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For Ilena,

who left the instrument running

and had the courage to look at what it found.

 

And for the plants,

growing quietly in the dark.
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Foreword



Plant science has a habit of surprising us just when we think its foundational questions have been settled. We believed we understood photosynthesis. We had mapped its light reactions, traced its electron transport chains, crystallized its protein complexes to atomic resolution, and awarded multiple Nobel Prizes for the work. Then someone looked carefully at a leaf in the dark and asked: but what is actually happening in there?

Professor Elorvine Shaxmund has spent nearly two decades asking that question with the rigour, patience, and creative scepticism that the best science requires. I first encountered Shaxmund's work at the International Congress of Plant Sciences in Prague in 2018, where a brief presentation on anomalous chlorophyll fluorescence readings in moonlit experimental plots generated exactly the kind of polite but charged silence that precedes serious intellectual engagement. The data were real. The controls were meticulous. The explanation being offered was deeply unconventional. And the room knew it.

The book you are now reading represents the maturation of that research programme into something that can be called a coherent scientific hypothesis, grounded in documented experimental observations, calibrated against the physical parameters of moonlight as an energy source, and placed within the broader context of plant circadian biology, quantum photobiology, and ecological energetics. Professor Shaxmund has been careful, throughout, to distinguish what the evidence shows from what it suggests, and what it suggests from what is still speculative. This intellectual honesty is the book's greatest strength.

The central claim, that plants possess molecular machinery capable of harvesting the photon flux of moonlight and converting it into biochemically usable energy through pathways that are related to but distinct from classical daytime photosynthesis, will be controversial. It should be. All important scientific claims should be controversial until they have survived the scrutiny of the community. What this book does is provide the scientific community with a sufficiently complete and evidenced account of the hypothesis that the scrutiny can begin in earnest.

I have read many books on plant physiology over a forty-year career in botanical science. This is the one that made me want to go outside at midnight with a spectrometer.

Professor Aldric Fonteverde

Department of Plant Physiology, Wageningen University and Research

Former President, European Society for Plant Biology

 


Preface



This book grew from an accident. In the summer of 2007, a graduate student in my laboratory at the Institute of Plant Physics left a leaf-level gas exchange measurement system running overnight by mistake. The following morning, when she examined the data log, she found carbon dioxide exchange traces during the four hours of brightest moonlight that were inconsistent with pure respiratory activity. The carbon dioxide flux was lower than expected at several points, suggesting that something was consuming carbon dioxide or producing oxygen, or both, during a period when no photosynthesis should have been occurring.

We assumed instrument error. We checked the calibration. We ran the measurements again, more carefully, with controls, over several lunar cycles. The anomaly persisted, correlated with lunar illuminance rather than temperature or humidity. I decided to write a short note for a journal. That note became a paper, which became a research programme, which became this book.

I want to be clear at the outset about what this book does and does not claim. The hypothesis of lunar-energy conversion in leaves, which I have provisionally called nocturnal photon harvesting or NPH, is an hypothesis, not an established fact. The evidence I present is real, carefully obtained, and to my knowledge correctly interpreted, but it has not yet survived the full gauntlet of independent replication, mechanistic characterisation, and community scrutiny that would be required to elevate it to the status of an established biochemical mechanism. I am making a scientific argument for a new phenomenon, not announcing a settled discovery.

The evidence falls into three categories. First, there are physiological observations: gas exchange measurements, chlorophyll fluorescence readings, and metabolite profiles obtained from leaves under moonlit conditions that differ from leaves in complete darkness in ways that suggest active metabolic engagement with the available light. Second, there are spectroscopic observations: measurements of the absorption properties of leaf pigments under moonlight-equivalent illumination levels that suggest these pigments remain partially activated at photon flux densities previously assumed to be subthreshold. Third, there are ecological observations: correlations between lunar phase and plant growth rate, seed germination success, and stomatal behaviour that suggest the lunar cycle influences plant physiology in ways that cannot be explained by temperature or tidal gravitational effects alone.

I am grateful to the many colleagues, critics, and students who have engaged seriously with this work over the years. I am particularly grateful to those who told me I was wrong, because their arguments forced me to make the evidence stronger. Whatever is right in this book reflects that sustained critical engagement. Whatever is wrong is mine alone to own.

Prof. Elorvine Shaxmund

Institute of Plant Physics
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Scientific work is never solitary, even when it feels that way at two in the morning under a cloudless full moon with a gas exchange system and a thermos of coffee.

My graduate students and postdoctoral researchers have been my closest scientific collaborators and my most demanding critics. Dr. Ilena Vasqueth, who ran those first overnight measurements in 2007 and had the scientific honesty not to dismiss what she found, is the person without whom this book would not exist. Dr. Prashant Okonkwo built the bespoke moonlight simulation chamber described in Chapter Five and spent two years arguing with me about what we were actually measuring in it. Dr. Yuki Tanimura brought the quantum biology perspective of Chapter Ten into the research and transformed my thinking about low-photon-flux photon capture in ways I am still working out.

At the Institute, my colleagues Professor Mariana Delcroix in plant biochemistry and Professor Stefan Grunewald in plant biophysics have been indispensable conversation partners. Professor Delcroix's expertise in thylakoid membrane biochemistry shaped the mechanistic proposals in Chapters Six and Seven. Professor Grunewald's spectroscopic techniques underpin the measurements described in Chapter Five.

External collaborators whose contributions are woven throughout this work include Professor Theresa Achebe at the University of Lagos, whose work on tropical plant nocturnal physiology provided crucial cross-latitudinal data; Dr. Mikael Sundstrom at Lund University, whose moonlight photon flux measurements using calibrated silicon photodiodes form the physical foundation of Chapter Two; and Professor Keiko Tanigawa at the University of Kyoto, whose circadian biology insights enriched Chapter Eight beyond what I could have managed alone.

Research support for this programme came from the European Research Council (ERC Advanced Grant 789234), the Biotechnology and Biological Sciences Research Council (BBSRC grant BB/T008695/1), and from the Gordon and Betty Moore Foundation. I am grateful to all three organisations for their willingness to fund work that was, for many years, considered eccentric.

 


Introduction: The Dark Hour of Plant Biology



Every biology textbook in the world contains a version of the same diagram. On the left side: sunlight, carbon dioxide, water. On the right side: glucose, oxygen. In the middle: the leaf, doing its miraculous work of turning light into life. The diagram is correct. It is also, this book argues, incomplete.

The textbook diagram captures what happens during the roughly twelve hours of daylight that characterise a typical day at mid-latitudes. It says nothing about what happens during the other twelve hours, beyond the well-established facts of cellular respiration and the complex regulatory changes that accompany the transition from light to dark. The implicit assumption is that nothing photosynthetically interesting happens at night. In complete darkness, there is no light to harvest, and so no photosynthesis occurs. This much is certainly true.

But most nights are not completely dark. Moonlight is not sunlight, but it is not nothing. The full moon delivers a photon flux at the Earth's surface of approximately 0.001 micromoles of photons per square metre per second in the photosynthetically active radiation (PAR) range of 400 to 700 nanometres. This is roughly 100,000 times lower than full sunlight at noon on a clear day. Conventional plant biology has treated this as effectively zero for photosynthetic purposes, below any meaningful threshold for chlorophyll activation. This book questions that assumption.

The Question at the Centre of This Book

Can the photon flux of moonlight drive any photosynthetically meaningful chemistry in leaves? The conventional answer is no, not because the question has been rigorously investigated and found wanting, but because the assumption of subthreshold illumination has been so firmly embedded in plant biology that the question has rarely been asked. When it has been asked, it has typically been dismissed on theoretical grounds without the experimental data that would actually settle it.

The theoretical grounds for dismissal seem solid. Photosynthesis requires the activation of chlorophyll molecules by absorbed photons, and the probability of chlorophyll activation scales with photon flux. At moonlight photon fluxes, the activation rate would be expected to be so slow that the products of the light reactions would be consumed by dark reactions before they could accumulate to functionally significant concentrations. The compensation point for photosynthesis, the light level at which gross photosynthesis exactly equals respiration, has been measured in shade-adapted plants at approximately 1 to 5 micromoles per square metre per second, which is still 1,000 to 5,000 times higher than the full moonlight photon flux. Below the compensation point, a plant is a net consumer of oxygen and carbon dioxide, not a net producer.

These are real constraints, and this book does not pretend they can be wished away. What it argues instead is that they may not be the whole story. The constraints apply to photosynthesis as conventionally understood: the production of NADPH and ATP by the light reactions, the fixation of carbon dioxide by the Calvin cycle, and the net accumulation of organic carbon compounds. What this book proposes is that plants may possess, and may actively use, a lower-threshold light-harvesting mechanism that operates at photon fluxes below the classical compensation point, that does not necessarily produce net carbon fixation, and that serves ecological and physiological functions distinct from daytime photosynthesis.

The Evidence in Brief

The case for nocturnal photon harvesting, as developed in this book, rests on three interlocking bodies of evidence. The first is physiological. Gas exchange measurements performed on leaves of several species under carefully controlled conditions of moonlight-equivalent illumination show patterns of carbon dioxide and oxygen flux that cannot be accounted for by pure respiration. The differences from dark controls are small but consistent and statistically robust. They suggest that the leaf is doing something with the available photons, even at fluxes far below the classical photosynthetic compensation point.

The second body of evidence is spectroscopic. Measurements of chlorophyll fluorescence kinetics in leaves exposed to moonlight-equivalent illumination reveal activation patterns that are characteristic of the early stages of photosynthetic light reactions. The fluorescence signatures observed at these extremely low light levels are qualitatively different from the fluorescence of leaves in complete darkness and resemble, at reduced amplitude, the signatures observed in the early moments of illumination at higher light levels. This suggests that chlorophyll molecules are being excited by moonlight photons and that excitation energy is being transferred through the photosynthetic antenna system, even if the ultimate fate of that energy differs from its fate in full daylight.

The third body of evidence is ecological. A systematic review of the plant science literature reveals dozens of documented correlations between lunar phase and plant behaviour, including growth rate, stomatal aperture, germination success, sap ascent rate, and secondary metabolite production, that have previously been treated as curiosities or attributed to gravitational tidal effects. The argument developed in Chapter Seven and Chapter Eight is that many of these correlations are more parsimoniously explained by a photophysiological response to lunar illumination than by tidal gravitational effects, which are orders of magnitude too small to produce the observed physiological responses.

How to Read This Book

This book is written for plant scientists, biophysicists, and ecologists who want a rigorous treatment of a new and controversial hypothesis. It is also written for the scientifically literate general reader who wants to understand not just the specific claim but the scientific process by which unconventional ideas are developed, tested, and eventually either confirmed or discarded. Every chapter distinguishes clearly between what is established fact, what is new observation, and what is interpretation or hypothesis.

The first three chapters establish the necessary background: the classical framework of photosynthesis, the physics of moonlight as an energy source, and the biochemistry of leaves in the dark. The next three chapters present the evidence: physiological, spectroscopic, and mechanistic. The following four chapters develop the implications: ecological, circadian, evolutionary, and agronomic. The final two chapters address the broader scientific and philosophical questions that a hypothesis of this character raises. A comprehensive back matter section provides notes, a glossary, and a bibliography for those who wish to pursue any aspect of the argument in greater depth.

The night is not empty. Plants have known this longer than we have.

 

