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For the students who asked the questions the field was not yet ready to answer.

 

And for the mycelium, which has been answering them

for 450 million years without being asked.

 


 

"Nature uses only the longest threads to weave her patterns, so each small piece of the fabric reveals the organization of the entire tapestry."

Richard Feynman, The Character of Physical Law, 1965

"The mycelium is the internet of the forest. But it is an internet that has been running, without our knowledge, for hundreds of millions of years."

Merlin Sheldrake, Entangled Life, 2020
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Foreword

 

The question posed by this book is not rhetorical. Fungal networks genuinely process environmental information. They do so through mechanisms that, when examined with sufficient rigor, bear formal and mathematical similarities to binary computation. Whether this constitutes computation in the full technical sense remains a matter of ongoing scientific debate, and this book does not resolve that debate so much as it maps its contours, illuminates its stakes, and presents the evidence that has accumulated over the past three decades with the care that evidence of this significance deserves.

I came to this subject through a route that was not direct. My training is in mathematical ecology, which gave me the tools to think about information flow in biological systems and the habit of looking for formal structure in phenomena that appear, at first examination, to be merely complex. The first time I encountered a network-theoretic analysis of mycelial architecture, in a 1994 paper by Suzanne Simard and colleagues that would eventually be recognized as foundational to the field now called plant neurobiology, I had the specific experience that marks a genuinely new idea: the sensation that something had always been there but had not been seen, and that once seen could not be unseen.

What Simard and her collaborators had found, using radioactive isotope tracing in old-growth Douglas fir forests in British Columbia, was that trees were exchanging carbon through a mycorrhizal fungal network, and that the exchange was not random but organized: larger, older trees were net exporters of carbon to smaller, younger trees, with the directionality determined by photosynthetic surplus rather than by any obvious mechanical pressure. The fungal network was doing something that looked, in its functional description, like redistribution according to need. Whether it was doing this because something in the network's physical properties caused it to do this, or because the network was in some meaningful sense deciding to do this, was the question that the 1994 paper raised and that twenty subsequent years of increasingly sophisticated research have refined without finally resolving.

This book is structured around that question and its ramifications. It begins with the biology, because the biology is the foundation without which the computational analogy cannot be evaluated honestly. It moves through the evidence for information processing, taking the evidence seriously without overstating it. It engages with the computational framework in sufficient technical detail that readers with scientific training can assess the analogy critically. And it concludes with the implications, which are significant regardless of how the definitional questions are resolved.

The field is moving quickly. Some of what I have written will have been superseded by the time you read it. I have tried to write in a way that makes the principles durable even when specific findings are updated, by being explicit about what is established, what is strongly suggested, and what remains genuinely open.

A note on terminology: throughout this book, I use the phrase binary processing in a specific and qualified sense that is explained in Chapter Four and that should not be imported without that qualification into other contexts. I am not claiming that mycelia are running machine-code programs. I am claiming something more interesting and more nuanced, and I ask the reader's patience until the argument has been fully developed.

The field of fungal biology has undergone a conceptual revolution in the past two decades that is still being absorbed by the wider scientific community and has barely touched the public consciousness at all. That revolution consists, at its core, of the recognition that fungi are not passive decomposers sitting at the bottom of the food web but active, dynamically responsive, informationally sophisticated organisms that have been shaping the terrestrial biosphere since plants first colonized land, and that continue to do so in ways that are critically important for understanding both the current state of terrestrial ecosystems and the trajectories available to them under climate change.

The revolution has a prehistory in the work of botanists and mycologists who recognized the intimate physical connections between plant roots and fungal hyphae that we now call mycorrhizae, connections that were described anatomically in the late nineteenth century by the German forest botanist Albert Frank, who coined the word mycorrhiza in 1885 to describe what he observed. But Frank's observation remained largely a curiosity for a century, integrated into the standard account of soil biology as a minor footnote about mineral nutrition. What happened in the 1990s and accelerated rapidly thereafter was the recognition that the mycorrhizal interface was not a simple nutrient exchange mechanism but a multidimensional communication interface through which information, not just materials, was being exchanged.

The implications of this recognition have not been fully worked out in any scientific discipline, and the working out is the project of this book.

 


Preface: Why This Book Now


Three things have happened in the past decade that make a book about mycelial information processing timely in a way it would not have been ten years ago.

The first is technical. The development of microfluidic sensing technologies and high-resolution time-lapse imaging has made it possible to observe the internal dynamics of fungal hyphae at spatial and temporal resolutions that were simply not achievable before approximately 2012. Before these tools existed, the evidence for information processing in mycelia was largely indirect, inferential from behavioral and ecological observations. Since these tools became available, direct observation of electrical signaling, cytoplasmic streaming patterns, and ion channel dynamics within individual hyphae has provided a layer of mechanistic evidence that changes the character of the scientific discussion fundamentally.

The second is conceptual. The maturation of biological information theory, drawing on the foundational work of Claude Shannon and its subsequent application to biological systems by researchers including William Bialek at Princeton and Aleksandra Walczak at the Ecole Normale Superieure in Paris, has provided a rigorous mathematical framework for asking whether a biological system is processing information and in what sense. This framework allows claims about mycelial computing to be expressed in terms that are precise enough to be tested rather than merely asserted.

The third is ecological. The collapse of the framework that separated organisms as discrete computational units from their environments as inert substrates has accelerated rapidly in the past decade. The recognition that environmental information is processed not just inside







