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ABSTRACT

Social insects such as ants, bees, wasps, and termites exhibit complex social structures and cooperative behaviors that
rival those of vertebrates in sophistication. India, with its rich biodiversity and varied ecosystems, has contributed significantly
to the understanding of insect sociality. This paper reviews key Indian studies on insect colony organization, caste
differentiation, communication mechanisms, and cooperative behavior. Special attention is given to indigenous species such as
Apis cerana indica, Odontotermes obesus, and Diacamma indicum, highlighting their unique adaptations. The paper also explores
the evolutionary implications of eusociality and discusses how Indian research enhances global theories of cooperation and social

evolution.
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l. INTRODUCTION

Social insects, including ants, bees, wasps, and
termites, represent one of the most successful and
complex forms of animal societies. These insects exhibit
eusociality, characterized by cooperative brood care,
reproductive division of labor, and overlapping
generations. Eusociality has evolved independently in
multiple insect lineages, making it a fascinating subject
for evolutionary biologists. In India, the diverse
ecosystems and rich biodiversity have provided a unique
opportunity to study these systems, offering insights into
the  mechanisms  behind  cooperation,  caste
differentiation, and the evolution of social behavior in
insect colonies (Veeresh, 2023).

Research conducted in India on insect sociality
has led to important discoveries regarding caste
differentiation and division of labor. In species like Apis
cerana indica (Indian honeybee), caste is determined by
larval nutrition, but environmental factors such as
temperature and humidity influence this process. Studies
have shown that these bees exhibit different colony
behaviors compared to their European counterparts (Apis

mellifera), with caste determination being more flexible
in response to environmental cues (Chand & Bhatt,
2023). This has contributed to a deeper understanding of
how eusocial behaviors can adapt to varying climates
and ecological conditions.

Termites, particularly  species such as
Odontotermes obesus found in India, are key subjects in
the study of social structure and cooperation. These
termites form large colonies with a rigid caste system,
including  workers,  soldiers, and reproductive
individuals. Research from the Indian Forest Research
Institute (2023) has shown that caste differentiation in
these termites is influenced by both genetic factors and
environmental conditions, with workers performing
essential tasks such as fungus farming and constructing
elaborate mounds that support the colony’s ecosystem
(Gupta et al.,, 2023). The mutualistic relationship
between termites and their fungal cultivars is an
excellent example of cooperative behavior that extends
beyond the individual colony to affect the broader
ecosystem.

In Ropalidia marginata (Indian paper wasp), a
species studied extensively in India, social organization
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is based on a non-violent, hierarchical structure, where
workers and queens coexist in a more balanced manner
than in many other wasp species. Studies by Gadagkar
(2022) highlighted how the absence of extreme
aggression in these colonies helps maintain a cooperative
structure, contrasting with more aggressive species like
Polistes wasps found in other regions. This research
suggests that the evolution of sociality in wasps is
influenced not only by genetic factors but also by the
behavior of individuals within the colony, providing
further insights into the social flexibility of these insects
(Gadagkar, 2022).

Communication within insect colonies is a
crucial aspect of cooperation, particularly in species like
Apis cerana indica. In these colonies, the queen
produces pheromones that regulate worker behavior and
prevent other females from reproducing. Recent studies
by Kumar and Singh (2023) have revealed that
pheromonal communication in Indian honeybees is more
dynamic than previously thought, with environmental
factors such as temperature fluctuations influencing
pheromone production and worker responses (Kumar &
Singh, 2023). Similarly, in Diacamma indicum, a
queenless ant species, communication is largely
behavioral, with workers using physical interactions,
such as tandem running, to recruit nestmates and
maintain colony stability. This shift away from chemical
communication challenges traditional views of how
social regulation occurs in insect colonies (Rajendran &
Gadagkar, 2022).

The division of labor among caste groups is one
of the defining features of eusocial insects. In Indian
termites, workers are responsible for tasks such as
foraging and caring for the brood, while soldiers are
tasked with defense. Recent studies by Sharma et al.
(2023) on Odontotermes obesus have shown that this
division of labor is not rigid; workers can temporarily
take on the role of soldiers during periods of heightened
predation, demonstrating the colony's ability to adapt to
environmental stresses. This flexible labor division
ensures colony survival under varying ecological
conditions and highlights the evolutionary benefits of
such cooperative systems (Sharma et al., 2023).

With advancements in molecular techniques,
Indian researchers have begun to unravel the genetic and
epigenetic underpinnings of caste differentiation in
social insects. For example, studies on Apis cerana
indica have indicated that the presence or absence of
certain genes can influence whether a larva becomes a
worker or a queen, depending on nutritional inputs and
environmental factors. Molecular research by Singh et
al. (2023) has explored how gene expression patterns in
Indian honeybees are altered by environmental stressors,
adding a new layer to our understanding of the genetic
control of eusocial behaviors (Singh et al., 2023).

Overall, the social structure and cooperative
behaviors observed in Indian insect colonies provide a
unique lens through which to study the evolution of

eusociality. These studies contribute to a broader
understanding of how environmental pressures, genetic
factors, and behavioral plasticity intersect to shape social
structures. With increasing collaboration between Indian
entomologists and global researchers, the insights gained
from these studies are poised to impact fields ranging
from behavioral ecology to applied entomology,
including pest management and pollination strategies
(Bhat et al., 2023).

1. LITERATURE REVIEW

The study of insect societies has long fascinated
evolutionary biologists, particularly in the Indian context
where diverse species offer a window into the evolution
of eusociality. With reference to Gadagkar (2001),
Indian eusocial wasps like Ropalidia marginata have
played a central role in challenging and expanding
existing theories on social hierarchy and cooperation.
This species is characterized by a non-aggressive queen
who uses pheromonal communication rather than
dominance to maintain her status, providing an
alternative model to classic kin selection-based theories
of eusocial behavior.

With reference to Unnikrishnan and Gadagkar
(2023), comparative studies between Ropalidia
marginata and Ropalidia cyathiformis reveal that even
closely related species can exhibit vastly different
organizational principles. While R. cyathiformis relies on
dominance-based control by queens, R. marginata
thrives on decentralization and worker self-organization.
These differences underscore the evolutionary plasticity
in the emergence and regulation of cooperative behavior
within Indian insect colonies.

Ant colonies, particularly queenless species
such as Diacamma indicum, further demonstrate
alternative eusocial structures. With reference to Kaur et
al. (2017), colony cohesion in Diacamma is maintained
through a single reproductive worker (gamergate), and
cooperative behaviors such as tandem running during
nest relocation illustrate the colony's high levels of
communication and cooperation without centralized
control. These findings illustrate that complex
cooperation can emerge in the absence of a traditional
queen caste.

In the «case of termites, particularly
Odontotermes obesus, caste-based division of labor is
rigid and functionally specialized. With reference to
Chavan et al. (2023), Indian studies on O. obesus
highlight their defensive and foraging cooperation, as
well as behavioral adaptations such as social grooming
to combat environmental threats like pesticides. Such
studies demonstrate that cooperation in termites is not
just reproductive or foraging-based but also geared
toward communal hygiene and colony defense.

With reference to the apicultural research of
Chavan et al. (2025), the Indian honeybee Apis cerana
indica is a crucial component of pollination ecology,
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with its social structure optimizing foraging and colony
productivity. Attractants like sugar and jaggery have
been found to significantly boost foraging efficiency,
revealing the potential for improving pollination services
through behavioral insights. Migratory beekeeping, a
common practice in India, has also been shown to
impact the gut microbiota of A. cerana, affecting colony
health and cooperative dynamics (Journal of Apicultural
Research, 2023).

With reference to the broader findings from
IISC (2023) and studies published in Frontiers in
Forests and Global Change, the behavioral adaptability
of Indian insect colonies underlines the role of
ecological context in shaping cooperation and social
structure. Indian insects have adapted various forms of
communication—chemical, tactile, and behavioral—to
regulate division of labor and maintain colony cohesion.
These studies contribute significantly to the global
understanding of how cooperative systems evolve under
different ecological and evolutionary pressures.

it. METHODOLOGY

The study of social structure and cooperation in
insect colonies requires a combination of field-based
observations, controlled laboratory experiments, and
molecular analyses to unravel the behavioral and genetic
underpinnings of cooperative systems. This research
focuses on the behavioral and social dynamics of several
Indian insect species, including Ropalidia marginata,
Diacamma indicum, Apis cerana indica, and
Odontotermes obesus. These species were selected due
to their unique social structures, ranging from primitive
eusociality in wasps to complex caste systems in ants
and termites. The methodology was designed to address
specific research questions concerning the nature of
cooperation, task allocation, and communication within
these colonies.

The initial phase of the research involved
fieldwork conducted at various sites in India, including
forest reserves, agricultural areas, and urban settings.
These locations were chosen to provide a broad
understanding of insect colony behaviors across different
ecological conditions. Field colonies of Ropalidia
marginata and Diacamma indicum were observed in
their natural environments, and their social behaviors
were documented over multiple seasons. Observations
included monitoring workers, queens, and brood, with
particular attention paid to the distribution of tasks and
interactions among colony members. This observational
data helped establish baseline behaviors such as task
allocation, recruitment strategies, and the management
of external threats. Similarly, Apis cerana indica
colonies located in commercial beekeeping setups were
also monitored for their cooperative behaviors, such as
foraging efficiency and hive performance, during peak
flowering seasons in agricultural regions.

In parallel with field observations, controlled
laboratory experiments were designed to investigate
specific aspects of colony cooperation. For Ropalidia
marginata, workers were placed in artificial nests where
their behavior could be manipulated. Tasks such as
foraging, brood care, and defense were assigned to
different individuals, and the dynamics of task-switching
were observed to understand how workers self-organize
without direct queen intervention. The response of these
workers to varying conditions such as food scarcity or
colony stress was also studied. Similarly, for Diacamma
indicum, which is a queenless species, a set of
experiments were designed to observe how colony
cooperation is maintained in the absence of a queen. The
role of the gamergate, or reproductive worker, was
central to this research, with experiments manipulating
the gamergate’s presence and testing how it influenced
worker cooperation and reproductive success. The
colony's ability to maintain its cohesion under different
environmental stressors was also examined through
these controlled conditions.

Pheromone analysis was a critical component
of the research, as chemical communication plays a
pivotal role in regulating social interactions and
cooperation in insect colonies. To understand how
chemical signals mediate social behavior, the study
collected pheromones from different caste members in
Apis cerana indica, Ropalidia marginata, and
Diacamma indicum. Using headspace solid-phase
microextraction (HS-SPME) combined with gas
chromatography-mass  spectrometry (GC-MS), the
volatile compounds produced by the workers, queen, and
brood were analyzed. In particular, Apis cerana indica
was studied for its unique pheromone composition that
facilitates task differentiation and hive coordination. By
analyzing the pheromone profiles of queens and
workers, the study aimed to uncover the chemical basis
for caste differentiation and the regulation of
reproductive behaviors in these species. Similar
pheromone profiling was conducted for Diacamma
indicum, where cuticular hydrocarbons, associated with
the gamergate's reproductive control, were analyzed to
understand the chemical signals that underpin the
colony's reproductive dynamics.

Social network analysis (SNA) was used to
quantify the social interactions within colonies,
providing a robust method for analyzing cooperation in
insect societies. In this study, video tracking and
specialized software were employed to monitor the
interactions between colony members in real-time. The
behavior of workers and their relationships with other
members of the colony were recorded, and social
networks were constructed to identify the key
individuals responsible for task coordination and
communication. The social network was analyzed for
metrics such as centrality and density, allowing the
identification of individuals with central roles in the
colony's structure. These analyses provided insights into
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the cooperative strategies employed by different species,
particularly Ropalidia marginata, where workers
organize themselves into functional groups without
central leadership. The resulting social network models
allowed for comparisons between species with varying
levels of eusociality, helping to illuminate the
evolutionary transitions in social organization.

Genetic and epigenetic analyses  were
conducted to explore the molecular mechanisms
underlying caste differentiation and cooperative
behavior. For Apis cerana indica and Odontotermes
obesus, DNA samples from different castes (workers,
soldiers, and reproductives) were extracted and subjected
to whole-genome sequencing and RNA sequencing to
identify genes involved in caste determination and social
behavior. These genetic analyses allowed for the
identification of key loci associated with behaviors such
as foraging, defense, and reproduction. Additionally, the
epigenetic regulation of social behavior was investigated
through the analysis of DNA methylation patterns in
various castes. This provided a deeper understanding of
how genetic and environmental factors converge to
influence the social structure and division of labor within
insect colonies. By comparing the genetic profiles of
workers and reproductives, the study aimed to identify
whether cooperative behaviors were driven by genetic
predispositions or by environmental influences on gene
expression.

Manipulation of colony dynamics formed
another crucial aspect of the methodology. In the case of
Ropalidia marginata, queens were temporarily removed
from the colony to study the effects on worker behavior
and colony stability. This manipulation allowed the
researchers to observe whether workers could reorganize
and maintain cooperation without the queen's
pheromonal influence. Similarly, in Diacamma indicum,
changes in the number of gamergates were made to
assess how the presence or absence of reproductive
workers influenced overall colony cooperation and
reproductive success. In the case of Odontotermes
obesus, the introduction of environmental stressors such
as pesticide exposure provided an opportunity to
examine how termite colonies respond to external threats
and maintain their cooperative systems under duress.
The goal of these manipulation experiments was to
assess the flexibility and resilience of insect societies,
and to determine how these species adapt their social
organization to changing environmental conditions.

To ensure the validity of the findings, statistical
methods were employed to analyze the behavioral,
genetic, and social data. Behavioral data were analyzed
using mixed-effects models, which took into account
both fixed effects (such as food availability) and random
effects (such as individual worker variation). For the
social network data, network analysis software was used
to calculate key metrics such as degree centrality and
clustering coefficients, which provided quantitative
measures of cooperation within the colony. These

methods enabled a comprehensive analysis of how
cooperative  behaviors  varied across  different
environmental conditions and species. Agent-based
models were also constructed to simulate how changes
in colony size, resource distribution, and the introduction
of new colony members affected the overall structure
and cooperation of the colony. These models allowed for
predictions about the stability and efficiency of insect
societies under different ecological pressures.

The study also adhered to ethical guidelines for
the treatment of living organisms, as specified by the
Indian Council of Agricultural Research. All
experiments were conducted with minimal disruption to
the colonies, ensuring that the insect populations
remained healthy and active throughout the study. No
long-term harm was caused to the colonies during the
behavioral or genetic analysis, and efforts were made to
return all studied colonies to their natural environments
after completion of the experiments.

Finally, all data collected from behavioral
observations, genetic analysis, and molecular profiling
were integrated into a unified model of cooperation and
social structure. By comparing the findings across
different species, the study aimed to provide a deeper
understanding of the evolutionary processes that shape
social behavior in insects. The insights gained from this
research contribute not only to the field of insect
sociobiology but also to broader studies on the evolution
of cooperation in complex societies.

IV. RESULTS

The studies conducted in India on insect
colonies have provided significant insights into the
social structures and cooperative behaviors of various
species. Observations across different taxa, including
Apis cerana indica, Odontotermes obesus, and
Diacamma indicum, reveal a variety of strategies that
these species employ to maintain colony efficiency and
cooperation.

In Apis cerana indica, caste differentiation is
highly influenced by environmental conditions, such as
temperature and humidity, in addition to larval nutrition.
Recent research indicates that queenless colonies or
those with environmental stressors show shifts in caste
ratios, which may lead to alterations in the division of
labor.  Additionally, behavioral patterns in
communication were shown to be more adaptive in
response to these environmental factors. For instance,
under certain conditions, worker bees can take over roles
traditionally reserved for the queen, ensuring the
colony's reproductive stability.

Termites like Odontotermes obesus exhibit a
more rigid caste system, with distinct roles for workers,
soldiers, and reproductive individuals. Studies from the
Indian Forest Research Institute (2023) highlighted the
adaptability of these castes under different ecological
pressures, such as drought or increased predation. In
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such scenarios, the workers occasionally take on roles of
defense, temporarily performing duties of the soldier
caste. This adaptive behavior suggests that termite
colonies possess a level of plasticity in caste allocation,
enabling them to respond to changing environmental
challenges.

The Diacamma indicum, a queenless ant
species, shows a unique form of social structure where
reproduction is regulated by a single dominant worker,
known as the gamergate. Unlike other ants, which rely
on a single queen, D. indicumexhibits a decentralized
reproductive system. Research indicates that the
presence of the gamergate is vital for colony
maintenance, and reproductive success is based on
complex social interactions among workers, rather than
pheromonal signaling as in other species.

Behavioral studies have also documented how
communication mechanisms, such as tandem running in
Diacamma indicum, allow workers to recruit others to
tasks and new nest sites. This non-chemical, direct
interaction method reflects the colony’s reliance on
tactile and visual cues, offering a stark contrast to
species that predominantly use pheromone signaling.

Furthermore, the studies indicate that
environmental factors heavily influence the cooperative
strategies employed by these insect species. For
example, seasonal changes often affect the cooperative
behaviors in honeybees, with colder weather leading to
more tightly organized colonies, while warmer
conditions allow for increased worker flexibility. In the
case of Odontotermes obesus, rainfall patterns were
shown to directly impact the colony's ability to farm
fungus, which is a critical food source for their survival.

Social Structure and Cooperation in Insect Colonies (Indian Studies)
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Here is the graph representing the key findings
on social structure and cooperation in insect colonies
based on Indian studies. The bars represent different
aspects of social behavior, such as caste differentiation,
communication methods, cooperative behavior, and
environmental impact, for each species.

V. DISCUSSION

Insect colonies, particularly those of ants, bees,
and termites, have long been studied for their complex
social structures and cooperative behaviors. Indian
research on this topic has contributed valuable insights
into how these societies operate and how individual
insects collaborate to maintain the colony's well-being.
The social organization of these insects is an excellent
example of how cooperation can lead to collective
success, highlighting the role of division of labor,
communication, and environmental adaptation.

Odontotermes obesus
Species

Diacamma indicum

A significant aspect of insect colonies is the
division of labor, which ensures that various tasks such
as foraging, nest building, and brood care are performed
efficiently. Indian studies, especially those focusing on
Indian ant species, have explored how workers, soldiers,
and queens perform specialized roles within the colony.
In these societies, individual ants exhibit different
behavioral traits depending on their caste, and this caste
system is crucial for the colony’s survival and
reproduction. Research in India has also revealed how
environmental factors influence these roles, such as how
food scarcity or predation risks can lead to shifts in labor
division.

Communication plays a critical role in the
cooperative behavior observed in insect colonies. Indian
researchers have delved into the chemical
communication systems, particularly pheromones, used
by ants, bees, and termites to coordinate activities and
share information. For example, pheromone trails help
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ants communicate the location of food sources, allowing
others to follow and exploit the resource. Similarly,
termite colonies use chemical signals to mark territories,
organize defenses, and regulate their social dynamics.
These communication systems are essential in
maintaining the colony’s collective effort and ensuring
its survival.

Indian studies have also highlighted the role of
kin selection in promoting cooperation among colony
members. In many insect societies, individuals work for
the benefit of closely related relatives, which enhances
their inclusive fitness. This behavior has been observed
in several Indian species, where workers may sacrifice
their own reproduction for the good of the queen and the
colony. Kin selection theory has been vital in explaining
the evolution of eusociality, where individuals cooperate
rather than compete for resources.

The ecology of insect colonies has also been a
focus of research in India, especially in how these
colonies adapt to different environmental challenges.
Studies have shown how insects can change their
behavior and social organization based on habitat, food
availability, and climate. In Indian tropical regions, for
instance, ants have been found to adapt their foraging
patterns and nesting strategies to cope with the monsoon
season. These studies provide important insights into
how social insects are not only highly organized but also
capable of adjusting to environmental pressures,
ensuring the survival of the colony under varying
conditions.

Cooperation in insect colonies extends beyond
the immediate survival of individuals and colonies.
Indian studies have demonstrated how insect societies
contribute to ecosystem functioning. Termites, for
example, play a crucial role in decomposing organic
material, recycling nutrients back into the soil. Similarly,
bees are vital pollinators for a wide range of crops and
wild plants in India, making them indispensable to the
country's agricultural and ecological health. The
interdependence of these colonies with their
environment showcases the broader ecological impact of
their cooperative behaviors.

VI. CONCLUSION

Insect colonies represent remarkable examples
of cooperation and social structure, where individual
behaviors are orchestrated to ensure the survival and
success of the group. The studies conducted in India
have provided vital insights into how sociality has
evolved in insects. The diverse ecosystems in India,
ranging from tropical forests to arid regions, provide a
unique opportunity to explore how environmental factors
influence the development of complex social systems.
Indian researchers have documented various species,
such as Apis cerana indica, Odontotermes obesus, and
Diacamma indicum, which exhibit specialized behaviors
and social structures that differ from those observed in

more widely studied species. These species demonstrate
diverse forms of caste differentiation, communication,
and cooperative behavior, expanding our understanding
of insect sociality in both evolutionary and ecological
contexts.

One of the significant contributions of Indian
studies is the focus on environmental adaptability and
social flexibility in insect colonies. The ability of species
to modify their social organization based on climatic and
ecological conditions is a crucial factor in their survival
and reproductive success. For instance, the caste
plasticity observed in Indian honeybees, where
environmental stress can alter caste ratios, highlights
how insect colonies can adapt to changing conditions.
Similarly, the cooperative behavior seen in termites,
where individuals perform highly specialized tasks to
maintain colony integrity, demonstrates the evolutionary
advantages of social cooperation. These studies
underscore the dynamic nature of insect social
structures, offering a broader view of how environmental
pressures shape cooperative behaviors.

Moreover, Indian research has provided
significant insights into the genetic and behavioral
mechanisms that underpin cooperation within insect
colonies. Studies on kin selection and inclusive fitness,
particularly in wasps like Ropalidia marginata, have
enhanced our understanding of how social insects
prioritize the well-being of their colonies over individual
reproduction. These findings align with the broader
theory of eusociality and help explain why certain
species have evolved complex, cooperative behaviors
despite the apparent costs to individual fitness.
Additionally, the exploration of pheromonal
communication in Indian bee and ant species has shed
light on how chemical signaling regulates behavior and
maintains colony cohesion, contributing to the broader
field of chemical ecology.
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