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ABSTRACT

Human sensory perception operates within narrow and well-defined ranges of me-
chanical waves (approximately 20 Hz—20 kHz for sound) and electromagnetic radia-
tion (roughly 400—700 nm for visible light). These limits are not arbitrary; rather, they
reflect evolutionary trade-offs shaped by ecological relevance, anatomical feasibility,
metabolic cost, and the physical properties of the environment. This review examines
how such constraints have influenced the evolution of human sensory systems in com-
parison with those of other species. Human hearing is tuned to frequencies relevant
for communication and environmental awareness, supported by anatomical specializa-
tions such as the ossicular chain and coiled cochlea. Human vision is similarly restrict-
ed to a spectral window that coincides with peak solar irradiance and efficient atmo-
spheric transmission, allowing effective photon detection without the energetic burden
of broader spectral sensitivity. Comparative examples from echolocation in bats to in-
frared sensing in pit vipers demonstrate how sensory systems can diverge dramatically
under different ecological pressures. Importantly, the absence of direct sensory percep-
tion does not imply the absence of biological interaction with environmental stimuli.
In some contexts, organisms exhibit physiological or cellular adaptations rather than
sensory awareness. Using populations exposed to elevated natural background radia-
tion as a case study, we evaluate the hypothesis that the lack of evolved sensory organs
for ionizing radiation may reflect limited evolutionary advantage for conscious detec-
tion rather than biological irrelevance. Overall, sensory systems emerge as energy-
efficient solutions for detecting ecologically meaningful signals within strict physical
and biological limits.
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Introduction
uman sensory experience is confined to relatively narrow bands
of mechanical and electromagnetic stimuli. Auditory percep-
tion typically spans frequencies between approximately 20 Hz
and 20 kHz, while vision is limited to electromagnetic wavelengths be-
tween roughly 400 and 700 nm [1, 2]. These bounds are often perceived
as natural or inevitable, yet they represent the outcome of evolution-
ary processes shaped by environmental structure, physical laws, and
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biological constraints. Rather than reflecting
the full range of stimuli present in nature, sen-
sory systems sample only a small fraction of
available information specifically, information
that has proven useful for survival and repro-
duction [3, 4].

This paper synthesizes evidence from evo-
lutionary biology, sensory physiology, and
comparative ecology to examine how such
limitations arise. We emphasize that sensory
systems are not optimized for completeness,
but for ecological relevance and energetic
efficiency. While organisms can respond bio-
logically to stimuli outside their perceptual
range, conscious sensory detection is most
likely to evolves when it confers an adaptive
advantage. Comparative examples across taxa
illustrate how different ecological pressures
lead to distinct sensory solutions, while also
highlighting common constraints imposed by
physics and metabolism.

Material and Methods

This study was conducted as a narrative,
non-systematic review of the literature. Rel-
evant publications in the fields of evolutionary
biology, sensory physiology, biophysics, and
comparative ecology were identified through
searches in PubMed, Web of Science, and
Google Scholar. The analysis focused on theo-
retical, experimental, and comparative studies
addressing physical and evolutionary con-
straints on sensory systems. No experimental
procedures or human/animal subjects were in-
volved. The selected studies were qualitatively
analyzed and synthesized to support a concep-
tual discussion on the evolutionary limitation
of human sensory perception, including the
absence of sensory detection mechanisms for
ionizing radiation.

Results

Section 1. Human Auditory Percep-
tion (20 Hz-20 kHz)
Human hearing is sensitive to a frequen-

cy range that overlaps strongly with human
speech and many biologically relevant envi-
ronmental sounds [5, 6]. This range reflects
both ecological utility and mechanical con-
straints of the auditory apparatus. The middle
ear ossicles efficiently transmit airborne sound
vibrations to the inner ear, while the tonotopi-
cally organized cochlea enables frequency dis-
crimination within this limited band [7].
Although other species detect much higher
or lower frequencies, expanding auditory
sensitivity would require significant changes
in receptor mechanics and neural processing.
Frequencies outside the human range may
have offered limited additional survival benefit
relative to their energetic and anatomical cost.
Thus, the stability of the auditory range across
human populations suggests long-standing se-
lective balance rather than arbitrary limitation

[8].

Section 2. Human Visual Perception
(400-700 nm)

Human vision is restricted to a narrow re-
gion of the electromagnetic spectrum that co-
incides with high solar irradiance and efficient
atmospheric transmission [9]. This spectral
window is particularly informative in terres-
trial environments, where reflected visible
light conveys critical information about object
boundaries, motion, and biological signals
such as fruit ripeness or vegetation health [3].

Extending vision into ultraviolet or infrared
wavelengths would require different photore-
ceptor chemistries and optical media, poten-
tially increasing metabolic cost while offer-
ing uncertain ecological benefit for ancestral
humans [10, 11]. Although some species have
evolved sensitivity beyond the visible range,
these adaptations reflect niche-specific advan-
tages rather than a general evolutionary trajec-

tory.

Section 3. Comparative Sensory Ad-
aptations Across Species
Species occupying specialized ecological
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niches often evolve sensory systems that dif-
fer markedly from those of humans. Bats and
dolphins employ ultrasonic echolocation to
navigate and hunt in environments where vi-
sion is limited [12]. Pit vipers detect infrared
radiation via specialized pit organs, enabling
the localization of warm-blooded prey in dark-
ness [13]. Elephants communicate over long
distances using low-frequency infrasound that
propagates efficiently through air and ground.
Aquatic predators such as sharks and platy-
puses rely on electroreception to detect weak
bioelectric fields produced by prey [14].

These examples demonstrate that sensory
evolution is context-dependent. When spe-
cific environmental challenges make certain
signals reliable and valuable, selection can
favor highly specialized sensory organs. Con-
versely, in the absence of such pressures, such
systems are less likely to evolve even if the
physical stimulus is present.

Section 4. Absence of Sensory De-
tection Versus Biological Interac-
tion: The Case of Ionizing Radia-
tion

Humans lack sensory organs for detecting
ionizing radiation such as X-rays or gamma

ELEVATED NATURAL
BACKGROUND RADIATION

rays. One possible explanation is that natu-
ral background levels of such radiation have
historically been too low or too sporadic to
require immediate behavioral responses. Un-
like sound or light, ionizing radiation does not
typically convey spatially or temporally struc-
tured information that could guide adaptive
behavior [15].

As illustrated in Figure 1, populations ex-
posed over many generations to elevated nat-
ural background radiation have not evolved
dedicated sensory mechanisms for radiation
detection. This observation is conceptually
analogous but not mechanistically equivalent
to sensory regression in cave-dwelling fish,
where the absence of light renders vision non-
informative and leads to the relative enhance-
ment of other sensory modalities. By contrast,
ionizing radiation does not convey actionable
navigational or behavioral information, even
when present at very high natural levels (for
example, annual doses reported to reach ~260
mSv in certain Ramsar high-background ra-
diation areas). Consequently, the evolution
of conscious radiation perception offers little
adaptive advantage, potentially favoring cel-
lular and molecular responses such as DNA
repair and stress-response mechanisms [15].

NO ADAPTIVE VALUE OF
CONSCIOUS PERCEPTION

Upto~100x global average
R (),
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No visible light in
the cave, loss of
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ABSENT SIGNAL =) NON-INFORMATIVE SIGNAL
SENSORY LOSS
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asensory system |

NO SENSORY GAIN

Natural Radiation =
no sensory system
because the signal;
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« Cavefish = No visible light in the cave, loss of a sensory system because the signal is absent

« High Levels of Natural Radiation = no sensory system because the signal is non-informative

Informative signals favor sensory evolution; Non-informative signals favor cellular resilience

Figure 1: Populations chronically exposed to high natural radiation have not evolved radiation-
sensing mechanisms, as ionizing radiation provides no actionable behavioral information. This
is conceptually analogous to vision loss in cavefish, where absent light renders vision non-in-
formative. Consequently, adaptation may favors cellular and molecular resilience such as en-
hanced DNA repair rather than sensory perception.
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Discussion

Section 1. Evolutionary and Physi-
cal Constraints on Sensory Systems

Sensory systems are constrained by multiple
interacting factors. First, physical laws gov-
ern how mechanical waves propagate and how
electromagnetic radiation interacts with mat-
ter [2]. Second, anatomical feasibility limits
the size, structure, and sensitivity of receptors
that can be built by biological tissues. Third,
energetic cost plays a central role: sensory
organs and neural processing are metaboli-
cally expensive, and selection tends to favor
systems that provide sufficient information at
minimal cost [16].

As a result, evolution does not favor maxi-
mal sensory bandwidth, but rather selective
sensitivity to signals that are reliably present
in the environment and informative for behav-
ior. Signals that are rare, weak, heavily filtered
by the environment, or difficult to transduce
biologically are less likely to drive the evolu-
tion of dedicated sensory organs.

Section 2. Why Sensory Range Ex-
pansion Is Limited

Several factors constrain the expansion of
sensory ranges. Detecting long-wavelength
radio waves would require antenna-like struc-
tures far larger than the human body, while
sensing ionizing radiation would necessitate
molecular-scale detectors capable of register-
ing sparse, stochastic events [2]. Moreover,
increasing sensory input imposes downstream
costs in neural processing, storage, and inter-
pretation [16].

Environmental filtering further reduces se-
lective pressure. Many wavelengths are ab-
sorbed or scattered by the atmosphere or
biological tissues, limiting their availability
as reliable signals [9]. Together, these con-
straints explain why most organisms, includ-
ing humans, operate within narrow sensory
bandwidths despite the vast range of physical
stimuli in the environment.

Section 3. Hypothesis: Lack of Sen-
sory Organs Reflects Limited Adap-
tive Value

Populations living for generations in regions
with elevated natural background radiation
sometimes up to two orders of magnitude
above global averages have not evolved dedi-
cated sensory organs for radiation detection.
One hypothesis is that this absence suggests
that such radiation levels, while biologically
interactive, did not impose selective pressure
favoring conscious perception. Instead, any
adaptive responses would be expected to oc-
cur at the cellular or molecular level, such as
enhanced DNA repair or stress-response path-
ways [15].

This hypothesis draws a conceptual anal-
ogy not a mechanistic equivalence to cave-
dwelling fish such as Astyanax mexicanus,
which have lost functional vision while en-
hancing non-visual sensory systems. In cave-
fish, the absence of light made vision useless,
while mechanosensory and olfactory cues be-
came more informative. By contrast, ionizing
radiation does not provide navigational or be-
havioral cues, even when present at elevated
levels, limiting the potential benefit of sensory
awareness.

Section 4. Evaluation of Hypoth-
esis Strength

The strength of this hypothesis is moderate
but limited. Its plausibility lies in established
evolutionary principles: sensory systems
evolve only when perception enables adap-
tive behavior. However, evidence supporting
evolutionary adaptation to high background
radiation in humans remains inconclusive and
controversial. Existing studies are limited in
size and scope, and alternative explanations
such as phenotypic plasticity or non-adaptive
tolerance cannot be excluded.

Importantly, the absence of sensory detec-
tion should not be interpreted as evidence that
radiation is harmless. Rather, it suggests that
selection did not favor perceptual mecha-
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nisms, likely because perception would not
improve survival outcomes. This distinction is
critical: biological interaction can occur with-
out sensory awareness, and adaptation need
not involve perception.

Section 5. Technological Extension
of Human Perception

Although biological evolution constrains
natural sensory systems, humans have devel-
oped technologies that extend perception far
beyond innate limits. Instruments such as ra-
dio telescopes, infrared cameras, and radiation
detectors translate otherwise imperceptible
stimuli into forms accessible to human senses
[17-19]. These tools effectively decouple per-
ception from biology, allowing humans to ex-
plore physical domains that played no role in
shaping our sensory evolution [20-22].

Conclusion

Human sensory perception reflects an evo-
lutionary compromise shaped by ecological
relevance, physical constraints, and metabolic
cost. The narrow ranges of hearing and vision
are not deficiencies but effective solutions to
ancestral environmental challenges. Compar-
ative biology reveals that radically different
sensory systems can evolve under different
ecological pressures, while the absence of per-
ception such as for ionizing radiation does not
preclude biological interaction or adaptation.

Understanding these constraints clarifies that
human perception is not a universal measure
of reality, but a species-specific interface with
the environment. As technology continues to
expand this interface, it offers new ways to
probe aspects of the physical world that were
never part of our evolutionary past.

Authors’ Contribution

F. Zaker conceptualized the study, made a
substantial contribution to data collection,
drafted the major sections of the manuscript,
and critically revised the content. SMJ. Mor-
tazavi contributed to the study design, partici-

pated substantially in data collection, drafted
and organized significant parts of the manu-
script, performed scientific editing, critically
reviewed the manuscript, conducted the final
proofreading and corrections, and assumed
responsibility for the integrity and accuracy
of the content. M. Hashemizadeh and M. Ar-
shadi contributed to the writing and critical re-
view of the manuscript. All the authors read,
modified, and approved the final version of the
manuscript.

Conflict of Interest

SMJ. Mortazavi, as the Editorial Board
Member, was not involved in the peer-review
and decision-making processes for this manu-
script.

References
1. Fenton MB, Grinnell AD, Popper AN, Fay RR. Bat
bioacoustics. New York: Springer; 2016.

2. Land MF, Nilsson DE. Animal eyes. New York: Ox-
ford University Press; 2012.

3. Feldman JA. Evolution, perception, and the mind.
Cogn Process. 2024;25(Suppl 1):91-5. doi:
10.1007/s10339-024-01208-x. PubMed PMID:
39158789. PubMed PMCID: PMC11364556.

4. Purves D, Morgenstern Y, Wojtach WT. Perception
and Reality: Why a Wholly Empirical Paradigm is
Needed to Understand Vision. Front Syst Neuro-
sci. 2015;9:156. doi: 10.3389/fnsys.2015.00156.
PubMed PMID: 26635546. PubMed PMCID:
PMC4649043.

5. Jacewicz E, Alexander JM, Fox RA. Introduction
to the special issue on perception and production
of sounds in the high-frequency range of human
speecha). J Acoust Soc Am. 2023;154(5):3168-
72. doi: 10.1121/10.0022496. PubMed PMID:
37966331.

6. Swain A, Hoffman T, Leyba K, Fagan WF. Explor-
ing the evolution of perception: an agent-based
approach. Front Ecol Evol. 2021;9:698041. doi:
10.3389/fev0.2021.698041.

7.Manley GA. An evolutionary perspective on
middle ears. Hear Res. 2010;263(1-2):3-8. doi:
10.1016/j.heares.2009.09.004. PubMed PMID:
19786082.

8. IS0O. Acoustics-Statistical distribution of hearing
thresholds related to age and gender. Internation-
al Organization for Standardization; 2017.

J Biomed Phys Eng



Fateme Zaker, et al

9. Johnsen S. The optics of life: a biologist’s guide to
light in nature. Princeton University Press; 2012.

10. Briscoe AD, Chittka L. The evolution of color vision
in insects. Annu Rev Entomol. 2001;46:471-510.
doi:  10.1146/annurev.ento.46.1.471. PubMed
PMID: 11112177.

11. Warrant E, Nilsson DE. Invertebrate vision. Cam-
bridge University Press; 2006.

12. Jones G, Holderied MW. Bat echolocation calls:
adaptation and convergent evolution. Proc Biol
Sci.  2007;274(1612):905-12. doi:  10.1098/
rsph.2006.0200. PubMed PMID: 17251105.
PubMed PMCID: PMC1919403.

13. Goris RC. Infrared organs of snakes: an integral
part of vision. J Herpetol. 2011,45(1):2-14. doi:
10.1670/10-238.1.

14. Pettigrew JD. Electroreception in monotremes. J
Exp Biol. 1999;202(Pt 10):1447-54. doi: 10.1242/
jeb.202.10.1447. PubMed PMID: 10210685.

15. Ghiassi-Nejad M, Mortazavi SMJ, Cameron JR, Ni-
roomand-Rad A, Karam PA. Very high background
radiation areas of Ramsar, Iran: preliminary bio-
logical studies. Health Phys. 2002;82(1):87-93.
doi: 10.1097/00004032-200201000-00011.
PubMed PMID: 11769138.

16. Niven JE, Laughlin SB. Energy limitation as a se-
lective pressure on the evolution of sensory sys-
tems. J Exp Biol. 2008;211(Pt 11):1792-804. doi:
10.1242/jeb.017574. PubMed PMID: 18490395.

17. Erickson A, Reiners D, Bruder G, Welch GF. Aug-
menting human perception: Mediation of extra-

sensory signals in head-worn augmented reality.
In International Symposium on Mixed and Aug-
mented Reality Adjunct (ISMAR-Adjunct); Bari,
Italy: IEEE; 2021. p. 373-7.

18.Jiang W, Schotten HD. Full-spectrum wireless
communications for 6G and beyond: From micro-
wave, millimeter-wave, terahertz to lightwave. In
3rd International Conference on Gomputer Com-
munication and Artificial Intelligence (CCAI); Tai-
yuan, China: IEEE; 2023. p. 353-7.

19. O’Neill W. Seeing the light: key inventions
that illuminate our world. J Phys Conf Ser.
2024;2877(1):012068.  doi:  10.1088/1742-
6596/2877/1/012068.

20. Osiurak F, Navarro J, Reynaud E. How Our Cog-
nition Shapes and Is Shaped by Technology: A
Common Framework for Understanding Human
Tool-Use Interactions in the Past, Present, and
Future. Front Psychol. 2018;9:293. doi: 10.3389/
fpsyg.2018.00293. PubMed PMID: 29563891.
PubMed PMCID: PMC5845892.

21. Sternberg RJ, Preiss DD. Intelligence and tech-
nology: The impact of tools on the nature and
development of human abilities. New York and
London: Routledge; 2005.

22.Teschke |, Wascher CA, Scriba MF, Von Bay-
ern AM, Huml V, Siemers B, Tebbich S. Did
tool-use evolve with enhanced physical cogni-
tive abilities? Philos Trans R Soc Lond B Biol
Sci. 2013;368(1630):20120418. doi: 10.1098/
rsth.2012.0418. PubMed PMID: 24101628.
PubMed PMCID: PMC4027416.

J Biomed Phys Eng



