
Despite decades of research into critical biological processes like photosynthesis, olfaction, avian magnetore-
ception, and enzyme catalysis, it has yet to be conclusively demonstrated (nor is it universally accepted)
that these phenomena are fundamentally dependent on quantum principles.

But why? In part, it’s because quantum effects like superposition, tunneling, and entanglement are ex-
traordinarily difficult to study on biological scales. One can’t observe these effects directly, even with the
most advanced, high-powered tools. Demonstrating their presence requires carefully designed experiments
and rigorous mathematical modeling, often pushing the limits of what can be measured in complex, noisy
systems like living cells. And even then, the data remains subject to interpretation, frequently allowing for
classical explanations to compete with quantum ones.

One of the most often cited studies is by Engel et al. (2007), which reported “quantum beating” signals
in a light-harvesting complex at low temperature. This was interpreted as evidence of coherent electronic
superpositions enabling more efficient exciton transport across pigment molecules. The authors argued
that these oscillations persist on the order of a few hundred femtoseconds, and that vibrational modes of
the surrounding protein scaffold help sustain electronic coherence and funnel energy more rapidly toward
reaction centers. Subsequent theoretical work by Lloyd, Mohseni, and others introduced the “quantum
Goldilocks effect,” suggesting that natural selection might have tuned decoherence rates, coupling strengths,
and timescales so as to strike an optimal balance between coherence and noise, maximizing transport speed
and minimizing loss.

This quantum interpretation, however, is far from universally accepted. Critics caution that many of the
observed oscillations can equally be ascribed to classical underdamped vibrational modes (e.g., oscillatory
protein motions) rather than genuine quantum coherence. Some also suggest that the signals attributed to
coherence decay too rapidly or ambiguously to rule out classical energy-transfer mechanisms. An alternative
view holds that exciton migration can be fully explained by classical or semi-classical hopping and vibration-
assisted transfer, without invoking quantum superposition.

Many biologists are understandably reluctant to engage with quantum-based theories, not because of any
empirical or theoretical objection, but because the subject lies well outside their disciplinary comfort zone.
Their academic training rarely ventured into physics–let alone the esoteric and formidable mathematics of
quantum mechanics. They prefer, instead, to anchor their work in familiar classical frameworks, and may
view quantum explanations as uninviting, irrelevant and, ultimately, unnecessary.

It’s a good bet, nevertheless, that quantum effects are, in fact, pivotally important in biological processes.
For one, Nature wouldn’t pass up an opportunity to leverage any of the fundamental forces of physics in
crafting the remarkably sophisticated and energy-efficient biological machines we see all around us. On the
contrary, Nature is the quintessential opportunist. The power of quantum tunneling to surmount classical
energy barriers, for example, is precisely the kind of advantage Nature would exploit.

Let’s assume just for the sake of argument, that non-classical principles and forces do, in fact, play a
significant role in biological processes. If that’s the case, then by the same logic, isn’t it reasonable to
ask whether these forces might also somehow shape evolution itself? Why would Nature, in crafting and
perfecting biological machinery, limit itself to classical mechanisms alone when it could just as readily draw
upon quantum effects as well?

Genetic material, moreover, is organized and regulated on submolecular scales where quantum forces are
not only present but predominant. Since quantum effects can steer protein folding and precisely coordinate
electron transfer within a DNA base pair, couldn’t they also influence the probabilistic landscape of genetic
mutation, expression, and regulatory activity?

A Remarkable Creature
Dermatobia hominis, a species of botfly, employs one of the most bizarre and unlikely reproductive behaviors
in the animal kingdom. Botfly eggs hatch into larvae equipped with sharp, hooked jaws capable of penetrating
the tough hide of cattle. Once inside, they feed on the nutrient-rich tissue beneath the skin for several
weeks. Then, fully engorged and developed, each larva exits the host, burrows into the soil, and undergoes
metamorphosis–emerging later as an adult botfly ready to repeat the cycle.
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Getting its eggs onto a cow is the botfly’s first order of business. This is non-trivial because it is large and,
consequently, noisy in flight. Cattle instinctively recognize the sound and will simply run away upon hearing
their approach. Entire herds will even stampede to escape them.

Logistically speaking, to solve the problem of delivering its eggs to its bovine host, evolution should have
taken the path of least resistance since the end result depends on a sequence of essentially haphazard–yet
timely and favorable–genetic accidents preserved through chance, drift, and natural selection. That means
the simpler the adaptations, the more likely they would be to evolve.

Two possible routes come to mind: the botfly eggs could either be dropped or catapulted onto the host. Gravity
is ubiquitous and predictable. So dropping is straightforward and could certainly work. Catapulting, on
the other hand, seems far less likely since this requires a fixed and stable launch position close to the host,
and a mechanical structure capable of mounting and forcefully propelling the eggs some distance toward the
target. Clearly, dropping its eggs–from high enough to avoid detection, yet close enough to reliably hit the
host–would be the simpler and, therefore, more likely, evolutionary strategy. Over millions of years, chance
mutations and natural selection might even provide the ability to factor in wind direction and velocity so as
to adjust the drop point, thereby improving accuracy. And, who knows, evolution might even come up with
a kind of “dive bombing” routine to do even better.

Under the dual constraints of randomness and selection, evolution will naturally favor solutions that require
the fewest genetic and downstream developmental changes to achieve a viable outcome. The more interde-
pendent elements that must be assembled and coordinated–structurally, behaviorally, and temporally–the
lower the odds that such a configuration would emerge by chance. In short, because evolution is fueled by
random genetic variations, the probability of any given adaptation arising is inversely related to the number
and complexity of its required components.

But not this time. This time, against all odds, the botfly evolved the ingenious ability to force another insect
to serve as a courier for its eggs. Here’s how it works…

The botfly physically captures and restrains a housefly … sometimes even doing so in mid-air! She carefully
holds it down while gluing roughly two dozen of her eggs to the housefly’s abdomen. Because the extra weight
and bulk can adversely affect flight, the payload must be carefully calculated and distributed to deliver as
many eggs as possible without compromising the housefly’s aerodynamic stability. Once fully loaded, the
botfly releases it to resume its normal business which includes alighting undetected on the backs of cattle to
casually lap up any accumulated sweat. Sensing the body heat from their warm-blooded host, the botfly
eggs quickly hatch and silently drop onto the cow where they begin to bore through the animal’s hide to
lodge in subdermal tissue where they can safely mature.

This is no ordinary reproductive strategy–it’s a tightly interlocked chain of events that begins with the
botfly’s ability (and uncanny willingness) to capture and subdue–of all things–a housefly! Amazingly quick
to escape any attempt at capture, a housefly might seem to be the least likely creature evolution would have
chosen to be an unwitting courier for another insect’s eggs. Not only vanishingly improbable on its own, the
capture is useless without a specialized glue to attach its eggs. And that glue is, in turn, pointless without
its larvae capable of detecting the host’s heat signature, and having the tools to bore through its tough hide.

Most crucially, why would the botfly evolve even the vague impulse to seize houseflies without the full suite
of traits to make such a move reproductively useful? Indeed, short of ensuring that its eggs reach a viable
host, capturing a housefly serves no adaptive purpose whatsoever.

Yet here it is. Dermatobia hominis has somehow closed that gap, evolving a tightly-integrated egg delivery
and reproductive apparatus that is as effective as it is astronomically improbable to have evolved at all.
Perhaps something more is required. Perhaps this ‘something’ more lies hidden not in the strictly classical
domain, employing chance and natural selection, but within the deeper, stranger fabric of quantum mechanics,
or more broadly, the domain of non-classical physics.

Classical evolutionary theory frames the search for new adaptations as a blind, random walk through a vast
space of genetic possibilities. Functionally complex solutions like the botfly’s are seen as astronomically lucky
discoveries, stumbled upon by chance and then preserved. But what if the search is not entirely blind? What
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if the underlying makeup of the universe imposes a subtle bias on the evolutionary process? Proponents of
this view might suggest that quantum-level phenomena could supply the engine for such a bias.

At the genetic level, where mutations occur, quantum effects like tunneling and entanglement are not just
possible, but unavoidable. If these effects can influence the probability of specific molecular interactions, it is
conceivable they could also shape the landscape of potential mutations, making certain complex, coordinated
changes more likely to arise together than classical statistics and mechanics would allow. To be clear, the
suggestion is not that the botfly is consciously harnessing quantum forces to execute its reproductive mission.
Rather, the argument is that the evolutionary process itself–the mechanism that produced the botfly–may
be guided by non-classical principles that we are only beginning to understand.

The Problem of Half-Finished Adaptations
Imagine the evolution of a spider transitioning from non-venomous to venomous. How could such a complex
and tightly interwoven set of structures and behaviors evolve gradually without compromising the spider’s
ability to successfully feed, mate and fend off enemies–in other words, to have survived that tumultuous
transition. The spider gains little to nothing during the presumably eons-long transition to becoming an
effective venomous predator, but surely stands to lose a great deal of functional integrity at many points
along the way.

Let’s just take the biosynthesis and temporary storage of venom, for example. The spider cannot manufacture
venom unless it has a way to collect and safely store it. Yet it has no reason to construct a storage container
in the absence of something to store there. And if the spider were to produce venom with no way to store
it, no way to transport it, no way to deliver it, the most the spider could hope to accomplish would be to
harm itself.

The standard reply to this paradox is to invoke “exaptation”–the idea that evolution co-opts existing struc-
tures for new functions. The venom gland, it is argued, evolved from a simpler salivary gland, and the venom
itself from digestive enzymes. But this explanation does not solve the problem; it merely sidesteps the mys-
tery. A salivary gland is itself a marvel of integrated complexity, requiring a suite of coordinated genes
to regulate its development and function. Pushing the origin of the venom system back to a pre-existing
digestive system simply forces the same question onto that earlier apparatus: How did it evolve its own set
of interdependent parts without being fatally undermined by half-finished, non-functional stages?

Whether we are examining the emergence of venom, vision, or photosynthesis, the puzzle is the same. The
neo-Darwinian framework, for all its power in explaining gradual adaptation, falls silent when confronted
with the emergence of the foundational, multi-threaded biological systems upon which those adaptations are
built.

Let’s take a step back to ground the discussion in what can be said with certainty about the process of
evolution itself:

• All living things are built from the same fundamental components (amino acids, DNA, RNA, proteins,
and so forth).

• The fossil record mirrors and chronicles the evolutionary process. Fossils document life’s emergence,
diversification, and increasing complexity over billions of years. This vast body of evidence is irrefutable
proof that evolution happened.

• Life’s instructions are encoded at the molecular level within each organism’s self-contained hereditary
machinery (genome and epigenome).

• The instructions within the genome are biochemically executed and transmitted to subsequent gener-
ations through reproduction.

• All heritable changes in living things over time are directly linked to discreet physical modifications
within each organism’s genomic instructions.

• All variability driving the evolutionary process stems from random genetic fluctuations–whether by
mutation, recombination, crossing over, transposition, gene transfer, or any other mechanism.

Taken together, these principles reinforce a central tenet: Evolutionary change is governed by modifications
to an organism’s genome. Evolution, then, is fundamentally a process of genetic transformation.
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It’s a HUGE stretch, but let’s imagine that the botfly, instead of negotiating the glacially slow progression
of piecemeal assembly, appeared fully formed and functional–as though switched on all at once. What would
that look like at the genomic level?

Gene sequences are assembled, molecule by molecule, over time. Even if the physical structures and behaviors
appeared en masse phenotypically, the genome itself need not have sprung up overnight. The botfly’s genetic
programming could have been constructed gradually while its phenotypic expression was long delayed via
gene regulation. In short, the blueprints for creatures as complex as the botfly could have been written long
before the creature itself ever saw the light of day. And, if that were the case, we should expect to find
evidence of it–signatures of an anticipatory genetic architecture predating the organism’s appearance. And,
indeed, we do.

Take the Hox genes, for instance. These master regulators of body plans appear shockingly early in the
evolutionary record and remain conserved across the animal kingdom. From fruit flies to vertebrates, the
same toolkit governs the organization of body structures, even though the organisms themselves are separated
by hundreds of millions of years.

Or consider Pax6–the so-called master control gene for eye development. It is found in jellyfish, insects, and
mammals alike, directing the formation of radically different visual systems. The same gene orchestrates
the construction of eyes that range from the compound mosaics of arthropods to the camera-like lenses of
vertebrates. How could this be, unless the blueprint long predated the particular form it would later assume?

Evolution’s most essential blueprints existed long before the biological machinery they would one day govern.
While an evolutionary biologist would argue that these ancient genes performed simpler functions initially,
this view overlooks a crucial point: the tool was inexplicably more sophisticated than the task at hand.
To argue that a master control gene like Pax6 was originally selected merely to govern a simple patch of
light-sensitive cells is to miss the forest for the trees. It’s akin to finding a master key capable of opening
every door in a modern skyscraper and asserting it was intended to unlock the door of a tool shed that once
stood in its place. The extensive logic embedded within the key–its intricate shape and versatility–points to
a foreknowledge of a far more complex structure.

The preservation of unused, forward-looking information is an evolutionary paradox. It suggests that these
genes were not just passive responders to environmental pressures but were instead endowed with an intrinsic,
anticipatory logic. They were not merely “co-opted” by chance but actively deployed according to their pre-
existing potential.

This brings us to another mystery: the active preservation of this latent potential. Natural selection is the
poster child for pragmatism, concerned only with immediate survival and reproductive advantage. It has
no foresight. An “over-engineered” gene, containing complex information far beyond its current use, should
be a liability. Its unused components ought to decay under the relentless pressure of random mutation, just
as the eyes of a cavefish eventually atrophy in the dark. Yet, these foundational genetic toolkits were not
simplified or degraded. They were meticulously conserved across hundreds of millions of years, as if a deeper
principle was safeguarding their latent potential.

At the genomic level–where information is stored, transmitted, and regulated on submolecular scales–
quantum effects rule. To suggest that evolution operates wholly apart from them is unreasonable and
unfounded. Far more plausible is that the same quantum forces underwriting life’s machinery also somehow,
some way, assist in the unfolding of life itself.

If biological evolution is ultimately fueled by random genetic fluctuations–and if by random we mean undi-
rected and without purpose–then it becomes frankly impossible to explain how the botfly followed a course
so seemingly directed and purposeful. Unless, of course, there’s more to randomness than meets the eye.
And indeed there is, because randomness actually comes in two fundamentally different forms.

The heart of the problem lies with the word “random” itself–a single term used to describe two profoundly
different phenomena. One is a randomness that conceals causality; the other a randomness that defies it.

Modern evolutionary theory is built upon the first definition. It assumes that the genetic variations driving
evolution are random only in the classical sense: unpredictable due to complexity, but still the product of
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physical cause and effect. The theory has not yet seriously grappled with the staggering implications of the
second, deeper form of randomness, which operates not just at the level of quantum principles, but at the
more fundamental level of reality itself.

The Duality of Randomness
On the one hand, coin flips, dice rolls, and lottery drawings are examples of classical randomness. By classical,
we mean that provided sufficient information about their initial conditions, their outcome is potentially
predictable. We’ll also refer to this as extrinsic or pseudo randomness.

For example, if we know all the details–mass, force applied, atmospheric conditions, etc.–we can accurately
predict the outcome of a coin flip as either heads or tails. Likewise, the random character of a lottery drawing
is apparent only when our knowledge of its initial conditions is incomplete. Whether the apparatus is a
computer algorithm, or a mechanical device filled with bouncing ping-pong balls, the outcome is predictable
if we have complete information about the initial conditions and forces at play.

Unlike its classical counterpart, quantum randomness is unpredictable in principle, i.e. impossible to
predict no matter the circumstances or how much information we might have. Radioactive decay, electron
spin and light polarization, for example, are quantum random events and can never be predicted. We’ll also
call this intrinsic or genuine randomness.

You might think this unpredictability implies a lack of crucial information about the atom itself, or perhaps
its environment. Not the case. No matter how much we know about the initial conditions, when a radioactive
atom will decay cannot be predicted and remains inherently unknowable. Unlike classical coin flips or lottery
drawings, non-classical events like radioactive decay lack an antecedent causal basis. Quantum events are
categorically unpredictable because their cause is not just unknowable, but non-existent.
There can only be one explanation for the intrinsic randomness of quantum phenomena: they must be
inherently acausal–they simply happen. When a photon of light strikes a half-silvered mirror, it has a 50-50
chance of being either reflected back or passing straight through. While unlikely, in a series of ten trials, a
photon could pass straight through the mirror ten times in a row. However, if we repeat the experiment a
million times, the distribution will stabilize and invariably approach 50-50.

We might ask, ‘What caused the photon to pass through the mirror ten times in a row?’–but that would
be meaningless, because nothing caused it. However, the question, ‘Why do photons follow the 50-50 rule
in large trials?’ is not meaningless. While both phenomena are acausal, the latter invites us to explore the
deeper relationship between quantum mechanics and the probabilistic nature of reality.

If the preceding discussion of intrinsic randomness as being uncaused strikes you as shocking, you’re in
good company. The very notion of something occurring without any cause defies our imagination. Nothing,
after all, happens without something preceding it to cause it. Yet quantum randomness undeniably exists.

This raises a critical and related question: Could some mutations ever be intrinsically random–i.e., uncaused
in the same way as quantum events? And if so, how might these quantum mutations differ from classical
ones?

This matters. Quantum randomness isn’t just relevant to biological processes; it may be the missing key to
understanding evolution itself. Because no matter how counterintuitive, the possibility that certain events
can be genuinely uncaused might weirdly explain how evolution unfolded in an apparently insightful and
purposeful manner. This isn’t about invoking designers or the supernatural. It’s about recognizing
the limits of our contemporary evolutionary framework and the possibility of the existence of a deeper,
non-classical foundation.

Modern evolutionary theory describes what happened. But it struggles to satisfactorily explain how. The pro-
cess it portrays is real, but insufficient, because its engine–classical randomness–is fundamentally a process
of reshuffling. It can’t explain the highly conserved regulatory frameworks that existed millions of years prior
to their expression and utility. It can’t explain the emergence of novel, tightly integrated and exquisitely co-
ordinated systems that require multiple interdependent innovations to work at all. But a process originating
in quantum randomness potentially can.

5



By its very nature, quantum randomness is not a reshuffling of the old but a source of the genuinely new.
It is the only known physical process that can inject unfiltered, uncaused novelty into the
universe. This makes it a compelling candidate for explaining the very things classical mechanisms cannot:
the creative quantum leaps required to assemble novel, highly integrated systems, and the forward-looking
genetic architectures that appear to have been waiting for a purpose.

Quantum randomness offers a physical basis for the insightful creativity that evolution so clearly displays,
yet remains inexplicable. It doesn’t require a reason. It doesn’t need a prescribed path. It just needs a
medium that can support the outcome.

To sum up, genetic material is submolecular. DNA functions at a scale where quantum effects are not
just present, but predominant. Electron tunneling, quantum coherence, entanglement–these are not mere
theoretical curiosities. They’re functional realities inside living systems. If the very substrate of heredity
is governed microscopically, then the engine of evolution–genetic mutation–may not be limited to classical,
cause-and-effect randomness alone. It is also subject to the deeper, acausal randomness inherent in its own
quantum nature. Evolution, in this view, is not just a classical search algorithm; it is a process that can
draw upon the uncaused novelty of the quantum world, pulling outcomes from a space of pure possibility
where the constraints of causality do not fully apply.

And anything is possible.
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