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Chapter 1

Introductory Chapter: The Complex World of Ants

Vonnie D.C. Shields

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.80387

1. Introduction

1.1. Origin, classification, and distribution

Ants fall into the largest family of insects, with respect to diversity of species and total number
of individuals. They belong to a single family, the Formicidae, within the order Hymenoptera,
consisting of 11 subfamilies and 297 genera [1]. In 1967, Wilson et al. obtained the first ant
remains of the Cretaceous period [2, 3] that were estimated to be about 80 million years.
Having said this, there are well over 8800 described species, to date. Most of the genera stem
are from the Neotropics and Afrotropical regions. Remarkably, individual colonies may con-
tain 20 million members [4]. Ants dominate much of the terrestrial regions of the world,
ranging from deserts to subarctic tundra. Interestingly, recent measurements indicate that
approximately one-third of the entire animal biomass of the Amazonian ferra firme rain forest
is composed of ants and termites. Each hectare of soil contains in excess of 8 million ants, in
contrast to only 1 million termites [1].

1.2. Morphology

Ants (Formicidae) bear a narrow “waist” between the abdomen and thorax. The “waist” is
comprised of a one-segmented (petiole) or two-segmented (petiole and postpetiole) constric-
tion located between the thorax and bulbous poster portion of the abdomen or gaster. The
gaster is composed of 4-5 posterior segments. Ants have large heads and powerful jaws. The
adult workers and queens bear bent (elbowed or geniculate) antennae consisting of a long
basal scape and 3-11 short funicular segments. In males, the basal segments are not long, so
the antennae will not appear to be bent. The last two or three segments may be enlarged,
forming a club. The antennae are believed to function as a two-way communication device [5],
rather than just a receptor. Wang et al. analyzed the behavior and surface chemistry of many
ants, focusing on the use and function of the cuticular hydrocarbons covering the ants’” bodies.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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They found that this layer not only served to protect the ants from dehydration, but also
formed a critical role in their communication. Their research showed that when the layer was
removed from the antennal surface, information regarding nest identification was lost, no
longer allowing the ants to identify their colony.

1.3. Feeding behavior and communication

Ants play important roles in natural ecosystems. They are omnivorous feeders and can live in a
wide range of habitats. They build nest sites, typically underground, thus contributing to
nutrient cycling, seed dispersal, and the scavenging of dead organisms. They are considered
major predators of other arthropods and small invertebrates, including pests, such as crop
feeding caterpillars and ticks. Secretions stemming from their metapleural gland, rich in
antibiotics, allow them to disinfect moist environments and allow them to live in areas that
other organisms do not live in, especially in the tropics [1].

Communication is necessary in order to coordinate the activities within a colony. This is medi-
ated via chemical signals (pheromones). Some of these pheromones include a queen pheromone,
allowing workers to recognize a queen, trail following pheromones (used by workers to mark
paths between the nest and food), and alarm pheromones (cause ants to disperse and/or attack).
In addition, chemical cues are used to recognize colony nestmates and play additionally a role in
aggression and territorial boundary markings between colonies [1].

1.4. Life/colony cycle

Ants are eusocial insects. They (1) perform cooperative brood care, where the adults care for
the immatures, (2) bear overlapping generations, and (3) have a division of labor among
reproductive and nonreproductive (workers) groups. The latter group is responsible for
performing tasks necessary for colony survival, including foraging, care of immatures and
reproductive adults, and nest building. Such a division of labor results in the formation of
castes or specialized behavioral groups [1].

Ants display complete or holometabolous metamorphosis, consisting of four life stages:
egg, larvae, pupae, and adult. The aforementioned first three stages are collectively called
brood. The ant colony is almost exclusively female until the time of the nuptial flight. The
life cycle of the ant colony can be divided into three parts [6]. The founding stage is initiated
with the nuptial flight. The virgin queen (virgin reproductive) leaves the nest, leaving
behind the queen and her sisters, who are sterile workers or virgin reproductives. When
she meets one or more males and is inseminated, she finds a suitable nest site in the soil or
plants and builds a first nest cell and rears the first brood of workers. The workers eventu-
ally take on the tasks of foraging, nest enlargement, and brood care, so that the queen can
confine her duties to egg laying. The ergonomic stage is defined as increase in work devoted
to colony growth. The reproductive stage is set after one or more seasons when the colony
begins to produce new queens and males and these sexual forms go forth to begin new
colonies [6].
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1.5. Mutualistic interactions

Among ant species, there is a broad range of interesting behaviors displayed. Many species have
mutualisms (interactions leading to net fitness benefits for all partners involved) [7] with other
insects and plants. In one example, ants will forego predation of, and offer protection to,
honeydew producing aphids and mealybugs, as the ants are attracted to this sugar water sap as
a food source [8]. In some ant-plant interactions, ant transport and disperse plant seeds
(myrmecochory) with elaiosomes or food bodies rich in lipids, amino acids, or other nutrients
that are attractive to ants, collectively known as a diaspore. Once the diaspore is carried back to
the ant colony, the elaiosome is consumed and the seed is ejected from the nest [9-11]. A well-
studied symbiotic relationship with plants has been reported between Acacia trees and the
several ants in the genus Pseudomyrmex. The acacia tree produces thorns, which are used as
nesting sites for the ants, and Beltian bodies, used by the ants as a food source. These ants offer
protection to the trees from herbivorous arthropods and vertebrates and destroy competing
plants trying to establish themselves, nearby [7]. Leaf cutter ants (genera, Atta and Acromyrmex)
are notorious for cutting pieces of leaves or flowers and carrying them back to their nest to use as
a suitable nutritional substrate for cultivating fungal growth to help degrade cellulose and other
plant products inaccessible to the ants.

1.6. Parasitic relationships

In contrast to symbiotic interactions that ants have with plants and other insects, various
species have parasitic relationships among each other. One such case is slavery or dulosis. In
the genus Polyerqus, workers steal larvae and pupae from the genus Formica. These enslaved
immature insects develop into adult workers and to carry out colony maintenance tasks for
their captors [12]. Other examples of parasitism occur in parasitized host colonies lacking a
worker caste system in the fire ant genus, Solenopsis, and Teleutomyrmex. Here, the parasitic ant
Solenopsis daguerrei lacks a worker caste system, so all the adults are reproductive males and
females. Parasitic queens attach to the host queens and fire ant workers care for them in a
similar manner to their own mother queen, whereas the parasite brood is reared by the host
workers simultaneously with the host brood [13, 14]. These parasites are permanent and spend
their entire life cycle in the nest of the host species. Most often, the parasite inhibits egg
production of the mother queen, causing an eventual collapse of the colony [15].

1.7. Predatory behavior

Many ant species exhibit an extremely predatory behavior. In the Afrotropical region, in the
genus, Dorylus, the African driver ants, also known as army or legionary ants, have colonies
with millions of inhabitants. They have no permanent nest structure, as they move their
nesting sites regularly and forage for food in large swarming columns or groups, preying
mainly on insects, arachnids, and earthworms [16]. In another example, extraordinary cooper-
ative behavior is exhibited during nest construction by the weaver arboreal ants, in the genus
Oecophylla, living in Afrotropical regions. These ants link their bodies together to form chains
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by grasping the petiole of an adjacent worker with their jaws. The living chains are used to
position leaves together. Silk-producing larvae contribute their secretions to allow the leaves to
be held together, eventually forming a tent and eventually a nest [17].

1.8. Pollinators

While bees, flies, and hummingbirds are thought as agents of plant pollination, some ant
species have been found to serve as effective pollinators. This is despite observations, in
general, that antibiotic compounds produced by the metapleural and poison glands of most
ants tend to suppress pollen germination and pollen-tube growth. Worker ants, Proformica
longiseta have been found to serve as pollinators of a mass flowering wood plant,
Hormathophylla spinosa, in the high mountain area of the Sierra Nevada mountains. The ants
were found to make contact with the plant reproductive organs when foraging for nectar
and were found to transfer large numbers of pollen grains, contributing to increasing the
number of viable seeds [18].
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Chapter 2

Structure, Diversity and Adaptive Traits of Seasonal
Cycles and Strategies in Ants

Elena B. Lopatina

Additional information is available at the end of the chapter
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Abstract

This chapter is a review of data on structure, diversity and adaptive properties of sea-
sonal cycles in ants. Most tropical ants demonstrate homodynamic development. They
do not show any developmental delays and all-year round the ontogenetic stages from
egg to pupa exist in their nests. Some of the quasi-heterodynamic species have perme-
ated into the regions with warm temperate climate but a true diapause did not evolve.
Most temperate and all boreal climate ants are true heterodynamic. They manifest a
real winter diapause (prospective dormancy) in their annual cycle. Thus, a variety of
forms of dormancy, which were found in ants, extend from elementary quiescence to
deep diapause. Heterodynamic ants use two main seasonal strategies with respect to
brood rearing: strategy of concentrated brood rearing (Formica type) and strategy of
prolonged brood rearing (Aphaenogaster type, Myrmica type). The larval stages at which
diapause can occur are extremely variable among ants. The evolution of seasonal life
cycles and possible ways of origin of diapause in ants are discussed. The subtropical
(quasi-heterodynamic) and tropical (preadaptational) evolutionary paths to true hetero-
dynamic development are considered. It is concluded that similar seasonal adaptations
could arise in the evolution of ants independently many times and usually are not tightly
bound to the taxonomic position of species.

Keywords: Formicidae, ants, seasonal development, life cycles, homodynamic,
heterodynamic, diapause, exogenous, endogenous, temperature, climate, evolution

1. Introduction

The life of ants as ectothermic organisms is closely connected with the seasonal variations of
ecological factors, such as temperature, rainfall, humidity, availability of food, etc., occurring

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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during the year. Certain climatic changes usually manifest even in tropics and cause the cor-
responding modifications in behavior and development of ants and other insects, but they
are much more pronounced on the north. In the regions with temperate and boreal climate,
the annual changes of climatic conditions possess a hard impact to the life cycles of all organ-
isms living there. In different ant species, various annual cycles of behavior arise. They have
been described in many reviews (for example, see [1, 2]). However, the seasonality of the
behavioral cycle in ant colonies is strictly subordinated to the seasonality in developmental
processes such as oviposition or larval rearing. Each ant species demonstrates certain annual
developmental cycle because the processes of the colony development cannot proceed with-
out interruption during the whole year.

To optimize the survival and growth of ant colonies, the entire warm season should be used
for larvae rearing and for production of the greatest quantity of new adults. That is why the
brood development should start in spring as earlier as feasible and prolong as longer as pos-
sible in late summer. At the same time, only the brood stages that are able to survive during
the winter should occur in ant colony by the end of autumn. To ensure this, the special physi-
ological mechanisms evolved which provide synchronization of the colony development with
the yearly climatic periodicity.

The first investigations devoted to seasonality in the development of ants were performed by
Yozhikov who studied the phenology of the development in several ant species from Central
Russia [3]; by Headly who characterized the seasonal development of two Leptothorax species
and Aphaenogaster fulva aquia in North America [4, 5]; by Talbot who carried out the phenolog-
ical studies on two North American Myrmica species [6]; and by Eidmann who described the
hibernation in ants and mentioned that the Formica species overwinter without a brood [7].

Despite extensive studies of arthropod dormancy and seasonality, myrmecologists paid very
little attention to the role of seasonality in ant ecology, as well as in the evolution of the life
cycles of these social insects. Literature on this topic is not rich. Quite a few publications spe-
cifically devoted to seasonal development and the phenology of ants. As a rule, such data can
be found in the investigations dealing with the biology and ecology of certain species. Even
less frequently, the subject of the study was the regulation of annual cycles of the ant develop-
ment. Most often, these problems were affected accidentally and stood in the background and
pushed back by the main aims of the study (for example, see [8]). The seasonal development
of the ants Myrmica was studied to the greatest extent, mainly due to the works of M. Brian
(for reviews, see [1, 8-10]).

This paper contains a review of literary and proprietary data on the structure, diversity, adaptive
features and evolution of seasonal cycles and strategies of the seasonal development in ants. We
have studied the seasonal cycles in more than 80 species belonging to more than 20 genera from
different regions of Russia and the former USSR, ranging from warm temperate to cold tem-
perate and boreal climatic zones. Our field and laboratory studies have allowed us to map the
diversity of annual cycles, to reveal the underlying ecophysiological and social mechanisms of
control and to develop ideas on possible pathways in the evolution of the seasonal cycle in ants.

The main study methods we have used were laboratory experiments and field phenologi-
cal observations. In experimental studies, the ant colonies were divided into fragments each
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consisted of workers, queens and the brood. In the case of a small number of workers in the
colony or for monogynous species with a single queen in the nest, entire natural colonies were
used. Colony fragments (or the whole colonies) were kept in artificial plastic nests, which
were randomly distributed over various experimental regimes (different photoperiodic con-
ditions and constant temperatures or thermal periods) and experimental regimes were main-
tained in special thermostats. Our methods of laboratory cultivation of ants provided the
opportunity to observe and to study all stages of annual cycle including the overwintering in
a refrigerator under the temperatures of 3-5°C.

2. Peculiarities of seasonal development in ants as social insects

In social insects, in addition to the life cycles of individual individuals, there is a life cycle
of the colony, as an integrated, superorganismic system. It consists of the processes of the
development of individuals, but it is not equivalent to a simple summation of them. Social
regulation mechanisms arise in the evolution and are realized through interactions between
members of the colony. They control the physiological state and the development of individu-
als, depending on the ecological situation and colony needs. Such “collective regulation” of
development is absent in solitary species and largely determines the specificity of seasonal
development in ants [11-16].

Colonies of ants are not only perennial but usually have unlimited life cycle under favorable
conditions of environment [17]. Not only queens but even workers can survive for several
years. In monogynous species, all workers and the brood are the offspring of the only queen.
So while the queen is alive, all the population of a colony can relate to one and the same
genetic generation during consistent years. In polygynous species with several queens in a
nest, all individuals inhabiting a single colony may pertain to various generations which over-
lay each other. However, the seasonal life cycle of the colony is not associated with differences
arise between generations. It embraces the regular seasonal variations in physiological state of
all individuals in a colony which entail the orderly changes in behavioral and developmental
patterns. Therefore, we determined the seasonal life cycle of an ant colony as the annual cycle
of physiology, behavior and development [18].

After the spring awakening, the queen commences laying eggs, the development of larvae
begins and pupae appear. There are workers and reproductive individuals among new
adults. Oviposition and brood development continue throughout the warm period of the
year and cease in the autumn, when insects begin to prepare for wintering, go to special
shelters and spend the winter in inactive state. The annual cycle of colony development
is a collective and highly organized process and includes the individual development of
immature stages (the brood) and regular seasonal changes in the physiological state and
reproductive activity of adults (workers and queens).That is why the growth and develop-
ment and the beginning and termination of diapause in ants can be considered and stud-
ied both in individual level and at the level of the entire colony. And this is not the same
thing, since all these processes are under the control of the mechanisms of social regulation
and integrated reactions of the colony to the changes in environmental conditions. In this
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connection, diapause of ant larvae can be (and usually happens) facultative at the level of an
individual, but at the same time obligatory at a colony level (in endogenous-heterodynamic
species).

3. Homodynamic type of seasonal development

On the general background of an insufficient study of the phenology in ants, the tropical
regions of the Earth are especially prominent. Analysis of meager data shows that at any time
of the year, in the nests of most tropical species studied, all the stages of ontogenesis from the
egg to the pupa are present, and development retardations are absent. Such continuous all-
year round development without the obligatory onset of periods of physiological dormancy
we call homodynamic, using the terminology of E. Roubaud [18-21].

However, homodynamic species often have a certain seasonal structure of the annual cycle: on
a general background of continuous development, there may be significant seasonal fluctua-
tions in the number of certain ontogenetic stages, as well as seasonal association of the rearing
of alates and nuptial flights. Thus, in Cataulacus guineensis from Ghana, the brood population
has two maxima—in May and in September, the alate females and males are numerous in
the nests in July—October, and the rest of the time there are few or none alates at all [22]. The
larvae of alate reproductives of Camponotus sericeus in India develop from October to July, and
alate females and males can be found in nests all-year round, but their nuptial flight occurs in
September—October [23, 24]. Colonies of the tropical ant Paltothyreus tarsatus (Republic of Cote
d’Ivoire) grow alate females in spring, and males in autumn; reproductives live in maternal
nests for a long time and leave for mating only in February [25]. In definite periods of the year,
alates of Anoplolepis longipes are grown up in Papua New Guinea [26] and in the Seychelles
[27] and alates of Camponotus detritus in Namibia [28]. The factors that cause such seasonality
in tropical species are not yet clear enough.

In addition, periodicity of oviposition was noted for a number of species. For example, in
the natural colonies of Anoplolepis longipes, Cataulacus guineensis and species of the genus
Rhytidoponera [29], there are two egg abundance maxima throughout the year. Rhythm of
oviposition was also found in a tropical species Linepithema humile, widespread in Southern
France, both in natural and laboratory conditions [30]. The periodicity of egg laying is also a
characteristic feature of the nomadic ants of the tropical subfamily Dorylinae and especially of
the Neotropical species. In all species, the cyclic brood rearing is clearly associated with behav-
ioral cycles: oviposition occurs during stationary phase of reproductive cycle that alternates
with nomadic phase, during which the ants feed the larvae that emerge from the eggs [31-33].

The homodynamic development of some tropical ants was observed in the laboratory. G. Terron
maintained colonies of the African species Tetraponera anthracina at 25-26°C for several years
and reported that development of the brood occurred continuously and reproductives periodi-
cally appeared [34]. But he observed alternating periods of egg laying and reproductive dor-
mancy of queens. The ant Monomorium pharaonis, a widespread synanthropic species, which
was imported from tropical Africa to Europe and North America, now inhabits many heated
buildings. It was found that in the nests of this species under optimum conditions (27-30°C,
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relative to 60-65%), brood developed continuously with cyclic rearing of alate reproductives at
regular intervals [35-41]. We also kept several colonies of M. pharaonis found in St. Petersburg
in the laboratory for 2 years and revealed that at any temperatures above the threshold, which
is 17.7-17.8°C in this species [42], brood development occurred without any delays. However,
at a near-threshold temperature of 17°C, the mortality rate of all brood categories, as well as of
adult ants, sharply increased, and the colonies died within a month. Thus, this tropical species
cannot tolerate even short periods of temperature decrease, which confirmed by the available
data on its habitation in Europe only in heated buildings [43].

We observed homodynamic development in two species from tropics: Pheidole sexspinosa
from the Tonga archipelago and the Tetramorium semillimum from the Seychelles. We kept
them in the laboratory for more than a year, varying the temperature and photoperiod within
acceptable values, i.e. within those that can be observed in the natural habitat of these species
(18-25°C, 10-16 hours of light per day). All this time, there was a continuous development in
the colonies.

It is well known that typically tropical insects cannot survive for a long time at temperatures
well below the optimum and, especially, below the developmental threshold [44]. Therefore,
it can be argued that the tropical ants in their majority are not adapted to survive during the
cold periods of the year. However, some ant species can demonstrate continuous all-year
round development even in subtropical environments. For example, in the central regions
of Texas (USA), Pseudomyrmex sp. occupies the stems of a mimosa, and all ontogenetic stages
are present year round, but in different amounts: eggs and larvae are numerous in winter
and pupae in spring and summer [45]. Thus, we can assume that the development and pupa-
tion of larvae of this species continues in winter, but much more slowly than in summer.
This decrease of brood developmental rate leads to a significant decline in the number of
pupae in wintering nests. According to Rissing, new workers of Messor (Veromessor) pergandei
in Arizona (USA) appear from pupae also throughout the year [46].

4. Heterodynamic cycles of development

Annual developmental cycles of ant colonies, in which a diapause arises naturally, we call
after Roubaud heterodynamic [18-21]. They have a distinct seasonal structure: the period of
diapause (the phase of dormancy) is regularly replaced by the period of development (the
active phase of the cycle), after which a new period of diapause occurs, and so on. Generally,
the phase of dormancy in the annual cycle coincides with the period of unfavorable climatic
and (or) food conditions. It is characterized by a lack of larval development and, as a rule, of
queen oviposition and the presence in the nests of only certain (usually diapausing) brood
categories. During the active phase of the annual cycle, eggs are laid and the larvae are reared.
Ants grow up new workers, as well as alate females and males.

4.1. Quasi-heterodynamic development

Some ant species recently penetrated from tropics or subtropics to areas with a warm tem-
perate climate and successfully settled there. Two species of fire ants, Solenopsis richteri and
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S. invicta, were imported to the United States from South America: the first one, around 1920,
and the second one, in the early 1940s [47, 48]. S. invicta significantly expanded its original
range fairly far north and is now prevalent in most southeastern states [48, 49]. The distribu-
tion of S. richteri is limited mainly to the northern parts of Alabama and Mississippi and the
southern part of Tennessee [50].

Several authors have shown that in southern United States (Mississippi, Florida, South
Carolina, etc.) both fire ant species remain essentially homodynamic: eggs, larvae and pupae
of workers are present in their nests all-year round [48, 51, 52]. However, the number of imma-
ture stages varies considerably during the year, and in winter, it is very small. In February-
March, the number of eggs increases sharply and new larvae develop and begin to pupate in
April (workers) and May (alates). At this time, the quantity of brood categories is maximal
and reaches 40-45% of the entire biomass of the colony. Reproductive individuals appear
from pupae in June and fly out of the nests at least five times during the summer. The second
small peak of the brood population (up to 35% of the biomass) in the nests coincides with the
first cooling in September—October. At this time, all larvae and pupae belong only to the caste
of workers. In November-December, the number of larvae and pupae sharply decreases and
reaches a minimum (less than 2% of the biomass of the colony) in January. Thus, the number
of immature stages in fire ants directly depends on the environmental temperature.

It has been determined that in the most northern populations of S. invicta, oviposition and
brood development are suspended in the coldest months, i.e. eggs and pupae are absent in the
nests in winter [48, 53]. It can be assumed that there is no diapause of larvae in fire ants and
larval development ceases only when the ambient temperature falls below the developmental
threshold, which is about 17°C according to laboratory experiments [54]. We can also assume
that many eggs, larvae and pupae (as well as adult ants) die during the winter in northern
populations of this species. The winter mortality of S. invicta workers was noted in several
works (for example, [55]). Nevertheless, the colonies successfully survive in these conditions.
Consequently, these ants already have some physiological adaptations that allow them to
tolerate a sufficiently long stay at low positive temperatures.

Such tropical species, adapted to live in regions with cold winters without forming real dia-
pause, we call quasi-heterodynamic [18]. They are characterized by the potential for unlimit-
edly long development under favorable conditions inherent in homodynamic species. The
development of their brood ceases only at temperature below the developmental threshold
and ants spend the winter in a quiescent (cold coma) state suffering from more or less strong
mortality, but in general the colonies overwinter successfully.

The Argentine ant Linepithema humile demonstrates another example of quasi-heterodynamic
development. This tropical species was imported from South America and now widespread
in many parts of the world. Its phenology, investigated in the USA [56] and in Europe [30], is
very similar to the seasonal development of fire ants. In the southern part of California, only a
few larvae of workers and very few eggs can be found in overwintering nests of this species.
At this time of year, more than 90% of the colony biomass is made up by adult ants. The new
seasonal cycle begins in late February—early March, when the queen starts to lay eggs. The
larvae hibernated in the nests complete their development by the middle of March. In sum-
mer, brood makes up about 50% of the colony biomass, but in October its number decreases
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sharply and gradually reaches its minimum by December. On the southern coast of France,
the Argentine ant has similar phenology. Most small larvae hibernate in the nests, but in small
numbers, and there are also some medium and large larvae and very rarely eggs. Renewal of
development is observed in March.

Since the fire ants and Argentine ants recently permeated to the areas with cold winters, we
tend to think that they do not yet have diapause. However, it has been experimentally deter-
mined that only the overwintered colonies of the Argentine ant can grow up a lot of alate
females, which appear in the nests in the south of France at the beginning of the summer
season [57]. This suggests that there are seasonal changes in the physiological state of colonies
that are similar to diapause.

According to the literature date, many subtropical ants do not have any brood in their nests
during the winter, for example, Ponera pennsylvanica in the state Missouri [58], Pogonomyrmex
rugosus and P. subnitidus in Southern California [59] and Prenolepis imparis in the states
Missouri, Ohio and Florida [60-62]. However, without experimental laboratory studies, it is
impossible to conclude whether all of them are quasi-heterodynamic and overwinter without
brood due to its death, or, conversely, they have a stable winter diapause of the queens, i.e.
belong to the group of true heterodynamic species.

We discovered and investigated quasi-heterodynamic developmental cycles in several ant
species living in regions with subtropical and warm temperate climates. In the colonies of
Tetramorium nipponense and Pachycondyla chinensis, which were collected in the south of Japan
and were kept in the laboratory at temperature of 25-27°C and photoperiod of 16 h of light
per day, the oviposition of queens and the development and pupation of larvae did not cease
during the year. After a gradual decrease in temperature, the colony successfully overwin-
tered at 7-8°C. At the same time, however, all brood died, which probably occurs during the
overwintering in natural conditions of the south of Japan.

In the experiments on Monomorium kusnezovi from Turkmenistan, the growth, development
and pupation of larvae continued uninterruptedly at temperatures exceeding the developmen-
tal threshold of 20°C for eggs and 21.5°C for larvae and prepupae [42]. Thus, larvae of this
species do not have diapause, which is a sign of quasi-heterodynamic seasonal cycle. At 20°C,
the larvae ceased growth, but the oviposition did not stop, and by the beginning of overwin-
tering, eggs and larvae of all ages were still present in the nests. However, eggs, as a rule, did
not survive during hibernation in the laboratory, but the larvae hibernated more successfully.
We assume that, in natural conditions, these ants go on hibernation with eggs and larvae, but
eggs and part of the larvae die during the winter. In the middle of April in the Central Kopet
Dag when we dug out the nests of M. kusnezovi, we always found small packets with eggs and
larvae of younger instars and a small number of the third instar larvae lying separately, which
already began to pupate at this time of a year. Obviously, these larvae overwintered in the nests
but the eggs could appear in the early spring. Thus, it seems likely, though not completely
proved, that a certain number of eggs can be preserved in the nests of M. kusnezovi until spring.

Two Pheidole species (P. pallidula and P. fervida) were collected in Turkmenistan and Russia,
where they inhabit the regions with temperate climate. They also proved to be quasi-hetero-
dynamic. P. pallidula is common in southern Europe, the Caucasus and Central Asia [63]; the
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distribution area of P. fervida includes Southeast Asia, Japan, southern Kurils and the south of
Primorye [64]. In Primorye, P. fervida probably survived from the Tertiary period, when the cli-
mate there was much milder. In our experiments with both species, the queens continued to lay
eggs and the larvae developed and pupated at any temperatures exceeding the developmental
threshold (about 18°C for P. pallidula [42]). Any forms of diapause were absent. Under optimum
conditions at 25-28°C, we observed continuous development for two or more years.

For P. pallidula from Turkmenistan, we found that when the temperature decreased to 20° C, the
queen’s productivity declined significantly, but queens did not stop laying eggs, and the larvae
developed and pupated. At a temperature of 17°C, which is only slightly below the developmen-
tal threshold for eggs and larvae, oviposition continued, but the eggs did not develop. Pupae
and prepupae were the first to die, and then all brood stages gradually perished. Consequently,
it could be assumed that in nature all brood in the nests of this species die even before the begin-
ning of winter. Our field studies in Turkmenistan have shown that there was no brood in the
nests of P. pallidula in early spring indeed. It appeared later from the eggs laid by queens. This
is confirmed by the observations made by Passera [65-67] in the south of France.

P. fervida is somewhat better adapted to the temperate climate in the south of Primorye and
its brood probably dies out only partially during overwintering. In our experiments with
autumn colonies of this species, even at a temperature of 17°C and under short day condi-
tions (10 hours of light per day), the queen continued oviposition, and larvae still pupated. We
maintained one colony, in which there were originally more than a hundred larvae of differ-
ent size, under these conditions during 7 months. Over this time, some of the larvae perished,
but more than half of them pupated. This situation was strikingly different from the one we
observed in similar experiments with truly heterodynamic ants: in most cases at 17°C, the
development very quickly ceased due to the onset of diapause.

When we decreased the keeping temperature for the autumn colonies of P. fervida up to
10-12°C, the workers began to dismember and to throw out the prepupae and pupae from the
nests and gradually destroyed them all. There were only eggs and larvae of all instars in the
nests. However, part of the eggs and larvae of the first and second instar perished during
the hibernation in the refrigerator at 3-5°C, while the older larvae overwintered more suc-
cessfully. It would be extremely interesting to compare the population of the colonies of this
species in late autumn and early spring to assess the ability of the larvae to survive during
the winter in natural habitats. Probably, the similar regulation of the seasonal developmental
cycle exists in Pheidole morrisi, which hibernates with larvae in the north of Florida [68].

4.2. True heterodynamic development

Most temperate and all boreal climate ants are true heterodynamic. They possess real winter
diapause in their annual cycles (prospective dormancy) [18]. The presence of this diapause
provides a more successful wintering by increasing the physiological resistance of larvae and
adult ants to unfavorable winter conditions. In the literature, there is practically no data on
the tolerance of developing and diapausing larvae, other developmental stages and adult
ants to low temperature and other unfavorable environmental factors. Plateaux [69] noted
that Temnothorax nylanderi in an active physiological state could not successfully overwinter:
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when he put summer colonies of this species into the refrigerator, eggs, pre-pupae and unpig-
mented pupae quickly died and began to rot, causing the death of the entire colony. Similar
results were obtained in our experiments with colonies of Lasius niger, Lepisiota semenovi,
Myrmica rubra, M. ruginodis and Plagiolepis compressus, which we put in the refrigerator at a
temperature of about 5°C in summer. Eggs, pre-pupae and pupae died within 1-3 weeks, but
larvae remained alive.

True heterodynamic seasonal cycles occur in the vast majority of ant species living not only in
temperate and cold climates, but also in subtropics and even in tropics. The presence of long-
term developmental delays was noted, for example, in all five species from the Rhytidoponera
impressa group, widespread in the forests of Eastern Australia. These species demonstrated a
strict seasonality of development: during the winter months, only small and medium-sized
larvae and very rarely eggs were found in their nests. This situation was observed both in
subtropical and tropical regions of Australia [29].

It is clear that for the occurrence of heterodynamic development in tropics, any seasonal
changes in environmental conditions have to exist. Since the annual rhythm of the climate
is usually quite distinct in the tropical regions, and its absence, on the contrary, is very rare
situation, heterodynamic seasonal cycles should probably be widespread in tropical ants. The
hibernation and diapause are widespread in tropical insects, but mechanisms of the regula-
tion of heterodynamic cycles in tropics are far from understanding and explaining yet [70].

It should be assumed that heterodynamic development is more common for ants in subtrop-
ics, because the seasonal rhythm of the climate there is much more pronounced than in the
tropical zone. Indeed, most of the subtropical species studied demonstrate the cessation of
development in winter. Some of them do not have brood, while others overwinter with lar-
vae: Camponotus kiusiuensis [71], C. nawai [72] and Leptanilla japonica [73] in southern Japan,
Temnothorax monjanzei in Algiers [74] and T. melas on the Corsica island [75], Tapinoma minu-
tum in New South Wales [76], Polyrhachis vicina in southern China [77, 78] and Pheidole morrisi
[68] and Dolichoderus mariae [79] in the north of Florida. However, it is impossible to decide
without special experiments whether these subtropical ants possess a real diapause, or they
are quasi-heterodynamic and stop their development during the cold season due to direct
influence of low temperature.

5. Two seasonal strategies of brood rearing in heterodynamic ants

Analyzing the structural diversity of heterodynamic seasonal cycles in ants, we identified two
fundamentally different directions in their evolution, and accordingly, two seasonal strate-
gies for brood rearing [18].

5.1. The strategy of prolonged brood rearing

The ants are more likely to follow the strategy of prolonged brood rearing. This strategy is
based on the ability of larvae to enter into a diapause and to continue development over the
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next summer (Figure 1). Depending on the composition of the overwintering brood and the
stage at which diapause is observed; we distinguish two structural types of developmental
cycles [80].

Aphaenogaster type. Larvae fall into a diapause at the end of summer and all the remaining
pupae manage to complete the development before the onset of colds, but the queens have
no diapause and do not cease oviposition until the late autumn. Therefore, not only dia-
pause larvae but also eggs and young larvae overwinter and survive, at least partially, dur-
ing the winter. Thus, the formation of the wintering population of the colony is determined
by the appearance of larval diapause in species with this type of seasonal cycle. These spe-
cies are apparently limited in their distribution by subtropics and the southernmost regions
of the temperate zone.

Myrmica type. The diapause starts both in larvae and queens at the end of summer. Therefore,
before the winter comes, larvae emerge from the laid eggs, and all pupae develop into adults.
The overwintering brood is represented only by larvae. This annual cycles are typical for most
ant species living in a temperate climate zone. The induction of diapause in both larvae and
queens plays an equally important role in the synchronization of Myrmica type cycles with the
annual rthythm of the climate and in the formation of the wintering composition of the colony.

The annual cycles of ants that overwinter with brood have the most complex seasonal struc-
ture (Figure 1). All hibernating larvae usually pupate during the summer season. They give
the first peak in the number of pupae in the nests. As a rule, alate females and males develop
from most of them. Some of the larvae that emerged from the eggs which were laid in spring
and early summer can pupate during the same growing season. This is the so-called a rapid
or summer brood, according to Brian [81, 82]. It develops without diapause and gives the
second peak in the number of pupae. All other larvae that emerge from the eggs within the
season, fall into a diapause, hibernate and finish their development only next summer. This

Summer season Winter Summer season
Eggs: al F | i e |
Larvae:
. Slow brood Slow brood
Pupae: Rapid brood |Rapid brood
A 4 Y Y Y
Alates and Workers Alates and | Workers |
workers workers

Figure 1. The strategy of prolonged brood rearing. Further explanation in the text.
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is so-called a slow or winter brood [81, 82]. Thus, two complete cycles of brood development
from the egg to imago take place in a colony during each year (Figure 1): a summer cycle that
begins and ends within one growing season, and a winter cycle, in which larval development
is interrupted by their diapause.

Rapid brood is found in most species from the temperate zone. It may be absent in species
and populations from the northern regions, where summer is short, as well as in species with
very slow individual development. For example, the rapid brood is absent in Amblyopone pal-
lipes from Massachusetts [83]. It can be assumed that this species is characterized by very slow
development, although there are no data on this problem. The Japanese ant Leptanilla japonica
has an extremely specialized annual cycle without rapid brood [73]. The queen lays the only
portion of eggs at the end of July to the beginning of August. The larvae develop, overwinter
at the last instar and pupate in July of the following year. They develop very synchronously,
so that at each moment there is only one ontogenetic stage in the nest. Adults emerge from
pupae at a time when larvae appear from the next portion of eggs. Thus, in spite of the fact
that this species lives in subtropical climate, only one cycle of brood development occurs dur-
ing a year.

The strategy of prolonged brood rearing is extensive inherently, as it is realized by stretching
of the development of individuals for two or more summer seasons. The appearance of larval
ability to fall into a diapause gave the ants a unique way for adaptation to the life in a temper-
ate climate and especially in high latitudes. Therefore, the strategy of prolonged development
is most common among the ants living there. It has a number of adaptive advantages.

5.1.1. More complete use of a favorable period for the development and available thermal
resources

Since the larvae are always in the nest, the workers can feed them from early spring to late
autumn. Immediately after the end of the winter, as soon as it becomes a little warmer, the
ants carry larvae from the underground chambers to the upper, warmed by the sun, horizons
of the nest (beginning with the largest larvae), creating the best opportunity for larval growth
and development. As it becomes warmer and the amount of available food increases, the
ants carry more and more small larvae to the upper levels of the nest and begin to feed them.
According to Peakin for Lasius flavus, the overwintered larvae of the first and second instars
remain in the deep and cold nest chambers for the longest time and therefore complete their
development only by the end of the summer [84]. Just the same was recorded for Temnothorax
nylanderi by Plateaux [69, 85]. In the spring, the workers of this species also start with the feed-
ing of the largest overwintered larvae which develop into alates.

The autumn period of larval rearing is also of great importance for most ants with a wintering
brood. For example, in the central part of European Russia in the colonies of M. rubra, the pupa-
tion of larvae ceases, as a rule, in the first half of August due to the onset of larval diapause.
However, until the middle of September, the larvae continue to hatch from remaining eggs, to
grow and develop. New third instar larvae appear and soon fall into a diapause. Moreover, in
Myrmica diapausing, third instar larvae retain their ability to feed and to grow slowly (without
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the development of imaginal buds), and therefore, they continue to gain the weight in the
autumn period [9, 86]. The same autumn growth of the last instar larvae was observed in
Leptothorax species [69]. According to our data, larval growth in diapause state is a characteristic
feature primarily for species in which larvae enter into a diapause and overwinter in the last or
all instars, Aphaenogaster, Lasius, Leptothorax, Manica, Messor, Myrmica, Solenopsis, Temnothorax
and Tetramorium and a number of species in genera Camponotus, Crematogaster and Monomorium.

Thus, in the species using the strategy of prolonged brood rearing, workers are engaged in
feeding of larvae until the final onset of cold weather and give them all the surplus food
produced during this period (minus the amount of nutrients that the workers accumulate in
their fat body). This makes it possible to maximize the total mass of the wintering brood and,
consequently, to grow up earlier the first workers, as well as reproductives, next spring. In
addition, the biomass accumulated by larvae is also a reserve of nutrients for the colony: in the
case of food shortage, ants can eat a part of the brood (mainly eggs and small larvae) in order
to survive and to feed the largest larvae [2, 87].

5.1.2. The ability to adapt to the duration of the warm period of a year by changing the amount
of the rapid brood

Such adaptation path can be realized during the penetration of the ants into more north-
ern areas [88] and in connection with the local variability of climatic conditions from year to
year. In the north, where summer is short and heat resources are limited, the ants can grow
up much less number of the rapid brood than in the south. For example, in the south of
France, Temnothorax unifasciatus has numerous rapid brood, and in cooler Belgium, only small
amount of it [89]. According to our data for Lasius niger, L. flavus, Myrmica rubra, M. ruginodis
and M. scabrinodis from the central part of European Russia, all overwintered larvae pupate
in the spring and in the first half of summer, and then a numerous rapid brood larvae also
pupate. Simultaneously, at the latitude of St. Petersburg, where the warm resources available
to the ants of these species are much less, usually only a small part of larvae emerging from
the eggs pupate during the same summer.

In the far north, where the summer is even shorter and the warmth is even less than in St.
Petersburg, the ants generally never have rapid brood [88]. This was demonstrated in our
studies on Leptothorax acervorum and Myrmica kamtschatica from the upper reaches of the
Kolyma River and M. rubra and M. ruginodis from the coast of the White Sea near the Arctic
Circle. Similar changes in the amount of rapid brood occur when the average summer tem-
perature increases or decreases from year to year. For example, in cool summer, Temnothorax
nylanderi may have no rapid brood, although it is usually quite numerous [69]. We observed
the same in St. Petersburg region for Lasius niger, Leptothorax acervorum, Myrmica rubra, M.
ruginodis and M. scabrinodis, in colonies of which there was no rapid brood in cool years, and
even some larvae could stay for repeated overwintering.

5.1.3. The ability to stretch the development of larvae for two or even three summer seasons

Lack of thermal and/or nutritional resources during the summer is not uncommon situation
in areas with cold temperate climate. As a result, some overwintered larvae that do not reach
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the size sufficient for pupation, fall into a diapause repeatedly and hibernate the second time.
Repeated overwintering of some larvae was noted for Camponotus aethiops [90], Temnothorax
nylanderi [69], Leptothorax acervorum [91], T. grouvellei [92] and Myrmica rubra [93]. We observed
this phenomenon in our experiments with Aphaenogaster sinensis, Camponotus herculeanus,
C. japonicus, C. aethiops, Lasius niger, L. flavus, Leptothorax acervorum, Manica rubida, Myrmica
rubra and M. ruginodis. The possibility of repeated larval hibernation is of particular impor-
tance for ants living in the far north with an extremely short summer. According to our data
for Myrmica kamtschatica and Leptothorax acervorum from the upper reaches of the Kolyma
River, all wintering larvae pupate in warm years, but only a part of them if the summer is cold.

However, the number of larvae repeatedly overwintering probably cannot be significant in
the colony. This is hampered by some social factors that limit possible changes in the structure
of the seasonal developmental cycle when ants penetrate into more northern regions [88].
Therefore, ants never go over to the opportunistic strategy of stretching development for sev-
eral years, so typical for many boreal and arctic insects [94, 95]. This feature restricts further
spread of ants to high latitudes.

5.2. The strategy of concentrated brood rearing (Formica type)

This strategy presumes the obligatory completion of the development of larvae emerging
from the eggs during one summer season, i.e. is typical for species that hibernate without
brood (Figure 2). We named such annual cycles as Formica type [80], since they were first
described for ants of this genus [7]. Diapause in larvae is absent, but it arises in queens at
the end of summer long before the autumn cooling. Therefore, even the eggs laid by the lat-
ter have time to complete the development. All adults emerge from the pupae before cold
weather comes on, and the ants prepare to overwinter. We can say that all brood is rapid in
these ants.

After the onset of queen diapause, new eggs stop to appear and all existing brood gradually
completes development. The diapause of queens should not occur too early, otherwise the
period available for brood development would be actually reduced. Simultaneously, if dia-
pause arises too late in the season, many larvae and pupae would be caught by the onset of
winter and destroyed by the cold. That is why the moment when queens enter into a diapause
is the most important for the Formica type annual cycles. From the point of view of using
available heat resources, the strategy of concentrated brood rearing is less effective than the
strategy of prolonged development. It can be realized in a temperate climate zone, where
summer is short, only in the combination with increased brood developmental rate, i.e. by
intensifying developmental processes, which becomes extremely important for northern spe-
cies and populations living in areas with a particularly short summer.

Our studies have shown [42, 96] that this is really so: in Cataglyphis, and especially in Formica,
individual developmental rates are significantly higher than in most species with hibernating
larvae. Among the northern ants, Formica species have the shortest developmental times and
develop almost twice as fast as Myrmica and Leptothorax. All six Formica species which we have
studied were very similar in the duration of ontogenesis and the temperature sensitivity of
the development [42]. Moreover, the development of Formica is much more thermal sensitive
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Figure 2. The strategy of concentrated brood rearing. Further explanation in the text.

than in Myrmica, due to relatively higher temperature thresholds and a higher coefficient of
linear regression of the developmental rate on temperature, which allows Formica ants to rear
brood especially intensively at higher temperatures [42, 96].

According to our data, at temperatures of 25-26°C close to optimum temperatures for Formica
species, their developmental time from the egg to the pupa is only 20-25 days, while it is
34-35 days in M. rubra. Moreover, at temperatures optimal for M. rubra (about 22° C), their
developmental time from the egg to the pupa is 4045 days, i.e. almost twice as much as
Formica species. Thus, in Formica, brood rearing really occurs more intensively. In concor-
dance with our observations for Serviformica species, in European Russia, their development
from the egg to the adult can be consistently realized two or three times over the summer, i.e.
these ants can rear two or three large batches of the brood. In Myrmica species, only one full
cycle of development, rapid brood, passes in the colony during the summer season. The larvae
of the second cycle enter into a diapause, overwinter and finish development next summer.

Thus, it can be assumed that raised rate of ontogenesis in Formica species completely compen-
sates for the shortcomings of the strategy of concentrated development and allows to signifi-
cantly increase the total amount of brood reared in the temperate climate during the summer.
So far, however, it is difficult to say whether such a high rate of ontogenetic processes is a spe-
cial adaptation that appeared in evolution during the formation of annual cycles of Formica
type, or the strategy of concentrated development could arise only in ants that already had a
high rate of development as preadaptational.

6. Review of heterodynamic annual cycles in ants

6.1. Seasonal cycles of Aphaenogaster type

For the first time, the seasonal cycle of ants of the genus Aphaenogaster was described in the
work of Headley [5], who counted the quantitative composition of 46 colonies of A. fulva
aquia (= rudis) in Ohio and recorded that eggs and larvae of all sizes remained in the nests



Structure, Diversity and Adaptive Traits of Seasonal Cycles and Strategies in Ants
http://dx.doi.org/10.5772/intechopen.75388

for hibernation. These data were confirmed by Talbot, who conducted research on A. fulva
and A. rudis in the more southerly state of Missouri [58, 97] and much later by Mizutani and
Imamura on A. japonica in Sapporo (Japan) [98].

We found and investigated this annual developmental cycle on A. sinensis (Southern
Primorye, Russia), A. gibbosa (southwestern Turkmenistan) and A. subterranea (Crimea) and
suggested to separate it into a particular type [80]. Apparently, it is typical for the whole
genus Aphaenogaster. In three species studied by us, a diapause of larvae of the last (third)
instar arises at the end of summer. However, queens continue to lay eggs until late autumn,
thus they do not have diapause. Therefore, eggs and larvae of all three instars stay in the nests
for overwintering. At least some of the eggs and junior larvae hibernate successfully, both
in the laboratory and in nature. We confirmed this fact during the excavation of nests in the
south of Primorye and in the Western Kopet Dag (Turkmenistan) in early spring. In accor-
dance with our data, the same seasonal cycle is typical for Tapinoma erraticum, T. karavaievi
and, possibly, for some Messor species in Turkmenistan, as well as for Temnothorax species,
although, in all these species, eggs cannot so successfully overwinter.

Thus, of all the currently known ants from the temperate climate going on hibernation with
eggs, they probably overwinter happily only in the Aphaenogaster species. The incapacity of
the eggs for hibernation is an obvious consequence of the impossibility of diapause onset at
this ontogenetic stage in ants. Our experiments with the colonies of Lepisiota semenovi, Lasius
niger, Myrmica rubra, M. ruginodis and Plagiolepis compressus, which we placed in summer into
a refrigerator with a temperature of 3-5°C, have shown that the eggs of these ants died at low
temperatures for 2 to 3 weeks and, of course, could not survive for a fairly long winter in the
natural habitat.

Despite this, in subtropics and in areas with a very warm temperate climate, where winters
are mild and short, seasonal cycles of Aphaenogaster type, which are characterized by the
absence of queen diapause and overwintering with eggs and larvae of all instars, are likely
to be widespread among ants. This is confirmed by some data. Thus, living in subtropics
Linepithema humile [56], Polyrhachis vicina [77, 78], Solenopsis invicta, S. richteri, Rhytidoponera
impressa [29] and R. metallica [99], always overwinters with eggs and all instar larvae. The
presence of eggs and larvae of all instars in the nests during the winter and even the ovi-
position of queens at low autumn and winter temperatures are noted for Leptothorax niger,
L. raeless and Temnothorax recedens in the south of France in a very warm temperate climate,
almost subtropical climate [100]. Therefore, it seems obvious that the heterodynamic annual
cycles of Aphaenogaster type are of subtropical origin. Some species can later penetrate into
areas with a warm temperate climate, while retaining the “subtropical” structure of their
cycle. However, in this case, eggs perish during the overwintering period due to more severe
winter conditions.

Most species of the genus Aphaenogaster, including those studied by Headley [5] and Talbot
[58, 97], are also confined to tropics and subtropics [2]. It can be assumed that some repre-
sentatives of this genus, which have spread from subtropics to areas with colder and more
prolonged winter, evolved some physiological mechanisms that increased the viability of
eggs at low temperatures. To ascertain their nature, special investigations are needed. Thus,
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according to the literature and own data, in addition to Aphaenogaster species [5, 58, 80, 97, 98],
the same seasonal cycle is typical also for some species of Leptothorax, Messor, Polyrhachis, Rhy-
tidoponera, Tapinoma and Temnothorax, inhabiting areas with a subtropical and warm
temperate climate.

6.2. Seasonal cycles of Myrmica type

The first studies of annual cycles of such type were fulfilled in the USA by Headley on two
Leptothorax species [4] and by Talbot on M. schencki emeryana [6] and on two Temnothorax spe-
cies [101]. Then, Passera studied in detail the seasonal development of Plagiolepis pygmaea in
Southern France [102, 103], and Sanders investigated three Camponotus species in the south of
Canada [104, 105]. The seasonal cycles of Messor capitatus [106], Camponotus vagus [107] and
C. aethiops [108] in the south of France, Myrmica rubra in Belgium [109] and Paratrechina flavipes
in Japan [110] were studied in the same detail.

The first study, in which the annual cycle of development was observed in the laboratory,
belongs to Brian [81]. He maintained two colonies of M. rubra and M. ruginodis, in artificial
conditions closest to natural. Later, he investigated the growth and development in several
colonies of the same species, founded by females, before the production of alates [93]. The
developmental cycle of Plagiolepis pygmaea [103] and a number of Leptothorax species [69, 75,
85, 89, 92, 111, 112] were studied in much greater detail. Plateaux kept the colonies founded
by the inseminated females of Leptothorax under conditions simulating the change of seasons,
from the moment of the colony foundation until the queen death and the natural extinction
of the colony (5-12 years), i.e. recorded the complete ontogeny of all colonies [75, 92, 111,
112]. Similar studies have been conducted on Messor syriacus [113], M. incorruptus [114] and
M. barbarus [115, 116]. Based on literature data, we can include in Myrmica type, the seasonal
developmental cycle of European species Messor harvester [117] and Dolichoderus mariae [79]
from the north of Florida (USA).

The larval stages, on which the diapause can occur, are extremely variable among ants with
Myrmica and Aphaenogaster types of annual cycles. Five groups can be distinguished accord-
ing to the instar composition of overwintering larvae [18].

6.2.1. Diapause in early (1st-3rd of 5 or 6) instars (Lepisiota, Plagiolepis, Tapinoma and some
Camponotus)

Larvae of the first three instars hibernate in Plagiolepis pygmaea according to Passera [102, 103].
Our data for P. calvus, P. compressus, P. karawajewi and P. vladileni are completely consistent
with this conclusion. In Tapinoma erraticum from France, most of the larvae hibernate at the
first instar and only a few at the second and third [118]. We found the same in T. erraticum
and T. karavaievi from Turkmenistan. We also observed the hibernation of the first and second
instar larvae in Lepisiota semenovi from the same place.

Diapause in early instars is also typical for many Camponotus species. Larvae of European
C. vagus always hibernate in the first instar [107]. Mintzer observed the same in incipient colo-
nies of seven American Camponotus species (C. clariothorax, C. festinatus, C. laevigatus, C. modoc,
C. planatus, C. rasilis and C. vicinus) under the laboratory conditions [119].
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6.2.2. Diapause in middle (2nd—4th of 5-6) instars (Camponotus s. str.)

Sanders indicated that in C. herculeanus, C. noveboraceus and C. pennsylvanicus, living inside
tree trunks in southern Canada, hibernating larvae could be divided into two distinct size
classes, i.e. they were clearly at different instars, unlike the Camponotus species listed above
[104, 105]. We observed the hibernation of larvae of the second, third and in a small number of
the fourth instar in our experiments on C. herculeanus, C. japonicus and C. ligniperda, all belong-
ing to the same subgenus Camponotus s. str. The first instar larvae never overwintered. In the
natural nests of C. herculeanus in early spring, we also found mainly larvae of the second and
third instar, but did not find larvae of the first and fifth instars at all.

6.2.3. Diapause in the late (3rd—4th of 4) instars (Harpagoxenus, Leptothorax, Temnothorax
and Messor)

According to the literature data, the larvae of Messor incorruptus hibernate in the last two instars
[114]. Delage noted that among the overwintering brood of M. capitatus there were no larvae
of the first instar [106]. In the laboratory, we observed the hibernation of M. denticulatus, M.
intermedius, M. subgracilinodis and M. structor and found that their larvae overwintered in the
last (third and fourth) instars. In the nests of M. denticulatus and M. structor from Turkmenistan
in the early spring, we always found only larvae of the last two instars.

Our investigations demonstrated that in Leptothorax and Harpagoxenus sublaevis larvae hiber-
nated in the third and fourth instars, and larvae of the latter instar were clearly predominant
among them. Only very rarely single larvae of the second instar could be found in overwin-
tering colonies of these species. Larvae of Temnothorax may hibernate at all three instars, but
larvae of the last instar obviously predominate among overwintering ones, for example, in
T. lichtensteini, T. nylanderi, T. parvulus [69, 112], T. grouvellei [92], T. melas [75] and T. monjanzei
[74]. We observed the same in T. unifasciatus and T. tuberum.

6.2.4. Diapause in the last (usually 3rd) instar (Manica, Diplorhoptrum, Leptanilla,
Monomorium, Myrmica, Tetramorium)

Only larvae of the third (last) instar hibernate in all Myrmica species studied [109, 120-122].
Our studies on M. bessarabica, M. kamtschatica, M. lacustris, M. rubra, M. ruginodis, M. sabuleti,
M. scabrinodis and M. transsibirica confirmed this. Larvae overwinter in the latter instar also
in Leptanilla japonica, which inhabit the subtropical regions of Japan [73]. Our research work
allowed us to supplement this group with the following species: Monomorium gracillimum,
M. ruzskyi, Manica rubida, Solenopsis celatum, S. fugax and all Tetramorium species.

Larvae of the ants, hibernating at the last instar, are for the most part far from the completion
of development, i.e. they are at the beginning or in the middle of this stage. To achieve the
size required for pupation, they usually need a fairly long period of growth after overwinter-
ing. This fully applies to the largest of overwintering larvae that develop in spring into alate
reproductives. An exception to this rule is Lepfothorax acervorum and probably other species
of the same subgenus, in which many of the larvae of reproductives almost complete their
development before the winter.
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6.2.5. Diapause in all (of 3-6) instars (sometimes except the first instar) (Aphaenogaster,
Crematogaster, Lasius, Paratrechina, Camponotus, Tanaemyrmex)

This group includes Lasius flavus [84], L. alienus and L. niger (own data), Paratrechina flavipes
[110], Crematogaster bogojawlenskii (own data) and some species of Camponotus. An exact study
of the instar composition of overwintering larvae of C. aethiops in France showed that 85%
of them were larvae of the first and second instars, 5% of the third to fourth and 10-15% of
the fifth instar [108]. The results of our experiments and spring excavation of nests in nature
confirmed that the overwintering brood of this species was represented by larvae of all instars
except the first, with the obvious dominance of the second instar. We have shown that larvae
of C. bactrianus and C. xerxes, species of the subgenus Tanaemyrmex as well, also hibernated in
all instars except the first. Perhaps this feature is typical for the entire subgenus.

6.3. Seasonal cycles of the Formica type

According to the literature data and own observations, this annual cycle is typical for the ants
of the entire tribe Formicini (genera Alloformica, Cataglyphis, Formica, Proformica, Rossomyrmex).
This fact was firstly determined by Holmquist on Formica ulkei [123, 124] and later repeatedly
confirmed by other researchers for same [125] and other Formica species: F. fusca [7], F. haem-
orrhoidalis [126], F. japonica [127] and F. yessensis [128]. Annual developmental cycles of ants
of the subgenus Formica s. str. have been studied in detail by many authors (for example, see
[129-132]). There are also detailed experimental data for Cataglyphis cursor [133-135]. Many
species of genera Alloformica, Cataglyphis, Formica and Proformica have been studied in Central
Asia by Dlusskii [63, 136]. The seasonal cycle of the slave-maker ant Rossomyrmex proformicarum
in the deserts of Semirechie (Republic of Kazakhstan) was described by Marikovskii [137]. Our
experiments and field observations made it possible to add to this list Cataglyphis aenescens,
C. emeryi, C. nodus, C. pallida, Formica cinerea, F. clara, F. cunicularia, F. gagatoides, F. lemani, F.
picea, F pratensis and Proformica epinotalis.

Outside the tribe Formicini, annual cycles without wintering brood were found in Dolichoderus
plagiatus, D. pustulatus [138] and D. quadripunctatus [139, 140] and in American harvester ants
Pogonomyrmex occidentalis and P. montanus [59, 141, 142]. Prenolepis impairs from the north of
Florida also overwinters without brood but has completely special annual cycle [60, 62]. These
ants are active outside the nests and foraging from November to March, i.e. during the winter
months; the rest of a year the nests are closed. During the foraging period, workers inside
the nest accumulate reserve nutrients in the fat body and gradually become physogastric. In
spring, their mass exceeds the normal by 2-3 times. During spring and summer, the ants stay
in the nests in inactive state. In September, the queens lay a large number of eggs, and then
their ovaries again become dysfunctional. The ants feed the larvae emerging from eggs only
at the expense of fat stocks of physogastric workers. Both workers and winged reproductives
grow up from this single batch of brood. By the time of the resumption of foraging, there is
no brood in the nests.

We found the annual cycle of Formica type in Ponera coarctata from the southern coast of the
Crimea (Karadag). Investigation of several dozen nests in early September demonstrated that
brood, except for a small number of pupae, was no longer present in them. In the colonies
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transferred from natural nests to the laboratory, the eggs did not appear even when the ants
were kept at a long day photoperiod and at temperatures of 25-28°C for 2 months. Thus, the
reproductive diapause of queens in this species was as stable as that of Formica ants. According
to Talbot, Ponera pennsylvanica in Missouri (subtropics) also hibernated without brood [58].
Similar seasonal cycle was described for another Ponerine ant, Odontomachus brunneus from
the north of Florida (subtropics) [143]. This species spend half of a year (from November up to
April) without any brood in the nests. This allows us to assume that queens of Odontomachus
brunneus have winter reproductive diapause.

7. Two types of the regulation of heterodynamic annual cycles

The main characteristic feature of homodynamic and quasi-heterodynamic types of annual
cycles is a purely exogenous control of the development, and the key factor is environmen-
tal temperature. Heterodynamic species have a much more complex regulation of seasonal
development, usually based on a combination of exogenous and endogenous mechanisms.
We divided all heterodynamic ants into two groups, which differ substantially in the princi-
ples of the regulation of the annual cycle, exogenous-heterodynamic species and endogenous-
heterodynamic species [18].

The first of them is characterized by the possibility of continuous and unlimited development
under optimal conditions. The diapause is optional and occurs only when the temperature
is lowered. Such annual cycles we call exogenous-heterodynamic. They are typical for all
species of the genera Messor, Monomorium, Solenopsis and Tetramorium we have studied and
also for Camponotus xerxes and Tapinoma karavaievi. At temperatures above 25°C, as well as
at diurnal thermal periods 20/30°C, they all behave like true homodynamic species. Under
these conditions, we observed continuous development without any signs of deterioration in
experimental colonies for two or more years [144]. At the same time, at temperatures below
23-25°C, the egg laying and the larval pupation soon stop, or only pupation (in some spe-
cies of Messor, which can hibernate with eggs), i.e. development finishes under the influence
of suboptimal temperatures. If the temperature is then raised, the development will resume
after a while. However, it can again be blocked by lowering the temperature, and once again
stimulated by its increase. Similar experiments can be repeated with the same colony of ants
many times and oft with the same result [144].

Thus, exogenous-heterodynamic species are distinguished by facultative winter diapause in
larvae and queens. Developmental delays in a colony are purely exogenous and ensue as a
straight reaction to the influence of external environmental factors, primarily, of temperature
when it becomes not optimal for the development. Moreover, inhibition of development is
unstable and easily disrupted when the temperature rises. However, these developmental
delays are not just a consequence of cold coma but, namely, are the form of diapause (for
more details, see [18]). This is not a state of elementary quiescence as in species with quasi-
heterodynamic annual cycles, because this kind of diapause starts when environmental tem-
perature still significantly exceeds the developmental threshold. Other essential feature is that
the diapause arises not directly after the temperature decline but with some lag. Additionally,
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this diapause is invertible and may be terminated or induced again several times by consistent
rising or decreasing the temperature, but each time after a little delay. The second important
property of exogenous-heterodynamic species is the distinct change of their reaction to tem-
perature during overwintering as a result of cold reactivation. After natural overwintering
or after exposure in a refrigerator to 3-5°C during 2-3 months, the development and pupa-
tion of larvae recommenced and proceeded for a long period at 20°C and even at 18°C (in
some Tetramorium) in all species studied [144]. This difference in the reaction to temperature is
another indication of the existence of diapause in exogenous-heterodynamic species.

Most of the ants from temperate zone belong to the second group of species which is charac-
terized by endogenous-heterodynamic annual cycles. The diapause arises due to internal fac-
tors (endogenous timer) and no external conditions can prevent it [18, 145]. Even under long
day conditions and optimal temperatures, including the diurnal thermal periods, which are
the most favorable thermal conditions for ants [146-148], the development in colonies of these
species necessarily ceases, and the phase of dormancy in the annual cycle begins.

Thus, the diapause of endogenous-heterodynamic species is obligatory for the colony which
has an internally limited intrinsic seasonal cycle of brood rearing. External environmental
factors, such as temperature and photoperiod, also participate in the regulation of annual
cycles of these species, playing a corrective role, i.e. in varying degrees adjusting the duration
of the cycle to the climatic peculiarities of a particular summer season. But the regulation of
the cycle is still based on processes that are endogenous for the colony [18, 145]. According to
our data, the following species living in temperate climate belong to the group with endog-
enous-heterodynamic annual cycles: Aphaenogaster, Camponotus, Cataglyphis, Crematogaster,
Formica, Harpagoxenus, Lasius, Lepisiota, Leptothorax, Manica, Myrmica, Plagiolepis, Ponera,
Proformica and Tapinoma [18, 80, 96, 145-147, 149-151]. Analysis of the literature data from
our conceptual positions allows us to classify the following species as endogenous-heterody-
namic: Aphaenogaster subterranea [152], Camponotus herculeanus, C. ligniperda, C. noveboraceus,
C. pennsylvanicus, C. vagus [105, 107, 153], Cataglyphis cursor [133-135], Crematogaster scutellaris
[154-157], Formica sanguinea [158], F. ulkei [159], the genera Leptothorax and Temnothorax (with
the exception of subtropical ones) [69, 75, 85, 91, 112], Myrmica rubra [82, 160-162], Plagiolepis
pygmaea [103] and Odontomachus brunneus [143].

The gradual decrease of a colony capability to produce new eggs and to grow up non-dia-
pausing larvae takes place during the summer season. At the same time, there is the increase
of the bias for diapause as a consequence of the ongoing endogenous physiological and social
processes. Moreover, the ant colony gradually acquires the sensitivity to the day length (to the
photoperiod). The increasing photoperiodic sensitivity of a colony strongly changes the reac-
tion to temperature. Because of these processes, at the end of the summer, the decrease of tem-
peratures and the shortening of the day length (in some species only) contribute to the onset
of diapause, thereby reducing the period of egg laying and larval development. The same
impact of external factors to the colony’s life cycle was found in all ant species that we studied
[80, 96, 146, 163-165]. So, the duration of a colony’s annual cycle of brood rearing in nature is
controlled both by an endogenous timer and by exogenous environmental cues, such as tem-
perature and photoperiod (in some species). These environmental conditions adjust the date
of diapause onset to the climatic features of a given year.
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Temperature control of diapause is the most universal in ants. The higher temperatures delay
the onset of diapause both in larvae and adults, whereas the lower temperatures always accel-
erate the process of the beginning both in larvae and adults. On the contrary, photoperiodic
control of diapause is unexpectedly uncommon among ants. For the first time, the photoperi-
odic responses were revealed in M. rubra and M. ruginodis [163]. It has been shown that the dia-
pause in larvae and queen appeared more quickly when the day length decreased in the range
from 16 to 13 h [163, 164]. The diapause both in queens and larvae ceased when inactive ant
colonies in autumn condition were exposed to day lengths of 15 h [166]. Later on, Hand [167]
and Brian [168] confirmed the presence of the reaction to photoperiodic conditions in M. rubra.

The subsequent extensive investigations nonetheless have shown that apart from Myrmica
only few ant species used photoperiod as an ecological cue which controls all life processes
in a colony: development, oviposition and diapause onset. We have found that photoperiodic
conditions affected the induction of diapause only in Aphaenogaster sinensis [80] and Lepisiota
semenovi [169]. Additionally, we have observed higher incidence of diapause in larvae under
short-day conditions than in larvae under long-day conditions in Camponotus herculeanus,
Leptothorax acervorum and Manica rubida. Thus, the genus Myrmica represents a rather curious
exception among temperate ants since all Myrmica species studied so far possess clear-cut
photoperiodic responses, which control the induction and termination of diapause [149, 150,
163, 164, 170, 171].

Thereby, the seasonal development of most ant species from temperate climate regions
depends on inner timer in combination with environmental temperature, which triggers the
onset of diapause. The environmental factors can modify the duration of the seasonal brood-
rearing cycle within broad range in most species of the genera Aphaenogaster, Crematogaster,
Lasius, Myrmica and Tapinoma. For example, suboptimal temperatures of 17-20°C and short
days vastly bring closer the beginning of diapause in larvae and queens of Myrmica rubra
and M. ruginodis [163]. Whereas at long days and a temperature of 25°C, egg laying and the
development and pupation of rapid brood larvae continue for several months without inter-
ruption [149, 164].

The seasonal cycle of oviposition and development in other species is controlled predomi-
nantly by the endogenous mechanisms. In these ants, the moment of diapause onset depends
only slightly on environmental conditions. Temperature hardly modifies the intrinsic length
of the queens’ oviposition period in all studied Formica species [96, 165]. The annual brood-
rearing cycle in Cataglyphis species and the species from subgenera Camponotus s. str. and
Leptothorax s. str. is also relatively independent of the environment.

8. The regulation of diapause in larvae

The diapause of larvae in ants is facultative in most case, i.e. a given larva can either develop
directly or fall into a diapause depending on the circumstances. Temperature can affect larval
development and induce diapause both directly and through the nurse workers. Detailed
studies performed on M. rubra have made it possible to prove that ant larvae themselves
were not able to sensate the photoperiodic conditions in which they were placed [172, 173].
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Actually, the development of larvae was under the influence of workers whose physiological
state and behavior strongly depended on the day length because they received the informa-
tion about the photoperiodic conditions from the external environment. In laboratory experi-
ments, we easily obtained the workers and larvae in alternative physiological states either
by keeping the ant colonies under long-day conditions from the spring and by activating
them with long-day photoperiods in autumn (getting of physiologically active, non-diapause
individuals) or by exposing the ant colonies to the influence of short-day conditions dur-
ing 1 month (getting of physiologically inactive, diapausing individuals). We have shown
that non-diapause workers induced growth and pupation of summer larvae and interrupted
the diapause of autumn larvae, while diapausing workers were incapable to support a high
growth rate of larvae and forced them to fall into a diapause [13, 170]. We examined the
characteristic features of social control by workers over larval development in several ant
species and created experiments using workers and larvae in alternative physiological states.
The experimental scheme included four sets: (1) spring state: physiologically active work-
ers (after hibernation) with physiologically active larvae; (2) termination of larval diapause:
physiologically active workers with diapausing larvae; (3) induction of larval diapause: dia-
pausing workers with physiologically active larvae and (4) autumn state: diapausing workers
with diapausing larvae.

The results of these experiments demonstrated that ant species studied fundamentally dis-
tinguished from each other [13-16, 170, 174]. In Camponotus herculeanus, C. japonicus and
several Tetramorium species not overwintered physiologically inactive diapausing larvae,
which were provided with food by spring physiologically active workers, developed rapidly
and pupated within a short period, whereas overwintered larvae placed into the nests with
autumn diapausing workers did not develop and pupate at all or only a few of them pupated
sometimes. Thus, the workers of these ants exercise full control over the development and
the diapause of their larvae. However, in Leptothorax acervorum, we found an entirely oppo-
site situation: autumn workers could not prevent development of spring larvae and they all
pupated. At the same time, overwintered workers stimulated the development of less than
half of diapausing larvae. In Myrmica rubra, M. ruginodis, M. lobicornis and Lasius niger, we
observed an intermediate situation: only some spring larvae pupated when fed by autumn
workers, and also far from all autumn larvae finished the development under the care of
spring workers.

Thus, the forms of social influence of workers on larval diapause are diverse in ants and range
from nearly absolute control (in Camponotus and Tetramorium), when the physiological state of
workers completely defines the fate of larvae, to rather weak effects when diapausing workers
are unable to prevent the pupation of most of overwintered larvae, and spring workers are
capable of inducing the development and pupation of only a few diapausing autumn larvae
(in Leptothorax). In most species (Lasius, Myrmica), however, the intermediate variants of dia-
pause control are realized. There is some evidence that Myrmica workers can manipulate the
development of larvae via changing the intensity of tactile stimulation and the frequency of
feedings [12, 13, 170, 174]. Probably, in the cases when larvae hibernate at younger instars (as
in Camponotus s. str.) and need a long period of growth to complete development, diapausing
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workers cannot provide them with the necessary food. At the same time, spring workers are
able to effectively stimulate the development of young diapausing larvae. On the other hand,
large larvae, overwintered in the last instar (as in Leptothorax), can finish the development
even without receiving enough food from diapausing workers. However, the diapause of
these larvae is deeper and more durable, and the spring workers cannot break it.

In many ant species with endogenous- and exogenous-heterodynamic seasonal cycles, the
larvae fall into a diapause in the last larval instar. These diapausing larvae continue to feed
and to grow slowly and can attain a significantly larger size before overwintering. This larval
growth in diapause state is very important for the process of caste differentiation in Myrmica
[86]. Continuing to increase in the size the diapausing larvae in reality do not develop
progressively, as far as the differentiation and enlargement of their imaginal buds do not
occur. Only these well-grown large diapausing larvae potentially may become the female
reproductives in spring [86]. Subsequently, Plateaux [69] described the identical phenom-
enon for L. nylanderi. In accordance with the results of our studies, slow growth of larvae in
diapause state is an attribute of the ant species from the genera Camponotus (some species),
Crematogaster, Lasius, Lepisiota, Leptothorax, Manica, Messor, Monomorium, Myrmica, Solenopsis
and Tetramorium. The physiological nature and types of diapause in ants are examined in the
paper of Kipyatkov [18].

9. Evolution of annual cycles of development in ants

Problems of the origin and evolution of the diapause and seasonal cycles of insect develop-
ment attracted the attention of many researchers (for example, see [175-177]). The main con-
clusion reached by most authors is that the evolution of seasonal adaptations occurs largely
beyond direct connection with the phylogeny of taxa, and all the elements and parameters
of seasonal development known to us, including the diapause itself, the types of cycles, pho-
toperiodic reactions and other regulatory mechanisms, repeatedly, independently and in a
variety of ways arise in the evolution of insects. One and the same goal of adapting to cer-
tain seasonal environmental conditions can be reached in a variety of ways by combining a
whole range of known (or even not yet described) physiological mechanisms [176, 177]. Such
a clearly expressed diversity of evolutionary solutions makes it very difficult to analyze the
possible ways of the evolution of seasonal development cycles, even within not very large
groups of organisms. Nevertheless, some authors proposed various specific sequences of evo-
lutionary events to explain the origin and development of photoperiodic reactions and other
physiological mechanisms controlling the diapause and other seasonal adaptations [175]. The
most promising approach to the problem of the evolution of seasonal adaptations can be
the identification of basic adaptation syndromes, for example, structural types of the annual
cycles, diapause forms, ways of synchronizing the cycle with the seasonal rhythm of the cli-
mate, etc. Then, it may be productive to look for correlations between all these adaptations
and possible ties with the specific environmental conditions in which they are realized and
also to analyze the occurrence of the phenomena under study within different taxa.
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More and more data appear on the role of diapause in the regulation of the life cycles of
insects in tropics. In these regions, the diapause does not always prove to be adapted spe-
cifically to the extreme conditions of the abiotic environment, but is often associated with
seasonal variations in food availability, migration and reproduction processes. This makes it
possible to speak with confidence about the tropical origin of the diapause in many insects
[70, 176]. Moreover, the winter hibernation of insects is a relatively recent evolutionary acqui-
sition that arose only after the formation of a glacial climate on the Earth [44]. The available
facts do not completely exclude the hypothesis of the possible occurrence of the diapause by
the gradual deepening of the developmental delays that first arise exogenously under the
direct influence of cold, dryness, lack of food or other unfavorable conditions. The diapause
is a fairly simple adaptation from the point of view of the possibility of forming its regulatory
hormonal mechanisms, and therefore it could arise in evolution many times and in different
ways [176, 177].

Turning to the analysis of the main trends in the evolution of the annual developmental cycles
in ants, two most important and closely related questions should be pointed out. First, it is the
origin of different forms of diapause, and secondly, possible ways of forming of endogenous-
heterodynamic developmental cycles with obligate diapause. It should be borne in mind that
the family Formicidae, in its evolutionary origin, is undoubtedly associated with the tropical
regions of the Earth, where most of the species of ants live now. From tropical regions, these
insects penetrated into zones with temperate climate, forming new species and taxa of higher
rank [2, 63]. Another interesting issue, namely the evolution of the structure of the seasonal
cycles in ants during their distribution to the north, has been discussed in detail in a special
article of V. E. Kipyatkov [88].

It is possible to imagine at least two possible ways of the origin of heterodynamic annual
cycles in ants living in temperate and cold climatic zones.

9.1. Subtropical (quasi-heterodynamic) path of evolution

We suppose the possibility of direct adaptation of homodynamic species which penetrate
from the tropical regions into subtropics and further into the zone with temperate climate and
with cold enough winter. In this case, they do not form a real diapause, and at first acquire the
ability to overwinter in the state of a quiescent (cold coma) but suffer from more or less strong
mortality, i.e. quasi-heterodynamic seasonal cycles appears. The diapause evolves later and
seasonal development becomes exogenously heterodynamic.

The reality of this path of evolution is almost unquestionable. It has been illustrated above
by a number of examples of quasi-heterodynamic seasonal cycles, in particular, by the exam-
ple of two Pheidole species studied experimentally. Some of the quasi-heterodynamic spe-
cies (Linepithema humile, Solenopsis invicta, S. richteri) are known to have penetrated recently
into areas with subtropical and temperate climate. They represent a magnificent model of the
evolution of heterodynamic cycles, but practically were not investigated experimentally. It is
completely unclear; for example, do the populations of S. invicta that penetrated far enough
to the north in the USA, shape some kind of a diapause, or in winter the development delays
because of a quiescent, like in the populations from subtropics? The same question applies to
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the populations of L. humile in Southern France. An experimental study of these ants, as model
systems, would make it possible to test the possibility of quite quickly (over several decades)
occurrence of a diapause in quasi-heterodynamic species.

Probably, quasi-heterodynamic annual cycles with the brood death in late autumn arise in
the evolution of many homodynamic ants, which penetrate from tropics into subtropics and
further into regions with a warm temperate climate. The nomadic ants Neivamyrmex on the
north of its distribution area in the USA live in regions with a fairly cold winter. Investigations
were conducted on N. nigrescens by Schneirela in the southeast of Arizona at altitudes of about
1660 m above sea level [31]. He has shown that in the autumn, when the nights became cold,
these ants with nocturnal activity ceased foraging activity. The lack of food compelled the
queen to stop egg laying, the workers destroyed the remaining brood and adult ants hiber-
nated in a shelter. In the spring when the temperature rose, the queen started oviposition.
When larvae appeared, the ant colony gradually restored the cycle of nomadic behavior and
brood rearing typical for the summer period [31]. Schneirela assumed the presence of direct
influence of temperature on the development of these ants. However, this idea was not con-
firmed by experiments.

The second real way of verification of our assumption is to study the species taxonomi-
cally close to exogenous-heterodynamic ants from the zone with warm temperate climate,
but inhabiting subtropics and tropics. The most promising in this respect are the genera
Monomorium and especially Tetramorium. All of the species of these genera, which we studied,
inhabit the temperate climate zone and are exogenous-heterodynamic.

If the onset of a diapause and exogenous-heterodynamic development on the basis of quasi-
heterodynamic seasonal cycles seems quite plausible, then the possibility of further evolution
in this direction toward the formation of endogenous-heterodynamic cycles with obligate dia-
pause is far from obvious. We do not have at present any definitive evidence of the reality of
such an evolution, but in our experiments we found distinct manifestations of endogenous
regulation of development in most exogenous-heterodynamic species [144]. The possibili-
ties of evolutionary transition from exogenous- to endogenous-heterodynamic development
within the group of closely related species are indirectly confirmed by the following three
examples.

Two closely related species of the genus Tapinoma from Turkmenistan were investigated in
sufficient detail experimentally and under natural conditions. T. karavaievi is a species wide-
spread in the plains of Central Asia. It does not rise to the mountains higher than 600 m above
sea level, i.e. lives in a fairly warm temperate climate [136]. Almost in all parameters of the
regulation of seasonal development, this species is exogenous-heterodynamic. In the most
optimal temperature conditions, we observed almost non-stop development in its colonies.
The diapause of larvae in T. karavaiev, as a rule, terminates when the temperature rises [144].
Nevertheless, the endogenous regulatory component was distinctly expressed in this species
at lower temperatures, and under conditions of free temperature selection in the temperature
gradient installation, we observed a smoothed spontaneous rhythm of development [145].
Another species studied, T. erraticum, is common in southern Europe and the Caucasus, and
in Turkmenistan occurs only in the mountains, i.e. clearly gravitates toward a cooler climate
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than T. karavaievi [136]. Experiments have shown that T. erraticum belonged to the group of
endogenous-heterodynamic species and had a very stable winter larval diapause, which
could not be disturbed by a simple increase in temperature.

The second example is a pair of taxonomically related species of the genus Monomorium,
M. kusnezovi and M. ruzskyi. Due to the existence of significant geographical variability in
morphology for a long time, many researchers have combined these ants into one species
under different names and confused them [136]. The gradual accumulation of collection mate-
rials made it possible to find out that everywhere on the plains of Central Asia there is one
variegated in color species, M. kusnezovi. Its mountain populations differ from the desert ones
not only in smaller sizes and dark colors, but also in some peculiarities of biology [63]. Later,
large differences between the queens of these two forms were found and the mountain form
was described as M. ruzskyi [136].

Our observations have shown that M. kusnezovi and M. ruzskyi often met together in the
foothills and lowlands of the Kopetdag. However, despite the taxonomic proximity of these
two species, their annual cycles differ significantly. M. kusnezovi is quasi-heterodynamic, i.e.
the diapause of the brood and the reproductive diapause of queens are absent, so eggs and
larvae of all ages remain in the nest during the winter and a significant part of them perish.
At the same time, the annual cycle of M. ruzskyi is of Myrmica type, i.e. it is endogenous-
heterodynamic and is characterized by a fairly stable diapause in larvae of the last (third)
instar and in queens. Therefore, in the colonies of this species, only the larvae of the last instar
hibernate, and they are always numerous. Thus, the features of the structure and regulation
of the annual cycle make it possible to differentiate these closely related species no worse
than the morphology of their queens.

We studied two Camponotus species, C. xerxes and C. aethiops, which belonged to the subge-
nus Tanaemyrmex, but differed dramatically in regulation of seasonal development. C. aethiops
possesses an obligate, very stable diapause and endogenous-heterodynamic regulation of the
annual cycle, while in C. xerxes there is an unstable diapause and mainly exogenous regula-
tion. At a temperature of 25-27°C, we observed continuous development in the colonies of
C. xerxes for more than 2 years. These differences are obviously due to the fact that C. aethiops
lives in a colder climate (Central and Southern Europe, Crimea, Caucasus and mountains of
Central Asia) than C. xerxes (the desert plains of Afghanistan, Iran and Turkmenistan).

9.2. Tropical (preadaptational) path of evolution

Extremely few examples of heterodynamic annual cycles in tropical ants allow us to assume
that such species, already possessing diapause (preadaptation), could probably easily pene-
trate into subtropics and further into the temperate climate zone, using the ability to form a dia-
pause for experiencing a cold winter. The causes for diapause emergence in tropical ants can be
diverse. For example, it can be the necessity for survival during the arid or excessively wet sea-
sons of a year, during the periods of shortage or inability to obtain food, etc. It is also possible
that the ability to diapause arose as a way of solving internal problems for the colony related
to the regulation of development, the processes of caste differentiation and reproduction.
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Moreover, in tropics, both exogenous and endogenous mechanisms of diapause regulation
could be formed, which under the new conditions of a temperate climate, and could be used
to synchronize the onset of a diapause with the beginning of a cold season of a year.

Unfortunately, this scheme is almost entirely speculative, first of all, because tropical species
with heterodynamic annual cycles have not been investigated experimentally so far, and we
know absolutely nothing about the prevalence and nature of diapause in tropical ants. The
only argument indirectly confirming the possibility of the tropical origin of heterodynamic
annual development in many ants is the rather wide prevalence of endogenous-heterodynamic
cycles with obligate diapause among ants inhabiting subtropical and warm temperate climate
zone. Among the 39 species of ants from Turkmenistan and the southern coast of the Crimea
which we experimentally studied, 18 (46%) are endogenous-heterodynamic. An analysis of a
few works, in which at least the simplest laboratory experiments were carried out, allows us to
classify as endogenous-heterodynamic four more species from the zone with warm temperate
and subtropical climate: Plagiolepis pygmaea [103], Camponotus vagus [107], Temnothorax mon-
janzei [74] and T. melas [75]. Are we correct to assert that in all these ants, the predominantly
endogenous regulation of the annual cycle with the obligate diapause has evolved here in
areas with a very warm or subtropical climate, or is it wiser to think that it originated in tropi-
cal ancestors of some of these species at least? The answer to this question is currently not pos-
sible due to lack of sufficient evidence.

9.3. Taxonomic position and seasonal adaptations

An example of close relationship between taxonomic position and seasonal adaptations is the
Formicini tribe. All species studied use the strategy of concentrated brood rearing and are
endogenous-heterodynamic with the obligate and very stable diapause of queens and work-
ers and the apparent dominance of endogenous regulatory mechanisms. Probably, such a
system of seasonal adaptations evolved already in the ancestors of this tribe.

All studied species of the genus Myrmica have a very similar structure of the seasonal devel-
opment cycle [178, 179] and, according to our experiments, have photoperiodic regulation of
a diapause rarely seen in other ants [18]. We have experimentally investigated the seasonal
development of three species of the subgenus Camponotus s. str., C. herculeanus, C. japonicus and
C. ligniperda and found almost complete similarity between them in all respects: endogenous-
heterodynamic regulation, obligate and very stable diapause of queens and larvae, the same
overwintering stages (second instar larvae) and, finally, absolute control by workers over the
onset and cessation of larval diapause [16]. According to available literature data, C. vagus from
the same subgenus has identical characteristics of the seasonal cycle [107]. Finally, all species
of the genus Tetramorium, which we studied, are distinguished by exogenous-heterodynamic
regulation of seasonal development and temperature-unstable diapause.

Other examples relate to fairly definite correlations between taxonomic position and over-
wintering stages in a number of ants genera. In all species of Leptothorax and Messor, lar-
vae diapause and overwinter mainly in the last two instars; in Myrmica and Tetramorium, in
the last instar, obligatory; in Plagiolepis, in the first three instars and in Lasius, in all instars.
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Finally, all Aphaenogaster species studied so far do not have a diapause of queens and
therefore hibernate with eggs and larvae in all instars. At the same time, directly opposite
situations are known, when closely related ants have completely different seasonal adapta-
tions. They are already mentioned above when comparing the following pairs of species:
T. karavaievi-T. erraticum, M. kusnezovi—M. ruzskyi and C. xerxes—C. aethiops.

Thus, it can be argued that in the evolution of ants, correlations could arise between the nature
of seasonal adaptations and the phylogeny of taxa, but no less common are the cases of the
absence of such connections, i.e. the appearance of significant differences in the structure and
regulation of the annual cycle between related species and, on the contrary, the parallel and
independent formation of very similar adaptations in different phylogenetic branches.

10. Conclusions

1. Most tropical ants demonstrate homodynamic development. They do not exhibit any de-
velopmental delays and all-year round the ontogenetic stages from egg to pupa exist in
their nests. Some of the quasi-heterodynamic species have permeated into the regions with
warm temperate climate but a true diapause did not evolve. In these species, the brood
development stops only at temperatures falling below the developmental threshold (con-
secutive dormancy). So, the ants spend the winter in the state of a quiescent (cold coma),
while more or less high mortality rates are observed in their colonies. Most temperate and
all boreal climate ants are true heterodynamic. They manifest a true deep winter diapause
(prospective dormancy) in their annual cycle.

2. Heterodynamic ants use two main seasonal strategies with respect to brood rearing. The
ants are more likely to follow the strategy of prolonged brood rearing. It is distinguished
by the following features: (1) larval diapause is facultative and controlled by environmen-
tal (temperature, photoperiod) and social (worker care, queen influence, pheromones, etc.)
factors; (2) only some larvae develop from egg to pupa within the same summer season
without overwintering (this rapid brood, or summer brood, yields only workers); (3) a
large proportion of larvae delay their development, continue to grow in autumn, overwin-
ter in diapause and pupate the next summer (this slow brood, or winter brood, yields both
workers and alates).

3. The strategy of concentrated brood rearing is distinguished by the following features: (1) lar-
vae have no dormancy and complete their development during the summer; (2) the develop-
ment of all brood stages is thus restricted to the growing season; (3) only queens and workers
are able to undergo diapause and overwinter; (4) the colony thus passes the winter without
brood. This strategy, however, is not the most common.

4. The forms of dormancy which were found in ants extend from elementary quiescence to
deep diapause. In exogenous-heterodynamic species, the diapause is optional for larvae
and queens. The diapause occurs as a result of a direct reaction to temperature decline
in the autumn but at a moment when the temperatures still exceed the developmental
threshold.
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5. On the contrary in endogenous-heterodynamic ant species, the diapause is compulsory for
the colony and occurs eventually under any conditions. Two main factors restrict and con-
trol the internal brood-rearing cycle in these species. They are the endogenous timer and
environmental conditions, temperature and photoperiod (in some species). But environ-
mental cues can only regulate in some degree the moment of the onset of diapause by accel-
erating or delaying this event. All cold climate ants have adult diapause, so that their queens
and workers are capable for overwintering. Queens and some workers experience diapause
several times in their life. On the contrary, the ability of larvae to undergo diapause is not
universal in ants. This is a major factor in seasonal cycle evolution in these insects.

6. The diapause of larvae in ants is facultative in most case. Temperature can affect larval
development and induce diapause both directly and through the nurse workers. The lar-
vae appeared to be entirely insensitive to the direct influence of photoperiods. The forms
of social impact on larval diapause by workers are diverse in ants and range from nearly
absolute control when the physiological state of workers completely defines the fate of
larvae, to rather weak effects when in experimental conditions diapausing workers are
unable to prevent the development of most overwintered larvae, and spring workers are
capable to induce pupation of only a few diapausing autumn larvae.

7. We can conclude that the similar seasonal adaptations could arise in ant evolution inde-
pendently many times and usually are not tightly bound to the taxonomic position of
species. Nevertheless, several examples of certain seasonal cycle traits clearly confined to
specific ant taxa have been found.
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Abstract

Ants are a ubiquitous component of insect biodiversity and well known for its eusocial
behavior. They are active foragers, scavengers, and predators that are prevalent in the
vicinity of several plantations and crops. They (workers) prey on many insect species and
feed on nectar exudates from plants as well as sticky secretions produced by Homopteran
and Lepidopteran insects. As ferocious foragers with an aggressive attacking habit (e.g.,
Oecophylla smaragdina), they have often been used as biological control agents against
various crop pests. However, some economically important insect species like the wild
silkworm, Antheraea mylitta, are also affected by these foragers, namely, O. smaragdina,
Myrmicaria brunnea, Monomorium destructor, Monomorium minutum, etc., which leads to
the loss in crop outcome. In addition, some of them are known to destroy several plant
species including domesticated fruit trees, particularly at the seedling stage. In this chap-
ter, the foraging habit and the predation biology of these foragers are explored, in which
the sequence of attack, their interactions, and invasion caused are discussed. It may also
serve as a primary source of information on the foraging and its invasive impact, which
may help to protect and/or take counteractive actions against the foragers which are
harmful to commercial cultivations.

Keywords: aggressive predator, biological invasions, crop damage, foraging behavior,
Tasar culture

1. Introduction

Ants (Hymenoptera: Formicidae) are eusocial cosmopolitan insects with about 13,262 species
and 1941 subspecies, classified into 333 genera and 17 subfamilies [1]. They live in diverse
habitats with diverse feeding habits and association with other species, in particular, plants
and insects [2]. They form various colonies that consist of few to millions of individuals, living
in small natural cavities to highly organized vast territories. Colonies comprise castes of sterile,
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wingless females such as workers, as well as soldiers and other specialized groups [3, 4]. These
ant colonies consist of fertile males, i.e., “drones,” and one or few fertile females, i.e., “queens”
[3], working together for the colony [5, 6]. Ants have colonized almost every landmass and may
form about 15-25% of the terrestrial animal biomass [7]. Their social organization includes the
ability to modify habitats and defend themselves. Ants form symbiotic associations with other
organisms including other ant species, other insects, plants, etc. Their long coevolution with
other species allowed them to enter into such mimetic, commensal, parasitic, or mutualistic
relationships [2]. For example, in ant-fungus mutualism, both the species depend on each other
for survival. The ant, Allomerus decemarticulatus, shows a three-way association with their host
plant, Hirtella physophora (Chrysobalanaceae), and a sticky fungus helps to trap their insect prey
[8]. They may, however, also be preyed upon by other animals as well, although their mimicry
(myrmecomorphy), e.g., Batesian mimicry or Wasmannian mimicry (the mimic resembles its
host to live within the same nest or structure) may reduce the risk of predation [9, 10]. In terms
of their dietary requirements, most of the arboreal as well as some terrestrial taxa forage exten-
sively on carbohydrate-rich plant secretions as well as insect exudates [2, 11]. Aphids and other
hemipteran insects secrete a sweet liquid, i.e., honeydew, while feeding on plants. The sugars
present in the honeydew are a high-energy food source [12]. Sometimes, the aphids secrete the
honeydew for the ants so as to keep their predators away from them. Similarly, ants also tend
to mealybugs to harvest their honeydew. Moreover, the myrmecophilous (ant-loving) larvae of
the butterfly family Lycaenidae are driven by the ants. The larvae secrete the honeydew from
their glands when the ants massage them, while some of them produce sounds and vibrations
that are perceived by the ants [13].

As the ants are associated with another organism, they play a significant role in the insect
ecosystem. During foraging, they feed on the plant cell sap and the honeydew produced by
the other insects. However, they also feed on other insects to complete their food demand. As
active foragers, they feed and affect several other commercially important insect species [2,
14-16], including the silkworm, A. mylitta, which affects the overall silk production [17, 18].

2. Biology and behavior of ants

2.1. Ants as biological control agent

As predators, ants are important in biological pest control efforts as their prey includes a
range of insect species [15, 16]. Based on their foraging habits, the predatory ants can be
classified as specialists or generalists [19]. Most of the species are scavengers where they
prey on smaller organisms, as well as insect eggs. However, specialist ants do not seem to
be significant in biological control measures, although some of them may have an impact on
certain specific pests [20]. The generalist ant predators include those that are recognized as
important in biological control [15, 16]. Most of the invasive ants are usually habitat general-
ists that allow them to invade and establish in undisturbed habitats [21]. Indigenous gen-
eralist predators have been controlling pests on crops since the dawn of agriculture, and
the Chinese have used ant nests in citrus orchards to monitor the pest population [22]. It is
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now well documented that ants prey on eggs as well as larvae of numerous pest species in
many different countries and habitats [20, 23]. The weaver ant, O. smaragdina, is a well-known
predator which is used as a biological control agent against various agricultural pest species
[20, 24, 25]. Similarly, the small red ant, Formica rufa (Linnaeus), is also known to kill many
different defoliating pests in European forests [26]. Thus, the predacious generalist ants affect
the behavior of prey directly and depress the size of potential pest populations [20, 27, 28].
Although, numerous insects possess generalized defense mechanisms, namely, flight, jump-
ing, or dropping off the plant when vulnerable to attack by their enemies, but these may not
be effective against ants that forage at different levels of the ecosystem [29]. The size and
other physical attributes also aid in the mechanism of prey defense [27]. In addition, some
ants are important in pollination, soil improvement, nutrient cycling, etc. [30]. In contrast,
some feed on plants and may act as vectors of some plant diseases, while their attack may
also be responsible for causing skin irritation in human beings, domestic animals, and other
beneficial organisms [31, 32].

In the Tasar silkworm ecosystem, the worker ants of species such as Oecophylla smaragdina
(Fabricius) (Hymenoptera: Formicidae), Myrmicaria brunnea (Saunders) (Hymenoptera:
Formicidae), and some Monomorium species are frequent foragers which are harmful to the
wild silkworm, Antheraea mylitta, resulting in losses in wild silk production [17, 18, 33]. The
arboreal nature and highly aggressive predatory habit of these species of ants coupled with
their extensive foraging on Tasar host plants (e.g., Terminalia sp.) often poses a severe risk
in Tasar sericulture. Despite the knowledge of relative damage potential of predatory ants
in the Tasar silkworm ecosystem, no systematic studies have been reported. Thus, to better
understand the foraging and predatory behavior of these ant species on A. mylitta, a sur-
vey was undertaken in the Tasar rearing fields in Vidarbha, Maharashtra, India [18, 34, 35].
Furthermore, based on the symptoms of attack and predation on A. mylitta, the loss was also
assessed.

2.2. Tasar silkworm (Antheraea mylitta)

The tropical silkworm, Antheraea mylitta (Drury) (Lepidoptera: Saturniidae), produces an
excellent wild variety of silk, popularly known as “Tasar or Kosa silk,” cultivated traditionally
and commercially in India (see Gathalkar and Barsagade [18] for the lifecycle of A. mylitta)
[36, 37]. The larvae of A. mylitta primarily feed on Terminalia tomentosa and T. arjuna besides
several other secondary food plants [36, 37]. Tasar silkworm culture uplifts the socioeconomic
status and provides a livelihood security to the stakeholders who are mainly the tribal folks
[18, 31, 38]. The rearing of the Tasar silkworm is entirely wild, primarily in forests where it is
exposed to various parasites and predators as well as to fungal, bacterial, and viral infections,
thereby affecting the sericultural economics and the socioeconomic framework of tribal rear-
ers/farmers [36, 39, 40].

2.3. Field conditions

The Tasar rearing sites of Bhandara (Lat. 21.059972, Long. 79.686987), Chandrapur
(Lat. 20.399291, Long. 79.539701), and Gadchiroli (Lat. 20.508963, Long. 79.984988) and
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adjoining districts of Vidarbha in Maharashtra, India, were surveyed for studies on forag-
ing and predatory behavior of ants in the Tasar ecosystem during the years 2014-2016.
The climatic conditions of Tasar rearing zones were also recorded with the temperature
ranging in between 35.5 + 0.3 and 38.4 + 0.2°C during the period of the first crop (June-
August), 31.8 + 0.2 and 33.4 + 0.3°C in the second crop (August-November), and 17.4 = 0.4
and 21.2 + 0.3°C in third crop (November-February). The relative humidity was between
87.2+0.2,90.8 +0.6, and 77.2 + 0.6% during the first to the third crops, whereas the average
rainfall was about 362 £ 0.9, 196 + 0.6, and 39 + 0.5 mm during the first, second, and third
crop, respectively.

2.4. Foraging turns to predation

The social Asian weaver ant, Oecophylla smaragdina (Fabricius), can be recognized by its nest
building behavior. The workers are very active and fierce, and they are a serious predator of
several insect species. They are a very common terrestrial as well as arboreal attacking forager,
and, consequently, several studies have been conducted on the foraging behavior of various
ant species, including O. smaragdina [30]. The highly aggressive feeding habit of O. smaragdina
in the Tasar ecosystem is a challenge to the Tasar rearers where they attack the early larval
instars of the Tasar silkworm, Antheraea mylitta [36, 37, 39], thereby affecting overall Tasar silk
production. Similarly, the workers of Myrmicaria brunnea forages on the ground, leaves, and
tree trunks [41, 42] including the Tasar host plants, namely., T. tomentosa and T. arjuna [18, 34,
43]. They are very aggressive predators and attack the larval stages of A. mylitta [34, 44]. While
the ant species, namely, Pheidologeton diversus (Jerdon) and Monomorium minutum (Mayr), are
documented as a predator of both Tasar and Muga silkworms [17, 18, 35], Monomorium mini-
mum (Buckley) and Pheidole sp. attack the temperate Tasar silkworm, Antheraea proylei (Jolly)
[17], and also A. mylitta [43]. Similarly, the ant Tapinoma melanocephalum (Fabricius) attacks the
pupae and adults of the Muga silkworm [17, 33]. Polyrhachis bicolor (Smith) typically drags
the spinning larvae in a group [45]. The ant species, namely, Tetraponera rufonigra (Jerdon),
Camponotus compressus (Fabricius), and Oecophylla smaragdina (Fabricius), are very frequent
foragers in the Tasar rearing fields [17, 18, 33, 34].

2.5. Predatory ants and their invasion in Tasar culture

There are numbers of colonies of predatory ants in the rearing fields of A. mylitta (D) in the for-
est zone of Bhandara, Gadchiroli, Chandrapur, and Gondia districts of Vidarbha, Maharashtra,
India. The predatory attack by these predatory ants is very aggressive on the first to the third
instar larvae of A. mylitta as well as during molting eventually leading to mortality. Their
frequent bites on the larval integument and subsequent tearing with its sharp mandibles lead
to death of the larvae [18]. Similarly, the small predatory ants (e.g., Monomorium sp.) also
attack the pupa of A. mylifta [35]. However, the predation biology of these ants under field
conditions is poorly known. Therefore, in the present chapter, the predation biology of these
predatory and highly active foragers is discussed to unveil the risk of predation potential of
these species besides the usual foraging habits of the ants.
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2.5.1. Oecophylla smaragdina

Oecophylla smaragdina is a very common forager attacking the early (first to third) larval instars
of Tasar silkworm, and sometimes it attacks the fourth and fifth instar larvae as well, result-
ing in massive larval mortality [33, 36, 37]. The life cycle of O. smaragdina passes through
egg, larval, pupal, and adult stages, and the nest exhibits division of labor with workers
(reserve force, defenders, and nurses) and reproductive stages (male and female) [46]. The
queen produces hundreds of eggs per day, and the worker population in the colony may total
500,000 offspring from a single queen [47]. The main criteria for separating castes are due to
a reproductive capability which distinguishes the workers from the alates (or reproductive),
and the males separate from gynes or females within the reproductive caste [48]. The worker
ants are responsible for constructing their nest with the leaves of the host plant that is glued
together by its larval silk. The workers are dimorphic, namely, major and minor forms, where
the major workers are involved in the foraging and nest construction activity, and the minor
workers remain in and around the nest, where they are involved in the maintenance of the
colony and caring of the queen. In addition, the minor workers hold the larvae during weav-
ing and nest building [49, 50]. O. smaragdina shows an extensive foraging for carbohydrate-
rich plant secretions as well as insect exudates [2, 11]. Its bite on the human skin is painful due
to the toxin sprayed on the wound from the tip of the gaster (e.g., O. longinoda) [49, 51]. Due
to its far-reaching foraging habits and highly aggressive predatory behavior, O. smaragdina is
being used as a biological control agent against major pests of economically important crops
including many arthropods, acarid, isopod, myriapod, collembolan, termite, beetle, bark lice,
and lepidopteran species and annelids like earthworms [20, 24, 52-54]. It can be used against
the mango leafhoppers, thrips, fruit flies, tip borers, scale bugs, and mealy bug [55, 56].

2.5.1.1. Predatory behavior of O. smaragdina (worker)

The sequence of attack: O. smaragdina (workers) follow the moving larvae and catch the larval
appendages like hairs and setae with their sharp mandibles which leads to swelling, paraly-
sis, and later the death of the larvae. Initially, the larva is captured by a single or few workers.
Also, as a result of pricking of the integument and subsequent oozing of the hemolymph, the
nearby ants are attracted. Often, they also carry the young larvae of A. mylitta to their nest
(Figure 1).

2.5.1.2. Damage caused by O. smaragdina

The attack of O. smaragdina is very aggressive; initially, one or very few predators attack the
host larva followed by other ants in the vicinity. The ants tear the larva with their strong
mandibles, which leads to oozing out of hemolymph and eventually causing larval mortality.
The powerful mandibles of O. smaragdina are responsible for the painful bite besides irritation
caused by the mandibular secretions [2]. The occurrence and subsequent invasion of A. mylitta
by O. smaragdina also depend on abiotic factors like temperature, relative humidity, and rain-
fall. The attack of O. smaragdina on A. mylitta results in 4-5% loss in Tasar sericulture [18, 34].
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Figure 1. Predation of A. mylitta by O. smaragdina showing (a) colony of O. smaragdina on Tasar host plant (T. tomentosa)
and (b and c) predatory attack on early larval instars of A. mylitta.

Figure 2. The predatory attack of ant M. brunnea (a) on a small insect, (b) on the larva of A. mylitta on the tree trunk of host
plant, and (c) on the larva of A. mylitta on the Tasar ground (field) (source: Gathalkar and Barsagade [43]).

2.5.2. Myrmicaria brunnea

Myrmicaria brunnea of subfamily Myrmicinae has a distinctively curved abdomen and two
spines on the metathorax. Workers are chestnut brown with shining mandibles. The genus
Myrmicaria is predominantly a honeydew feeder and scavenger, which builds underground
nests. Some species of Myrmicaria are highly predatory, foraging in groups and moving in
a sinuous path with widely opened antennae [57]. It is a dominant predator of many insect
species, including the larvae of A. mylitta besides earthworms.

The workers of M. brunnea were found to forage on the Tasar host plants, T. tomentosa and
T. arjuna. It builds ground nests under the Tasar host plant, and it shows terrestrial as well
as arboreal scrounging propensity. They suck the cell sap from the leaves (ventral side) of
Tasar host plant, and during sap sucking, they also attack small insect species (Figure 2(a))
as well as larvae of Tasar silkworm (Figure 2(b) and (c)). Initially, the Tasar larvae are cap-
tured by a few workers and subsequently pricked, thereby attracting other workers nearby
the site of attack.

The workers are highly aggressive, cut their prey into small pieces, and later on transport
them to their ground nest, and sometimes the whole prey is also transported to the nest
(Figure 2(c)). Sometimes, these predatory ants carry their prey to their ground nest either after
cutting into small pieces or the whole prey including the fourth/fifth instar larvae of A. mylitta.
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Being aggressive, the predation activity of M. brunnea and weaver ant, O. smaragdina, shows
remarkable similarities in Tasar rearing also [34, 58—60]. The ant, M. brunnea (Saunders), has a
geniculate type of the antenna which is characteristic of aculeate Hymenoptera [55, 56, 61]. A
ball-like scape at the base region present in the ants, Diacamma sp. and Camponotus japonicus
Mayr [55, 61], is also observed in M. brunnea. The pedicel in M. brunnea is long and broad with
an imbricate surface and covered with patches of sensilla, similar to C. japonicus, C. sericeus
[56, 61], and C. compressus [33].

The mouthparts of the ant species are well developed and adapted for grasping and feeding
on the host species. The mandibles in M. brunnea are potent tools for prey catching, fighting,
digging, wood-scraping, grooming, brood care, and trophallaxis [2, 62]. The abundance of
M. brunnea in Tasar rearing fields is a serious issue, which affects the total Tasar silk produc-
tion [18]. Predation by M. brunnea was also recorded on Muga silkworm, A. assamensis [17].

2.5.2.1. Feeding behavior (Myrmicaria brunnea)

The attack and feeding pattern of this ant are very aggressive. Initially, one or very few ants
attack the larva of A. mylitta, and, subsequently, other members of the colony join the group
for feeding (Figure 2) [43]. As feeding progresses, the ants tear the host larva with their robust
and sharp mandibles due to which hemolymph oozes followed by the complete destruction
of the prey (Supp. Info. video clip 1 (can be viewed at https://youtu.be/q8W{VBLLIvA). The
ant, M. brunnea, usually attacks the early instars of Tasar silkworm; we also observed them to
attack the fourth and fifth instar larvae (Figure 2(c)). During feeding, the larvae of A. mylitta
often fall to the ground which are then attacked by these ants. They may consume the whole
prey at the site, or they drag their prey to their ground nest (Figure 2(c)) (Supp. Info. video
clip 2 (can be viewed at: https://youtu.be/JsbbiWeZOwQ0)). During the predatory attack, the
Tasar host larvae try to escape, but the intensity of injuries and constant biting by the ants
make the larva defenseless, resulting in complete larval invasion and eventual death.

2.5.2.2. Damage (crop loss)

The mean percent of larval mortality of A. mylitta due to the attack by M. brunnea (workers)
was calculated, and the year-wise mortality was about 3-5% of total crop damage (Figure 3)
[18, 43].

2.5.3. Monomorium sp.

The myrmicine genus, Monomorium, includes the small-sized ants, reddish-brown in color,
and belongs to the family Formicidae. There are about 358 species in which the genus
Monomorium includes 27 subspecies [63]. They represent one of the most influential groups
of ants due to its abundant diversity and intra-morphological and biological variability
[64]. Of these, Monomorium pharaonis (Linnaeus), Monomorium destructor (Jerdon), and
Monomorium floricola (Jerdon) are well-known household pests [65]. As a predator of various
pest species, they are often used in pest management programs. The predatory habit of ants
has a major influence in many habitats [66, 67]. Thus, some ants are biologically essential
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Figure 3. Percent mortality of A. mylitta (larva) by M. brunnea (source: Gathalkar 2014 [43]).

Figure 4. Predation of Antheraea mylitta showing (a) larval attack by Monomorium minimum (transporting the first instar
larva), (b) M. destructor on the cocoon (pupa), and (c) damaged pupa of A. mylitta (source: Gathalkar and Barsagade [35]).

for the pollination, predation, scavenging, soil improvement, nutrient cycling, as well as
plant dispersal [30, 41, 68]. However, in the Tasar ecosystem, the workers of Monomorium
species including M. destructor and M. minimum attack the early larval instars (first to third)
of A. mylitta (Figure 4(a)) besides entering into the cocoon by making holes and feeding on
the pupa (Figure 4(b) and (c)). They attack silkworms during resting and molting on trees,
while the pupae, adult, and eggs are primarily affected at grainage.

The ants around households feed on any food available [69]. Monomorium destructor is a small
ant, which exhibits polymorphism and varies in size from 1.8 to 3.5 mm [70]. These are com-
mon household pests, and the foragers are slow in finding food compared with other tramp
ants [71]. They are a minor component of the ant fauna with M. floricola (Jerdon), O. smarag-
dina, Crematogaster sp., and Paratrechina longicornis (Latreille) being the most common ants
[23]. Monomorium destructor forms large polygyne colonies [69], where they form their nest
predominantly in trees in hollow twigs and branches and the soil in tropical regions as well
[69]. Different foraging patterns employed by the different ant species [72] are in a propor-
tion of foragers whose feeding on liquid food demonstrates high trophallaxis rates [73]. The
foraging workers of Monomorium sp. are passive movers unlike the erratic foragers from the
Tapinorna or Paratrechina genera [74]. Similarly, Pheidole sp. is the major predators of Alabama
argillacea eggs [75].
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In urban populations, ants also cause frequent problems where they destroy the esthetic and
other products of human consumption [2, 71]. Occasionally, they also act as vectors of various
plant diseases. The attack of some ant species is quite painful to domestic animals as well as
human beings [31, 32]. However, these ant species can also be used as an ecological indicator, to
assess the ecological status regarding species diversity and the impact of invasive species [76].

2.5.3.1. Behavioral studies

Feeding habits and prey distraction (field invasion): the ants Monomorium minimum and
M. destructor have their terrestrial nests on the Tasar host plants, including Terminalia tomentosa
and T. arjuna, and can be recognized by their conspicuous trail [35]. While foraging, the
worker ants attack several larvae of A. mylitta as well as pupae, thereby affecting a broad
range of host stages (Figure 4). Their attack on late instar disturbs the entire spinning process
as well as larval development. Due to feeding on the larvae as well as pores made on the
cocoon shell, the quality as well as the overall production of raw silk is affected. Some of the
ants also carry their prey to their colony. Despite their small size, they are capable of attacking
and preying upon much larger larvae of A. mylitta (Figure 4(a)) (Sup. Info. 3: https://youtu.be/
jSycX5tAuMg). During predation, the first instar larva of A. mylitta tries to escape many times,
but the mandibular grips of Monomorium make Tasar larvae attempt to escape futileness [35].
Also, a single ant can also drag the whole first instar larva of the silkworm. Sometimes, they
also feed on the late instar larva of A. mylitta, which may either be previously damaged by
another predator, dead or diseased. Quite often, the damage is severe, and care should be
taken during rearing of Tasar silkworm.

2.5.3.2. Damage by Monomorium

The destruction of larvae of the Tasar silkworm by ant predators is severe, and the damage
caused to the cocoons due to the pores results in broken silk threads rendering in a loss to the
sericulture industry. It also causes a drop in the silkworm population in subsequent genera-
tions. The crop-wise mortality is estimated to be between 2 and 4% [18].

2.6. Role of sensory organs in the foraging habits of ants

The antenna of O. smaragdina consists of scape, pedicel, and flagellomeres in all castes, with
10 flagellomeres observed in males and 11 in females (workers and queen) [77]. Various types
of antennal sensilla have previously been reported in the ants, Lasius fuliginosus (Latreille)
[78] and Diacamma sp. [79, 80]. In O. smaragdina (worker), the scape is covered with polygonal
cuticular plates (which form the cuticular micro-sculpturing) along with sensilla trichoidea
(ST-I and ST-II). In addition, there are three types of sensilla basiconica (SB-1, SB-1I, and SB-III)
(Figure 5). Moreover, STC and ST are present densely on the flagellar segments, while the last
two flagellar segments reveal the presence of SB and sensilla ampullacea (SA). The sensilla
coeloconica (SC) and SA are intense on the middle surface of the terminal flagellar segments
(Figure 5(k)). Thus, the presence of these types of sensilla in O. smaragdina is similar to sensilla
reported in other Hymenopteran species [78-82].
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Figure 5. Structure of the antenna of O. smaragdina (worker) showing (a) light microscopic view of the head and
antenna; SEM micrographs showing (b) the antenna of worker, (c) basal region of antenna, (d) magnified view of
scape ball, and (e) scape galina; and magnified view of scape showing shaft base with sensilla, (f) sensilla present on
pedicel, (g) funiculus, (h) detailed view funiculus with sensilla, (i) intersegment of the antenna and sensilla, (j) sensilla
basiconica, (k) sensilla ampullacea along with basiconica, and (1) basiconica and coeloconica sensilla. Abbreviations: SC,
scape; SBL, scape ball; ASR, antennal sclerotic ring; ST, sensilla trichoidea; STC, sensilla trichoidea curvata; SB, sensilla
basiconica; SC, sensilla coeloconica; and SA, sensilla ampullacea (source: Gathalkar 2014 [43]).

In most of the ant species, the mouthparts are adapted for grasping and feeding on the prey
[83, 84]. Paul et al. [85] reported that gustatory sensilla are situated on the lower pair of jaws
in the ant. The mandibles in O. smaragdina and M. brunnea are potent tools for prey catching,
fighting, digging, seed crushing, wood-scraping, grooming, brood care, and trophallaxis [2,
86]. There are two types of sensilla trichoidea (ST-L, ST-II) and STC present on the labrum. The
ST is on the dorsal surface (DT-I, DT-II, and DT-III in the figure) and on the ventral surface
into VT-I and VT-II types (Figure 6). The sensilla DT-I is present in the marginal area of the
dorsal region of mandibles. The morphology of sensilla in males is similar to that of female
except for difference in size (Figure 6). On the dorsal side of the mandibles, trichoid sensilla
are densely distributed, whereas, on the ventral side, sensilla basiconica predominates. SB is
also found in worker mandibles. The labium shows the presence of sensilla ST-I, ST-II, and
STC (Figure 6(m) and (n)). The maxilla is endowed with sensilla trichoidea (ST-I and ST-II)
and STC, while the inner surface of maxilla is filled with sensillary fold along with the ST
(Figure 6(0) and (p)). The trichoid sensilla and small peg-like sensilla basiconica on the dorsal
and ventral surface of mandibles in dragonfly were reported as mechanoreceptors and che-
moreceptors, respectively [87, 88]. Similar sensilla trichoidea and sensilla basiconica observed
on the mandible of C. compressus [89] and also observed in O. smaragdina might be performing
a similar function as mechano- and chemoreceptors.
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Figure 6. Mouthparts of Oecophylla smaragdina (worker) showing (a) light microscopic view of the head with the
mandible, SEM view of (b) the head with mouthparts, (c) closed view of the labrum with clypeus, (d) detailed view of
the labrum with sensilla, (e) mandible view in detail, (f) the mandible in dorsal view, (g) the mandible with the teeth
and sensilla, (h) sensilla trichoidea (DT), (i) closed position of mandibles showing both the dorsal and ventral sides
of mandible, (j) the mandible in ventral view, (k) the mandible with the teeth and sensilla; (1) sensilla trichoidea (VT),
(m) complex structure of the labium and maxilla; (n) the labium with maxilla and palpi; (o) maxilla with palpi and
sensilla, and (p) detailed inner maxillary folds. Abbreviations: H, head; M, mandible; cl, clypeus; Lbr, labrum; IC, incisor;
MO, molar; D, dorsal side; DT, dorsal trichoid sensilla, Dnt, dentations; Lbi, labium; mx, maxilla; Mp, maxillary palp; SF,
sensory folds; V, ventral side; VT, ventral trichoid sensilla (source: Gathalkar 2014 [43]).

Sensilla on the maxillary and labial palpi were characteristically different in their morphol-
ogy. Sensilla with a bifid curved porous tip suggest a chemosensory function [77]. The
present work, therefore, confirms the presence of various types of sensilla on mandibles in
worker caste of the ant which play a crucial role in the predatory and feeding behavior of
O. smaragdina.

The geniculate antenna of M. brunnea is elbow shaped, consisting of a scape, pedicel, and
five flagellomeres (Figure 7(a)) [90]. The scape is covered with polygonal cuticular plates
with three types of sensilla basiconica (SB-I, SB-II, and SB-III) (Figure 7(b)). The entire
surface of the elongated shaft of the scape is also covered with the polygonal cuticular
plates as well as sensilla trichoidea ST-I and ST-II. Trichoid sensilla are present throughout
the surface of the pedicel in worker ants (Figure 7(b)). The flagellum (Figure 7(c) and (d))
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is covered with sensilla trichoidea curvata (STC) and sensilla trichoidea (ST) and two types
of sensilla basiconica. The SC is concentrated on terminal flagellar segments at middorsal
position.

Scanning electron micrographs reveal the diversity and density within each of the four basic
types of antennal sensilla of M. brunnea, namely, the SB, ST, STC, and SC. Similar sensilla
were reported on C. compressus [91] and other Hymenoptera [78, 79, 81, 82, 92]. Sensilla tri-
choidea located on the antennae of M. brunnea at the pedicel region have also been reported
in other species [79, 82]. The SB on the antennae exhibits a similar morphological structure to
previously studied ant species and may function as contact gustatory sensilla [80, 82, 93]. The
antennal sensilla basiconica (SB) of fire ants, Solenopsis invicta, is also known to function as a
contact chemoreceptor [94, 95]. Nakanishi et al. [82] categorized two types of trichoid sensilla
along with the sensilla trichoidea curvata in C. japonicus which does not always respond to

Figure 7. Scanning electron microscopic structure of the antenna of M. brunnea showing (a) close view of the antenna
with sensilla, (b) antennal socket with ball and scape with sensilla, (c) flagellum, and (d) sensilla present on the tip of
the flagellum. Abbreviations: Sc, scape; Sbl, scape ball; Fg, flagellum; Pd, pedicel; ST, sensilla trichoidea; STC, sensilla
trichoidea curvata; SB, sensilla basiconica (source: Gathalkar and Barsagade [90]).

Figure 8. SEM structure of the mouthparts of M. brunnea, showing (a) front view of the mouth with arrangements of
mouthparts, (b) labrum, (c) labium, (d) dorsal view of the mandible, (e) ventral view of the mandible, (f) dorsal view of
the maxilla, (g) ventral view of the mandible, and (h) sting apparatus. Abbreviations: A, antenna; Lbr, labrum; Lbi, labium;
M, mandible; Mx, maxilla; LMC, labio-maxillary complex; Mp, maxillary palp; Lp, labial palp; cd, cardo; Sp, stipes; Lc,
lacinia; Gl, galea; ST, sensilla trichoidea; STC, sensilla trichoidea curvata; SB, sensilla basiconica; SA, sensilla ampullacea;
and SC, sensilla coeloconica (source: Gathalkar and Barsagade [90]).
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stimulation by alarm pheromones [92, 96]. Thus, these may have a similar function in M.
brunnea also. The STC in M. brunnea resembles those in other ant species [82, 97], which may
perform as contact chemosensilla [82, 98].

In M. brunnea [90], ultrastructural studies reveal the presence of three types of sensilla, namely,
ST, STC, and SC, with three distinct types of trichoid sensilla, namely, ST-I, ST-II, and ST-III
(Figure 8(a-h)). Additionally, on the labial palp, ST and STC are observed (Figure 8(c)). On
the mandibles, three types of ST, SB, and SC are observed. The sensilla ST-I is present on the
marginal area of the dorsal region of mandibles, while SC is observed on the upper peripheral
region (Figure 8(d) and (e)). In several Myrmicinae, moderately stipulated sting apparatus,
which may be spatula shaped as observed in M. opaciventris, are well described [99, 100].

During predation, these ants deposit venom into the prey’s cuticle by wagging the bent gaster
[57].

The furcula, a wishbone-shaped sclerite whose ventral arms are flexible, is attached to the
base of the sting, causing the aculeus to pitch, roll, and yaw in probing for a sting site [101].

3. Conclusion

The foraging behavior of various ant species may be harmful or beneficial depending on the
host species. In Tasar sericulture, we find ants like O. smaragdina and M. brunnea which are
highly aggressive predators, as well as Monomorium sp. With an understanding of the popula-
tion dynamics of these species, preventive measures can be adopted to prevent losses.

It also helps to develop future pest control strategies to minimize the loss of commercially
important crops. The approaches necessary to bring down the losses in Tasar rearing sites
due to these predatory ants need to be reevaluated, and in this regard, the possibility of using
semichemicals offers a suitable alternative.
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Abstract

The attini tribe comprises fungusgrowing ants, such as the basal Apterostigma and other
more specialized genera, including the higher attine and the ones that cut the fresh plant tis-
sue (Atta and Acromyrmex), maintaining an obligatory mutualistic relation with the fungus
Leucoagaricus gongylophorus, which serves as a food source for the ants. Leaf-cutter ants are
considered agriculture pests and populate the soil, a rich environment, especially due to
the presence of several microorganisms. Some of these microorganisms are natural enemies
that may cause epizootics (quickly spreading opportunistic diseases). Such defence strat-
egies include polyethism, that is, division of labor among the individuals. The older ants
take on the responsibility of foraging, as their integument is harder and heavily sclerotized,
serving as a protective barrier against pathogens (including bacteria and antagonistic fungi).
The younger ants, whose metapleural glands synthetize important secretions to eliminate
and control microorganisms that could attack the colony fungus garden and the immature
(larvae and pupae), remain inside the colony cultivating symbiont fungi. The sum of the
survival strategies of ants in general, including social immunity and nest-cleaning behavior,
represents a barrier for the application of biological control programs, mainly microbial ones.

Keywords: epizootics, entomopathogenic, fungi

1. Origin

Leaf-cutter ants, classified into more than 250 species within 17 genera, are found exclusively
in the American continent [1, 2]. The basal genera Cyphomyrmex, Mycetophylax, Mycocepurus,
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Myrmicocrypta, Apterostigma, Mycetosoritis and Mycetarotes use dead vegetable matter and
insect feces and carcasses as substrate for the fungi. The genus Pseudoatta comprises parasite
species and do not have a worker caste. The genera Trachymyrmex, Sericomyrmex, Attaichnus,
Kalathomyrmex, Paramycetophylax, Acromyrmex (quenquens) and Atta (sauvas) belong to the
superior attini group.

Based on the nidification habits of these species, the lowland arid environments with open
vegetation in South America are suggested to be the centers of diversification [3, 4]. However,
some studies have reported that this diversification occurred in the wet environment of the
Amazon Basin [5, 6]. Recent molecular studies on attini ants point to dry environments as a
decisive factor in the symbiont fungus domestication [7].

2. Mutualistic interactions

Attini ants have maintained a mutualistic relationship with basidiomycete fungi, in an
obligatory association for around 50 million years [8]. The interaction with the fungus is not
restricted to feeding, once symbiotic associations between larvae and fungi in basal attini
have been reported in the literature [9]. Based on morphometric analyses, Sericomyrmex and
Trachymyrmex together form a distinct group from the other genera. The transition from the
ancestral agricultural system toward the derived leaf-cutting habit is followed by remark-
able changes in nest size and architecture, colony size and worker size and polymorphism.
Considering Sericomyrmex and Trachymyrmex as possessing transitional habits, differently
from species that cultivate fungus by using mostly non-plant items (insect feces and car-
casses) as well as from typical leaf-cutters Atta and Acromyrmex. Studies detect correlations
of nest traits with worker number and size of the fungus garden in the less conspicuous
attini [10].

3. Agronomic importance

The genera Atta and Acromyrmex play an important role in protecting the soil structure
by recycling organic matter; however, these ants have been reported to damage the aerial
parts of cropped plants in a short period of time [11]. Several strategies have been devel-
oped to control these insects [12]. In general, to be efficient against leaf-cutter ants, toxic
baits must contain active ingredients with retarded action [13]. In addition, the insecticide
must present specific characteristics, such as being lethal in low concentrations, not killing
the ants immediately when applied in high concentrations, being absorbed through inges-
tion and having slow action, being easily distributed throughout the colony, being highly
degradable to avoid environmental impact and not having a repellent or deterrent action
on the ants [14]. Thus, the search for new alternatives to control leaf-cutter ants is ongo-
ing, and the use of plant extracts and microbial control has been proven to be promising
strategies.
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4. Biology and behavior

The colonies of Atta ants are founded by the queens, that visit the colony fungus gardens before
the nuptial flight and place a small piece of fungal mycelium (Leucocoprinus) in their infrabuccal
cavities [15]. After this, the queen burrows into the ground [16], lays the eggs and takes care of
the brood until the first workers eclose, take over the fungus culture activities and help in the con-
struction and expansion of the chambers, more specifically the garbage and symbiont ones [11].

Ants are holometabolous insects, that is, their life cycle includes three stages: larva, pupa
and adult. They are organized into castes, which perform different functions, including the
maintenance of the colony and brood care and feeding. The males and queens are part of the
reproductive castes, ensuring the survival of the species.

Leaf-cutting ants are prevalent herbivores and dominant invertebrates in tropical forests: the vol-
ume of the soil occupied by a single 6-year-old nest of Atta sexdens weighs approximately 40,000 kg,
and a colony with such dimensions can collect more than 5892 kg of leaves [17]. Therefore, Atta
ants are considered important ecosystem engineers once they modify the soil composition and
create regions with high concentrations of organic matter, causing the development of more
demanding vegetal species in terms of nutrition and altering the flora composition [18]. These
effects may remain up to 15 years after the death of the colony of nest abandonment [19].

The colonies present a broad behavioral repertoire, varying according to the morphology (poly-
morphism) and age (polyethism) of the workers [20-22]. The foraging behavior consists of cut-
ting and transporting the vegetal substrate to the interior of the colony, where it is processed
and incorporated in the symbiont fungus garden [5, 17]. It is the most intense and energy-
demanding activity performed in the colony, requiring approximately 90% of the workers [23].

5. Microbial control

5.1. Entomopathogenic fungi

Entomopathogenic fungi (EF) have been proven a promising strategy to control leaf-cutter
ants through microorganisms. These fungi present two phases in their biological cycle: ana-
morphic (vegetative) and reproductive, when they produce conidia, and, according to Sung
et al. [24], they belong to the phylum Ascomicota and class Hypocreales (Table 1).

Considered one of the most efficient pathogens in microbial control, entomopathogenic
fungi need a host to spread in the environment, and the literature has reported that they
attach to the cuticle of pest insects through physical and chemical processes, producing
chitinolytic enzymes and developing a penetration clamp from the apical region of the
hyphae [25, 26]. When the host insect is debilitated (low immunity level), some oppor-
tunistic fungi can act as saprophytes, accelerating the insect’s death process [27]. Most
fungi penetrate the host through the integument [28, 29]. According to Quiroz [30], who
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Family

Clavicipitaceae Cordycipitaceae
Telemorphs Hypocrella, Metacordyceps Cordyceps s.str.,

Regiocrella, Torrubiella Torrubiella
Anamorphs Aschersoni, Metarhizium, Beauveria, Isaria,

Lecanicillium

Table 1. Some fungi.

studied A. mexicana ants, entomopathogenic fungi are one of the most important mortal-
ity agents for the queens. The author identified the following species: Aspergillus para-
siticus, Paecilomyces farinosus, Beauveria bassiana and Metarhizium anisopliae. In Brazil, most
studies have used B. bassiana and M. anisopliae. Alves and Sosa-Gomez [31] reported these
fungi virulence in worker and reproductive castes of Atta sexdens rubropilosa. In forests of
Eucalyptus grandis, promising results were obtained using B. bassiana, in baits to control
Acromyrmex spp [32].

Studies by Kermarrec et al. [33], which lasted approximately 10 years, used several entomo-
pathogenic fungi, applied on Acromyrmex octospinosus, popularly known as ‘quenquem’, and
they showed that this insect is able to identify and isolate the pathogen, leading the authors
to the conclusion that the social surveillance/immunity and altruism of the workers would be
essential for microbial control. Fungi as B. bassiana, M. anisopliae and Trichoderma viridae were
proven inefficient when used in the control of Acromyrmex heyeri ants [34].

Machado et al. [35] reported that ants of the genus Acromyrmex would present systems, proba-
bly olfactive, with the function of recognizing entomopathogenic fungi. Such functions would
be the result of selective pressure that occurred during the evolution of this social insect,
which nests on pathogen-abundant soils. This would be accompanied by behaviors related to
defense strategies aimed at reducing the dissemination and the effects of entomopathogenic
fungi on the colony [36].

In this sense, it is known that the ant antennae “analyze” different types of material, allow-
ing the recognition of pathogenic elements that could harm the colony [37]. Kermarrec
et al. [33] observed that the sensitivity of the antennae can be demonstrated by the fact
that attractive baits containing entomopathogenic fungi and spores are not cut but placed
away from the colony area by Ac. octospinosus. Studies using electroantennography demon-
strated that the olfactive function of Ac. octospinosus would be dependent on neuroreceptors
located in the antennae [36]. Morphological analyses using scanning electron microscopy
showed differentiation in these sensorystructures in Atta robusta [38]. In a recent study, whose
results serve as a model for ants in general, Slone et al. [39] analyzed Harpegnathos saltator
and identified several subfamilies of olfactory receptors, demonstrating the complexity and
sophistication of this sensory organ.
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6. Other entomopathogenic microorganisms

In addition to entomopathogenic fungi, other organisms have been tested to control pest
insects. Entomopathogenic nematodes (Steinernema and Heterorhabditis) were proven inef-
ficient against urban ants [40] or caused only partial mortality to a more susceptible leaf-
cutter species. These nematodes associate with entomopathogenic bacteria (Xenorhabdus
and Photorhabdus) found in their digestive tract. Isolated and multiplied in aqueous media,
Acromyrmex subterraneus were reported susceptible to the entomopathogenic bacterium
Photorhabdus temperate K122, highly virulent when inoculated in worker abdomens [41].
Fungicide metabolites produced in the cultivation media (supernatant) have been used
to control phytopathogenic fungi in field applications [42]; therefore, leaf-cutter ant con-
trol can be performed by targeting the symbiont fungus. The use of endophytic bacteria
to overcome the morphological, mechanical and biochemical defenses of leaf-cutter ants
aiming to contaminate the symbiont fungus [43], as well as the use of endophytic fungi
[44], has been regarded as promising research lines; however, the assumptions are still
hypothetical.

It is important to emphasize that the associations of the bacteria Pseudonocardia, Streptomyces
and Burkholderia with the integument of leaf-cutter ants would represent a barrier for the
microbial control success, once these bacteria secrete compounds to defend the host, occupy-
ing the niche where the pathogenic agent would settle [45, 46].

7. Use of synthetic chemicals

Once toxic substances are capable of overcoming insect immunity barriers (individually and
collectively) [47, 48], the development research on strategies to impair the colony organization
through immunosuppression, weakening the humoral system of the ants, is fundamental.
Such strategies often include the use of chemical substances [49]. In this sense, subdoses of
insecticides would aid the biological control; however, this would lead us to the use of granu-
lar baits containing a low concentration of the active ingredient. Nevertheless, the bait itself
is highly specific to the target insect and, consequently, environmentally friendly, in contrast
with other insecticides available in the market, and the demand for efficient and sustainable
products is on the increase, considering the stricter requirements of regulatory agencies [50].

8. Capability to neutralize pathogens through gland secretions

Leaf-cutter microbial control has been subject to the same criticism directed toward plat
extracts, that is, considering that the ants evolve in an environment where toxic plants and
pathogenic microorganisms abound, probably the concentration is not the only issue to be
taken into consideration for the success of these control methods [51-53]. The virulence
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Figure 1. Previews with parted gelatin capsules containing Trichoderma asperellus: (A) colony kept in laboratory,
(B) queen next to the capsule containing T. asperellus, (C) worker disposing the antagonist fungus in the waste
chamber, (D) workers manipulating the fungus T. asperellus, (E and F) workers incorporating the capsule and content.
(Source: Author).

of entomopathogenic fungi has been intensely investigated, especially the length of time
needed to cause the pest population mortality; however, further investigation is needed
on the forms of application and compatibility with adjuvants. Moreover, microbial con-
trol faces several natural barriers, including the capability of the ants to inhibit the ger-
mination of the conidia through secretions produced by their salivary glands (4-methyl
3-heptanone) and through their fecal fluid (chitinolytic enzymes) as well [54]. According
to Pagnocca [55], in order to prevent the contamination of the symbiont fungus garden,
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the ants lick the foraged substrate surface, keeping microorganisms in the infrabuccal
cavity to dispose them in the waste chamber. Thus, the infrabuccal cavity would function
as a filter, preventing the entrance of solid particles into the worker body and in the nest as
well [56, 57].

The metapleural glands represent another defense mechanism, secreting several substances,
such as phenylacetic acid; 3-hydroxydecanoic acid; indoleacetic acid; and skatole [58], which
produce acid secretion that inhibits the germination of some entomopathogenic fungi, pro-
tecting the cuticle against microbial infections [57]. Fernandez-Marin et al. [59] identified a
higher level of cleanliness by the gland secretion in workers inoculated with Paecilomyces
lilacinus conidia. This chemical strategy developed by the ants to protect the fungi present
in the environment is maximized by the grooming habit, either individual or collective, defi-
nitely removing the pathogenic microorganism from the host’s body, preventing adhesion
and, consequently, the infection onset [60].

However, some authors reckon that the pathogen is transmitted to part of the population dur-
ing grooming, possibly contaminating larvae (immature) and ultimately the queen [61, 62]
(Figure 1).

9. Perspectives

Pest control must be thought of from a preventive point of view and, in the case of leaf-cutter
ants, in the initial phase of colony establishment. The scientific scenario today allows a more
thorough and accurate research [34].

* The use of advanced analysis tools, such as scanning, light and confocal microscopes to
investigate what happens in the moment when the insect is infected by the fungus [63].

¢ Cutting-edge technology software to monitor the agronomic environment and the emer-
gence of entomological radars [64] can be incorporated as control strategies, indicating the
best moment for the technique application (nuptial flight or “revoada”).

* Drones have been used in some sampling techniques for leaf-cutter ants [65].

¢ The use of microbial control agents in different formulations (conidia, blastospores or mi-
croscleroids) synergically applied along with adjuvants is a tendency in microbial control
[66].

10. Final consideration

Opverall, microbial control has been proven efficient to control some pest insects (Cosmopolite
sordidus, Mahanarva fimbriolata, Diaphorina citri, among others), except the ones present-
ing social behavior [67]. Leaf-cutter ants are endowed with an accurate system to identify
and fight microorganisms (antennae) and secret several antimicrobial compounds through
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different glands located throughout their bodies [68, 69]. In addition, the grooming behavior
constantly performed by the workers makes microbial control almost impossible with the use
of the currently available tools.

Various isolates of Escovopsis sp. were analyzed in order to understand whether the antagonism
of these fungi involves natural products, as suggested by the genome filled with genes encoding
mycotoxins and fungal cell wall degrading-enzymes [71], the greater knowledge of pathogens
such as Escovopsis sp. and Trichoderma sp. can be a way to found potential control agent for the
control of leafcutting ants [72], reported in experiments, including those of systematic fungal
analyzes of the symbiotic fungal garden where antagonistic fungi manifest aggressive develop-
ment in the presence of stresses in the colonies, even those maintained for a long period in the
laboratory [73]. In the case of the antagonistic fungi is the possibility of a joint action between
microorganisms for control. However, although there is potential in the laboratory, it will not
necessarily be promising in the field, due to the necessity of successive applications and the lon-
ger time in relation to the chemical, which is already long (30 days), to obtain colony death [70].
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