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ABSTRACT
This review aims to analyze the current knowledge and propose new approaches to understand how environmental stressors 
impact insect superorganisms across different levels of biological organization. In all multicellular organisms, stress-response 
mechanisms are hierarchically organized, with processes at lower levels (e.g., cellular) nested within higher levels (e.g., tissues, 
organs, etc.). Understanding how these responses scale across organizational levels is essential for predicting stressor effects at 
the organism or superorganism level. Superorganisms, such as honeybee and ant colonies, represent good models to study these 
dynamics, because they present an additional level of biological organization (e.g., colony level) compared to other pluricellular 
organisms. This added level of “organismality” allows researchers to observe, at a macroscopic scale (individuals within a col-
ony), mechanisms analogous to those operating at the microscopic scale (cells within an organism). Cybernetic principles—fo-
cused on feedback, regulation, and networked interactions—provide a powerful framework for analyzing how the networked 
structure of the superorganism responds to stress. The final goal is to identify common features across different levels of biolog-
ical organization that may explain stress response in complex systems.

1   |   Introduction

A superorganism is defined as a group of genetically related in-
dividuals functioning as a collective unit. From an evolutionary 
perspective, superorganisms represent the highest level of bio-
logical organization, encompassing species, such as honeybees, 
wasps, ants and termites, with advanced eusociality character-
ized by cooperative brood care, reproductive division of labor, 
and generational overlap (Wilson and Hölldobler  2005). One 
possible theory to explain the evolution of eusociality is that the 
emergence of this level of organismality represents an adaptive 
response to environmental stressors (biotic and abiotic) oper-
ating across multiple levels of biological organization (Wilson 
and Hölldobler  2005). Understanding the interaction between 
superorganisms and stressors—particularly how this interac-
tion scales across different levels of biological organization—is 
essential not only for uncovering the evolutionary mechanisms 

underlying the origin of superorganisms, but also for practical 
applications, including the development of effective manage-
ment strategies for insect conservation (i.e., bees as crop pollina-
tors) and pest control (i.e., invasive species of ants and termites 
in urban areas). In this review, I propose to integrate experi-
mental and computational methods and to apply the principles 
of cybernetics, a discipline that studies systems characterized 
by self-regulation, feedback loops, and network dynamics, to 
explain the fundamental mechanisms that govern superorgan-
ism responses to stressors (Stebbing 2011). Mechanisms that op-
erate at various levels of biological organization and may have 
evolved as adaptations to cope with environmental stressors 
(Steinberg 2012).

In principle, all organisms are adapted to environmental con-
ditions under which their survival and reproductive capacities 
are optimized. However, when organisms move outside of these 
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optimal conditions, they enter a stress zone. The physiologist 
Hans Selye defined “stressor” as any factor, externally and in-
ternally, that produces an alteration of the organism's homeo-
stasis, that is, its ability to maintain optimal internal conditions 
(Selye 1956). More specifically, environmental stressors are cli-
matic, chemical and biological factors that, either in isolation or 
in combination, significantly impair organism performance or 
functions, pushing it into the stress zone where survival and re-
productive capacity are affected (van Straalen 2003). According 
to Steinberg (2012), the stress zone and its associated response 
at the (sub-)individual level can be divided into three distinct 
phases: alarm, resistance, and exhaustion. The alarm phase in-
volves biochemical and genetic changes, such as the upregula-
tion of stress-response genes and the activation of antioxidant 
enzymes, that occur without impacting the organism's vitality, 
growth, or reproduction. During the resistance phase, defense 
mechanisms are activated—such as protein repair pathways 
and biotransformation processes—and are accompanied by 
the first signs of reduced physiological performance. The ex-
haustion phase is marked by the failure of essential cellular 
functions, resulting in chronic damage and, ultimately, death 
(Steinberg 2012).

Organisms may temporally maintain survival and reproductive 
capacity under suboptimal, stressful conditions, through toler-
ance and mitigation strategies. In biology, tolerance is the ability 
of an organism to endure a stressor without necessarily reduc-
ing its presence or severity (Elizabeth and Robert 2015). In such 
cases, the organism's performance is maintained despite the 
stress. Mitigation, on the other hand, involves active responses 
aimed at reducing or avoiding the stressor. These responses 
may be behavioral, physiological, or immune-based, and are 
intended to minimize either the presence or the impact of the 
stressor. Moreover, the stress response is not always maladap-
tive; in some cases, it can have beneficial effects, such as in the 
phenomenon of hormesis, where low doses of a toxicant trigger 
adaptive and beneficial responses. According to Calabrese and 
Baldwin  (2001), hormesis acts as a compensatory mechanism 
in response to disrupted homeostasis. Another positive effect 
is the cross-tolerance that typically occurs when exposure to 
one stressor may result in efficient resistance to other stressors 
(Steinberg 2012).

Depending on the level of exposure, both in terms of duration 
and intensity, stressors can impact various levels of biological 
organization, impairing the function of cells, tissues, organs, 
individuals, and, in the case of superorganisms, entire colo-
nies (Sulmon et  al.  2015). For example, in honeybees (Apis 
mellifera), it has been demonstrated that exposure to neuro-
toxic pesticides leads to brain cell apoptosis, which has a det-
rimental effect on the nervous system, thereby reducing the 
learning and memory capacity of adult bees (Chen et al. 2023). 
In the carpenter ant Camponotus fellah, social isolation in-
duces changes in the expression of oxidoreductase genes and 
the accumulation of reactive oxygen species (ROS) leading to 
a reduction in adult life span (Koto et  al.  2023). Effects ob-
served at one level of biological organization can propagate 
to the higher levels as the intensity or duration of exposure 
increases. However, our understanding of how stressors inter-
act with superorganisms becomes gradually more complicated 
scaling up from the lower to the higher level of biological 

organization due to the increase in complexity of environmen-
tal and biological interactions (Sulmon et al. 2015). In fact, al-
though numerous studies have elucidated the mechanisms by 
which superorganisms tolerate biotic stressors (e.g., pathogens 
and parasites) (e.g., Cremer et  al.  2007) and identified path-
ways leading to superorganism collapse (e.g., Barron  2015), 
the scaling of stress responses from subcellular to superorgan-
ismal levels remains poorly understood. This context raises 
several specific questions: What degree of perturbation can 
be buffered by a superorganism? To what extent can a super-
organism tolerate environmental stressors before collapsing, 
and what factors influence the trajectory of its recovery fol-
lowing disturbance? What are the key dynamics and mech-
anisms across different levels of biological organization that 
determine a superorganism's capacity—or lack thereof—to 
withstand stressors? Can the impact of stressors at the colony 
level be predicted by assessing effects at lower levels of biolog-
ical organization? Can effects observed at lower levels of bio-
logical organization serve as early warning indicators for the 
collapse of superorganisms? What role have stress responses 
played in the evolution of superorganisms?

To address these questions, it is essential to adopt a holistic or 
systems-based approach that emphasizes the interactions among 
components rather than viewing them in isolation. Within this 
framework, the effects of stressors at various biological levels 
are understood as part of a broader, interconnected network, 
providing a more integrated perspective on the functioning 
and resilience of complex biological systems (Kohl et al. 2010; 
Scheffer et al. 2018).

Drawing primarily from insights on the superorganism, the 
honeybee (Apis mellifera) colony—the most extensively stud-
ied and best-documented social insect in the literature—but 
see: Bordoni et  al.  (2017); Parr and Bishop  (2022) Svoboda 
et al. (2023), this review provides an overview of the current 
understanding of how superorganisms respond to environ-
mental stressors across different levels of biological organi-
zation. It also offers methodological strategies and future 
perspectives to predict the mechanisms underlying superor-
ganism collapse.

The review is organized into five sections, following a general 
introduction. In the first section of the review, the evolution 
of superorganisms as a new level of biological organization is 
discussed. The second section examines how these mitigation 
mechanisms can be disrupted by environmental stressors, 
leading to colony collapse. In the third section, an integra-
tive approach that combines experimental and computational 
models is proposed to enhance our understanding of how 
stressor effects scale from lower to higher levels of biological 
organization. This approach seeks to identify and elucidate 
the underlying mechanisms operating at lower organizational 
levels that are ecologically relevant to superorganism perfor-
mance. In the fourth section, the possibility of applying the 
cybernetic approach in understanding colony performance is 
discussed. In the last section of the review the possibility of 
extending this approach to other complex systems is proposed 
with the aim of shedding light on broader biological ques-
tions, such as the evolution of eusociality and the origins of 
multicellularity.
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2   |   The Superorganism: A New Level of 
Organismality in Response to Stressors

The concept of superorganism was first proposed by William 
Morton Wheeler (1865–1937). He described social insect colo-
nies as “superorganisms”, whose individual members appear 
to operate as a single unit (Wheeler 1911). More precisely he 
found a “striking analogy between the ant colony and the cell 
colony which constitutes the body of a Metazoan animal; and 
many of the laws that control the cellular origin, development, 
growth, reproduction and decay of the individual Metazoan, 
are seen to hold good also of the ant society regarded as an 
individual of a higher order. As in the case of the individual 
animal, no further purpose of the colony can be detected than 
that of maintaining itself in the face of a constantly chang-
ing environment till it is able to reproduce other colonies of a 
like constitution. The queen mother of the ant colony displays 
the generalized potentialities of all the individuals, just as the 
Metazoan egg contains in potentia all the other cells of the 
body. And, continuing the analogy, we may say that since the 
different castes of the ant colony are morphologically special-
ized for the performance of different functions, they are truly 
comparable with the differentiated tissues of the Metazoan 
body.” (Wheeler 1910).

Eusocial insects, often referred to as the “truly” social insects, 
include all ant and termite species, as well as several species 
of bees and wasps. These organisms exhibit three key char-
acteristics: (1) cooperative brood care among individuals of 
the same species; (2) reproductive division of labor, whereby 
reproduction is restricted to one or a few individuals while 
others—typically sterile or facultatively sterile—contribute 
to colony maintenance and care; and (3) generational over-
lap within the colony, allowing offspring to assist in the care 
and provisioning of siblings and to participate in the overall 
functioning of the colony. The division of labor among ster-
ile castes is regulated by a combination of genetic and pher-
omonal mechanisms that optimize internal nest function. 
These individuals perform a range of tasks, including thermo-
regulation, nest defense, foraging, and brood rearing (Wilson 
and Hölldobler 2005).

Although eusocial insects comprise only ca. 2% of the ca. 
900,000 insect species known globally, these species repre-
sent more than half of the global insect biomass (Rosenberg 
et al. 2023; Starr 2021). Eusocial species are present only in 15 
out of 2600 living taxonomic families of insects but their ori-
gin was an important step in the evolution of life on our planet 
and represents a successful strategy that provides an addi-
tional level of resilience to environmental stressors (Wilson 
and Hölldobler 2005).

The ecological advantages of eusociality over solitary life strat-
egies are apparent in the capacity of eusocial insects to exploit 
trophic resources across extensive areas and to rear thousands 
of larvae simultaneously. These capabilities confer substantial 
adaptive benefits, enabling the construction of complex nests 
with enhanced defensive features and improved regulation of 
the internal microclimate. From an ecological standpoint, eu-
social insects often dominate the central, more stable regions 
of terrestrial ecosystems, whereas solitary species are typically 

confined to more peripheral or transient ecological niches 
(Wilson 1990).

The evolutionary origins of insect sociality, particularly eu-
sociality, remain a central question in evolutionary biology. 
Kin selection theory, grounded in the concept of inclusive fit-
ness—whereby individuals increase their genetic representa-
tion by enhancing the reproductive success of relatives—has 
long been the dominant explanatory model. High genetic re-
latedness within colonies has been cited as evidence for kin 
selection's key role in the evolution of eusociality. However, 
Nowak et al. (2010) argue that relatedness is more likely a con-
sequence than a cause of eusocial evolution. In their view, eu-
sociality arises through a series of pre-adaptive traits shaped 
by natural selection, initially at the individual level and subse-
quently through group-level processes. These traits confer sig-
nificant ecological advantages over solitary individuals or less 
cooperative groups, particularly in competition for nesting 
sites, resource acquisition, and resilience to environmental 
stressors—favoring group selection. Thus, it can be expected 
that the stronger the selective pressures at the group level, 
the more cohesive the group members will be. In line with 
this view, Wheeler proposed that an insect colony functions 
as a unified living organism, maintaining its structural and 
functional integrity in response to stressors. He introduced 
the concept of “social homeostasis” to describe the integrated 
physiological and behavioral mechanisms through which col-
onies regulate internal conditions to optimize development 
and reproduction (Wheeler 1928).

According to Steinberg  (2012), stressors have been an im-
portant ecological driving force in the evolution of life, and 
Metazoan animals have evolved several strategies to tolerate 
or mitigate, at least temporally, stress conditions that can be 
observed at different levels of biological organization, from 
genes and cells to individuals (Steinberg 2012). As shown in 
Figure  1, the stress response system is hierarchically orga-
nized like a set of Chinese boxes, where lower-scale mech-
anisms are embedded within higher-level ones, resulting in 
progressively greater protection across levels of biological or-
ganization. Yet, eusocial insects have evolved an additional 
adaptation to face abiotic and biotic stressors (Figure 1) (Pull 
and McMahon  2020). This adaptation involves at least two 
general strategies that partially overlap, referred to as “su-
perorganism resilience” (Straub et al. 2015) and “social stress 
protection” (Cremer and Pull 2024). The former is defined as 
the ability to tolerate the loss of somatic cells (= workers) as 
long as the germ line (= reproduction) is maintained (Straub 
et al. 2015). The second one includes homeostatic mechanisms 
and unequal distribution of stress exposure among the colony 
members, that are able to buffer the negative consequences of 
extreme stressors on many members of social insect colonies 
(Walton et al. 2024). The “social immunity”, which includes 
the collective defenses of social insects against parasites and 
pathogens (Cremer and Pull 2024), is an important part of the 
“social stress protection” and, like the immune system in plu-
ricellular organisms, has evolved in superorganism to increase 
the fitness of the colony (Pull and McMahon  2020). In this 
context, the evolution of cooperation—whether among cells 
within pluricellular organisms or among individuals within 
superorganisms—can be interpreted as an adaptive strategy 
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against pathogenic threats. In species exhibiting parental care 
and possessing specific pre-adaptations, such as pathogen 
detection, grooming behaviors, and the use of antimicrobial 
substances, group defense mechanisms may have evolved and 
been maintained through inclusive fitness benefits, thereby 
enhancing group survival. These pre-adaptive traits may have 
emerged prior to—and thus facilitated—the transition toward 
superorganismality. Upon reaching this higher level of biolog-
ical organization, natural selection begins to act at the level of 
the group, thereby promoting the evolution of more special-
ized forms of social immunity, including behaviors such as 
“social fever” (e.g., a collective defense strategy in honeybees 
characterized by the increase of the nest temperature to fight 
heat-sensitive pathogens) and the removal of infected individ-
uals (Figure 1) (Pull and McMahon 2020). Collectively, these 
lines of evidence support the hypothesis that an enhanced ca-
pacity to cope with environmental stressors was an important 
driving force in the evolution of eusociality.

3   |   Stability and Collapse: Two Sides of the Same 
Coin

A system is considered stable when it maintains its reference 
condition (state or dynamics), and consequently preserves its 
function, structure, and identity despite changing conditions 
(Van Meerbeek et  al.  2021). Two key components of stability 
that are particularly relevant when examining the impacts of 

environmental stressors in ecology are the concepts of resilience 
and resistance. More specifically, stress resistance is the capac-
ity to prevent stress from crossing the tipping point—the critical 
threshold in a complex system at which a small perturbation can 
trigger a significant and often irreversible shift or outcome—
thereby avoiding maladaptive effects (Latty and Dakos 2019). In 
contrast, stress resilience is the capacity to recover appropriate 
function in response to a stressor. Both are under the umbrella 
of adaptation to stress (Miller et  al.  2017) that aims to main-
tain or restore the system's stability or homeostasis—that is, 
its ability to maintain specific functions in the face of change 
(Baggio et al. 2015). Because collapse occurs when the system 
loses its stability, collapse and stability can be considered two 
sides of the same coin. However, the transition between these 
two “states” may involve varying degrees of instability, during 
which the system can still eventually recover. According to 
Scheffer et  al.  (2018), the transition from a stable, “resistant” 
or “resilient” system, to an unstable, “weak” one approaching 
the tipping point, is marked by a slower recovery rate following 
small perturbations. However, when the tipping point is reached 
the collapse happens inevitably. Due to the complex network-
like structure of the (super)organisms characterized by inter-
connected subsystems (e.g., genes, cells, organs), the resilience 
of the whole depends on the resilience of subsystems or, in other 
terms, the collapse of the entire system results from how each 
individual subsystem responds to perturbations or stressors. 
Superorganisms have evolved multiple layers of mechanisms 
against stressors to prevent collapse (Figure 1), and as a result 

FIGURE 1    |    Potential effects of environmental stressors and homeostatic responses across levels of biological organization in a superorganism. 
The central hypothesis is that resilience and resistance capacities increase from lower to higher levels of biological organization, as each successive 
level is capable of buffering minor perturbations occurring at the preceding level.
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of cumulative homeostatic responses across levels of biological 
organization, resilience and resistance are expected to increase 
from lower to higher levels of biological complexity (Latty and 
Dakos  2019; Crall and Raine  2023). These homeostatic mech-
anisms protect organisms (or superorganisms) from dramatic 
changes and are regulated by feedback loops that return the 
system back to a set point or threshold. At lower levels of bio-
logical organization (e.g., subcellular or cellular), for instance, 
environmental stressors can cause DNA damage, alterations in 
lipid and protein metabolism and downregulation of P450 gene 
expression linked to detoxification and immunity (Kültz 2005). 
To mitigate stressors, cells activate several specific pathways 
that include heat shock and oxidative stress responses, DNA re-
pairs and several detoxification mechanisms. In extrema ratio, 
these actions can result in cell death by apoptosis, autophagy or 
necrosis that may mitigate damages at higher levels of biological 
organization (e.g., by removing damaged cells to prevent organ 
dysfunction) (Desneux et al. 2007; Tosi et al. 2022) (Figure 1). 
These cellular stress responses are evolutionarily conserved and 
shared across a wide range of organisms, from yeast to humans. 
Nevertheless, the responses at higher levels of biological organi-
zation can exhibit greater variability due to the increased level of 
complexity (Kültz 2005). At the individual level, environmental 
stressors can, for example, produce malformations during de-
velopment, alter the normal behaviors (e.g., lower learning and 
memory capacity, disrupted navigation ability) and reduce lon-
gevity and fecundity (Desneux et al. 2007; Tosi et al. 2022). In 
response to these effects, organisms can react by selective allo-
cation of resources toward self-maintenance and reproduction 
and may activate several physiological and behavioral mecha-
nisms, such as self-medication, auto-grooming, and processes 
linked with general insect immunity (e.g., melanization, AMPs) 
(Figure 1). At the superorganism level, stressors can alter ther-
moregulation capacity, reduce colony size, and eventually lead 
to collapse (Ulgezen et al. 2021). However, superorganisms can 
mitigate stressors with several preventive and curative mech-
anisms such as, allo-grooming, hygienic removal of dead or 
dying individuals, use of antimicrobial plant resins and venom, 
and self-removal of sick individuals (altruistic suicide) (Scharf 
et al. 2012; Easton-Calabria et al. 2023) (Figure 1).

Despite these homeostatic responses, collapse can still occur as 
a result of the accumulation and cascading effects of numerous 
small perturbations across different levels of biological orga-
nization (Latty and Dakos 2019). Moreover, because the stress 
response is energetically costly across all levels of biological or-
ganization, the energy expended to cope with a given stressor 
may leave fewer resources to face the subsequent stress expo-
sures. Several studies conducted with the honeybee A. mellifera 
have shown that bees infected with viruses or other pathogens 
are more sensitive to pesticides and vice versa by disrupting im-
mune response and energy metabolism (i.e., Di Prisco et al. 2013; 
Doublet et al. 2014; Tadei et al. 2025). Similar pesticide-parasite 
combination effects have been observed in workers of the black 
garden ant, Lasius niger (Schläppi et al. 2021).

At the level of superorganism, the effects of stressors can be 
even more complex and difficult to predict. In fact, the impact 
of a stressor at any given level is influenced by the response of 
lower levels, and due to the complex, interconnected relation-
ships among biological components (organelles, cells, tissues, 

individuals), elements not directly exposed to the stressor may 
also be affected. For example, the disruptions in some organ 
functions caused by pathogens or pesticides, although not le-
thal at the individual level, can strongly influence colony health 
by interfering with nest homeostasis and social regulation. In 
honeybees, nurse bees exposed to neonicotinoid pesticides show 
smaller hypopharyngeal glands and a reduction in royal jelly pro-
duction, the main larval food synthesized by these glands, with 
an adverse effect on brood development (Wessler et  al.  2016). 
Although the colony shows short-term resilience by increasing 
the brood initiation rate to compensate for elevated brood mor-
tality, this compensatory mechanism ultimately reduces colony 
survival over the long term (Schott et al. 2021). Consequently, 
the functionality of the hypopharyngeal glands holds greater 
significance within the social dynamics of the colony than for 
the survival of an individual nurse bee, exemplifying the unique 
challenges associated with assessing stressors in superorgan-
isms like honeybee colonies (Berenbaum and Liao 2019).

Understanding how the impact of stressors scales up from lower 
to higher levels remains an unresolved question and predicting 
when and why superorganism collapse occurs remains a signif-
icant challenge, largely due to the complex interplay between 
stressor effects at the individual level and their emergent con-
sequences at the colony level (Crall and Raine 2023). The eradi-
cation of ant and termite colonies for pest control (Box 1), along 
with the phenomenon of honeybee colony collapse (discussed in 
the following paragraph), provides two real-world examples il-
lustrating the complexity of superorganism failure.

Honeybee colony collapse has been the subject of substantial re-
search since 2007, when the phenomenon of “Colony Collapse 
Disorder” (CCD) was first identified in the United States 
(Figure  2). CCD is characterized by the rapid depopulation of 
colonies, wherein worker bees seemingly vanish from the hive, 
leaving behind the queen, brood, and food stores, without any 
overt signs of disease (vanEngelsdorp et al. 2009). Yet, CCD is 
only one of the possible causes of the increasing colony mor-
tality rate observed recently around the world (Vanengelsdorp 
and Meixner 2010). Currently, scientists agree that most of the 
colony mortalities arise from complex interactions in which the 
sublethal effects of multiple stressors on individual bees are 
magnified at the colony level, ultimately resulting in colony 
collapse (Barron  2015). However, biological mechanisms driv-
ing the processes underlying colony failure remain largely hy-
pothetical and require experimental validation (Barron  2015). 
One proposed mechanism involves the formation of feedback 
loops associated with inadequate brood incubation (i.e., chill-
ing loops or repeated cycles of rearing under lower temperature 
conditions) (Oldroyd 2007; More et al. 2021). Thermoregulation 
in honeybee colonies represents a critical emergent property, 
as worker bees must maintain the brood area within a narrow 
range of temperature (ca. 34°C). Even slight deviations from this 
optimal range, caused by one or more stressors, can result in 
newly emerged adults with physiological and behavioral defi-
cits (Oldroyd 2007). Workers reared at suboptimal (lower) tem-
peratures may exhibit impaired homing abilities and reduced 
thermoregulation performance. As a result, they may rear the 
next generation of brood under suboptimal temperatures, po-
tentially initiating a cascading effect that ultimately results in 
colony collapse (Figure  3). Although this hypothesis requires 

 20457758, 2025, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.72626 by A

rea Sistem
i D

ipart &
 D

oc, W
iley O

nline L
ibrary on [10/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



6 of 14 Ecology and Evolution, 2025

comprehensive experimental validation, partial evidence sup-
porting it has been provided by both laboratory and field studies. 
Lu et al. (2012) showed that colonies exposed to neonicotinoid 
pesticides for 13 consecutive weeks exhibited normal develop-
ment during summer and autumn but experienced a sudden 
decline and collapsed during winter. This phenomenon was 
linked to cumulative mitochondrial dysfunction across succes-
sive worker generations (Lu et  al.  2020). Such sub-individual 
effect, here defined as any effect observed at a level of biologi-
cal organization lower than the individual, may impair the ther-
moregulation capacity of worker bees, potentially initiating the 
first chilling loops. Subsequent chilling loops may result from 

further thermoregulation deficiencies in workers reared under 
suboptimal temperature conditions. Partial experimental sup-
port for this explanation was provided by Medrzycki et al. (2010) 
that found a short longevity and a higher pesticide sensitivity in 
bees reared at suboptimal temperatures. These bees may exhibit 
higher sensitivity to additional stressors, undermining any po-
tential mitigation measures implemented by the superorganism 
to prevent collapse, such as increasing the queen egg-laying rate 
and other homeostatic responses reported in Figure 1. Another 
example of how effects at the individual level scale up to the 
colony level, ultimately leading to colony failure during winter, 
was proposed by Minaud Rebaudo, Davidson, et al. (2024) and 
Minaud, Rebaudo, Mainardi, et al. (2024). The authors hypothe-
sized a cascade effect driven by a positive feedback loop, initiated 
when stressors reduce the longevity of winter bees. This reduc-
tion adversely impacts the cluster's size and cohesion, disrupting 
social thermoregulation and causing excessive consumption of 
honey reserves. The resulting depletion of honey reserves leads 
to starvation, further weakening the winter bees and reducing 
the colony population size until collapse ensues. The aforemen-
tioned examples show that when the colony size decreases below 
a certain number of individuals (e.g., the tipping point), colony 
collapse occurs quickly and in an irreversible way.

The conceptual model proposed by Minaud, Rebaudo, Davidson, 
et al. (2024) and Minaud, Rebaudo, Mainardi, et al. (2024) along 
with the framework illustrated in Figure 3 and the case study 
presented in Box 1, underscores that the collapse of a superor-
ganism follows complex pathways, arising from intricate inter-
actions among multiple factors or stressors (Barron 2015). This 
complexity is further exacerbated by the fact that these stressors 
in the field often act in combination rather than in isolation, po-
tentially leading to synergistic or antagonistic interactions (Orr 
et al. 2020).

4   |   Studying Stressor Effects on Superorganisms: 
Integrating Experimental and Computational 
Research

As described in the previous section, the superorganism's re-
sponse to stressors arises from complex interactions among mul-
tiple factors and processes, and the various constituent elements 
(e.g., molecules, cells, organs, and organisms) of the superor-
ganism (Klein et  al.  2017). Addressing this complexity while 
avoiding oversimplification requires an integrative approach 
combining empirical data (from laboratory and field experi-
ments) and computational analysis. Surprisingly, few studies 
have investigated the impact of a single or multiple stressors by 
examining multiple endpoints (e.g., enzymatic activity, learning 
capacity, survival, etc.) across different levels of biological orga-
nization in superorganisms (but see: Chen et al. 2024; Miotelo 
et al. 2022). As a result, we lack understanding of how the ef-
fects detected at the molecular level might lead to irreversible 
alterations in physiology and behavior at the individual level 
and eventually result in colony collapse (Henry et al. 2015). An 
additional challenge lies in the fact that, while the effects of a 
stressor at the (sub-)individual level can be readily studied under 
laboratory conditions, assessing its impact at the individual or 
colony level—if it is to be ecologically meaningful—requires 
observation under realistic field conditions. For this reason, it 

BOX 1    |    How to kill a superorganism: the use of toxic bait to 
eliminate ant and termite colonies.

Ants and termites play a crucial ecological role in many eco-
systems, contributing to seed dispersal, scavenging, and soil 
aeration. However to humans, in highly anthropogenic en-
vironments, they can also become significant pests. Their 
social organization with thousands of individuals and their 
strong adaptation capacity to different environments makes 
their control extremely difficult. Many pest management 
methods have been developed to reduce their impact on 
human life and, among them, toxic bait is currently one of 
the main management tools. Baiting is based on the use of 
attractive insecticide-treated food which is actively collected 
and taken back to the nest by foraging workers. Inside the 
nest, baits are transferred throughout trophallaxis to other 
individual workers, brood, and the queen, potentially lead-
ing to colony collapse. To be effective, the toxicant used in 
the bait should be non-repellent and have delayed action. 
Foragers should be able to return to the nest and pass the 
toxicant to members of the colony. In addition, the toxicant 
should be effective over an extended dose range so that the 
residual toxin is still able to kill or affect the members of 
the colony even after its dilution during the spread of the 
toxicant throughout the nest. Mechanisms behind the ac-
tivity of toxic baits in killing the colony are often complex 
and subtle. These mechanisms were demonstrated in a toxic 
bait for leaf-cutting ants by Gandra et al. (2016). The authors 
showed that the colony suppression was linked to the ef-
fects of fipronil, the insecticide used in the bait, on forager 
nestmate interactions (auto- and allogrooming) and waste 
removal and, overall, on the capacity of minor workers in 
fungus garden cultivation and progeny handling. Indeed, 
fipronil did not interfere with bait pick-up by the foraging 
workers, who were able to introduce the bait into the nest, 
and the queen's reproduction capacity, but, rather, with 
the waste removal activities of minor workers within the 
nest. The impairment of protective and hygienic behaviors, 
led to a fast decay of the fungus garden and likely progeny 
mishandling, ultimately leading to colony collapse within 
8 days. The decline of the fungus garden, which became 
heavily contaminated with a virulent antagonist fungus of 
ant fungus, was primarily due to the effects of fipronil on 
the hygienic behavior of minor workers. Later the colony 
suppression was further enhanced by the interaction of the 
neurotoxic insecticide with the pathogen proliferation. The 
authors conclude that combination with sub-lethal doses of 
neurotoxic insecticides and pathogens can result in a prom-
ising control strategy against ants (Santos et al. 2007).
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7 of 14Ecology and Evolution, 2025

FIGURE 2    |    Number of scientific publications per year in Scopus using the key words: “Bees” AND “Collapse” (Search date: 13/01/2024).

FIGURE 3    |    Conceptual model of colony collapse. Stressors, whether acting individually or synergistically, impact worker bees in the first genera-
tion and indirectly affect subsequent generations through reinforcing feedback loops (in red). Workers reared under suboptimal temperatures exhibit 
mitochondrial dysfunction (Lu et al. 2020) and reduced thermoregulation capacity, impairing the performance of future adult bees. These effects 
intensify over time in a cascading way, as increased individual sensitivity to additional stressors (e.g., pesticides; Medrzycki et al. 2010) further ex-
acerbates colony decline. The loss of bees in each generation can only be partially mitigated by compensatory mechanisms such as increased brood 
initiation rates (feedback loop shown in green).
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8 of 14 Ecology and Evolution, 2025

is essential to integrate laboratory experiments with field-based 
studies. Laboratory studies, because they are conducted under 
strictly controlled conditions, are important to assess specific 
effects of single or a few stressors on (sub-)individuals and to 
understand the basic mechanisms behind them. However, lab-
oratory studies can hinder detection of connections between 
apparently isolated biological events, such as the interactions 
among multiple environmental variables and specific biolog-
ical responses, and are not always feasible using full colonies 
(Sgolastra et al. 2020; but see: Pohl et al. 2025 for ants). Indeed, 
it is virtually impossible to replicate in laboratory conditions all 
potential combinations of stressors and environmental factors 
that may affect superorganism health. Furthermore, for some 
superorganisms such as honeybee colonies, due to their large 
foraging range and complex nest thermoregulation, cannot be 
maintained under confined conditions (e.g., laboratory or semi-
field setups) for extended periods. Nevertheless, field studies 
pose their own challenges, including a high number of con-
founding variables (e.g., climate variability, food sources avail-
ability, exposure to xenobiotics) and limited statistical power, 
as detecting significant effects often requires a large number of 
colonies (Cresswell 2011; Woodcock et al. 2016).

Computational research offers a viable approach to overcom-
ing these limitations, bridging the gap between laboratory 
and field experiment outcomes. Several mathematical models 
have already demonstrated their utility in elucidating the pro-
cesses underlying colony failure by linking the effects of stress-
ors on individual bees to colony-level dynamics (e.g., Khoury 
et al. 2011; Perry et al. 2015; Dennis and Kemp 2016; Bastiaansen 
et al. 2020; Bryden et al. 2013). Moreover, given the impractical-
ity of experimentally testing all possible stressor combinations, 
models provide a valuable tool for exploring different scenarios 
and identifying the most relevant stressors influencing super-
organism responses that can be tested experimentally. Finally, 
the outputs of these models can be integrated into more complex 
simulation models to inform decision-making in areas such as 
environmental risk assessment and beekeeping management 
(EFSA 2016). Within this context, simulation models enhance 
our understanding of the relationship between individual re-
sponses to stressors and overall honeybee colony health and 
dynamics (More et al. 2021). However, to achieve accurate pre-
dictions, these models require extensive biological and environ-
mental data derived from empirical studies. The integration of 
remote sensing data for large-scale environmental monitoring 
(e.g., temperature, humidity, rainfall, colony size, in-hive tem-
perature) with Machine Learning and AI tools can also improve 
model accuracy, as proposed by Rafael Braga et  al.  (2020) for 
predicting the health status of honeybee colonies.

Modeling can also be useful to identify early warning indicators 
of colony collapse before reaching the tipping point. Using the 
simulation model BEEHAVE, Groeneveld et al. (2024) showed 
the number of capped brood to be a good early warning indi-
cator of colony loss. Recently, Minaud, Rebaudo, Davidson, 
et  al.  (2024); Minaud, Rebaudo, Mainardi, et  al. (2024); and 
Colin et al. (2024) have identified social thermoregulation as an 
early warning indicator of winter colony mortality that can be 
accurately and easily monitored by in-hive temperature sensors. 
Because social thermoregulation and other colony functions 
are the result of the performance of single individuals, another 

possibility is to find a parameter or a set of parameters measur-
able at the (sub-)individual level that can be useful to quantify 
the resilience of the whole colony. Alterations at the molecular, 
biochemical and cellular level due to stressors may be mea-
sured with several biochemical and physiological parameters, 
defined “biomarkers”, linked to metabolism, neurotoxicity, ox-
idative stress, genotoxicity, detoxification and immune systems. 
Biomarkers are potentially important diagnostic tools to quan-
tify the status of the colony because they can be easily studied in 
laboratory experiments by analyzing individual insects (Caliani 
et  al.  2021). These and other indicators at lower levels of bio-
logical organization (Minaud, Rebaudo, Davidson, et al.  2024; 
Minaud, Rebaudo, Mainardi, et al. 2024) may quantify the resis-
tance and resilience capacity of a (sub-)individual, but their rele-
vance at the colony level needs to be demonstrated. Because the 
complexity and thus the level of unpredictability increase scaling 
up from cells to individuals and to colonies (van Straalen 2003), 
future studies should clarify the fine mechanisms at lower lev-
els of biological organization that lead to colony failure and 
identify the tipping point, representing here the number of in-
dividuals (or cells) or functionality losses that can be tolerated 
before the superorganism collapses. Modeling complex interac-
tive processes across biological levels can be useful for linking 
individual biomarkers to colony dynamics. However, to achieve 
this goal, it is important to understand how different biological 
levels resist and recover from stressors, and how they are able to 
buffer perturbations at other levels (Cavigelli et al. 2021). These 
mechanisms that regulate the homeostasis of (super)organisms 
at different levels of biological organization can be described 
with the cybernetic principles (e.g., self-regulation, feedback, 
and network dynamics) and integrated into simulation models 
to enhance their ability to understand, simulate, and predict su-
perorganism responses to environmental stressors.

5   |   A Cybernetic Perspective on Superorganisms

Cybernetics is a discipline that originally emerged to identify 
common principles in the functioning of automatic machines 
and the human nervous system. It soon expanded its scope to 
uncover general patterns that characterize any complex sys-
tem involved in control and communication (Wiener  1948). 
Specifically, cybernetics is an important part of “systems the-
ory” that studies systems as groups of interconnected elements 
organized toward a specific purpose and characterized by key 
features such as networks, hierarchies, and feedback loops 
(Stebbing 2011).

“Hierarchy” is a central concept in cybernetics and can be de-
fined as a vertical organization of levels in complex systems, 
in which higher levels are dominant over lower levels that are 
nested within higher levels (Stebbing 2011). Each level is com-
posed of a set of “interconnected things” (i.e., networks) that 
work together to reach a specific goal. From a cybernetic per-
spective, a complex system is a self-regulated system charac-
terized by negative and positive feedbacks. Negative feedbacks 
are reactions that tend to stabilize the system, whereas positive 
feedbacks are reactions that tend to amplify the effects of a per-
turbation. In the absence of external perturbations or stressors, 
the system tends to return to its state (e.g., a stable condition), 
exhibiting small or large oscillations around it. In the presence 
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9 of 14Ecology and Evolution, 2025

of stressors, the system can react with negative feedbacks in 
order to dampen the perturbation; however, in some circum-
stances with strong and persistent perturbations, as the system 
approaches a tipping point, the amplitude and duration of these 
oscillations typically increase till the system jumps from one 
state to another. Thus, the collapse occurs when the system loses 
its homeostatic capacity (Stebbing 2011).

Following a cybernetic approach, superorganisms may be 
viewed as complex systems characterized by emergent prop-
erties that arise from the interactions of different components 
that compose the system. In fact, a superorganism is orga-
nized in “nested networks” where each node (individual), at 
a higher level of biological organization, contains nested 
networks at lower levels (organs, tissues, cells) (Canciani 
et al. 2019). At each level, the node aggregations (e.g., special-
ized cells that form an organ, groups of individuals that per-
form the same task in the colony or groups of birds in a storm) 
often behave as a unit with properties that are not merely a 
sum of the individual behaviors. The complex set of behaviors 
of these aggregations, and the nested hierarchy in which life 
is structured (from gene to superorganism), can be explained 
through cybernetic principles (Wey et  al.  2008; Parisi  1990; 
Stebbing 2011).

In this framework, it is possible to describe the dynamics of a 
superorganism with several positive and negative feedbacks. 
For example, in honeybee colonies, division of labor is age-
dependent (age polyethism) but also strongly influenced by so-
cial feedbacks. If the number of foragers declines, in-hive bees 
accelerate their behavioral development and begin foraging ear-
lier to compensate for the loss (Perry et al. 2015). Similarly, if 
there is a lack of nurse bees and a surplus of foragers, they can re-
verse their behavioral development and return from foraging to 
nursing roles (Seeley 1995; Robinson et al. 1992). The flexibility 
observable at the colony level on task allocations among workers 
is based on “information center strategy” where the network of 
worker interactions, which establishes a set of feedback mecha-
nisms, is the result of behavioral variability and flexibility at the 
individual level (Seeley  1995). Similarly, the balance between 
the nectar and pollen foragers and the amount of sugar and pro-
tein stocks in the hive is regulated by feedback loops that have 
been interpreted by Schmickl and Karsai (2018) using the “com-
mon stomach” or “social crop” approach. The common stomach 
in social insects, like honeybees, ants, and wasps, is a shared 
storage system for key substances (i.e., pollen, nectar, water) that 
regulates task allocation. Its saturation level signals the colony's 
needs, allowing workers to switch tasks efficiently without com-
plex communication or learning (Schmickl and Karsai  2018). 
The self-regulation ability of the colony in the framework of the 
“common stomach” approach has been successfully described 
with a mathematical model (Schmickl and Karsai 2017). From 
a biological point of view, these self-regulation mechanisms are 
influenced by pheromones circulating in the nest via trophal-
laxis, and their physiological mechanisms, which include gland 
maturations or regression, are well known (Winston 1987). In 
analogy with the organism, where the hormones regulate the 
functionality of different organs, the pheromones in the superor-
ganism are responsible for the regulation of the activities among 
individuals. Several of these activities, including task division 
and colony thermoregulation, which are controlled by social 

feedbacks in superorganisms, have been simulated with simple 
mathematical models (Khoury et al. 2011; Becher et al. 2010).

Following the principle of cybernetics, a superorganism can also 
be conceptualized as a network in which individuals represent 
the nodes, and their interactions serve as the links connecting 
these nodes (Fewell 2003). The collapse of such a network may 
occur when certain nodes are lost—either in absolute numbers 
or as a proportion, particularly if key nodes (those with high 
connectivity) are affected—or when critical links disappear. 
This process, due to interactions with environmental stressors, 
can happen at different levels of biological organization, for ex-
ample, at the individual level, where cells constitute the nodes 
and their interactions form the links. In this context, the central 
question regarding system collapse is to predict the threshold 
at which the loss of cells (nodes) or interactions (links) leads to 
the failure of organ functionality and, by extension, impacts the 
vitality of the entire organism or superorganism across scales.

Historically, scientific knowledge in ecology was mostly focused 
on the processes and interactions within a single level of orga-
nization (“horizontal levels”), while the study of the connections 
between different hierarchical levels of biological organization 
(“vertical links”) was only marginally considered, as it required 
crossing disciplinary borders (Jordán  2022). Integrating cyber-
netic principles and social network analysis with a multi-level 
approach offers a powerful tool for linking “horizontal and ver-
tical thinking” and thus understanding complex biological sys-
tems (Jordán 2022; Wey et al. 2008). By identifying the key nodes 
that interact between different levels of biological organization, 
we can better predict how biological systems respond to pertur-
bations (or stressors) at various levels. This, in turn, enables us to 
understand how disruptions at lower organizational levels influ-
ence higher-level functions, and vice versa (Cavigelli et al. 2021). 
The challenge is to deal with systems that contain a huge num-
ber of interacting components and are characterized by emergent 
properties that are difficult to anticipate from the knowledge of 
single components. For this reason, it is important to study the 
interactions between the components of biological systems fol-
lowing a holistic approach where cybernetics can play a key role 
(Kitano 2002). In line with this perspective, Breda et al. (2022) ad-
opted a systems biology approach to investigate the interactions 
among the stress factors that affect bee health. By focusing on the 
properties of the colony as a system and how the stressors affect 
it, they found two stable equilibria that help reconcile the con-
trasting outcomes reported in field studies on the impacts of pesti-
cides on honeybee colonies (Woodcock et al. 2017). Interestingly, 
their findings showed that the immunosuppression caused by the 
widespread bee pathogen, Deformed Wing Virus, can introduce 
a critical positive feedback loop in the system causing bistability 
leading to two potential final outputs in individual bees, pro-
longed survival or premature death, which in turn affects colony 
survival (Breda et al. 2022).

In the framework of cybernetic laws, the hierarchical sys-
tem allows each level of biological organization to exert 
semi-autonomous local control through feedback loops 
(Stebbing  2011). For instance, in insects, cells increase the 
production of HSPs (Heat shock proteins) in response to heat, 
chemical, and other stressors. However, during a stress re-
sponse, the overall coordination comes from higher levels, 
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such as the nervous and endocrine systems, which override 
and align local responses to ensure the whole organism re-
acts coherently. This hierarchical control mechanism can be 
illustrated with a hydraulic model consisting of a series of 
connected vessels, each with two outlet pipes through which 
water can escape (Figure 4; Stebbing 2011). The initial inflow 
of water into the first vessel represents, for example, a toxic 
load (S), while the outflow from the lower pipe corresponds to 
the homeostatic response (R). When the inflow rate exceeds 
the outflow rate (S > R), water accumulates in the vessel until it 
reaches the level of the second, higher outlet pipe. At this point, 
the overflow passes into the next vessel, producing an effect 
(E) that becomes apparent at the succeeding level of biologi-
cal organization. Through the same mechanism, effects can 
propagate across successive levels (Stebbing 2011). This simple 
hydraulic model illustrates how resilience and resistance ca-
pacities accumulate across different levels of biological organi-
zation and how cascade effects may emerge (Figures 1 and 4).

6   |   Superorganisms as Models for Understanding 
Complex Systems

Superorganisms can be used as models for understanding how 
complex systems react to stressors and for identifying general 

stress response patterns and trends that apply across differ-
ent levels of biological organization. The analogy between a 
superorganism and a Metazoan animal offers the possibility 
to understand how and why complex systems collapse and to 
address other big questions in biology. In fact, unlike other 
biological complex systems, such as pluricellular organisms, 
superorganisms can be easily experimentally manipulated 
to solve general problems in biology (Fewell  2003; Kennedy 
et al. 2017).

In the framework of the complex systems theory and cyber-
netic laws, the concepts of resilience, feedback loops, tipping 
point and emergent properties that characterize the super-
organism can be extrapolated to other systems and used to 
understand general mechanisms of systems collapse. In a 
transdisciplinary way, the above-mentioned concepts can be 
applied in different contexts, from the collapse of human so-
cieties to the collapse of ecological networks (Cumming and 
Peterson  2017), but always with the aim of understanding 
the mechanisms and identifying the tipping point or early 
warning signals that can predict whether or when collapse 
occurs. A similar approach has been proposed by Amdam 
and Seehuus (2006) to understand the molecular mechanism 
of cancer using the honeybee colony as a model. In the su-
perorganism, order, which is controlled via complex signaling 
cascades and surveillance schemes, can be replaced by dis-
order, leading to collapse. This phenomenon occurs when A. 
m. capensis workers infiltrate A. m. scutellata colonies and 
trigger uncontrolled reproduction, as their eggs are accepted 
and their larvae are nourished like queens. The emerging 
adults often develop enlarged ovaries, refrain from contrib-
uting to colony tasks, and begin laying eggs, ultimately driv-
ing the colony toward collapse. This happens because the 
mechanisms that normally suppress worker reproduction—
through pheromone-driven inhibition of oogenesis and nest 
surveillance schemes enforced by the worker population—are 
disrupted (Amdam and Seehuus 2006). Analogously, this hap-
pens in the human body when the order is disrupted by the 
abnormal growth of some cells (cancerous cells) that invade 
other parts of the body.

The validation of the hydraulic model in Figure 4, as a hier-
archical feedback-based regulation across different biological 
scales, and a deeper understanding of how superorganisms 
react to environmental stressors can shed light on major ques-
tions in evolutionary biology, such as the origins of multicel-
lularity or eusociality. The self-organization and the emergent 
properties observed in the superorganism (high biological 
level) can be easily translated and applied at the individual and 
sub-individual levels (lower levels), allowing a deeper under-
standing of the mechanisms and selective forces shaping more 
complex biological structures. The origin of different levels of 
biological organization, including organelles into cells, cells 
into multicellular organisms and organisms into superorgan-
isms, can be seen as a new response in the evolution of life to 
maintain the stability of the system in the face of environmen-
tal stressors (Pull and McMahon 2020). However, the specific 
factors driving the evolutionary transition toward new and 
more complex forms of biological organization remain under-
explored. The cybernetic and multilevel approach proposed in 
this paper to understand stress responses in superorganisms 

FIGURE 4    |    Hierarchical control is illustrated with a hydraulic mod-
el of vessels with two outlets: Inflow represents a toxic load (S), lower 
outflow represents the homeostatic response (R), and overflow to the 
following vessel produces an effect (E) visible at the next level of biolog-
ical organization, illustrating the accumulation of resilience and poten-
tial cascade effects (redrawn from figure 9.7 in Stebbing 2011).
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can provide insight into how and why new complex biological 
structures arose on our planet.

7   |   Conclusions

Superorganisms have evolved an additional level of organis-
mality that enables them to better withstand environmental 
stressors than individual organisms. However, under certain 
conditions, often difficult to predict, superorganisms can rapidly 
collapse. The key challenge lies in understanding the underlying 
mechanisms and causes of such collapses.

Predicting when and why the collapse of the superorganism oc-
curs is fundamental for pest control against superorganisms like 
ant and termite colonies (Box 1) or proposing mitigation strate-
gies for protecting useful superorganisms for human wellbeing 
like honeybee colonies (More et al. 2021).

While numerous laboratory studies have demonstrated the ef-
fects of stressors at lower levels of biological organization (e.g., 
molecular, cellular, and tissue levels), the ecological significance 
of these effects at higher levels remains largely underexplored. 
Moreover, it is not well understood how impacts observed at 
lower levels scale up to influence higher organizational levels, 
nor which endpoints (i.e., measurable biological responses) 
might serve as reliable early warning indicators of critical tip-
ping points. Addressing these knowledge gaps necessitates an 
integrated approach that combines experimental and computa-
tional investigations and links “horizontal and vertical think-
ing” (Jordán 2022). This innovative operative approach aims to 
apply the cybernetic law and the network analysis to understand 
stress response with a special focus on vertical links connecting 
organizational levels.

Given the complexity of interactions between stressors and su-
perorganisms, modeling approaches are indispensable for iden-
tifying key factors and predicting the fundamental patterns 
that precede superorganism collapse. Within this context, cy-
bernetics offers a powerful framework for analyzing systems 
where direct observation of all components is not feasible. 
According to the cybernetic perspective, collapse can be inter-
preted as the system's failure to maintain homeostasis (Figure 4) 
(Stebbing 2011). This conceptual framework can be applicable 
across multiple levels of biological organization characteristic of 
superorganisms and, more broadly, provides a robust basis for 
explaining stress responses in complex systems and sheds light 
on fundamental biological questions, such as the evolution of eu-
sociality and the origins of multicellularity.
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