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 Abstract 

Millions of organisms live in the water, but only a small number are truly 
unique. The puffer fish is one of these odd creatures that, despite being the 
second most poisonous vertebrate, has distinctive qualities many people find 
fascinating. Predators find it more difficult to consume puffer fish, also called 
blowfish, swellfish, and globefish, because they can inflate themselves with 
water or air when attacked. These fishes are classified as tetrodotoxic. The 
three families of puffer fish, called Fugu in Japan, are Tetraodontidae, 
Triodontid, and Diodontidae. The Tetraodontidae family includes species 
found in marine, brackish, and freshwater environments. The Tetraodontidae 
refers to four teeth used to break the shells of molluscs and crustaceans. These 
teeth are arranged into two upper plates and two lower plates. 
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INTRODUCTION 
The Tetraodontidae family includes 30 genera 
and 200 species and lives in freshwater and 
shallow, warm tropical oceans worldwide. A 
massive blunt head, jaws shaped into a beak with 
strong heavy teeth including two above and two 
below, gill openings that look like simple slits in 
front of the pectoral fins, and the absence of 
pelvic fins are some physical characteristics of 
this family. Tetraodontiforms belong to the 
Tetraodontidae family and represent a distinct 
monophyletic group within Teleostei. Because 
of its distinctive physical characteristics, 
ichthyologists and biologists have long been 
interested in this group. Tetraodontidae is the 
only family of tetraodontiforms that lives in 
freshwater. One of the main challenges aquatic 
creatures face when expanding their range is 
crossing the freshwater-sea boundary, since it 
involves bridging difficult gaps between different 
environments. In this sense, this family of 

tetraodontiforms is considered the most unique 
and intriguing. (Nelson et al., 2016).  
That every fish's reproductive habits are closely 
connected to its evolutionary background. 
Information on the various reproductive 
strategies of Tetraodontid fishes can help 
explain their evolutionary history, including 
how the Tetraodontidae adapted to freshwater 
environments. The distinctions between 
freshwater and brackish water puffer fishes' 
reproductive behaviors have not been well 
studied. There are only 10 documented cases of 
captive breeding of freshwater and brackish 
water puffer fish. One example is the African 
Tetraodon schoutedeni, which spawns by 
swimming alongside one or more males.  
The females bite and hold onto their abdomens 
as they lay demersal eggs. Before discussing the 
distinctive traits of puffer fish that likely help 
them succeed in their invasion, some 
background information is provided. Except 
when a specific species is mentioned, in which 
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case its scientific name is provided, both. In this 
study, they are referred to as puffer fish. A 
complete knowledge of these incidents is 
necessary to build this baseline database of 
occurrences, assess temporal and regional 
changes in threat, and develop more effective 
outreach and preventive initiatives for the wider 
Mediterranean region.(Ulman et al., 2024) 
In 2024 conducted a study that explored various 
aspects of the subject. Their findings provided 
valuable insights that helped shape further 
research and understanding. Marine Protected 
regions (MPAs) are legally protected areas that 
stretch from the intertidal zone to the deep 
ocean. They are created to conserve endangered 
species and ecosystems by maintaining 
biodiversity and reducing the risk of extinction 
for certain species. The restoration of 
environmental integrity should be possible 
through MPAs by increasing marine output, 
including fish and invertebrate species. Research 
has shown that fish serve as an important tool to 
monitor the impact of human activity on marine 
ecosystems and to assess the environmental 
quality of coastal areas.(Marinsek et al., 2024) 
Sphoeroides testudineus is a puffer fish found 
widely in the Eastern Atlantic and is common 
along the Brazilian coast. They are vital to 
maintaining the trophic balance in bays and 
estuaries, where they like to reside. They mostly 
eat gastropods, bivalves, and crustaceans. 
Because S. Testudineus fish can tolerate a wide 
range of environmental conditions and have 
been used as sentinel in multi-level biomarker 
studies (Gonçalves, Andriolo, Pinto, & Duarte, 
2020). The performance of fish biomarkers 
depends on the sensitivity of the species being 
studied, the biomarker selection, and the 
conditions of sampling and analysis. These 
difficulties can be reduced by careful experiment 
planning and execution, along with a critical 
evaluation of the results. Organs like the liver 
and gills of fish are used as targets in 
ecotoxicological studies because they show how 
contaminants might affect gas exchange and 
detoxification. The gills are an organ that is in 
direct connection with the environment and 
with the materials present in the water. They are 
important for both breathing and ion exchange. 
The gills' histological changes are typically linked 
to acute contamination effects such as 

hypertrophy, necrotic patches, lamellar fusion, 
and elevation of the lamellar epithelium. 
Changes in gill shape may be closely linked to 
problems with gas exchange and osmoregulation 
because they increase the distance between 
epithelial cells and blood capillaries. This can 
compromise osmoregulation when hazardous 
chemicals are present. Steatosis, circulation 
issues, melanomacrophage centers, and necrotic 
areas are some of the alterations observed. 
(Suchana et al., 2021) 
China and Japan, puffer fish are considered a 
valuable aquatic product and have been eaten 
for a long time because they contain high 
protein and have a tasty flavor. Despite their 
great flavor and high market value, many puffer 
fish contain unhealthy levels of tetrodotoxin 
(TTX) in their ovary, liver, kidney, eyes, and 
blood (Wu & Chen, 1981). Ingestion or 
incorrect handling can cause poisoning or even 
death. It is essential to filter the edible puffer fish 
species to avoid poisoning from eating 
hazardous puffer fish. Identification and 
taxonomy of puffer fish provide solutions to the 
problems described above. There have been 
many reports on puffer fish molecular taxonomy 
so far. These studies mainly focused on a few 
genera or species and did not include a 
comprehensive taxonomic study of the species 
across the entire order Tetraodontiformes. 
There is an urgent need for research on the 
classification and identification of puffer fish 
using DNA barcoding to clarify the cryptic 
species and synonyms of this order.(Liu et al., 
2024). 
The Suez Canal, transportation, connecting 
straits, global warming, and climate change all 
contribute to the growth and spread of invasive 
foreign marine creatures in the Mediterranean 
Sea. Because of global warming and climate 
change, the Mediterranean Sea is turning into a 
tropical sea. As invasive alien marine species 
increase, local marine biodiversity and the 
Mediterranean Basin's sustainable seafood 
market face serious risk. The literature covers 
many important subjects, including attacks by 
invasive alien species that Mediterranean 
countries face. Physically identifying and 
tracking alien species in invasive alien studies is 
difficult, but researchers make several 
assumptions about the effects of alien species on 
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the waters and efforts to control them (Kaplan, 
Yildirim, & Yildirim, 2022). 
 
1. Taxonomy, Morphology and 
Distribution 
Puffer fish provide important information for 
understanding these fish. Taxonomy helps 
classify puffer fish within the animal kingdom 
morphology studies their physical 
characteristics, such as body shape and skin 
texture. Distribution refers to where puffer fish 
are found in oceans and coastal areas. This 
knowledge supports research and conservation 
efforts related to these species. Puffer fish belong 
to the family Tetraodontidae and are known for 
their ability to inflate their bodies and for having 
complex toxicity mechanisms. Because these 
species have specialised roles in benthic food 
webs and are often used as markers of reef 
health, understanding their taxonomy, 
morphology, and geographic distribution is 
essential. It has been established that creating 
algorithms for the individual identification of 
animals from images is ecologically important. 
Most algorithms are trained separately for each 
species, which limits their widespread use 
because data curation and model maintenance 
are expensive (Otarashvili et al., 2024).  
The Tetraodontidae family includes puffer fish 
and stands out as one of the most physically 
specialised and evolutionarily unique families 
within the Tetraodontiformes order. Puffer fish 
are a unique group of fishes known for their 
protective inflating mechanism and the poison 
tetrodotoxin. Puffer fish belong to the category 
Eukaryotes, which includes organisms with cells 
that have specialised organelles and a 
membrane-bound nucleus. They belong to the 
kingdom Animalia within this domain because 
they are heterotrophic, multicellular organisms 
that have complex tissue structures and the 
ability to move (Nelson et al., 2016).  
At the phylum level, puffer fish are part of the 
Chordata group. This group is defined by 
features such as a post-anal tail at some point in 
their development, pharyngeal slits, a dorsal 
hollow nerve cord, and a notochord. During the 
development of the embryo, these characteristics 
are especially noticeable. (Helfman et al., 2009). 
The largest group of vertebrates, the 
Actinopterygii or ray-finned fishes, includes 

species such as the pufferfish. They are 
distinguished by the fact that their fins are 
supported by bony rays rather than fleshy lobes 
(Helfman et al., 2009). Puffer fish belong to the 
Tetraodontiformes order of the Actinopterygii, 
which is known for its highly specialized body 
structure.This order of fishes often has fused 
teeth, changed scales, and fewer skeletal 
features.Their distinct eating habits and 
protective tendencies are a result of these 
adaptations.The order includes various odd fish 
families such as sunfish, boxfish, and triggerfish, 
but puffer fish are known for their exceptional 
ability to inflate their bodies when they sense 
danger (Froese & Pauly, 2024). There are two 
main reasons current methods of monitoring 
marine species are inadequate. First, existing 
approaches sometimes overlook the similarities 
in appearance between related species, requiring 
large datasets for each specific species something 
uncommon or cryptic puffer fish often lack 
(Otarashvili et al., 2024).  
Second, the fine-scale spatial resolution needed 
to link species occurrence with specific 
microhabitats is often missing from regular 
monitoring. Coarse-scale measurements may 
miss important early warning indicators of 
environmental change because species are very 
sensitive and respond to small differences in 
their microhabitats, as shown in studies of 
different benthic assemblages. (Lasinio et al., 
2017). 
 
1.1. Multi-Species Animal Re-
Identification 
Involves recognizing and matching individual 
animals across different species based on their 
unique features. This process helps in tracking 
wildlife, studying animal behavior, and 
supporting conservation efforts while ensuring 
accurate identification regardless of species 
differences. Recent advancements have shown 
that training a single embedding network for 
multiple species, including whales and primates, 
can improve performance (Otarashvili et al., 
2024). 
This approach is particularly relevant for 
pufferfish taxonomy, where shared 
morphological traits play an important role e.g. 
Variations in body shape and fin placement 
across the Tetraodontidae family can help 
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improve the identification of rare species when 
there is limited training data. By focusing on 
identifying animals individually, this method 
helps in studying population dynamics and 
morphology over time. (Otarashvili et al., 2024). 
Puffer fish include about 28 genera and more 
than 190 species. They live in different 
environments, such as shallow tropical coral 
reefs, temperate open ocean areas, and 
freshwater rivers in South America, Africa, and 
Southeast Asia. (Zhang et al., 2025).  
The evolutionary trajectory of this group 
includes the reduction of skeletal elements, the 
fusion of teeth into a beak-like structure, and the 
development of high elasticity in the ventral skin 
to facilitate inflation. (Zhang et al., 2025). 
Pufferfish in reef environments share similar 
characteristics, often appearing cryptic or 
camouflaged. Research into detecting small and 
rare wildlife in aerial imagery has led to the 
development of frameworks like RareSpot, 
which integrates multi-scale consistency learning 
to reduce feature loss related to scale. (Zhang et 
al., 2025) 
For instance, color patterns, which are often 
primary diagnostic features, can vary greatly 
depending on life stage, sexual dimorphism, and 
environmental background matching. The 
phylogenetic relationships between marine and 
freshwater clades are not fully resolved, which 
complicates our understanding of how 
freshwater invasion events occurred historically 
(Otarashvili et al., 2024). Pufferfish from the 
family Tetraodontidae live in many areas around 
the world. They can be found in marine, 
brackish, and freshwater environments in 
tropical and subtropical regions. 
 
1.2. Morphological Taxonomy of Fish 
(Classical) 
In the past, taxonomists relied on three main 
character types to classify fish: the structure of 
the nasal apparatus, the presence/absence of a 
lateral line, and the dermal spine distribution 
(spinules). For example, the nasal organ (with a 
single tentacle, bifid structure, or an open pit) 
helped biologists distinguish the genera 
Arothron and Canthi aster through the 
application of dichotomous keys. Why use a 
classical taxonomic approach? The classic 
approach is both accessible and able to identify 

species in the field without expensive lab 
equipment (Croze et al., 2019). 
However, one significant limitation is that the 
features upon which the classical method relies 
are subject to ontogenetic change; i.e., juvenile 
pufferfish display nasal structures/spinal 
patterns that differ greatly from those of adults, 
and, historically, taxonomists have synonymized 
different life stages of the same fish species as 
two separate species. Also, preservation of 
delicate dermal spines also obscures important 
diagnostic information. (Lasinio et al., 2017). 
 
1.3. Ecological Distribution and 
Toxicology 
The other area of researched relationships is the 
relationship between the ecological distribution 
of pufferfish and the distribution of toxic 
compounds. The study is focused on how the 
amounts of tetrodotoxin (TTX) and saxitoxin 
that are sequestered in different tissues (liver, 
ovaries, skin) and geographical areas (Otarashvili 
et al., 2024). The icebergs of ecological 
distribution state that the toxicity of pufferfish 
acts as a selective pressure for the distribution of 
pufferfish and how behaviourally and 
morphologically (i.e., aposematism) individuals 
are different. Research shows that there is often 
an association between the number of toxic 
pufferfish and the presence of TTX-producing 
bacteria within the local food web (Zhang et al., 
2025). 
 
2. Feeding Ecology and Behavioral 
Ecology of Pufferfish 
The family of pufferfish (known scientifically as 
Tetraodontidae) is comprised of teleost (bony) 
fishes and includes representatives that inhabit 
all types of aquatic ecosystems ranging from 
tropical to temperate marine and freshwater 
habitats. One reason for their ecological success 
is that they have adapted morphologically and 
behaviorally to their surroundings. These 
adaptations include strong beak-shaped 
dentition, which enables them to consume the 
hard bodied prey. The fact that the teeth of 
pufferfish are fused together in the form of a 
beak results in their ability to consume 
durophagically (the consumption of mollusks, 
crustaceans, and other kinds of hard-bodied 
prey) makes them different from most other 
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families of teleost fishes and clearly 
demonstrates their role in a different trophic 
level than the other families of teleost (Evans et 
al., 2023; Tyler, 1980). The morphological 
innovation associated with the beak dentition 
lends considerable support for much of the 
feeding ecology associated with pufferfishes and 
enables them to exploit and utilize a wide variety 
of ecological niches, including coral reefs, 
estuary habitats, and freshwater habitats. 
 
2.1.  Feeding ecology 
There are many unique characteristics of 
pufferfish which ultimately lead to their dietary 
differences depending on the specific habitat 
they occupy, the species, and their respective 
ontogenetic stage of life. (Renjithkumar et al., 
2020). 
Renjithkumar, & Ranjeet evaluated the dietary 
characteristics of Carinotetradon travancoricus, a 

species of freshwater endemic pufferfish from 
the Western Ghats of India. The authors 
reported that the diet of juvenile C. travancoricus 
is primarily omnivorous and that the diet of 
adult C. travancoricus is primarily insectivorous 
and crustaceanivorous. Feeding behaviour is 
also affected by seasonality, with the intensity of 
feeding occurring prior to the monsoon (higher 
levels of feeding), and as spawning approaches, 
the diet shifts to become more animal based (i.e., 
more insects and/or crustaceans), indicating 
that C. travancoricus exhibits a high degree of 
flexibility in their respective diets, as influenced 
by life stages and environmental conditions 
(Renjithkumar et al., 2020). To better 
understand feeding plasticity, the following 
diagram presents the ontogenetic dietary shifts 
of Carinotetraodon travancoricus in relation to 
developmental stages and habitat variability. 

 

 
Fig. 01: Dietary Shift of Carinotetradon travancoricus (Flexible feeding Adaptations Based on Life 

Stages and Environment) 
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2.2.  Development and seasonal variability 
of appetite 
Puffers' feeding patterns are determined by both 
their age and the environment in which they 
live. For example, the diet of Colomesus asellus in 
the upper-middle Tocantins River, Brazil, was 
primarily made up of benthic insects (mostly 
immature mayflies), and it did not vary 
systematically with either geographic location or 
size. Hence, it can be inferred that trophic roles 
in this population's feeding ecology will not vary 
as much between seasons and developmental 
stages (Bartolette et al., 2018). 
However, some species exhibit seasonal 
variation with respect to foraging behaviour 
related to their life cycle. For example, 
Carinotetradon travancoricus exhibited greater 
intensity of foraging on animal food items 
during the spawning cycle than at other times of 
year (Renjithkumar et al., 2020). Ultimately, 
while there are systems where fish diets remain 
fairly constant across freshwaters, unique 
characteristics such as reproduction will affect 
feeding behaviors differently in other 
environments. 
 
2.3.  Intermediate Trophic Position and 
Energy Transfer through Trophic Relations 
Finally, in ecosystems, C. psittacus serves a critical 
role through its position in the food web as both 
predator of invertebrates living near the water's 
bottom and prey for larger fish species. For 
instance, C. psittacus in mangrove areas have 
been shown to consume large numbers of 
barnacles and crabs; thus, there is a high energy 
transfer through these fisheries across estuarine 
ecosystems. Based on the analysis of stomach 
contents of C. psittacus in these areas, it was 
found that approximately 6.2% of their total 
body weight was consumed daily in barnacles or 
178.7 grams/ha/day in brachyuran crabs, 
further illustrating their role as an efficient 
conduit of energy through these fisheries 
(Krumme et al., 1997). 
 
2.4.  Behavioural Ecology: Foraging 
Behaviour and Social Interactions 
Feeding behaviour may also influence social 
dynamics among pufferfish, as evidenced by 
research in Behavioural ecology. For example, in 
juvenile tiger puffer (Takifugu rubripes), 

restricting food intake leads to an increase in 
aggression; increased amount of activity; and 
increases in body contact with other fish while 
feeding. Brain monoamine levels have been 
shown to be markedly altered due to reduced 
availability of food and therefore intensification 
of intraspecific competition. Elevated rates of 
dopamine and reduced levels of 5-HIAA and 
MAOA indicate that restricted food availability 
may influence aggression through changes to 
neurological processes (Xie et al., 2021). 
Aggressive behavior will have ecological 
consequences in terms of territorial behaviour, 
dominance hierarchies, and resource access in 
natural populations, particularly in 
environments where food is limited or patchily 
distributed. The behaviour exhibited by fish will 
significantly affect their fitness and, 
subsequently, community structure. 
 
2.5.  Defensive Behaviour and its 
Ecological Context 
Pufferfish are well known for their inflation 
behaviour, which is a rapid defensive behaviour 
used by pufferfish to defend themselves from 
predators. Inflating results in increased size and 
corresponding reduced chances of predation as 
a result of gulping water or air into their elastic 
stomachs. The anatomy, skin elasticity and 
musculature, and neural control of the inflation 
behaviour in Takifugu obscures have all 
demonstrated their role in assisting the function 
of the pufferfish in their defense mechanism 
(i.e., a functional role in survival). 
In addition to using physical means to defend 
themselves, many species of pufferfish are able 
to produce tetrodotoxin (TTX), which is derived 
primarily from their food supply or their 
microbial flora and is used as a chemical defense. 
Studies have shown that TTX can reduce the 
number of attacks from predators, and in 
juvenile puffer abundance, TTX may reduce 
stress and agonistic interactions between 
conspecifics (Ferreira et al., 2022).  Thus, it 
appears that the roles of chemical and physical 
defense, feeding ecology, and Behavioural 
ecology are related in pufferfish. 
 
 
 



The Research of Medical Science Review  
ISSN: 3007-1208 & 3007-1216  Volume 4, Issue 3, 2026 
 

https://medicalsciencereview.com                 | Mahmood et al., 2026 | Page 854 

2.6.  Ecological Factors Affecting the 
Management of Puffer Fish 
Puffer fish are among some of the earliest species 
to inhabit marine environments. Their discovery 
is closely linked with discoveries of; the first 
chlorine dioxide (ClO2) reactions and ignition 
of electricity by using electrolysis. Marine puffer 
fish are common in coral reef and seagrass 
habitats; both of which frequently have high 
prevalence of mollusks, urchins, and 
crustaceans. Many studies have demonstrated 
that durophagy feeding is a common 
phenomenon across all puffer fish (Evans et al., 
2023). 
Conversely, freshwater species of puffer fish, 
including both Colomesus asellus and 
Carinotetradon travancoricus, are most often 
feeding on benthic insects and smaller 
invertebrates. The feeding habits of these 
freshwater species, therefore reflect the types of 
lentic or lotic ecological systems they inhabit 
(Bartolette et al., 2018; Renjithkumar et al., 
2020).  
 
3. Computational Modelling of the 
Relationship Between Inflation and 
Tetrodotoxin (TTX) in an Ecologically 
Functioning Puffer Fish Population 
The ecological importance of a puffer fish comes 
largely from the fact that they possess various 
specialized behavioral defense strategies that 
allow them to be able to exist in specific 
ecological niches, even though many individual 
pufferfish species are unable to swim quickly. 
Inflation response is one of the more common 
defense strategies among all animal species and 
is often used as a predator avoidance strategy. 
Up until recently, it has been accepted that 
inflation response represents a 'breath-holding' 
response whereby final gill oxygen absorption 
occurs during inflation process and, 
simultaneously, the dermal respiration occurs to 
maintain energy to complete the inflation 
response (McGee et al., 2014). The two main 
defence strategies employed by all pufferfish are 
body inflation, where they expand their bodies 
to an inflated size that is typically several times 
their normal size, and use of Tetrodotoxin 
(TTX) as a chemical means of defending 
themselves from predation. 

Strong esophageal and pyloric sphincters are 
believed to facilitate the inflation response. The 
anatomical location of the sphincters (between 
the esophagus and stomach, and between the 
stomach and intestine) has been well-
documented early on in the anatomy and 
highlighted as an integral factor in preventing 
the emptying of the pufferfish stomach with 
respect to the water that was ingested by the fish 
(McGee et al., 2014). 
The most potent neurotoxin known, 
tetrodotoxin (TTX), was originally thought to be 
unique to pufferfish. Still, the determination of 
its structural complexity has identified TTX in 
other marine animals, such as the toxic goby 
(Yonge ichthys criniere), xanthid crabs, blue 
annulated devilfish, and flatworms as well as 
amphibians and terrestrial annelids. Since then, 
a number of TTX analogs including deoxy TTXs, 
dideoxides, and 5,6,11-trideoxyTTX have been 
identified in TTX-containing organisms (Asano 
et al., 2023).  
When a pufferfish inflates, it is much more 
difficult for a predator to swallow and poses a 
physical barrier to predators that have a 
restricted biting capacity. In contrast, TTX serves 
as a lethal deterrent to those predators that 
manage to avoid being impeded by the 
morphological defense of the pufferfish. 
Accordingly, these two methods of deterrence 
work together to reduce predator-related 
mortality of pufferfish and, in turn, influence 
the population dynamics of both pufferfish and 
their predators. Given the rapid changes 
occurring in marine ecosystems as a 
consequence of anthropogenic climate change, 
it is essential to understand the stability and 
variability of these defensive mechanisms (Smith 
et al., 2016). 
 
3.1.  Environmental Factors of Marine 
Toxicity 
Although environmental (abiotic) influences 
play a major role in the synthesis and 
accumulation of toxins in marine organisms, 
historically, establishing causal relationships has 
been challenging. Recently, with advancements 
in deep learning, it is now possible to better 
predict the presence of toxins by using 
meteorological and hydrological data.  
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In research conducted by (Schoppema et al., 
2025) on the key drivers of tetrodotoxin (TTX) 
contamination in bivalve mollusks, explainable 
AI (XAI) was used to identify solar radiation, 
water temperature, and chloride concentration 
as critical predictors; therefore, the definitive 
environmental factors supporting such 
correlations were established in their research.  
Findings from (Schoppema et al., 2025) will be 
particularly relevant to puffer fish, given that 
TTX is often accumulated via the food chain or 
from symbiotic bacteria that are highly sensitive 
to many of these same environmental variables. 
This study also represents a substantial 
improvement over the biological sampling 
methods, which capture toxins in a static 
manner, by using a dynamic, temporal 
framework to define fluctuations in toxicity.  
 
3.2. Adversarial Dynamics and Resilience 
Biological systems and computational systems 
both utilize defensive strategies, either 
evolutionarily (biological systems) or 
organically/systematically developed 
(computational systems), to withstand the effects 
of "attackers" (adversarial entities); thus 

adversarial robustness refers to how well a given 
system resists adversarial-based failure when 
provided with an input generated by an attack 
on the method of operation of a given system, 
such as Fast Gradient Sign Method (FGSM) and 
Carlini-Wagner (CW), as applied to neural 
networks  (Sarkar et al., 2024).  
In ecology, the process of adaptation to changing 
conditions relies upon a predator, as an example 
of an adversary, to develop a strategy to optimally 
overcome the defenses of prey while 
simultaneously expending as few metabolic 
resources as necessary. In addition, the manner 
in which sparse and intentionally applied 
modifications (attacks) destabilize predictive 
models has been examined via multivariate time-
series forecasts (Liu et al., 2022). which relates 
directly to evolutionary arms races as the 
predator adopts a novel behavioral mechanism 
for bypassing the defensive tactics of prey (i.e. 
pufferfish), resulting in the necessary evolution 
of punterfish having many strong defenses in 
order that their defenses would be effective 
when under potentially noisy conditions and/or 
disturbed environmental signals (Liu et al., 
2022). 

 
Table 01: Summary of key ecological features of the selected pufferfishes. 

Species Habitat Distribution Diet Defense Key Feature Ref. 
Colomesus 
asellus 

Freshwater Tocantins 
River, Brazil 

Benthic 
insects 

Inflation; 
TTX 

Elastic skin; beak-like 
teeth 

((Nelson et al., 
2016) 
 

Colomesus 
psittacus 

Brackish 
(mangrove) 

N. Brazilian 
coast 

Barnacles, 
crabs 

Inflation; 
TTX 

Important mangrove 
energy link 

(Barletta & 
Blaber et al., 
2007) 
 

Takifugu 
rubripes 

Marine Japan, China — Inflation; 
TTX 

Genomic model 
species 

(Noguchi & 
Arakawa, 
2008). 

Sphoeroides 
testudineus 

Marine/Br
ackish 

Atlantic; 
Brazil 

Mollusks, 
crustaceans 

Inflation; 
TTX 

Environmental 
sentinel species 

(Ferreira et al., 
2010) 

Takifugu 
obscurus 

Marine/Br
ackish 

East Asia — Elastic 
stomach; 
TTX 

Specialized inflation 
anatomy 

(Yang & Chen 
et al., 2003) 

Tetraodon 
schoutedeni 

Freshwater Africa — Inflation; 
TTX 

Demersal egg laying (FAO, 2023) 

Takifugu 
alboplumbes 

Marine Pacific coast 
Japan 

— High TTX 
(ovary/liver) 

Toxin via 
diet/microbes 

(Noguchi & 
Arakawa et al., 
2008) 
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3.3.  Defense Deployment Optimization 
An important aspect of ecological defense is the 
allocation of mass usage-based energy budgets to 
each of the predator's different forms of defense, 
whereby, regardless of the number of total 
predatory defense mechanisms available, an 
organism cannot maximize all predatory defense 
mechanisms at once, but must optimize its use 
based upon its particular energy availability-
based budget constraints. In assessing predatory 
defense deployment methods and strategies 
available to them in modern contexts, (Ge et al., 
2019).  
 
3.4. Eco-Defense Simulation Module 
(EDSM) 
For the Eco-Defense Simulation Module 
(EDSM), we plan to develop a computational 
framework to study the effectiveness of defensive 
mechanisms of puffer fish in relation to the 
surrounding environment. This framework is 
based on the prediction of biological survival 
through the analysis of the environment 
(resources present and temperature) and the 
defense mechanisms of the puffer fish (inflation 
and toxicity).  
• Ecological Feature Extraction: This 
module collects and processes abiotic data to 
estimate the potential toxicity of an 
environment. Following the methodology 
developed for TTX in mollusks, we propose an 
LSTM approach to model time series data of 
parameters such as water temperature, global 
radiation, and salinity (Schoppema et al. 2025). 
It is hypothesized that as water temperature and 
radiation increase, the growth of TTX-producing 
bacteria accelerates, and thus the chemical 
defense of the puffer fish increases. 
• Adversarial Interaction Modeling: This 
module approaches the simulation of predator-
prey interactions as an optimization problem. 
The predator is an adversarial agent whose goal 
is to minimize the “cost” of the predation (i.e., 
the time required to capture and the risk of 
exposure to the puffer fish's toxin), while the 
puffer fish is a defender whose goal is to 
maximize the “cost” of the predator. (Sarkar et 
al., 2024). 
 

4 Reproductive Ecology and Ecological 
Function in Puffer Fish 

Pufferfish make up an important part of coastal 
and estuarine biodiversity, acting as both a food 
source for top-level consumers and as a 
consumer's main food source. Their ecological 
importance has been frequently diminished by 
their poisonousness; however, they provide 
insight into the complex and intricate 
relationship between reproductive ecology and 
environmental dependability, both of which 
play a major role in community structure. 
Within this context, the genus Takifugu has 
emerged as a model organism for genomic work, 
but applying the findings of these studies to 
macroecology is a complete research gap that 
must be filled moving forward. The continuance 
or failure of pufferfish populations is dependent 
primarily upon the timing of reproductive events 
and their ability to disperse through larval 
transport. Both biological rhythms and physical- 
oceanographic forcing impacts all of the above. 
Current ecological methods are often not 
linking molecular biology to ecosystem dynamics 
outside of using the genome of Takifugu rubripes 
which is now known. Traditionally, ecological 
monitoring methods have used visual census or 
catch data and are very labour intensive, and do 
not have the resolution necessary to monitor 
rapid reproductive events or larval dispersal 
events over time. Traditional methods cannot 
also provide enough data to understand the 
degree of "self-organized criticality" in 
population dynamics; however genomic data 
would provide insights of that type. Secondly 
existing species interaction models generally rely 
on static pair wise interaction matrices which do 
not help characterize the temporal nature of 
ecological interactions. Failure to account for 
time-dependent sign changes in species 
interactions will lead to misinterpretation of the 
importance of puffer fish fluctuating roles as 
they transition from larvae to adult (Aguilar et 
al., 2025). Thus our understanding of the 
ecological role of puffer fish is still not complete 
without considering time dependent sign 
changes in puffer fish vs puffer fish interactions. 
The fractal nature of many biological signals, 
from the series of heartbeats to DNA sequences, 
is evident through the analysis of groups of data. 
Selvam has conducted extensive research on the 
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Takifugu rubripes genome (the puffer fish), and it 
is well established as an example of this pattern 
of fractal variation in biological data series. He 
has also determined that the frequency 
distribution of DNA bases in the Takifugu 
rubripes genome follows a universal inverse 
power law (Selvam, 2007). This is an indication 
of space-time long-range correlations or self-
organising criticality, suggesting that the non-
coding regions of this genome are not "junk," but 
serve an important function in the integration of 
systems (Selvam, 2008). 
 While this literature is a strong statistical 
illustration of the Takifugu rubripes genome, it 
deals primarily with the internal physical 
properties of the DNA sequence. We then go 
further to propose a hypothesis regarding the 
connection of these fractal genomic signatures 
to the adaptive ability of the organism to the 
fractal nature of fluctuations in the surrounding 
environment, which is only partially addressed 
in existing physical systems theory. 
 
4.1. Ecological Interaction and Trophic 
Dynamics 
Analyzing pufferfish role in food webs involves 
examining species interactions and their 
interrelated aspects due to the non-linear and 
time-variable nature of the species interaction 
note that variability (i.e., strength) in interaction 
occurs at an intrinsic level due to population 
dynamics; thus, if measurements only consider 
short measures of interaction, then they will 
mostly capture direct coupling and, and 
conversely, longer-term data would be based on 
indirect interactions or feedback.  (Aguilar et al., 
2025) 
It provides some evidence to suggest that apex 
predators such as leopard seals utilize 
sophisticated system perceptions of population 
condition and foraging patterns to assess the 
impact of apex predators on ecosystem function 
and health (Salazar et al., 2024). However, 
though pufferfish are meso-predators, the 
challenges of monitoring their movements and 
population dynamics is still quite similar to 
those experienced when tracking marine 
mammals (Ngo et al., 2021).  Further, the 
current literature on interactions does not 
typically consider the physical transport 
mechanism(s) that explain the spatial 

distribution of the interacting species, which is 
one limitation this paper will attempt to address. 
 
Conclusion 
Pufferfish (Family Tetraodontidae) are naturally 
important fishes spread across marine, brackish, 
and freshwater environments. Their 
evolutionary achievement is strongly related to 
unique variations such as fused beak-like teeth 
for crushing hard-shelled prey, the capability to 
expand their bodies as a protection mechanism, 
and the addition of tetrodotoxin (TTX) for 
biochemical protection. These adaptations 
permit them to inhabit diverse trophic niches, 
extending from specified durophagous predators 
to more generalist feeders depending on habitat 
and life stage. Their feeding ecology shows 
elasticity influenced by ontogeny, season, and 
environmental conditions, while reserve 
partitioning among species decreases 
competition and supports co-occurrence in 
complex ecosystems like coral reefs, estuaries, 
and river systems. Behaviourally, pufferfish 
reveal adaptive comebacks to food obtainability 
and predation pressure, including hostility 
linked to opposition and defensive inflation 
when threatened. These behaviors, combined 
with their reproductive strategies and toxin-
based defenses, highlight their combined 
survival strategies and significant role in aquatic 
food webs as both predators and prey. However, 
growing human impacts such as overfishing, 
habitat degradation, pollution, and aggressive 
spread in some regions pose ecological 
challenges. Overall, pufferfish represent an 
appreciated model for understanding 
evolutionary innovation, trophic adaptation, 
and predator–prey dynamics, highlighting the 
need for continued research and preservation 
efforts. 
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