shows a male copulation organ viewed 

the same organ seen caudal from the left. The organ consists of the central Sa, a 
more dorsal pair of St and a more ventral pair of Vo. All appendages insert on the La. Scale bars 

Legend: La: lamina annularis, Sa: sagittae, St: stipes, Vo: vollsella. 

they remained darker colored after treatment with H2O2 and have a row of hairs at the upper 

rim. The middle of the copulation organ is formed by the Sa. The Sa form a broad plate. They 

shaped, adhered together at the base and form a distinct groove in the middle. 

are longer and more voluminous than males. This is more noticeable

biomasses are compared. Before drying queens weighted 759.1 ± 40.6 mg (n=12; table 7). 

55°C weight was almost halved. Dry weight of unmated 

ales was 391.9 ± 32.1 mg. Males in comparison had a much lower biomass. It was 65.5 ± 

21.7 mg before drying and 22.5 ± 2.1 mg (n=13) after 96 h in the oven, which is about one 

third of the initial mass. So in mean one female is 17.4 times heavier than one 

vollenweideri colony was estimated to produce 30,000

000 queens per year. Multiplied with the dry masses 1,568-1,960 

, which comes up to a total weight of 2,243-2,860

he weight ratio queens/males is about 2:1 in contrast to the number ratio, which is about 

A. vollenweideri colony can probably rear alates in 5 consecutive years. 

9,800 g queens and 3,375-4,500 g males for each colony during their 

b) 
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shows a male copulation organ viewed 

the same organ seen caudal from the left. The organ consists of the central Sa, a 
more dorsal pair of St and a more ventral pair of Vo. All appendages insert on the La. Scale bars 

and have a row of hairs at the upper 

rim. The middle of the copulation organ is formed by the Sa. The Sa form a broad plate. They 

shaped, adhered together at the base and form a distinct groove in the middle.  

more noticeable, when the 

biomasses are compared. Before drying queens weighted 759.1 ± 40.6 mg (n=12; table 7). 

55°C weight was almost halved. Dry weight of unmated A. vollenweideri 

ales was 391.9 ± 32.1 mg. Males in comparison had a much lower biomass. It was 65.5 ± 

h in the oven, which is about one 

third of the initial mass. So in mean one female is 17.4 times heavier than one male. Summed 

,000-40,000 males and 

1,960 g queens and 675-

,860 g alates. 

the number ratio, which is about 

colony can probably rear alates in 5 consecutive years. 

4,500 g males for each colony during their 
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3.3 Gland chemistry 

Two different procedures were used to prepare the extracts of entire heads of Atta 

vollenweideri alates. 10 crushed-in-hexane samples and 25 squeezed-in-filter paper samples 

were analyzed. Chromatograms obtained from crushed samples showed no difference in peak 

composition and peak area when compared with such obtained from filter paper samples (data 

not shown). Since I did not detect any difference in both, crushed head and filter paper 

samples, I did further not distinguish the two types of extracts. 

A total of 35 chromatograms (18 from queens and 17 from males) were analyzed in detail. 

The four distinct categories contained following sample sizes: 4 in before flight, 6 in non 

flying , 6 in flying and 2 in after flight  for queens. In case of males 4 extracts in before flight 

category, 5 in flying, 6 in non flying and 2 in after flight  were taken into account. The 

amount of the single chemicals in the heads of the sexual forms differed both between females 

and males as well as between the categories in the sexes. 

 

3.3.1 Head extracts 

3.3.1.1 Substances identified in queens 

In the gas chromatograms all peaks, that were not present in controls of the pure hexane 

treated the same way as the samples, were considered to be mandibular gland contents. 

Cuticular hydrocarbons were not expected to be visible in the chromatograms. 

In queens, a total of 29 different chemical components were found in the extracts. Out of the 

29 components, 18 could be identified by comparing retention times and mass spectra with 

those of synthetic standards (compare table 2). Verified components are 3-Methyl-

Butanoicacid-Ethylester, 3-Methyl-Butanoicacid, 2-Heptanone, 4-Methyl-3-Heptanone, 

Hexanoicacid, 4-Methyl-3-Heptanol, 3-Octanone, Octanal, Nonanal, Phenylethylalcohol, 

Octanoicacid, Nonanol, 3-Decanone, Octanoicacid-Ethylester, Decanal, Nonanoicacid, 1-

Decanol and 1-Undecanol. For 11 substances, I had no synthetic standards available. 

Therefore, 2-Methyl-Butanoicacid, 2-Pentyl-Furan, Trans-2-Undecen-1-ol, Nonanoicacid-

Ethylester, 2,4-Decadienal, 4-Hydroxy-3-Methyl-2-Butenyl-Acetate, 2-Undecenal, 

Decanoicacid-Ethylester and Aceticacid-Nonylester are only approved through comparison 

with the library implemented into the Xcalibur software. In addition, the database found two 

peaks at very different retention times of 23.65 min and 26.43 min to be 6-Methyl-1-Octanol. 

A least one of those two peaks represents an unknown substance. The relative proportion of 

the different components of an extract is listed in the appendix (supplementary table 1). 



  Results 

61 
 

 
Figure 22: Gas chromatogram illustrating a sample of flying queens. Obvious substance 
peaks are visible after a retention time of 10.90 (toluene standard), 16.38 (4-Methyl-3-
Heptanone), 17.74 (4-Methyl-3-Heptanol) and 28.91 (1-Undecanol). Most low peaks, which 
represent dirt and small scale components, are not observable due to the high of the 4-Methyl-
3-Heptanol peak. 
 

The identified chemicals are branched and unbranched oxygen-containing hydrocarbons of 

short and medium chain length. Alcohols, aldehyds, ketones, organic acids and organic esters 

occur side by side. Several substances are found in females only, and thus are sex-specific: 2-

Methyl-Butanoicacid, 3-Methyl-Butanoicacid, 3-Octanone, 3-Decanone, Trans-2-Undecen-1-

ol, 1-Undecanol, Decanoicacid-Ethylester, Aceticacid-Nonylester and the both unclear 

substances identified to be 6-Methyl-1-Octanol according to the database. 

Figure 22 illustrates an example of a gas chromatogram of a queen extract (category flying). 

The peak of the solvent is not shown. It was always very wide and broad and spanned over the 

retention time (RT) from 4min to 8min. In the chromatogram in figure 22 there are four 

prominent peaks at RT 10.90, 16.38, 17.74 and 28.91. The 10.90 peak indicated the internal 

toluene standard used for calculation of amounts, and the three other prominent peaks are 

identified as being 4-Methyl-3-Heptanone (4-Me-3-On) (16.38), 4-Methyl-3-Heptanol (4-Me-

3-Ol) (17.74) and 1-Undecanol (28.91). In queens, 4-Me-3-On was by far the most abundant 
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substance and contributed 60-75% to the entire extract, depending on sample and category 

(supplementary table 1). 1-Undecanol was proportional the second abundant component, 

accounting to about 13-19% of the extracts. Finally the third major component was 4-Me-3-

Ol, the corresponding alcohol to the dominating ketone. It was found in all samples with 7.5-

10%. All other components of the extracts were in much smaller amounts (supplementary 

table 1), and produced only minor peaks in gas chromatograms. Because of the size of the 

major peaks, they cannot be seen clearly in the demonstrated chromatogram (figure 22). 

Nevertheless, they contributed with 26 out of a total of 29 components a lot to the diversity of 

the extracts. 

 

3.3.1.2 Substances identified in males 

Heads of male Atta vollenweideri contained in comparison to queens a smaller number of 

distinguishable components (supplementary table 2). Like in the queens, the relative 

proportion of components in the extracts in each category is shown as mean ± sd. A total of 

19 components were detected by GC, of which the following 14 could be verified through 

comparison of their RT and mass spectra with those of synthetic standards: 3-Methyl-

Butanoicacid-Ethylester, 2-Heptanone, 2-Heptanol, 4-Me-3-On, Hexanoicacid, 4-Me-3-Ol, 

Octanal, Nonanal, Phenylethylalcohol, Octanoicacid, 1-Nonanol, Octanoicacid-Ethylester, 

Decanal and Nonanoicacid. For several components no synthetic standards were available. 

Thus 2-Pentyl-Furan, Nonanoicacid-Ethylester, 2,4-Decadienal, 4-Hydroxy-3-Methyl-2-

Butenyl-Acetate and 2-Undecenal are only confirmed through comparison of spectra with 

Xcalibur database spectra. 

The only sex specific component found in males was 2-Heptanol. All other components were 

found in both, males’ and queens’ extracts. An example of a gas chromatogram of a male 

extract (category flying) is shown in figure 23. Here are three prominent peaks visible at RT 

10.84, 16.36 and 17.65. The highest one is at a RT of 10.84 and represents the toluene 

standard. The other two peaks are identified to be 4-Me-3-On (16.36) and 4-Me-3-Ol (17.65). 

4-Me-3-Onl is in the males in all categories the most abundant components. It contributes 

with about 43-50% to the extracts. Slightly less in proportion of the ketone could be detected. 

4-Me-3-On is, except in the after flight category, in every category the second major 

component accounting for a mean 32-37%. In after flight it is with 23% the third biggest 

component. In the chromatogram (figure 23) there are also several smaller peaks. The one at 

RT 24.03 comes from Octanoicacid, which is in order of mean percentage the third highest 

substance in males, but also a small scale component in queens. It was frequently found in the 
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samples, but in very different percentages, which is indicated by the very high standard 

deviation. Besides the peaks explained closer here, there are various small at different RT. 

Most of them are derived from contaminations in the hexane used for extractions like the 

distinct peaks at RT 20.34, 27.26 and 31.83. In queens they are also present in all 

chromatograms, but cannot be seen in figure 22 due to the much higher total amount found in 

queens. Like in queens, there are many (16) small scale components that cannot be seen in the 

chromatogram.  

 
Figure 23: Gas chromatogram illustrating a sample of flying males. Obvious substance peaks 
are visible after a retention time of 10.84 (toluene standard), 16.36 (4-Methyl-3-Heptanone), 
17.65 (4-Methyl-3-Heptanol) and 24.03 (Octanoicacid). Most other conspicuous peaks 
represent dirt out of solvent (e.g. 20.34, 21.88, 27.26, 28.45, 31.83). 

 

3.3.1.3 Total amounts per head 

Using the formula introduced in ‘material and methods’, the mean amount per head was 

calculated for each sample. Toluene was added s internal standard to each sample and the 

peak areas in each chromatogram were procured on the peak area of toluene in the associated 

GC-run. 
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Queens had much higher amounts in comparison to males. The amounts calculated for each 

component in each category can be seen in supplementary table 3. In the categories before 

flight (12,421.3 ± 3,386.8 ng), non flying (13,070.3 ± 7,941.4 ng) and flying (11,934.1 ± 

4,342.6 ng), almost equal amounts per head were found. Animals collected after flights 

contained 3,008.1 ± 316.5 ng. This is a considerably lower amount as in the previous three 

categories.  

The amounts calculated for each substance in each category in males is shown in 

supplementary table 4. In contrast to queens, males had before flight 367.6 ± 151.9 ng, non 

flying 125.3 ± 92.5 ng, flying 381.4 ± 422.3 ng and after flight 129.1 ± 157.8 ng mean amount 

per animal. This is almost two orders in magnitude less than in queens. Noticeable, before 

flight and flying as well as non flying and after flight contained equal amounts. 

 

3.3.1.4 Changes in composition of substances 

In both, queens and males, 3 components contributed to about 90% of the extracts. 4-Me-3-

On and 4-Me-3-Ol are very prominent in both sexes. Additionally, queens contain huge 

amounts of 1-Undecanol and males of Octanoicacid. The amounts of these components are 

plotted in figure 24. 

In queens the total amounts of the three major substances 4-Me-3-On, 4-Me-3-Ol and 1-

Undecanol are almost equal in the first three categories. In after flight category the amount 

per head was noticeably lower. A Kruskal-Wallis ANOVA detected no significant differences 

between before flight, non flying and flying in queens for those three components. The after 

flight category was exclude from analyses because of the very low sample size (n=2). 

In males the total amounts of 4-Me-3-On, 4-Me-3-Ol and Octanoicacid are highest before 

flight. The second highest amount for all of the 3 major substances was found in category 

flying. Amounts of each of the 3 major components were lowest in categories non flying and 

after flight and median amounts for each single component were almost equal in these two 

categories. A Kruskal-Wallis ANOVA detected no significant differences between before 

flight, non flying and flying for 4-Me-3-On, 44-Me-3-Ol and Octanoicacid in males. After 

flight category was likewise exclude from analyses because of the very low sample size 

(n=2). 

Noticeable is the huge outlier of Octanoicacid in flying category, which is 35 times higher 

than the median for this substance and over two times higher than the mean total amount for 

males in this category. 
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Figure 24: Major components in the extracts of queens and males. All figures show the mean amount 
per head in ng for each sample category (compare text for calculation of amounts and definition of 
categories). Figures concerning queens are arranged in the left column, those for males in the right 
column respectively. a) stays for 4-Methyl-3-Heptanone in queens, b) for 4-Methyl-3-Heptanone in 
males, c) for 4-Methyl-3-Heptanol in queens, d) for 4-Methyl-3-Heptanol in males, e) for 1-
Undecanol in Queens and f) for Octanoicacid in Males. The three major components in queens are 
almost equal in the first three categories and noticeable smaller after flight. In males categories before 
flight and flying are comparable in amount as well as the two remaining categories non flying and 
after flight. Sample size for queens is before flight n=4, non flying n=6, flying n=6, after flight n=2 
and for males before flight n=4, non flying n=5, flying n=6, after flight n=2. 

Many of the components that were detected in low amounts in the ‘before flight’ - ‘flying’ 

categories were not present in the extracts after flight (percentage smaller than 1%, compare 

supplementary tables 1 and 2). A lot those small scale and trace components are only visible 

in at least one of the first three categories and disappear in the after flight category. This is the 

case in both sexes. Examples in favor are in females 2-Heptanone, 3-Decanone and 

Octanoicacid and in males also 2-Heptanone and Hexanoicacid.  

 

3.3.1.5 Ratio between 4-Methyl-3-Heptanone and 4-Methyl-3-Heptanol 

DoNascimento et al. (1993b) and Hernandez et al.(1999) demonstrated that in other Atta 

species the relative ratio of 4-Me-3-On and 4-Me-3-Ol differs between unmated and mated 

alates. To investigate this for Atta vollenweideri, the ratios between 4-Me-3-On and the 

corresponding alcohol were calculated for each category and each sex. Figure 25a) shows the 

ratios calculated for queens. Queens collected in the night before nuptial flights have 9.3 

times more 4-Me-3-On than 4-Me-3-Ol in the extracts. This ratio is slightly lower in non 

flying alates. Between non flying and flying category the ratio drops from 8.5 in non flying to 

6.2 in flying. Lastly females after flight have the lowest ratio. With 6.1 it is only somewhat 

under the one of flying. Although it seems that there are differences in the ratios, no 

significant result could be found (Kruskal-Wallis ANOVA; after flight excluded because of 

low sample size). 

In males, the ratios and their changes across categories differ from queens (figure 25b). In all 

categories, the ratios between 4-Me-3-On and 4-Me-3-Ol are lower, compared to queens. In 

all cases, the relative amount of the alcohol in the extracts is much higher than in the queens. 

The ratios for the two components are more similar in all four categories. The two groups 

before flight and flying have ratios that are with 0.77 and 0.83 alike and markedly different 

from non flying and after flight groups. Those two are also more equal for their own. Values 
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for ratio are here 0.56 in non flying and 0.46 in after flight. The ratios are not significantly 

different from each other (Kruskal-Wallis ANOVA; after flight excluded because of low 

sample size). 

  

Figure 25: Ratio computed between the two corresponding substances 4-Methyl-3-Heptanone und 4-
Methyl-3-Heptanol. Figure a) shows the proportion for each category in queens and b) the same 
proportion in males. In queens the ratio gets constantly smaller from before flight to after flight, with 
a peculiar difference between non flying and flying. In males ratios in before flight and flying are 
similar as well as in non flying and after flight. Sample sizes are the same as in figure 25. 

 

3.3.2 Surface washings 

Some but not all queens had a flamboyant odor when collected. Their sweetish-honeylike 

scent was still detectable after month of storage in alcohol. It was the same scent as the one I 

experienced at mature colonies during swarming activities. In order to identify the origin of 

that odor, individual queens were washed in hexane. 5 extracts were collected from smelling 

queens, and for non-smelling queens only 3 were available. Table 8 shows the relative amount 

of the components found in the surface extracts. As the major components 4-Me-3-On, 4-Me-

3-Ol, Nonanal, Octanoicacid, Decanal, Benzeneaceticacid, 1-Undecanol and Z-5-Nonadecene 

could be identified. Apart from Benzeneaceticacid and Z-5-Nonadecene that were identified 

based on data-base comparison, all components were found in the head-extracts as well.  

Most of the components were detected in smelling and non-smelling queens, with a single 

exception. 4-Me-3-On was present only in smelling queens, and this component was not 

detected in any of the surface extracts of the three non-smelling queens.  

b) a) 
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Table 8: Substances identified form surface washings of smelling and non smelling queens. 
Shown is the mean percentage with standard deviation for each substance on the entire peak 
area of a GC-run. Sample size is n=5 (smelling) and n=3 (non smelling).  
a components are only identified through comparison of mass spectra with database spectra. 

Substance RT Smelling Non smelling 

4-Methyl-3-Heptanone 16.38 17.67 ± 20.67 0 ± 0 

4-Methyl-3-Heptanol 17.73 4.14 ± 3.27 3.87 ± 3.35 

Nonanal 22.52 4.1 ± 2.29 14.4 ± 12.52 

Octanoicacid 24.03 9.84 ± 13.93 12.31 ± 0.47 

Decanal 25.78 1.02 ± 0.77 3.36 ± 0.9 

Benzeneaceticacid a 27.00 16.11 ± 27.52 18.56 ± 19.48 

1-Undecanol 28.91 33.91 ± 20.16 27.26 ± 15.67 

Z-5-Nonadecene a 37.28 13.22 ± 7.47 20.23 ± 15.37 
 

 

 

 

 

 

 

 



  Discussion 

69 
 

4. Discussion 

In my study, I investigated the correlation between weather conditions and the swarming 

behavior of Atta vollenweideri. In this species, swarming behavior is initiated only after 

substantial rainfalls. Rain is necessary but not sufficient. Beside rain, several other weather 

parameters are indicative to induce the initiation phase of a swarming behavior. I described 

the sequence of the different phases - initiation phase, aggregation phase and mating flight - 

of swarming behavior. For the first time, I report the characteristic sex-specific behaviors 

showed by female and male alates during the aggregation phase before the animals take off 

for the mating flight. High in the air, there is probably an enormous competition between 

mating males. The male copulation organ is highly developed and bears pronounced species-

specific appendages. Using e.g. scanning electron microscopy, I described the males’ 

copulation organ in detail. In search for sex-pheromones in A. vollenweideri, I correlate 

changes in chemistry with phases of swarming. I found putative pheromones were that 

presumably play a roll in the communication between the sexuals during swarming behavior. 

My study illustrates that colonies of leaf-cutting ants initiate swarming behavior bases on 

successive weather events, that sexuals pass through a sequence of phases in which 

pheromone communication seems to play an important role. The ultimate cause of the 

resulting synchronized mating flight is to ensure successful mating and founding of new 

colonies by young queens, which are an enormous investment of their home colonies and 

which then suffer a very high predation risk during swarming. 

 

4.1 Climate and behavior 

4.1.1. Ecological causes for synchronization 

There is a high selective pressure on Atta to swarm synchronic. In general, the 

synchronization of the animals within one nest and between many different nests is important 

for two major reasons, outbreeding and predator-oversaturation. 

First, outbreeding is guaranteed when, sexuals of different natal nests can mate and exchange 

genes (McCluskey, 1992). Leaf-cutting ant queens mate with more than one male during their 

mating flight (Boomsma et al., 1999; Murakami et al., 2000). If swarms are synchronized, 

then the queens have a greater chance to be inseminated by males of different nests, and 

synchronization of swarming behavior of different nests enhances the probability of 

outbreeding. Different hypothesis are discussed why multiple mating evolved. One possibility 

is that the lifespan of an Atta colony is simply sperm limited. During her lifetime each queen 
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produces 150-200 million daughters (Hölldobler & Wilson, 2008). With every additional 

mating about 30 Million sperm are added to the queen’s spermatheca in A. colombica 

(Fjerdingstad & Boomsma, 1998; den Boer et al., 2009). Accordingly, each mating would 

prolong the life of the colony. Furthermore it was proposed that genetically more variable 

colonies in social insects might perform better in homeostasis (Oldroyd & Fewell, 2007), 

which probably is of particular importance for huge Atta colonies. Also, Hughes & Boomsma 

(2004) showed genetically more diverse Acromyrmex echinatior colonies to be more resistant 

to pathogens than colonies with a lower genetic diversity. 

Second, the numerous predators got oversaturated with food, so that at least some queens 

have a good chance to survive the swarming behavior and found a new colony. Atta sexuals 

incur on very many natural enemies, which include the alates into their diet during the 

swarming period (Weber, 1966; 1972). During the aggregation phase and the mating flight, I 

observed many bird species (see table 6) to feed on Atta vollenweideri alates, especially on 

the more nutritive queens. At each swarm a substantial part of queens was consumed by the 

birds. Dix & Dix (unpublished data as cited in Fowler et al., 1986) estimated that in A. 

cephalotes more than 50% of queens got victim to birds during the mating flight. Queens that 

survive the mating flight and found a new colony are still endangered by other predators and 

the chance to survive the first year is very low; 99.95% die in the first year (Weber, 

1966).Fowler et al. (1986) counted that of roughly13.300 A. capiguara founding colonies 

only 12 to be alive after the first 3 month. The most serious enemies during the founding 

phase are armadillos (Cingulata: Dasypodidae), rodents and ground living predacious ant 

species like Solenopsis sp. and Pheidole sp. (Weber, 1966; Fowler, 1987). 

The reasons mentioned support the hypothesis that high predation risk in combination with 

outbreeding and multiple mating are the selective pressures, which lead to the synchronization 

within and between nests. 

 

4.1.2. Climate conditions 

4.1.2.1 Precipitation 

Substantial rain is necessary before the ants show any swarming behavior. The necessity of 

rain before nuptial flights in Atta has been known for a long time (Eidmann, 1932; Wille, 

1929). Depending on species, various reports are given for the amount of rain. Moser (1967) 

measured for A. texana at least 7 mm of precipitation before he observed swarming behavior 

and for A. sexdens more than 19.4 mm have been found (Moser et al., 2004). Rain seems to be 
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a zeitgeber for swarming behavior. There is a high selective pressure for the initiation phase 

not to start before a suitable amount of rain has fallen. After the end of mating flight, queens 

have to dig themselves into the soil. Colony founding would fail, if the soil has not been 

wetted before. For A. vollenweideri, I found that about 20 mm of precipitation within the last 

three days before the swarming day is necessary to initiate swarming behavior in one nest 

(Nido B, 23th of Oct.). Nido C showed no swarming behavior on that day. I hypothesize that 

Nido C had not received enough water on the nest surface, because it was covered by dense 

vegetation, while Nido B was completely free of plants. Nido C swarmed on 8th and 9th of 

Nov. together with Nido B, after almost 80 mm precipitation had fallen on 6th and 7th of Nov., 

so that the nest surface was surely wetted this time. 

Nests of large geographical ranges have nuptial flights at the same time (Moser, 1967; Moser 

et al., 2004). In A. vollenweideri, precipitation probably is a reliable zeitgeber for synchronic 

flights of different colonies because the rainfall patterns in the almost completely flat Gran 

Chaco are similar in large areas. Axel Schick and Steffen Pielström (personal communication) 

observed swarming behavior of A. vollenweideri on 23th of Oct. and 8th of Nov. at a distant 

location, in Reserva El Bagual, which is over 130 km away from the Rio Pilcomayo National 

Park. Rain has not been measured before the 23th of Oct. but on 6th and 7th of Nov. 56.11 mm 

have fallen in El Bagual. This is strong evidence for synchronization of swarming behavior 

over large regions and for the role of precipitation as zeitgeber. Further evidence for rain to be 

a zeitgeber is the artificial induction of swarming behavior in Nido A by watering the nest. 

Similar observations have also been reported for A. texana (Moser, 1967). On 13th of Oct. we 

sprinkled over 2000 l water on the nest surface. On 17th, 18th, and 20th of Oct. the nest showed 

swarming behavior, while on none of the other nests an initiation phase could be observed. 

In species that have more than one mating swarm each swarm can be induced by a separate 

rainfall. In our study, Nido B swarmed on 23th of Oct. the first time and on 8th and 9th of Nov. 

for the second and the third. Moser (1967) reported for A. texana up to 5 mating swarms per 

nest. Only after very heavy rain a nest swarmed on two subsequent days. The same is true for 

A. vollenweideri, where the Nests B and C showed swarming behavior on 8th and 9th of Nov.. 

of the fact that swarming behavior occurred only after greater rainfalls seems to be a general 

phenomenon in leaf-cutting ants as well as in other ground nesting ants, especially in dry 

habitats (Hölldobler & Wilson, 1990). Johnson & Rissing (1993) observed mating flights of 

the desert leaf-cutter Acromyrmex versicolor only after substantial summer rains. Similar 

observations were made by Hölldobler (1976) in various Pogonomyrmex and by Boomsma & 

Leusink (1981) in European Lasius and Myrmica.  
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4.1.2.2 Weather parameters beside rain 

Rain is necessary but not sufficient. For controlled swarming many other parameters are 

important and have to be in the right condition (Moser, 1967) in order to induce the first phase 

of swarming behavior. I observed swarm days to be calm, warm, sunny and without rainfalls, 

which was also observed by several other authors (Eidmann, 1932; Moser, 1967; Moser et al., 

2004). Calm wind-condition is necessary, because aerial mating swarms might face 

difficulties in strong crosswinds and mated queens could be drifted to unsuitable habitats, like 

it was reported for queens of A. cephalotes on an off-shore rock before the Venezuelan coast 

(Cherrett, 1968). In addition, all insects face problems in flying when it is raining and hence 

alates fly never during rain. Axel Schick (personal communication) has observed A. 

vollenweideri colonies that were already in aggregation phase showing preswarming to abort 

swarming behavior, as a thunderstorm approached. The same has been reported by Götsch 

(1938) for Acromyrmex striatus. Warm and sunny weather is likewise suitable, because the 

heavy and ponderous queens could possibly be physiologically hindered in flying on cold 

days. The minimum temperature on swarm days was 25.7°C. For comparison, A. texana flew 

between 16.1°C and 19.4°C and values for A. sexdens are 20.1°C to 29.4°C (Moser et al., 

2004). In the last hours prior to mating flights, I measured always a drop in atmospheric 

pressure (compare figure 13). The role of that pressure drop is not clear. Nothing has been 

reported in the literature, if insects could percept small changes in atmospheric pressure. 

However, the correlation indicates that this parameter, directly or indirectly, is involved in the 

timing of swarming behavior. 

 

4.1.2.3 Threshold model 

A single climate parameter is not sufficient to induce swarming behavior and the combination 

of multiple climate parameters is important to initiate swarming. Several authors thought 

about the parameters to be involved in the timing of mating flights (e.g. Hölldobler & 

Maschwitz, 1965a; Moser, 1967). Moser (1967) suspected moisture, humidity, temperature, 

wind and light conditions. Unfortunately, those authors reported only observations, but no 

quantitative data correlating multiple weather conditions with swarming behavior have been 

presented. Hence, I calculated a threshold model to test what combination of parameters 

influence swarming behavior. I measured atmospheric pressure change, precipitation, 

temperature dynamic, absolute temperature and solar radiation. Over the course of several 

hours, I found a correlation between those parameters and the swarming behavior. 
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All assumptions of my model are fulfilled on six days during the study period: 14th, 17th and 

23th of Oct. and 8th, 9th and 13th of Nov. Swarming behavior with subsequent mating flights 

was observed on 17th, 18th, 20th and 23th of Oct. as well as on 08th and 09th of Nov. So on 17th 

and 23th of Oct and 8th and 9th of Nov. the swarming conditions predicted by the threshold 

model and the swarming behavior was on congruent days.  

On 14th of Oct. and 13th of Nov., the model also predicted swarming conditions, but there was 

no swarming behavior. The day before the 14th of Oct., Nido A was artificially watered and 

accordingly detached of the natural condition. Maybe the alates were on that day not yet in the 

condition to fly. Also there was no swarming behavior on 13th of Nov. Very likely no 

swarming appeared on that day, because Nido B and C had major flights on 8th and 9th of 

Nov., so that no alates remained in the nest that could be induced by the suitable swarming 

conditions on 13th of Nov. 

On 18th and 20th of Oct. Nido A showed swarming behavior, although not all conditions of the 

model were met. In both cases the only condition not fulfilled was the minimum precipitation 

in the last 72h before the start of the mating flight phase. Very likely this is because Nido A 

was not in the natural stage due to our intervention by watering.  

It is noticeable that in the dry period lasting from 25th of Oct. to 05th of Nov. on almost every 

day all swarm conditions except enough precipitation were met and no swarming behavior 

could be recorded. This fact again points out the crucial role of precipitation as zeitgeber for 

the swarming behavior. 

Altogether the model can be used to predict swarming behavior in Atta vollenweideri. 

 

4.1.3 Behavior 

It is not clear, which caste responds to the weather parameters suitable for swarming. Maybe 

only the worker caste detects the swarming conditions and responds to it. Maybe only the 

queens or males are affected and start the initiation phase of swarming behavior or maybe 

workers as well as alates are affected. The observed phenomenon was that in the aggregation 

phase workers appear first on nest surface and are then followed first by males and then by 

queens. I’m convinced that there is some communication mechanism between workers and 

sexuals. 

The crucial role of climate conditions for a possible zeitgeber has already been discussed. One 

could claim that the first zeitgeber is the start of breeding alate brood by the workers. The 

alates are produced many months before the first sign of swarming behavior. In A. sexdens 

and A. cephalotes sexual brood was observed more than five month before the nuptial flights 
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(Geijskes, 1953) and rearing started with female larvae. In contrast, Bueno et al. (2002) 

observed male larvae 30-40 days before queen larvae in a laboratory colony. Eidmann (1936) 

reported the sexuals of A. sexdens to hibernate as adult insects and Moser (1967) found adult 

A. texana alates up to two month before the nuptial flights in upper nest cavities, 

notwithstanding weather conditions seemed to be suitable for swarming. He also stated the 

larvae to be produced several months earlier. 

Probably the larvae are produced so early because queens have to gain weight and fatten 

(Bass, 1994) and this takes some time. In species, which inhabit a more seasonal subtropical 

climate a likely explanation could be that such a huge amount of alate larvae can only be 

breed, when enough fresh substrate for fungus culturing is available. This is only the case in 

the rainy season, but the nuptial flights are timed with the beginning of this period of the year 

(Geijskes, 1953; Jonkman, 1980b, Moser, 1967). Accordingly, a colony has to start with 

rearing a new generation of virgin males and queens shortly after the old has flown out. 

If I evaluate the contradictory records of alate production, I’m sure that the start of alate 

production cannot be a zeitgeber and that alates are present in the nests for quite some time 

before swarming takes place. Instead, nests are synchronized on a large scale over weather 

conditions, possibly linked with circadian rhythms (McCluskey, 1992) and pheromones over 

the nest. McCluskey (1965) showed for Veromessor andrei and some more ant species that 

males have circadian activity patterns, which are congruent between laboratory colonies and 

natural nests. This circadianity also persists, when laboratory colonies are held in complete 

darkness. It was concluded that, the males reach the nest surface at the right time driven by an 

internal clock. On the nest the males are exposed to e.g. weather conditions, which induce 

subsequent the swarming behavior. Another explanation could be that a circadian rhythm sets 

the final start of swarming, but only if all weather conditions are achieved. 

 

4.1.3.1 Sequence of a typical mating swarm 

4.1.3.1.1 Group behavior 

The swarming behavior of A. vollenweideri can be divided into three phases: initiation phase, 

aggregation phase and mating flight. The initiation phase begins with the rainfalls and ends 

with early preswarming. It is not clear, why some alates sit in nest entries or crawl over nest 

surface at nights before the swarm day. All their life they have stayed in the darkness of the 

nest and never seen the surface. Also a learning of nocturnal celestial orientation cues is very 

unlikely, because the alates start the mating flight before sunset. 
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When climatic flight conditions are met, aggressive workers aggregate on the nest surface in 

the late afternoon and the aggregation phase starts. During this phase a honey-like sweet smell 

hangs over the colonies. The workers perform a behavior that defines preswarming by Moser 

(1967). Almost all colony fellows of the bigger subcastes run quickly over the nest surface 

and attack everything. Likely, the ants banish or kill possible predators and also avert nearby 

founding of new conspecific colonies (Fowler, 1982; Moser, 1967). During preswarming, it is 

plausible that the workers release the alarm pheromone, which may influence the upcoming 

aggregation of alates. It has been shown experimentally that preswarming can be inducedby 

mandibular gland secretions of unflewn males (Bento et al., 2007; Fowler, 1982). The main 

alarm pheromone component in Atta is also found in the mandibular glands of alates 

(DoNascimento et al., 1993b; Hernandez, et al., 1999). Probably the male’s MG secretion 

release alarm behavior. When workers respond and also release alarm pheromone, the entire 

colony could quickly be in excitement. This indicates that there is at least communication 

between males and workers before the mating flight phase starts. 

The phenomenon of aggressive workers appearing on the nest before males and before queens 

was reported from other ant species as well (Hölldobler, 1976: Pogonomyrmex; Hölldobler & 

Maschwitz, 1965a: Camponotus herculeanus; Johnson & Rissing, 1993: Acromyrmex 

versicolor). Hence this seems to be a general phenomenon in ants. Maybe virgin ant queens 

are selected to expose themselves as short as possible to the nest surface, where they could 

easily be caught by predators.  

During the aggregation phase, I never observed any physical interaction between workers and 

alates, like it has been reported in Camponotus species, where workers active detain alates 

from leaving the nest, if weather is not suitable for swarming (Hölldobler & Maschwitz, 

1965a). In A. vollenweideri only some unavoidable collisions appear, but this doesn’t exclude 

that there is communication between the castes. 

When the alates depart from the nest, the mating flight phase begins. A. vollenweideri starts 

flying in the evening short before dawn. Atta species mate very high in the sky and copulation 

has not yet been observed. Amante (1972) found mating leks of A. capiguara in around 150 m 

high. The alates fly not only very high, but have also a huge dispersion potential. In carousel 

experiments I demonstrated that individual queens can fly for about 7 km at an average 

velocity of 1.30 m/s. Probably these values are underestimated, because the alates had to turn 

the carousel arm and queens could disperse around 10 km from the natal nest under natural 

conditions as it is reported from Moser (1967). Jutsum & Quilan (1978) performed similar 

experiments with male A. sexdens. The males in their experiments flew about 11 km at a 
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velocity of 1.3 m/s. The estimated free-flight speed of males was with 2.6 m/s higher, 

indicating the experimental limitation. 

I observed that on some queens and males out of the Nests A and C small spiders sit on the 

thorax (figure 15c), when the alates aggregate on the nest. The spiders are not harmed by 

workers, neither so by alates. I identified them to be Attacobius sp. and this is the first record 

of Attacobius to be associated with A. vollenweideri. Spiders of this genus have been 

described on other Atta species: Attacobius attarum on A. sexdens (Eidmann, 1937; Erthal & 

Tonhasca, 2001) and Attacobius luederwaldti on A. bisphaerica (Ichinose et al., 2004) and A. 

leavigata (Platnick & Baptista, 1995). Attacobius spiders are obligate inquilines of Atta 

colonies and have been shown to feed on larvae and pupae of their hosts (Erthal & Tonhasca, 

2001). The hitchhiking on sexuals is termed phoresy. The spiders use the alate forms of their 

hosts for long range dispersion (Ichinose et al., 2004). 

 

4.1.3.1.2 Individual behavior 

Both sexes show sex specific behavioral sequences during the aggregation phase before they 

take off for mating flight. The queens lift their head up in the air, shake with the head and 

paddle with the front legs while flapping their wings. In contrast, males lick both front legs 

alternately with the mandibles. To my knowledge, such behavior has not been described 

before. 

I hypothesize that the queens have to warm up their wing muscles before they fly. Atta queens 

are big and ponderous for an ant (Hölldobler & Wilson, 1990). When the queens leave the 

nest entries during the aggregation phase, they have approximately the same temperature than 

the interior of the nest. Kleineidam & Roces (2000) reported the nest-temperature of A. 

vollenweideri to be around 27.5°C. Very likely that temperature is too cold for flying. 

However, the flight muscles of large insects must be close or above 40°C, before the animal is 

in the physiological condition to fly (Heinrich, 1974). The likewise ponderous queens of 

bumble bees (Bombus) for example, heat up their thorax to 40-45°C before they fly (Heinrich, 

1974). Heat is produced by shivering of wing muscles, while the wings are not moved. 

Similar behavior has also been reported in honey bees (Heinrich, 1979). 

As an alternative explanation to thorax heating, I hypothesize that the queens disperse a 

pheromone, while they lift their head and fan with their wings. It would be reasonable to lift 

up the head before release a pheromone out of the mandibular glands. If the queens would 

keep the heads down, the pheromone would adhere to the substrate on the nest surface and 

hence distribution would be reduced. Flapping the wings would consequently help to disperse 
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the secretion. In the moment before flying away, queens dip the end of the abdomen to the 

ground and deposit a droplet of brownish liquid. Maybe here also a pheromone signal is 

emitted or the pronounced odor of colonies in aggregation phase is derived from the queen’s 

droplet. Several ant species produce sex pheromones in glands located in the abdomen. For 

example, queens of Xenomyrmex floridanus use the secretion of poison (Hölldobler, 1971) 

and queens of Formica lugubris of dufuor gland (Walter et al., 1993) for mate attraction. An 

alternate simple hypothesis is that the queens just release feces, maybe in order to reduce 

weight before flying. Several other insects defecate shortly before or shortly after they start 

flying (Weiss, 2006).  

While liking their front legs, the males possibly also disperse a pheromone from their MG on 

their legs. The legs are long and have a large surface. A possible pheromone would volatize 

faster, when it is spread over a large surface. Alternately a pheromone could be produced in 

glands located in the legs. By liking the legs, the males would disperse the pheromone. Some 

ant species are reported to have pheromone glands in their legs. For example, Crematogaster 

produce their trail pheromone in a tibial gland (Hölldobler & Wilson, 1990). 

Members of the order Hymenoptera show different communication mechanisms between 

males and females before copulation. In the reported sex-specific behavioral sequences a 

possible mechanism is also shown. For example, Isidoro & Bin (1995) reported glands in the 

antennae of males of the parasitic wasp Amitus spiniferus. Those antennal glands were show 

to produce a pheromone, which is used in the communication before copulation. Later such 

glands were also detected in queens and workers of the fire ant Solenopsis invicta (Isidoro et 

al., 2000) as well as in male bees of the family Apidae (Romani et al., 2003). In these species 

the antennae are used for pre-copulation communication. I made no observations about the 

use of antennae during swarming behavior in A. vollenweideri. Antennal glands are unknown 

in Atta. Maybe male Atta use a secretion produced in the legs in a similar way like the 

antennal gland secretion is used by Amitus (Isidoro & Bin, 1995). 

 

4.2 Morphology 

Sexual dimorphism is common in insects (Chapman, 1998) and also in almost all ant species 

(Hölldobler & Wilson, 1990). In leaf-cutting ants, there is a high intraspecific sexual selection 

on male morphology (Fjerdingstad & Boomsma, 1997). Queens are a limited resource for the 

males. All Atta species have a male biased sex ratio of about 1:10-1:5 (Fowler et al., 1986), 

which shows variation in proportion of queens to males between different nests in A. 

bisphaerica, A. leavigata and A. sexdens. Mature Atta colonies can produce very many alates, 
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the highest number reported in literature is given by Autuori (1956 as cited in Weber, 1966), 

who counted 5,339 queens and 38,481 males in a single Atta sexdens nest. I estimate that 

mature A. vollenweideri colonies produce 4,000 to 5,000 females and 30,000 to 40,000 males 

each year. Because there are in each mating flight more males than queens, a strong 

competition between the males for the access to the limited number of females is very likely. 

Males of Atta die very soon after the mating flight and if they fail to mate during their only 

flight their fitness is 0. Males that are adapted best have the greatest chances to copulate and 

transfer their genes to the next generation. This is especially true in the light of multiple 

mating, which has been found in all leaf-cutting ants (Boomsma et al., 1999; Murakami et al., 

2000). Males can probably mate with more than one female during a mating flight, so that 

very well adapted males could have very high fitness. 

 

4.2.1 Morphological differences between males and females 

Queens and males are markedly different in A. vollenweideri, as it is the case in all Atta 

species. Atta queens are very big. Males differ from queens in many ways and the entire male 

morphology is shaped for mating. 

Compared to queens, the males have smaller heads in relation to body size, which is common 

in ants (Smith, 1943), and males have small mandibles with reduced dentition. This has been 

reported for other ants, e.g. Pheidole sitarches (Wilson, 1957). Males eat only sparely after 

eclosion, and they are feed by workers via trophalaxis (Bass, 1994). In contrast, mandibles in 

queens are large and strong. Mandibles are used for feeding on fungus in the natal nest (Bass, 

1994) and above all for digging the founding chamber after the mating flight. 

The antennae of queens and males have different numbers of segments. Queens and workers 

have always 11-segmented antennae, while males in all leaf-cutting ants have 13 antennal 

segments, with an especially large scape (Weber, 1972). I assume that larger antennae can 

also comprise more sensilla, which are most likely used for detecting  queen pheromones in 

air. 

Both sexes have large eyes and also large ocelli. Ocelli are generally important for 

maintaining stability in flight (Stange & Howard, 1979; Taylor, 1981). In leaf cutting-ants, 

ocelli appear only in alates and rarely in the soldier subcaste (Christoph Kleineidam, personal 

communication; Weber, 1972). In relation to head width, I found males to have bigger eyes 

and especially bigger ocelli than females. The same is reported by Moser et al. (2004) for 10 

Atta species in their study. Kübler et al. (2010) found the optical lobes in male A. 

vollenweideri also to be larger than in females. Very likely, the males use optical cues and 
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chemical cues for orientation during mating flight. Bigger eyes for mate location are also 

known from other insects like flies (Zeil, 1983). 

Remarkably, in the genus Atta eye- and ocelli size differs between day- and night-flying 

species (Moser et al., 2004). Night-flyers have larger eyes and especially larger ocelli than 

day flyers. In the study of Moser, A. vollenweideri was mentioned to be a night flying species, 

which has the eyes of a day flying species. The authors argued that probably nocturnal nuptial 

flights in A. vollenweideri are evolutionary young and hence eye morphology was not yet 

selected for flying in darkness. Based on my data, I can refute this statement. A. vollenweideri 

mating flights are just before dawn, but it is still bright when the alates depart. Maybe the 

queens land after mating, when it is already dark, but mating should happen before complete 

darkness. 

It is likely, that night-flying species suffer a lower predation risk than day-flying species, so 

that the risk of predation is the selective force to evolve larger eyes. Most predators of Atta 

alates are birds. Of all bird orders only two consist of predominantly night-active species, the 

Strigiformes (owls) and the Caprimulgiformes (nightjars) (Primack & Corlett, 2005). All 

other bird orders contain mostly day active species and are no danger for night active insects. 

Larger eyes could allow the alates to avoid bright light conditions and accordingly avoid most 

predators. In case of A. vollenweideri, which flies short before dawn, the queens found their 

colony in the night and are probably save during this stage from most bird species. 

Each caste shows different leg morphology (compare figure 19). Legs in queens are massive 

and thick. These legs have to handle the large body of the queen for example during the 

excavation of the founding chamber. Male legs have prolonged tarsi as well as very huge 

tarsal claws that make it difficult for the animals to walk. Before copulation, a male attaches 

himself to a queen with his legs (Baer &Boomsma, 2006), like it has directly been observed 

for example in Pogonomyrmex (Hölldobler, 1976) and Acromyrmex versicolor (Johnson & 

Rissing, 1993). Only when the female is grasped hard, then the copulation organ can be 

inserted and sperm be transferred. If males fail in grasping females, they have no chance to 

mate. Hence there should be strong selection on leg morphology. 

Male A. vollenweideri have huge and distinct copulation organs, which are species-specific. 

Very likely such highly developed genitalia evolved under high interspecific and intraspecific 

competition. The species-specific shape of vollsella and stipes allow copulation only with 

females of the same species. Their vagina and the male genitalia fit like lock and key. Hence 

evolution excludes possible hybridization between closely related species. For intraspecific 

reasons, there is a high competition between the males. Males are 10fold more numerous than 
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females and access to females for insemination is limited. If a male fails to copulate, his 

fitness is zero. Hence, the pronounced appendixes of the copulation organ ensure a firm 

bonding to the sexual partner, which is difficult to interrupt so that the delivering of the 

spermatophore is assured. 

Bear & Boomsma (2006) described the theoretical sequence of copulation in A. cephalotes. In 

my opinion, the copulation sequence in A. vollenweideri should be similar. After a male 

grasped a queen with the legs, he inserts his copulation organ in the queen’s vagina. The 

species-specific stipes, sagittae and vollsellae (compare figures 20 and 21) ensure a firm 

bonding of the sexual partners. Now the spermatophore can be most likely transported 

through the groove between the sagittae and ejaculated in the female’s bursa copulatrix. 

 

4.2.2 Biomass 

Virgin Atta queens are very large for an ant (Borgmeier; 1959;Weber, 1972). They have a big 

spherical abdomen, which contains large ovaries (Bear & Boomsma, 2006) as well a strong 

thorax filled with large wing muscles that are necessary for the mating flight. The queens 

contain a lot of fat and carbohydrates. The carbohydrate storage is used as fuel for flying 

(Jutsum & Quilan, 1978; Fjerdingstad & Boomsma, 1997 and the huge fat body is a resource 

for the claustral colony-founding phase (Mintzer, 1987). 

I found the mean dry mass of pre-flight queens (391.9 mg) to be 17.4 times higher than the 

mass of males (22.5 mg). Fjerdingstad & Boomsma (1997) weighted in A. colombica213 mg 

for queens and 52 mg for males and after flight, the mass in both sexes was clearly reduced. 

Compared to A. vollenweideri the queens were 54% lighter whereas the males were more than 

double in weight. 

If the estimated number of sexuals per colony and the sex ratio is taken into account, 1.5-2 kg 

queens and 0.7-0.9 kg males are produced. The biomass ratio queens/males is 2:1. This 

indicates on colony level an approximately twofold higher investment in virgin queens per 

year. 

The total ant biomass of large Atta nests has been estimated in the literature. Martin (1967, as 

cited in Weber, 1972) found in an A. colombica nest 6.35 kg ants (drymass). Out of his data 

he calculated the nest to be inhabited by 2.5-5 million workers. Jonkman (1980a) records the 

mean dry-weight of an A. vollenweideri colony to be 1.6 kg, which comes up to a mean of 3.5 

million colony members, but I guess that there are mistakes in his calculation. Most 

convincing to me is the view of Fowler et al. (1986) who estimated the mean biomass of an 

Atta colony being around 9 kg. In total, each year 2.2-2.9 kg alates are breed each year for 
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about 5 consecutive years. This value indicates that around 1/4 to 1/3 of all colony resources 

are used for the production of alates. Therefore, production of sexuals has to be taken into 

account, when foraging intake of big colonies are considered. 

 

4.3 Gland Chemistry 

I focused on changes in chemistry, to investigate what pheromones may play a role in 

different phases of the swarming behavior of A. vollenweideri. Based on correlations between 

chemistry change and behavior, I tried to identify pheromones that are used by the queens and 

males. 

 

4.3.1. Mandibular gland contents of alates 

I extracted heads of queens and males. DoNascimento et al. (1993b) showed that the only 

sources of volatiles in the head of Atta ants are the mandibular glands (MG). Thus, in 

following I use the name MG secretion to describe the contents of the head extracts. It cannot 

be excluded that in the extracts of heads contents of other head-glands like the post-

pharyngeal gland (PPG) as well as cuticular hydrocarbons are included. Cuticular 

hydrocarbons and also PPG substances (Hernandez et al., 2002) are usually long chained and 

hence should not be found in the chromatographic procedure, which I have used.  

I found in A. vollenweideri queens 29 and in males 19 (compare supplementary tables 1 and 

2) different distinguishable components in the MG secretion. Queens are long-lived in 

contrast of males, which die very soon after the mating flight. In the MG secretion of queens I 

found substance that probably play a role at later stages of the queens live, e.g. for 

communication with fellow workers or in maintaining hygiene of the initial fungus garden 

(Rodrigues et al., 2008; Mendoca et al., 2009). 

In each sex, three prominent pheromones have been detected: 4-Methyl-3-Heptanone (4-Me-

3-On), 4-Methyl-3-Heptanol (4-Me-3-Ol) and 1-Undecanol in queens and 4-Me-3-On, 4-Me-

3-Ol and Octanoicacid in males. The appearance of three abundant components in the queen’s 

secretion fits exactly to a recent discovery by Kübler et al. (2010). The authors found in the 

antennal lobe (AL) of male A. vollenweideri three big macroglomeruli. In the AL, olfactory 

information is processed (Kleineidam & Rössler, 2009). It is reasonable that in the males’ AL 

pheromones that are used in the context of swarming behavior are reported, which are very 

likely 4-Me-3-On, 4-Me-3-Ol and 1-Undecanol. Probably 4-Me-3-On and 4-Me-3-Ol act as 

long range communication signals, because they are very volatile. The longer chained and far 
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lesser volatile 1-Undecanol could act as short range communication signal, when the sexes 

have found each other with the help of 4-Me-3-On and 4-Me-3-Ol. A similar system but with 

components of similar volatility was reported for honey bees (Brockmann et al., 2006). In 

honey bees, the queens attract the males with MG secretion (Gary, 1962). Brockmann and 

colleagues (2006) showed, that beside the long known (2E)-9-Oxodecenoicacid (9-

ODA),which acts as long range communication signal (Boch et al., 1975), other components 

are used in close range communication. In their experiment, males were attracted to dummies 

treated with 9-ODA but the males interacted significantly more with dummies that were 

treated with mixtures containing 9-ODA, (2E)-9-Hydroxydecenoicacidand (2E)-10-

Hydroxydecenoicacid.  

An alternative hypothesis could be that in the males’ macroglomeruli aggregation pheromones 

are reported and not sex pheromones. Hence, 4-Me-3-On, 4-Me-3-Ol and 1-Undecanol are not 

sex but aggregation pheromones and the sex pheromone(s) is one of the small scale 

components in the MG secretion or produced in another gland. From the wood boring beetle 

Scolytus multistriatus is has been reported that males aggregate when they are exposed to a 

blend of substances released from virgin females and injured host trees (Gore et al., 1977). 

These aggregation pheromones are not sufficient to induce mating behavior. 

4-Me-3-On is not only an important alarm- and most likely sex pheromone in Atta. It appears 

to be a widespread chemical within the Formicidae. 4-Methyl-3-Heptanol is the 

corresponding alcohol to 4-Me-3-On (see figure 7) that is probably produced out of the 

alcohol through an alcoholdehydrogenase (T. Schmitt, pers. comm.). 4-Me-3-On together 

with 4-Me-3-Ol is common in the mandibular glands of Mymicinae (Blum & Hermann, 1978 

as cited in DoNascimento et al., 1993a). In members of this subfamily it functions mainly as 

alarm pheromone like in Pogonomyrmex (McGurk et al., 1966) and Manica (Fales et al., 

1972). Furthermore, 4-Me-3-On and 4-Me-3-Ol have been reported from the MG of the 

Ponerines Harpegnathos saltator (DoNascimento et al., 1993a) and Pachycondyla villosa 

(Duffield & Blum, 1973), but its function in this species in unknown. Beside in MG, 4-Me-3-

On was also reported as the trail marking substance produced in the poison glands of 

Aphaenogaster albisetosus (Hölldobler et al., 1995). The same function was shown for 4-Me-

3-Ol in Leptogenys diminuta (Attygalle et al., 1988). 

Both chemicals are also present outside the ants. The ketone is part of the defensive secretion 

of daddy longlegs in the genus Leiobunum (Opiliones) (Meinwald et al., 1971). For example, 

the alcohol was reported as component of the aggregation pheromone in wood-boring 

Scolytus bark beetles (Pearce et al., 1975; Gore et al., 1977). 



  Discussion 

83 
 

1-Undecanol was the third prominent component in the MG secretion of queens. This 

substance seems to be not very common in insects. In other ants, 1-Undecanol is only reported 

from the Australian fromicine Notoncus ectatommoides (Brophy et al., 1982), but the authors 

give no information for its role and glandular source. Outside the Formicidae the substance is 

proofed to be a component of the male sex pheromone in the grater wax moth Galleria 

mellonella (Romel et al, 1992) and of the trail pheromone in the termite Kalotermes flavicollis 

(Klochkov & Pushin, 1989).  

Octanoicacid was the third prominent component in the MG secretion of males and seems to 

be very common in insects. Within the Formicidae the substance has also been reported in the 

male MG secretion of various Camponotus species (Lloyd et al., 1975; Torres et al., 2001). 

Further Octanoicacid is a part of the trail pheromone of Lasius fuliginosus (Huwyler et al., 

1975). The insect pheromone platform www.pherobase.org gives a comprehensive overview 

on the various other species in that Octanoicacid has been found. For example, it is common 

in the defensive secretion of staphylinid and tenebrionid beetles (Dettner & Reissenweber, 

1991; Tschinkel, 1975) 

 

4.3.2 Total amount per head 

I calculated for the MG of virgin A. vollenweideri to contain in mean of 12,421 ng secretion 

per individual. In contrast, individual males had 368 ng secretion. Queens have a much higher 

total amount. In part, this phenomenon can be explained by the larger head and body size in 

queens and the consequently much larger mandibular glands. 

The MG contained lower amounts of secretion in both sexes after flight. I found in queens 

3,008 ng and in males 130 ng. The MG were almost empty after flight, which is a strong 

evidence that the secretion is released during swarming behavior and used by the altes for 

communication. Empty mandibular glands in alate ants have also been reported in 

Camponotus herculeanus (Hölldobler & Maschwitz, 1965a). 

DoNascimento et al. (1993b) in A. sexdens and Hernandez et al. (1999) in A. leavigata 

measured the gland contents of unmated and mated Atta alates, but they do not report in what 

phase of the swarming behavior the alates have been collected. In A. sexdens, unmated queens 

contained 4,900 ng MG secretion and in mated ones the content of the MG secretion was with 

8,800 ng even larger (DoNascimento et al., 1993b). Unmated males in this species had 11,000 

ng and mated ones 2,300 ng. In A. leavigata unmated queens had about 1,100 ng MG 

secretion and in mated females it was reduced to 175 ng per animal. Males in contrast had in 

both categories around 50 ng. Summed up, the amount of MG secretion was reduced in male 



  Discussion 

84 
 

A. sexdens and in female A. leavigata. In female A. sexdens it was higher in mated queens, but 

I’m sure the animals used for that analyses were collected as founding colony, so that the 

glands had been filled up with secretion again. The total amounts in both sexes were markedly 

different in A. vollenweideri, A. sexdens and A. leavigata. Maybe each species has an species 

specific initial amount of MG secretion. 

 

4.3.3 Ratio between 4-Methyl-3-Heptanone and 4-Methyl-3-Heptanol 

I found, that the ration between 4-Me-3-On and 4-Me-3-Ol changes in the different phases of 

swarming. In queens the ratio is 9.3 during before flight, 8.5 during non flying, 6.2 during 

flying  and 6.1 during after flight . In males it is 0.77 before flight, 0.56 during non flying, 

0.83 during flying  and 0.46 during after flight . I propose that the ratio possibly triggers the 

sequence of the swarming behavior. Likely, the sexuals can recognize the current phase of 

swarming by assessing the actual present ratio of 4-Me-3-On and 4-Me-3-Ol.  

I suggest a pheromone-release mechanism that could explain the changes in ratio: A droplet 

of MG content is spilled out of the MG to the mandibles base. After some time the droplet is 

regurgitated and later spilled out again. While the MG contents are on the air, components of 

the droplet can volatize from the liquid to the gas phase. 4-Me-3-On has a higher vapor 

pressure (2.44 mmHg at 25°C) as 4-Me-3-Ol (0.95 mmHg at 25°C) and hence volatizes faster. 

If the droplet release-regurgitation is maintained over a period of time, there should be a more 

or less consecutive change in the ratio to the side of the alcohol. 

In A. sexdens and A. leavigata the ratio of 4-Me-3-On is also different between mated and 

unmated queens and males (DoNascimento et al., 1993b; Hernandez et al., 1999). Unmated 

queens of A. sexdens have almost 95% 4-Me-3-On and about 1% 4-Me-3-Ol in their MG. 

After flight the proportion of 4-Me-3-On is slightly reduced to 91% but the 4-Me-3-Ol has 

increased to 6%, so that the ratio between 4-Me-3-On and 4-Me-3-Ol is smaller in mated 

queens (DoNascimento et al., 1993b). In A. leavigata, the ratio was 113 in unmated queens 

and dropped to 85 in mated ones. MG secretion of virgin males had over 93% 4-Me-3-Ol and 

only little amounts of 4-Me-3-On, whereas in mated individuals this ratio was inversed 

(Hernandez et al., 1999). 

In all species, the ratio changed after mating flight. Maybe this is a signal for the alates to tell 

a possible partner, that they have already mated and no further copulations are possible. If it is 

so males could decide, which female has not been inseminated by enough males and hence 

easier find a partner willing to copulate. 
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Summed up, the ratio between 4-Me-3-On and 4-Me-3-Ol in the different phases of swarming 

behavior is species-specific. Both substances are possibly important sex pheromones in all 

Atta species. Hence, an easy mechanism to ensure species-specific communication would be, 

if each species would only respond to distinct ratios. This is very important in areas, where 

several Atta species are sympatric. In southern Brazil, up to four Atta species are found in the 

same area and all species show swarming behavior on the same days (Flavio Roces, personal 

communication). If each species responds only to its own blend then conspecific mating is 

guaranteed. 

 

4.3.4 Surface washings 

Beginning with the aggregation phase, there is a sweet honey-like smell detectable over the 

nests of A. vollenweideri. Some but not all queens smelled the same way. I detected on the 

surface of smelling and non smelling queens a mixture of substances. 4-Me-3-On was always 

missing in non smelling individuals and hence is very likely an important component of the 

odor. A similar smell is reported during nuptial flights of Pogonomyrmex ants (Hölldobler, 

1976) which also use 4-Me-3-On as component of their sex pheromone. 

I suggest that the alates release the pheromone during and before they departure from the nest 

and that queens and males have different behavioral thresholds to the pheromone. If the 

concentration of pheromone is high enough, the animals respond in taking off. The threshold 

in males should be lower than in females. This then would explained, why the males take off 

from the nest before the females. 

 

4.3.5 General patterns of gland chemistry 

I found no behavioral changes in the alates placed close to animals that were flying in the 

carousel experiment. This can be caused by two reasons: First, the interaction of several 

components seems to be necessary to induce specific behavior. Second, an exactly 

programmed sequence of behaviors could be important. If this sequence is interrupted once, 

the alates show no longer the typical behaviors. 

The pheromone which stimulates the alates to start the mating flight phase can be unspecific. 

In leaf-cutting Attini this pheromone seems to be not even to be genus specific. Fowler (1982) 

could induce preswarming in A. sexdens by using male MG secretion of Acromyrmex rugosus. 

A simple volatile component like the alarm pheromone that is in Atta and Acromyrmex 4-Me-

3-On and hence also a major component of the sex pheromone is sufficient. Maybe at the 
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beginning of the aggregation phase the workers release alarm pheromone and consequently 

all, workers and alates, respond to the pheromone signal in releasing pheromone by their own. 

In doing so all castes would contribute to the induction of synchronic behavior.  

Mating flights of A. vollenweideri are short before dawn and mating takes place high in the 

air. For successful mating, the sexes must locate and identify each other. The females are big 

but the males use most likely primarily chemical cues for mate location. The pheromone used 

for location and identification of a possible sex partner must be species-specific, in order to 

exclude hybridization between closely related species. In Atta vollenweideri at least 1-

Undecanol found in the queens MG secretion is very likely used in the context of mate 

location and identification. In a further study the behavioral role of 1-Undecanol in the 

context of swarming behavior should be tested. 

The take off of the alates for mating flight is synchronic and probably mediated by a 

pheromone of the MG. In Camponotus herculeanus the males release a pheromone shortly 

before departure, which stimulates the queens for flying (Hölldobler & Maschwitz, 1965a). 

Each sex has a fix threshold for responding to that pheromone, which is lower in males. Thus, 

the males start flying before the females and the accumulation of a pheromone on the nest 

surface can be a possible zeitgeber in the most parsimonious scenario. In further experiments, 

the behavioral thresholds to the components for males and females should be tested. Before 

this can be done, the goal of the present study was to investigate what pheromones are 

involved in the swarming behavior of A. vollenweideri by comparing changes in MG contents 

over the time of swarming. 

On a broader scale, ants can be grouped in two distinct mating syndromes, the “female 

calling” and the “male aggregation” syndrome (Hölldobler & Bartz, 1985 as cited in 

Hölldobler & Wilson, 1990). Female calling is ancestral and found in species with small 

colonies, only few reproductives and long reproduction periods like members of Ponerinae 

(Hölldobler & Wilson, 1990; Shik & Kaspari, 2009). The queens leave the nest individually 

and attract males by releasing pheromones of glands in the abdomen. Individual males are 

attracted to a female. In contrast, the male aggregation system is evolutionary derived 

(Boomsma et al., 2005). Species that show a male aggregation syndrome can have huge 

colonies with a massive production of alates. The alates are precisely synchronized within the 

nest and also between nests. Species with such a mating syndrome show mass swarming and 

huge, male dominated, aerial mating swarms that can reach great height (Boomsma et al., 

2005). Swarms are often located at distinct landmarks like rocks, big trees or huge buildings. 

Examples for ant species mating with the male aggregation syndrome are Pogonomyrmex 
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(Hölldobler, 1976), Azteca (Shik & Kaspari, 2009) Camponotus (Hölldobler & Maschwitz, 

1965a) and also Acromyrmex (Johnson and Rissing, 1993). Atta vollenweideri fills all criteria 

of a species with male aggregating syndrome. 

Mating swarms of social insects are studied best is the honey bee. Honey bees have distinct 

mating places. Mating takes place on distinct landmarks and the males on their own are also a 

visual and chemical landmark for the queens. Further, the males are attracted to the queens 

MG secretion. I’m convinced that the mating procedure is similar in Atta vollenweideri. 

 

4.4 Conclusion 

Swarming behavior of Atta vollenweideri is highly synchronized and always shows the same 

succession of behavioral sequences. The swarms are induced by a suitable combination of 

weather conditions and heavy rain is probably the most important zeitgeber for the swarming 

behavior. Especially the males are highly evolved for mating. They can be considered to be 

flying sperm banks and the only task they have to perform in their live is sex. In the present 

study I found strong evidence that alates use 4-Me-3-On and 4-Me-3-Ol for communication 

during the swarming behavior. 

The present study leaves several questions unanswered and further experiments are desirable. 

Head-space sampling of colony odors during different phases of the swarming behavior could 

reveal the nature of the distinct smell detectable over swarming nests. Also with head-space-

sampling the supposed change in the ratio of pheromones could be investigates. In addition, 

behavioral assays should identify the roles of 4-Me-3-On, 4-Me-3-Ol as well as of 1-

Undecanol and Octanoicacid during swarming behavior. Calcium imaging of male’s AL 

could show it the components of the queens MG secretion are really reported in the male’s 

macroglomeruli.
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6. Appendix 

6.1 Proportional composition of head-extracts 

Supplementary table 1: Percentage composition with standard deviation of head-extracts of queens for 
each category. Sample size is n=4 (before flight), n=6 (non flying), n=6 (flying) and n=2 (after flight). 
Percentages lower than 0,1% are tended as trace components (t).  
a components are only identified through comparison of mass spectra with database spectra; b 
unidentified components, database found in both cases 6-Methyl-1-Octanol to be the most likely 
component although RT are markedly different; c substances are only found in queen samples. 

Substance RT Before flight Non flying Flying After flight 

3-Methyl-Butanoicacid c 12.35 0 0,92 ± 1,59 0,85 ± 1,34 6,03 ± 8,53 

2-Methyl-Butanoicacid a,c 12.70 0 0,25 ± 0,48 0,11 ± 0,19 0,83 ± 1,18 

3-Methyl-Butanoicacid-
Ethylester 

13.40 0,15 ± 0,18 0,23 ± 0,34 t 0,64 ± 0,91 

2-Heptanone 14.91 0,11 ± 0,13 t t 0 

4-Methyl-3-Heptanone 16.38 74,11 ± 7,86 66,58 ± 12,85 69,38 ± 7,45 59,56 ± 12,27 

Hexanoicacid 17.35 0,19 ± 0,38 t 0 0 

4-Methyl-3-Heptanol 17.68 7,50 ± 0,82 7,72 ± 2,18 10,18 ± 2,55 9,68 ± 2,34 

3-Octanone c 18.36 0,42 ± 0,20 0,29 ± 0,19 0,40 ± 0,09 0 

2-Pentyl-Furan a 18.54 t t 0 0 

Octanal 19.07 t t 0 0 

Nonanal 22.51 0,19 ± 0,13 0,17 ± 0,13 t 0,49 ± 0,27 

Phenylethylalcohol 23.49 0,10 ± 0,12 0,19 ± 0,24 0,12 ± 0,19 1,07 ± 1,51 

[6-Methyl-1-Octanol] b,c 23.65 0,16 ± 0,09 0,20 ± 0,19 0,15 ± 0,05 0 

Octanoicacid 24.00 0,78 ± 1,36 0,77 ± 1,77 t 0 

1-Nonanol 24.54 t t t 0 

3-Decanone c 25.06 0,10 ± 0,06 0,22 ± 0,15 0,14 ± 0,09 0 

Octanoicacid-Ethylester 25.14 0,15 ± 0,17 0,40 ± 0,27 0,22 ± 0,30 1,33 ± 1,88 

Decanal 25.77 t 0,13 ± 0,10 t 0,10 ± 0,03 

[6-Methyl-1-Octanol] b,c 26.43 0,58 ± 0,31 0,82 ± 0,57 0,58 ± 0,14 0 

Nonanoicacid 27.04 t t t 0 
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Trans-2-Undecen-1-ol a,c 27.34 0,37 ± 0,20 0,94 ± 1,04 1,14 ± 1,49 0,42 ± 0,60 

1-Decanol 27.55 0,69 ± 0,40 0,62 ± 0,55 0,51 ± 0,26 0 

Nonanoicacid-Ethylester a 27.98 0,12 ± 0,14 0,24 ± 0,27 0,15 ± 0,25 0,70 ± 0,99 

1-Undecanol c 28.91 12,98 ± 6,33 18,72 ± 8,50 15,45 ± 4,46 18,72 ± 11,62 

2,4-Decadienal a 29.10 0,63 ± 1,11 0,12 ± 0,30 0 0 

4-Hydroxy-3-Methyl-2-
Butenyl-Acetate a 

29.82 0,14 ± 0,27 t 0 0 

2-Undecenal a 29.95 0,14 ± 0,29 t 0 0 

Decanoicacid-Ethylester a,c 30.22 t 0,15 ± 0,17 0,12 ± 0,19 0,43 ± 0,61 

Aceticacid-Nonylester a,c 31.45 t t 0,13 ± 0,16 0 
 

 

Supplementary table 2: Percentage composition with standard deviation of head-extracts of males for 
each category. Sample size is n=4 (before flight), n=5 (non flying), n=6 (flying) and n=2 (after flight). 
Percentages lower than 0,1% are tended as trace components (t).  
a components are only identified through comparison of mass spectra with database spectra; b substance 
is only found in male samples. 

Substance RT Before flight Non flying Flying After flight 

3-Methyl-Butanoicacid-
Ethylester 

13.40 0 1,66 ± 3,71 0 0 

2-Heptanone 14.91 0,22 ± 0,44 0 0,62 ± 0,64 0 

2-Heptanol b 15.20 0 0 0,25 ± 0,32 0 

4-Methyl-3-Heptanone 16.38 35,06 ± 10,44 37,09 ± 10,09 32,28 ± 13,48 23,39 ± 33,08 

Hexanoicacid 17.35 0,28 ± 0,55 0 0,18 ± 0,35 0 

4-Methyl-3-Heptanol 17.68 44,65 ± 15,14 49,86 ± 18,40 44,26 ± 19,83 42,89 ± 14,61 

2-Pentyl-Furan a 18.54 0,28 ± 0,55 0 0,14 ± 0,25 0 

Octanal 19.07 0 0 t 0 

Nonanal 22.51 0,52 ± 0,21 1,78 ± 2,59 0,86 ± 0,53 2,33 ± 3,29 

Phenylethylalcohol 23.49 0 1,68 ± 3,76 0,19 ± 0,47 0 

Octanoicacid 24.00 18,78 ± 21,92 6,06 ± 9,08 18,65 ± 22,68 27,86 ± 39,40 

1-Nonanol 24.54 0 0,25 ± 0,56 0 0 

Octanoicacid-Ethylester 25.14 0 0 1,80 ± 2,89 0 
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Decanal 25.77 0,13 ± 0,15 0,47 ± 0,45 0,16 ± 0,23 0,37 ± 0,52 

Nonanoicacid 27.04 t 0,44 ± 0,61 0,29 ± 0,54 3,16 ± 4,47 

Nonanoicacid-Ethylester a 27.98 0 0,70 ± 1,57 0 0 

2,4-Decadienal a 29.10 0 0 0,13 ± 0,21 0 

4-Hydroxy-3-Methyl-2-
Butenyl-Acetate a 

29.82 0 0 t 0 

2-Undecenal a 29.95 0 0 t 0 
 

 

 

6.2 Calculated amounts per head 

Supplementary table 3: Calculated amounts per head for head-extracts of queens. Shown are means 
with standard deviation for each category. Sample sizes and footnotes are equal to supplementary table 
1. 

Substance RT Before flight Non flying Flying After flight 

3-Methyl-Butanoicacid c 12.35 0 44,5 ± 69,0 75,4 ± 117,2 168,0 ± 237,6 

2-Methyl-Butanoicacid a,c 12.70 0 11,5 ± 18,2 9,1 ± 15,6 23,2 ± 32,8 

3-Methyl-Butanoicacid-
Ethylester c 

13.40 21,1 ± 25,2 14,2 ± 15,8 10,4 ± 18,3 20,8 ± 29,5 

2-Heptanone 14.91 11,7 ± 14,1 3,6 ± 5,6 5,7 ± 9,4 0 

4-Methyl-3-Heptanone 16.38 
9031,3 ± 
1966,8 

9357,8 ± 6632,7 8387,5 ± 3574,6 
1811,1 ± 

557,4 

Hexanoicacid 17.35 25,8 ± 51,6 8,5 ± 20,8 0 0 

4-Methyl-3-Heptanol 17.68 949,2 ± 328,6 907,7 ± 426,1 1136,0 ± 235,7 294,8 ± 101,1 

3-Octanone c 18.36 48,0 ± 13,5 49,3 ± 55,4 49,4 ± 29,3 0 

2-Pentyl-Furan a 18.54 11,1 ± 22,1 4,0 ± 9,8 0 0 

Octanal 19.07 6,7 ± 13,5 3,6 ± 8,9 0 0 

Nonanal 22.51 25,7 ± 18,8 18,1 ± 12 11,1 ± 8,9 15,1 ± 9,6 

Phenylethylalcohol 23.49 14,7 ± 17,7 27,4 ± 39,7 16,0 ± 24,9 34,4 ± 48,7 

[6-Methyl-1-Octanol] b,c 23.65 21,4 ± 14,2 22,4 ± 17,3 18,9 ± 11,6 0 

Octanoicacid 24.00 100,9 ± 186,8 193,7 ± 463,8 4,3 ± 8,4 0 

1-Nonanol 24.54 4,5 ± 5,3 1,6 ± 1,8 5,9 ± 6,5 0 

3-Decanone c 25.06 13,0 ± 9,1 22,8 ± 16,0 15,3 ± 9,5 0 
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Octanoicacid-Ethylester 25.14 21,6 ± 25,0 40,9 ± 40,3 29,1 ± 42,8 42,9 ± 60,6 

Decanal 25.77 5,3 ± 5,4 13,0 ± 8,5 7,0 ± 8,4 2,8 ± 0,7 

[6-Methyl-1-Octanol] b,c 26.43 76,1 ± 49,1 89,6 ± 50,1 72,2 ± 36,8 0 

Nonanoicacid 27.04 12,1 ± 18,6 3,8 ± 8,6 0,9 ± 2,1 0 

Trans-2-Undecen-1-ol a,c 27.34 49,3 ± 35,3 65,1 ± 52,9 113,1 ± 121,1 13,6 ± 19,3 

1-Decanol 27.55 93,2 ± 59,9 79,7 ± 92,0 58,6 ± 25,9 0 

Nonanoicacid-Ethylester a 27.98 17,0 ± 19,9 25,3 ± 39,3 22,2 ± 39,0 22,6 ± 31,9 

1-Undecanol c 28.91 
1726,3 ± 
1053,7 

1984,7 ± 757,4 1856,1 ± 801,9 544,9 ± 290,3 

2,4-Decadienal a 29.10 82,3 ± 152,9 31,9 ± 78,2 0 0 

4-Hydroxy-3-Methyl-2-
Butenyl-Acetate a 

29.82 18,6 ± 37,3 14,9 ± 36,5 0 0 

2-Undecenal a 29.95 19,7 ± 39,4 10,8 ± 26,4 0 0 

Decanoicacid-Ethylester a,c 30.22 12,6 ± 15,9 13,7 ± 20,7 17,2 ± 27,5 13,9 ± 19,7 

Acetic acid-Nonyester a,c 31.45 2,2 ± 2,7 5,9 ± 7,1 12,8 ± 14,3 0 

total mass  
12421,3 ± 

3386,8 
13070,3 ± 

7941,4 
11934,1 ± 

4342,6 
3008,1 ± 

316,5 
 

 

Supplementary table 4: Calculated amounts per head for head-extracts of males. Shown are means with 
standard deviation for each category. Sample sizes and footnotes are equal to supplementary table 2. 

Substance RT Before flight Non flying Flying After flight 

3-Methyl-Butanoicacid-
Ethylester 

13.40 0 0,8 ± 1,9 0 0 

2-Heptanone 14.91 1,2 ± 2,4 0 2,7 ± 2,9 0 

2-Heptanol b 15.20 0 0 1,2 ± 1,3 0 

4-Methyl-3-Heptanone 16.38 125,7 ± 61,6 45,5 ± 32,4 112,9 ± 90,7 56,3 ± 79,6 

Hexanoicacid 17.35 1,5 ± 3 0 0,9 ± 1,5 0 

4-Methyl-3-Heptanol 17.68 147,8 ± 20,3 71,4 ± 64 112,2 ± 59,4 66,9 ± 86,5 

2-Pentyl-Furan a 18.54 1,5 ± 3 0 0,8 ± 1,2 0 

Octanal 19.07 0 0 0,2 ± 0,5 0 

Nonanal 22.51 1,8 ± 0,7 1,2 ± 1,4 2 ± 1,1 0,4 ± 0,6 

Phenylethylalcohol 23.49 0 0,9 ± 1,9 0,3 ± 0,7 0 
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Octanoicacid 24.00 87,1 ± 101,5 3,9 ± 3,2 143,5 ± 297,8 4,9 ± 6,9 

1-Nonanol 24.54 0 0,1 ± 0,3 0 0 

Octanoicacid-Ethylester 25.14 0 0 2 ± 3,6 0 

Decanal 25.77 0,6 ± 0,7 0,5 ± 0,6 0,4 ± 0,3 0,1 ± 0,1 

Nonanoicacid 27.04 0,5 ± 1 0,6 ± 0,9 0,6 ± 0,9 0,6 ± 0,8 

Nonanoicacid-Ethylester a 27.98 0 0,4 ± 0,8 0 0 

2,4-Decadienal a 29.10 0 0 0,4 ± 0,6 0 

4-Hydroxy-3-Methyl-2-
Butenyl-Acetate a 

29.82 0 0 0,2 ± 0,3 0 

2-Undecenal a 29.95 0 0,8 ± 1,9 0 0 

total mass  367,6 ± 151,9 125,3 ± 92,5 381,4 ± 422,3 129,1 ± 157,8 
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