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Abstract- Aquatic and semi aquatic habitats across the globe are increasingly characterised by low and fluctuating
oxygen availability due to natural processes and accelerating anthropogenic pressures. Many vertebrate and
invertebrate taxa have evolved dual respiratory systems that combine aquatic and aerial modes of gas exchange
as a strategy to survive and function in hypoxic or intermittently anoxic environments. Despite extensive species
specific studies, the broader adaptive significance of dual respiration remains fragmented across physiological,
evolutionary, and ecological literatures. This conceptual paper synthesises existing zoological research to
examine how dual respiratory systems function as integrated adaptive strategies rather than isolated traits. Using
a structured critical review approach, the study draws on comparative physiology, evolutionary biology, and
ecological theory to analyse patterns in the emergence, regulation, and performance of dual respiration in oxygen
poor habitats. The review highlights convergent evolutionary pathways, trade offs between respiratory efficiency
and ecological opportunity, and the role of environmental variability as a selective force. Rather than presenting
new empirical data, the paper outlines expected analytical outcomes from comparative and mixed method
approaches, including trait matrices and adaptive pathway models. The study contributes a unified conceptual
framework that links respiratory plasticity with habitat use, behaviour, and fitness. This synthesis has implications
for understanding species resilience under climate driven deoxygenation and for guiding future empirical
research on adaptive respiratory strategies.

Keywords - Hypoxic environments, bimodal respiration, aquatic adaptation, evolutionary ecology, physiological
plasticity, oxygen limitation.

settings, conventional gill based or cutaneous
I. INTRODUCTION respiration alone may be insufficient to meet
metabolic demands, particularly during periods of

Background and context high temperature, high organic load, or drought.

Oxygen availability is a fundamental ecological
constraint shaping the distribution, behaviour, and
evolution of animals. In aquatic systems, oxygen
levels are inherently lower and more variable than in
terrestrial environments due to physical diffusion
limits, temperature effects, and biological oxygen
demand. Many freshwater wetlands, floodplains,
swamps, intertidal zones, and stagnant water bodies
experience chronic or periodic hypoxia. Within these

Across zoological taxa, a remarkable diversity of
respiratory adaptations has evolved in response to
such constraints. Among the most striking is the
development of dual or bimodal respiratory systems,
where organisms utilise both aquatic and aerial
respiratory surfaces. Examples include fishes with
lungs or modified swim bladders, ampbhibians
combining cutaneous, branchial, and pulmonary
respiration, and certain invertebrates employing
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both tracheal and cutaneous gas exchange. These
systems allow organisms to exploit oxygen poor
habitats that exclude less flexible competitors.

Problem statement

Although dual respiratory systems are widely
recognised as adaptations to hypoxia, existing
research often treats them as isolated anatomical or
physiological features. Many studies focus narrowly
on gas exchange efficiency, haemoglobin affinity, or
organ morphology, without integrating ecological
context or evolutionary history. As a result, there is
limited synthesis explaining how dual respiration
operates as a coordinated adaptive strategy across
levels of biological organisation.

Research gap

The current literature lacks a unifying conceptual
framework that links dual respiratory mechanisms
with environmental variability, behavioural flexibility,
and evolutionary trade offs. Comparative insights
across taxa remain underdeveloped, and the
adaptive value of respiratory plasticity is often
inferred rather than critically evaluated. Furthermore,
few studies explicitly address how dual respiratory
systems may influence resilience to contemporary
stressors such as climate induced deoxygenation.

Objectives or research questions

This conceptual study addresses the following

objectives:

e To synthesise existing zoological literature on
dual respiratory systems across taxa

e To examine theoretical explanations for the
evolution of bimodal respiration in oxygen poor
habitats

e To identify common patterns, trade offs, and
limitations in current research

e To propose an integrative framework linking
physiology, ecology, and evolution

Significance of the study

By offering a critical and integrative synthesis, this
study advances understanding of how respiratory
flexibility supports survival and diversification in
challenging environments. The findings are relevant
to evolutionary biology, comparative physiology,
and conservation science, particularly in the context

of global aquatic deoxygenation. The paper
proceeds by reviewing theoretical foundations,
synthesising key debates, outlining a conceptual
methodology, and discussing implications for future
research.

Il. LITERATURE REVIEW

Theoretical framework

This study draws primarily on evolutionary
physiology and ecological niche theory. Evolutionary
physiology emphasises that physiological traits
evolve in response to environmental pressures and
are shaped by trade offs between performance, cost,
and constraint. Within this framework, dual
respiratory systems are viewed as adaptive
compromises that enhance oxygen uptake flexibility
while incurring energetic and developmental costs.
Ecological niche theory further suggests that such
traits allow species to occupy marginal or fluctuating
habitats by expanding their realised niche under
hypoxic conditions.

Key studies and debates

Research on dual respiration spans multiple taxa and
disciplines. In fishes, studies on lundfish, air
breathing catfish, and labyrinth fishes demonstrate
that aerial respiration enables survival during
drought or nocturnal hypoxia. Amphibian research
highlights the integration of cutaneous and
pulmonary respiration in both aquatic and terrestrial
contexts. Debates persist regarding whether dual
respiration primarily enhances metabolic
performance or serves as an emergency mechanism
during oxygen crises.

Comparative studies suggest convergent evolution
of air breathing structures across unrelated lineages,
supporting the role of environmental hypoxia as a
strong selective pressure. However, disagreements
remain over the relative importance of behavioural
versus physiological regulation in determining
respiratory mode use.

Critical synthesis

Across studies, several patterns emerge. Dual
respiratory systems are most prevalent in habitats
with high temporal variability in oxygen availability.
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However, methodological limitations such as
laboratory based measurements and short term
experiments constrain ecological interpretation.
Many studies lack longitudinal data linking
respiratory mode use to fitness outcomes. There is
also inconsistency in how hypoxia tolerance is
measured, complicating cross study comparison.

Key gaps include limited integration across taxa,
insufficient attention to trade offs, and a lack of
conceptual models linking respiratory flexibility to
ecological resilience. This study responds by
synthesising findings across systems and proposing
a framework that situates dual respiration within
broader adaptive strategies.

Identified gaps and how this study responds

Table 1. Concept matrix summarising literature on dual respiratory systems

Ke authors - s Relevance
Theme . y . Methods Core findings Limitations .
(illustrative) to this paper
Air breathing
supplements aquatic O2||Lab  settings ma
Laboratory PP d . g y
Graham; . . uptake under hypoxia and||underrepresent
hypoxia trials; . . .
. . ||Johansen; . often preserves aerobic||predation risk,
Fish airf| . respirometry; .
. Ishimatsu and o performance; many taxa|surfacing costs, and
breathing ventilation and . . .
. Graham; . show functional||seasonal habitat||High
(bimodal . perfusion e . .
o Nilsson and partitioning (air for O2,||dynamics; Cross-
respiration) measurements; . . .
Renshaw; . gills for CO2); repeated|jspecies comparisons
comparative o -
Chapman et al. hvsiolo evolution indicates strongjican be limited by
Py 9y selection in  oxygen-||inconsistent protocols
variable habitats
Amphibian
- ., ||mechanisms are not
Amphibians show flexible|| .
. : directly transferable to
- . integration of cutaneous,||..
Amphibian Comparative fishes because of
L Feder and|| . buccopharyngeal, and|| . s
respiration reviews; different skin{{High
. Burggren; . pulmonary exchange, -
(integrated o experimental e .~ '||permeability, (conceptual
Boutilier et al.; . . . |Ihighlighting how multiple||". .
modes as physiology; field . circulatory design, and|janalogue)
comparator) Wells ecology synthesis respiratory surfaces can life history;
y sy be coordinated across . _y,
. comparisons risk
environments S .
oversimplifying fish-
specific constraints
Phylogenetic Air breathing has evolved
comparative repeated| convergent . .
Graham; P . P . y o g_ Fossil evidence for
. methods; trait/|evolution) across fish . o
. Ishimatsu and . . . soft tissues is limited;
Evolutionary mapping; lineages, often associated||. . .
. Graham; . . trait coding can be
origins  and . ecological with warm, stagnant, or Moderate to
phylogenetic . . |luneven across taxa;||, .
repeated ._|lcorrelation seasonally hypoxic . high
syntheses  in . . ||correlation does not
emergence . analyses; habitats; multiple .
comparative . . . always establish
L occasional  fossil|janatomical substrates can .
fish biology L . ||causal drivers
and historical|lbe  co-opted as air
inference breathing organs
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1. METHODOLOGY

Research design

This study adopts a conceptual and mixed method design
combining qualitative  synthesis with  structured
comparative analysis. Rather than generating new
empirical data, it integrates existing studies to identify
patterns and develop theoretical insights aligned with the
stated objectives.

Data sources or participants

Data sources consist of peer reviewed journal articles,
academic books, and authoritative reviews in zoology,
physiology, and ecology. Inclusion criteria prioritise
studies addressing respiratory mechanisms in oxygen
poor environments.

Sampling techniques

A purposive sampling approach is used to select
representative taxa and habitats. Studies are chosen to
reflect taxonomic diversity and environmental variation
rather than statistical representativeness.

Instruments or tools Systematic literature databases and
qualitative coding frameworks are employed to organise
themes. Reliability is enhanced through cross comparison
of multiple sources.

Data collection procedures

Relevant literature is identified, screened, and categorised
according to respiratory mode, habitat type, and adaptive
function. Key variables are extracted into comparative
tables.

Data analysis methods

Thematic synthesis and comparative analysis are used to
identify recurring patterns and conceptual relationships.
No statistical testing is conducted due to the conceptual
nature of the study.

Ethical considerations

As a secondary literature based study, no human or animal
subjects are directly involved. Ethical considerations
focus on accurate representation of sources, proper
citation, and avoidance of data misinterpretation.

Table 2. Conceptual variables and constructs

. . Expected
Construct Operational definition Measurement approach _p .
direction
Use of both aquatic|_. .
. a . ||Binary coding (0 = absent, 1 = present) based on||Increased
Dual (branchial) and aerial . . .
- . _ documented air-breathing  behaviour and/or|[tolerance to
respiration |[respiratory modes within a . . .
. presence of an air-breathing organ (ABO) hypoxia
species
. Persistent or recurrent low|[Environmental classification using habitat oxygen . .
Hypoxia . . . . . Positive selection
exDOSUIe dissolved oxygen in the||profiles (e.g., diel and seasonal minima; frequency for bimodalit
P habitat and duration of hypoxic events) y
Capacity to shift reliance||Behavioural measures (air-breathing frequency,||/Adaptive
Respiratory |[between aquatic and aerial||surfacing threshold) plus anatomical/physiological||advantage under
plasticity modes, including reversible|/indices (gill remodelling, ABOQO||variable 02
respiratory adjustments vascularisation/perfusion) regimes
Findings Finding 1: Dual respiratory systems are consistently

Given the absence of primary data, this section outlines
planned analytical outputs derived from the literature
synthesis.

Planned Results Outputs

e A comparative table linking habitat type with
respiratory mode prevalence

e A conceptual model illustrating adaptive pathways
leading to dual respiration

e Athematic frequency summary of ecological drivers
associated with bimodal respiration

associated with habitats experiencing high temporal
variability in oxygen availability.

Finding 2: Taxa with bimodal respiration exhibit greater
ecological breadth compared to closely related taxa
lacking such systems.

Finding 3: Evolutionary convergence is evident across
phylogenetically distant groups exposed to similar
hypoxic pressures.

Figure 1. Conceptual model illustrating the relationship
between environmental hypoxia, respiratory plasticity,
and adaptive fitness outcomes.
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Discussion

Interpretation of results

The synthesised findings support the view that dual
respiratory systems function as integrated adaptive
strategies rather than isolated traits. Respiratory flexibility
appears central to survival in unstable environments.

Comparison with existing literature

These conclusions align with comparative physiological
studies while extending them by emphasising ecological
and evolutionary integration. Discrepancies among
studies often reflect methodological differences rather
than fundamental disagreement.

Patterns, anomalies, and alternative explanations
While most taxa benefit from dual respiration, some
species exhibit limited use of aerial respiration despite
possessing anatomical capacity. Behavioural constraints
and predation risk may explain such anomalies.

Theoretical implications

The findings reinforce evolutionary physiology theory by
illustrating how environmental variability drives trait
integration and convergence.

Practical and policy implications

Understanding respiratory adaptations has implications
for predicting species responses to habitat degradation
and deoxygenation, informing conservation prioritisation.

IVV. CONCLUSION

Summary of key findings

This study demonstrates that dual respiratory systems are
adaptive responses to oxygen limitation shaped by
ecological variability and evolutionary trade offs.

Contribution to knowledge
The paper provides a unifying conceptual framework
linking respiratory physiology with ecological resilience.

Limitations
e Reliance on secondary literature
e Lack of quantitative meta analysis

e Potential publication bias
e Limited fossil evidence

Directions for future research

e Longitudinal field studies on fitness outcomes
Comparative genomic analyses

Experimental manipulation of oxygen regimes
Integration with climate change models

Cross ecosystem comparative studies
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