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The Age of Seeds

Plants evolved seeds to case their genes forward into the future.

When a 2000-year-old extinct date palm seed was discovered, no one expected it to be alive. But it sprouted a healthy young plant. That seeds produced millennia ago could be viable today suggests they are capable of extreme lifespans.

In the face of a growing population, a changing climate and declining biodiversity, it has never been more important to understand how best to make seed plants last.

In The Age of Seeds Fiona McMillan-Webster tells the astonishing story of seeds, the crucial role they play in our everyday lives, and what that might mean for our planet.

Fiona McMillan-Webster is a science writer with a Bachelor of Science in physics and a PhD in biophysics.

Praise for The Age of Seeds:
‘The expansive story of one of nature’s great miracles – exploring not just the future of a plant, a species or an ecosystem but of our own ongoing survival.’
DANIELLE CLODE

‘Exciting, fast-paced and beautifully told. The Age of Seeds tells the tale of seeds as messengers from the past, adapted by our ancestors to feed, clothe and cure us. The intimate relationship between people and plants is skilfully told, with a fascinating array of historical figures and scientists contributing to the story in their own voices.

‘The sleeping seed has found a powerful voice in this book, transcending history and geography, in a rip-roaring tale of human endeavour to feed, clothe and cure a human population of nearly 8 billion people’
PAUL SMITH
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Prologue

I feel a bit guilty when I find the old packet. I recall having the best of intentions when I bought it, but inexplicably, here it is, on the bedroom dresser.

I freely admit things tend to pile up right here. Elsewhere in the house, tidiness and chaos wax and wane in fairly regular cycles, but on this modest rectangle of timber, I mostly let entropy have its way. There are layers of good intentions: photographs meant be framed; drawings to be carefully stored; books to be read; receipts, notes and scripts to be filed; a few small recyclables to be reused; an indoor-skydiving gift voucher to be exchanged for something less terrifying. In some ways it’s oddly optimistic, this mundane detritus. It’s as if, contrary to all the evidence, I truly expect to get around to such things. Or perhaps it’s that nothing in my house is truly lost until I’ve searched here.

Today, while looking for something else entirely, I find that small packet of seeds. Friendly yellow script announces the contents as sunflower seeds, and there is a cartoon image of a little girl gazing at a giant sunflower, its petals expanding beyond her entire person. The girl’s expression is an astonished joy worthy of a unicorn sighting. Behind her is a bucolic scene of blue skies and green fields. It’s a simpler world, a better world. The suggestion, though not legally binding, is that perhaps I, too, can grow child-sized sunflowers on towering stems.

I still want a garden full of sunflowers for my daughters – tall, happy flowers surrounding the house. The rest of the world might go awry, but we can have some of that bucolic joy here. The flowers will bloom and their sun-like heads will follow the arc of our star throughout the day. I will point this out to my girls and talk about why sunflowers do this. We might talk, too, about Earth’s rotation, and why the seasons are what they are. We will read books out there and the children will momentarily forget that iPads exist. The dog, miraculously no longer inclined to dig up the yard, will laze in the dappled shade. Yes, it will be lovely, this garden. Sunflowers are not considered the most beautiful of all flowers, but there is an exuberance about them, something quite unapologetically grand and cheerful, that always makes me smile.

I have set out to plant the seeds in this packet a few times, but this has never eventuated and the packet has ended up on the Dresser of Entropy. It is now creased in places and browning slightly on one edge. I pick it up with a soft sigh, tilt it one way and then the other, listening to the seeds rattle about inside the stiff paper – it is the faint, dry sound of forgotten plans. I realise I don’t remember exactly when I bought these seeds. I simply can’t recall how far back this particular good intention goes.

I turn over the packet. There’s a stamp in the lower corner that says, ‘Sow by: August 2018.’ Oh dear. When I bought these seeds, August 2018 was an idle hand-wave at the distant future, but now it is a few years in the past. I frown at the stamped date. If I had simply planted these seeds when I’d bought them, we would have that lovely garden. But I wonder if it’s not too late: the kids are still kids, and anyway, you’re never too old for sunflowers.

I could purchase new seeds, but I suspect that throwing these ones in the bin and promising myself I will go to the nursery is a pathway to further procrastination, and I’m not willing to concede defeat this time. There’s potting soil somewhere in the garage, so I can start right away. I also realise that I have no idea exactly what the stamped date means. Does ‘Sow by’ mean ‘Best before this date and probably okay after that, but no promises’? Or does it point to some cold, hard moment of expiry? I can feel the rising swell of questions.

Seeds are meant to be durable, so they are meant to endure, aren’t they? Isn’t that the whole point of seeds? I’ve seen images of expansive deserts suddenly in bloom after a decade’s long drought is broken by abrupt, merciful rain. My memory shows me a scene in time-lapse, recalled from some documentary perhaps, of rainwater soaking into a cracked and barren landscape, of clouds whirring past, days and nights coming and going, until, in scant seconds, green shoots emerge from the ground, trembling with the film’s high speed until at last they bloom. Another memory bubbles to the surface: I’m sure I’ve heard of seeds that have sprouted after centuries, maybe even longer. As my brain offers up these half-memories, an unshakeable curiosity takes hold. How long do seeds really last? I decide I want to find out, and I’m going to start with this packet of old seeds. I want to know if they are still alive, if they still hold the promise of sunflowers.

Soon, everything is ready. It’s a bright morning, the sky clear after a day of big storms. A breeze moves through the tall trees, making light and shadow dance on the little outdoor table where I’m sitting. The morning sun is high and warm on the back of my neck. There are bird calls, mostly small and chirpy, but every now and then the air is punctured by the sharp cry of a cockatoo; I look up in time to catch a glimpse of large white wings as they glide over the trees. My youngest daughter is with me. We wipe the table clean and begin.

I tear off the end of the seed packet and tip it. Seeds spill onto the table with a soft clattering sound, a few of them spinning to a stop. They are dark grey with subtle silvery striations; their coats are smooth and seem to shine in the sunlight. They are oblong, although pointed at one end, like raindrops in mid-air. I show the seeds to my daughter, but she is more interested in her purple yo-yo, which she is swinging like a pendulum in an old clock. Still, she helps me count the seeds into groups of ten – there are more than seventy. At first they seem perfectly fine, but then I see it. Maybe this seed catches my eye because it is moving in the gentle breeze. It is lighter, more shiftable than the others, and I instantly see that though it was once a seed, it is now a fractured thing, broken open – an empty husk. Then I see another, and another. These seeds are not in great shape.

My daughter picks up one of the ruined seeds and cups it in the palm of her little hand. She is probably older than this seed, but it seems so much older than her. I look around and see a world of relative life spans. The dog is curled into a golden croissant of fur in his favourite sun-drenched spot. He is not yet seven but ageing faster than either of us humans; the seeds have apparently aged faster still. That cockatoo gliding past might live forty years in the wild, but it might reach 100 or more in captivity. The big tree in the backyard might last 150 years if things go well, but the native stingless bees drawn to its flowers will live just six months or so. The fruit flies that hover over our fruit bowl will get fifteen days if they’re lucky. I once saw a bonsai tree that, at 250 years old, had lived through both world wars, the Napoleonic Empire and the better part of Mozart’s career. Ageing, it seems, is a product of whatever bargain with physics a given organism is able to make.

We start to plant the seeds, each going into tiny egg-cup-sized paper pots filled with soil. I even plant the ones that seem beyond hope. I don’t know why, I know nothing will come of it, so I tell myself I’m just being thorough: plant everything, see what grows. But as I push them gently into the soil, it feels more like a burial. When we are finished, we water the soil and place the pots in a warm, sunny spot. Then we wait.

Days pass, then more days. I hadn’t expected anything to germinate right away, but I had hoped to see something, even just one defiant shoot emerging, determined to become not just a sunflower but also an emotive metaphor, life persisting against the odds and all that. But nothing of the sort happens. In fact, nothing happens at all. When several weeks have passed, it is very clear that, despite my penitent efforts, every last one of these seeds is utterly, hopelessly dead. Even though I have never had much of a green thumb, this is entirely new territory for me. My curiosity only increases. I commence another type of digging, searching for stories of extreme longevity in seeds, and I learn about seeds that, after centuries, even millennia, have still sprouted.

Now I want to know why some seeds stand the test of time while others cannot stand the test of being misplaced in my house for a few years. Why do some seeds endure and others don’t? And this raises other, more worrying questions. Where do our food crops fall on this spectrum? What about the world’s plant biodiversity? What of the flora intricately woven, both figuratively and literally, into the many and varied forms of human culture? What happens if we lose those seeds?

This is what I discover: seeds are time travellers, and as you would expect of any good time traveller, they have the most amazing stories to tell. Pick a seed, any seed, and it will take you on a wild ride. This is precisely how, one morning, I found myself drawn away from thoughts of a peaceful sunflower garden and plunged into the wrong side of Roman siege warfare. The world of seeds turns out to be so much more baffling and astonishing – and occasionally far more dangerous – than I ever would have imagined.



PART I

EXTREME LONGEVITY AND THE STRANGENESS OF SEEDS
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CHAPTER 1

A date with history

When it comes to plants, it takes a lot to astonish someone like Elaine Solowey. The California-born horticulturist has spent decades living and working in the hot, arid expanse of Israel’s remote Arava Valley – one of the most inhospitable environments in the world, replete with temperature extremes, saline soil and low rainfall. At Kibbutz Ketura, near the southern end of the valley, Solowey spends much of her time tending extensive fruit orchards and other crops. She establishes healthy soil where she can, a slow and painstaking process in such an eroded landscape. In fact, as an expert in desert agriculture with an affinity for botanical challenges, Solowey often has any number of experiments on the go, mostly with wild plant varieties. She wants to see what might thrive, with a bit of coaxing, in a place like this. Already she has grown evergreen neem trees from India, and rare Tibetan loquats. She has even managed to sprout the near-threatened Boswellia sacra, famed for its production of frankincense resin and an exasperating reluctance to germinate. In short, Solowey has spent more than forty years revitalising the desert by inches – reclaiming the land, as she puts it, ‘from the dust, the heat and the salt’. Under her care, she has seen plants defy remarkable odds. She is no stranger to the difficult, the unlikely, and even the downright improbable. But one time, she was completely thrown for a loop by a single seed.

In January 2005, a scientist named Sarah Sallon arrived at Kibbutz Ketura with a very unusual delivery. Sallon is the director of the Louis L. Borick Natural Medicine Research Center at the Hadassah Hospital Ein Kerem in Jerusalem, and she had worked with Solowey on a few projects relating to medicinal plants over the years. Now here she was with a handful of unusually large date palm seeds that looked like they’d seen better days. Sallon explained that these were no ordinary seeds. They had been discovered during an excavation at Masada, one of the most historically significant archaeological sites in Israel. And they were nearly 2000 years old. Given their age and the location where they’d been found, it was likely they were seeds of the long-extinct Judean date palm.

Sallon had convinced archaeologists and archaeobotanists at Bar-Ilan University in Jerusalem to part with a few seeds from their Masada collection so she could give them to Solowey, who knew a thing or two about date palms. Date crops of the commercial Medjool variety help generate income for Kibbutz Ketura, so Solowey had grown and harvested many in her time. Solowey concluded that Sallon had brought these seeds as an interesting souvenir. Sallon, however, had something different in mind. She wanted Solowey to plant them.

‘You want me to do what?’ Solowey had asked, incredulously.

‘I want you to try to sprout these seeds,’ Sallon repeated, explaining she had a gut feeling that some of these seeds were still alive.

Solowey was unconvinced. They were talking about a time span of nearly two millennia, after all. But Sallon was persuasive. Solowey eventually agreed to help, promising only to do her best. Still, she couldn’t imagine that seeds this old could be any more capable of sprouting a date palm than a shard of pottery found at the same site. It was harder still to imagine what it would mean to reach into the depths of botanical extinction and bring back, of all things, a Judean date tree.

*

Just before Passover in 70 CE, as Jerusalem’s residents prepared feasts and the streets swelled with pilgrims, the Romans attacked. For three months, the walled city was surrounded and under siege. It’s said that the Roman general Titus ordered every tree within 15 kilometres cut down for the construction of a siege wall in order cut off supplies, as well as any means of escape. Many nearby crops were destroyed and whatever remained could not be reached. No seeds could be sown, no crops tended – nothing grew, nothing was harvested. Within the city, the situation became increasingly desperate. Fight, submit or starve? No one could agree. Infighting led, catastrophically in one instance, to the burning of most of the city’s food stores. By August, the Romans had breached Jerusalem’s famed walls and, with brutal finality, burned the Second Temple. Of the many thousands of Judeans who died during the siege, most succumbed to starvation. It was, in the end, one of the deadliest summers in antiquity.

In Rome, they celebrated. A new coin was minted to commemorate the occasion, with the insignia ‘JUDAEA CAPTA’ (‘Judea captured’) encircling an image of a woman mourning beneath a date palm, the latter being a well-known symbol of Judea. But Judea had not been entirely conquered, not quite yet. Remarkably, some rebels had escaped and found their way to the fortress of Masada.

Perched high on an isolated plateau between the harsh expanse of the Judean desert and the lifeless shallows of the Dead Sea, Masada was a fierce marriage of geology and architecture set within a hostile wilderness. The plateau on which it was built rises an imposing 450 metres, within view of the Dead Sea’s salt-crusted shoreline. It was defended by 1300 metres of high stone walls, beyond which jagged cliffs plunged into barren ravines. In the first century CE it was connected to the world by only a few thin, treacherous paths. To those fleeing here, it must have seemed as though they’d reached the end of the world. And in a sense, they had. It was only possible to shelter and survive in a place like this if you were well supplied. Fortunately for the rebels, Masada was kitted out nicely.

When King Herod the Great ordered construction of the fortress to begin in 35 BCE, he had been hedging his bets. As the Roman-appointed king of Judea, he was neither trusted nor accepted by the Jewish people. With enemies everywhere, a remote desert fortress seemed like a good backup plan – especially a stronghold where Herod could live comfortably with family and friends in the event of a drawn-out insurrection. And so it was that, in addition to the defensive walls and towers, Masada’s original builders had constructed ample living quarters, Roman baths with a central furnace, an administrative building, and an opulent three-tiered palace descending the northern cliff.

The ‘Hanging Palace’ was an extravagance, of course. Masada’s true value lay in its storage facilities. An elaborate network of channels and small dams had been built to catch both stormwater and winter floodwaters, both of which were priceless. The water was collected in a series of massive cisterns, some with a capacity of 4000 litres, that had been dug into the rocky foundation. It was said to be so effective that a single day’s rain could provide water for a thousand people for at least two years.

Masada also possessed a large complex of storerooms, many of which were used for food storage. These, too, were well designed and benefited from the uniquely dry and salty environment afforded by Masada’s proximity to both the Judean desert and the Dead Sea. As the story goes, when the rebels first arrived, they found perfectly preserved dates and other foodstuffs left by those who had resided there in the final stages of construction nearly a century earlier. According to the scribe Josephus, who would chronicle what came to pass at Masada, the rebel population grew to 967 in the two years immediately following the fall of Jerusalem: supplies were sorely needed.

As the archaeologist Jodi Magness describes in her book Masada: From Jewish Revolt to Modern Myth, despite its impressive infrastructure, daily life at the fortress would have been harsh, and a great deal of energy would have been dedicated to procuring, storing and preparing food. The Judeans built and tended gardens at Masada but even small-scale agriculture must have been challenging on that dusty, sun-bleached mesa. Other supplies were not so far away – Date palms grew surprisingly well near the otherwise barren coast of the Dead Sea, and the variety of dates they produced were nutritious, amenable to storage and very nice to eat, and a little further up the Jordan Valley where the land was more fertile, there was barley, wheat, legumes and figs. Yet it would have been increasingly treacherous to venture from the relative safety of Masada as the Romans drew ever closer.

In the centuries leading up to the rebels’ final days at Masada, dates had become one of the most important crops in Judea. This wasn’t so unusual. At the time, date palms were grown across the entire region extending from North Africa up through the Middle East. Prized for their ability to grow in hot, dry environments, date palms were cultivated in Egypt, on the island of Cyprus, and in Ionia, which is now the western coast of present-day Turkey. Date palm groves also skirted the northern curve of the Arabian Sea and could be found as far east as the Indus Valley, in what is now southern Pakistan.

Dates, in their numerous varieties, were an important source of nutrients. They were eaten fresh and dried, smashed into paste, and used to make date cakes and date porridge, date honey and date wine. The archaeological record is filled with such recipes and serving suggestions. The rest of the tree was highly valued, too, and used in its entirety. The trunks were used in the construction of buildings and boats, as well as in carpentry and fencing. Date palm logs fuelled fires for warmth and cooking, and bronzesmiths were sometimes known to use date stones in lieu of charcoal. The fronds were used as brooms and fans, and for thatching roofs. The long fibrous leaflets were woven into ropes, fish nets, baskets and sleeping mats. The list goes on. Indeed, in the first century BCE, the Greek geographer Strabo wrote of an old Persian song that listed 360 uses for date palms.

An ancient poem titled The Assyrian Tree, which originated in Parthia, now part of Iran, is told in part from a palm tree’s perspective as she lists her many attributes to a foe, a rather unimpressed goat. The scene takes place in Xwanirah, which at the time referred to the central continent in the known world.


In Xwanirah land there is no tree of my build.

For the king eats of me when I newly bear fruit.

I am ships’ planking; I am the mast for sails.

They make brooms of me which put in order house and home.

They make pestles of me which pound barley and rice.

They make fans of me for the fires.

I am shoes for farmers; I am sandals for the barefoot …

In summer I am shade for the heads of governors.

I am milk for farmers, honey for noblemen.

They make boxes of me for medicines.

They carry (these) province to province, physician to physician.

I am a nest for little birds, shade for wanderers.

I cast down my stones; they grow on fresh ground.

If people allow, so they do not harm me, my top will be green until the day eternal.

And those persons who lack bread and wine eat fruit from me till they become filled.



Date palms, it seems, were central to the daily functioning of a vast swathe of the ancient world. Perhaps unsurprisingly, they achieved widespread cultural status. For thousands of years, the date palm appeared in mythology and sacred texts where it was, by turn, a symbol of prosperity, fertility and immortality. A date palm represented the Mesopotamian goddess Mylitta and her Phoenician counterpart Astarte. Egyptians decorated murals and columns with date palms to signify life and longevity. Indeed, the hieroglyphic for ‘year’ was an image of a single date palm branch. According to some versions of a Greek legend, the gods Artemis and Apollo were born beneath the boughs of a date tree.

And yet, not all date palms were considered equal. Of the numerous varieties, those that grew in Judea – in what is today southern Israel – were the most popular. The dates they produced were renowned for their good flavour and large size, with some reaching 11 centimetres in length. Judean dates made better honey and better wine than did other dates. The famed Greek physician Hippocrates praised Judean dates for their medicinal qualities. So, too, did the Roman physician Galen. Even the Babylonian Talmud mentions a date variety named ‘Taali’, which was cultivated in Babylon and Judea. These dates were said to heal, strengthen and purge the body.

Perhaps the real key to the popularity of Judean dates was their long shelf life, which provided a critical economic advantage. According to records from the time, dates grown in Egypt and Cyprus were soft and sweet when eaten fresh but did not store well, often becoming rotten when transported. The slightly drier Judean dates not only tasted better, they lasted. They could be stored for months on end and endured long-haul passage – remarkable considering the slow, halting pace of ancient international shipping at that time. This meant the dates could be transported further down the Nile to Cairo and Thebes, as well as to Anatolia (Turkey), mainland Greece and as far as Rome itself.

Intriguingly, Judean dates primarily grew in three specific areas in the Jordan Valley: Ein Gedi on the western coast of the Dead Sea, Jericho near the northern shore, and Beit She’an, which lies further north towards the Sea of Galilee. Ancient geographers, physicians and botanists noticed that the salty soil of the valley and the Dead Sea environment most likely had something to do with it. There were attempts to grow this cultivar elsewhere, but the plants just didn’t take. With trees producing a bounty of dates every growing season, grove owners prospered and planted more and larger groves. According to Strabo, groves in the vicinity of Jericho extended over 100 stadia (17 kilometres). In fact, Jericho had such an abundance of these crops that it was often referred to as the City of Dates or the City of Palms.

Such a source of wealth did not escape the Romans’ attention, of course, and while control of the date trade was not their primary reason for first conquering Judea, it was most certainly a significant benefit. Access to the delicacy itself didn’t hurt either. Once Judea was under Roman rule, its dates were regularly served at the emperor’s table. In 35 BCE, while the first bricks were being laid at Masada, the Roman politician Mark Antony gifted Jericho – plantations and all – to his lover Cleopatra VII of Egypt. Cleopatra, ever the shrewd strategist, leased it back to King Herod in return for a hefty cut of Jericho’s profits. The date trees were far more than a valuable commodity to the Judeans, however. Only dates grown in Jericho, Ein Gedi and elsewhere in the Jordan Valley were carried to the temples and offered reverently as First Fruits. Date palm leaves, which came to symbolise peace and sanctity, were used in holy rituals and featured during religious observances and festivals. And ultimately, at a time when siege warfare was commonplace, Judean dates offered a chance for survival.

By the first century CE, the Roman army, known more for its twin talents of engineering and destruction than its horticultural nous, saw little point in seizing the vast and valuable date groves of Judea, and instead chose to decimate this central feature of the region’s economy. Date palms were burned in their thousands. Some groves were spared but few people remained who knew how to tend them – most had been exiled or killed.

Certainly, cultivating dates requires a lot of work and specialised knowledge. Date palms are flowering plants – they reproduce sexually. The overwhelming majority of flowering plants have bisexual flowers, meaning they possess both male and female reproductive structures in the same flower. A rose, for example, has a pollen-producing male structure called a stamen, as well as a female pistil that produces ovules. By contrast, around 10 per cent of flowering plants have uni-sexual flowers, which are either male or female. Some of these are monoecious, which means they produce distinct male and female flowers that both grow on the same individual plant. Corn, which is a monoecious flowering plant, produces both male and female flowers on the same stalk. The rest are dioecious plants, where the male and female flowers grow on entirely separate individual plants. Around 6 per cent of all flowering plants are dioecious, palm trees among them. Thus, any given palm tree, including any given date palm tree, is either male or female. Only the female trees produce fruit.

Ancient cultivators learned how to determine which trees were male and which were female. They needed to know when and how to collect pollen from male flowers and use it to manually fertilise female flowers, and when to harvest the dates. Moreover, while date trees can be grown from seeds, propagation by planting a palm’s early offshoots was a more productive and common practice. So farmers needed to know which offshoots were ready, how to remove them without killing them, which conditions were best for planting, and how to tend the growing trees. This knowledge likely took centuries to amass and would have been passed down within families and in local communities.

After the fall of Masada around 74 CE, Judean dates were still harvested for a few hundred years, but nowhere near previous levels – these were just echoes of what had come before. And as the region endured further waves of conquests, knowledge of Judean date palm farming faded away. By the 11th century, the ancient Judean cultivar was most likely extinct. Historical accounts from the 19th century reveal that date groves in Israel consisted mainly of wild trees or low-quality seedlings and the fruit was described subsequently as ‘bad’ and ‘not fit for ordinary consumption’.

*

Israeli archaeologist Yigael Yadin and his team arrived at Masada in the early 1960s and found a scene of devastation preserved in dust and salt and ash. Masada had certainly burned, though not all of it. Among the rubble and the charred debris, the scientists found broken pottery and shields, arrows, silver shekels (coins) and remnants of clothing. They even found scrolls, religious texts mostly, along with papyri on which Latin had been scrawled. Among them was a fragment of Genesis in Hebrew and, more banal, a payslip belonging to a Roman soldier named Gaius Messius; it appears he hadn’t earned much for his services. They found bones, too, and ash – so much ash. And in one room near the Northern Palace, beneath a 60-centimetrethick layer of ash, they found ‘a big heap of whole dates’.

Along with the many other things found at Masada, the dates and date seeds were meticulously catalogued, transported and stored. By the time Sarah Sallon showed up in 2005, they’d been sitting in room-temperature storage for four decades. The archaeologists at Bar-Ilan University had taken some convincing, but at last, with their hard-won permission, Sallon picked the dates she believed had the best chance of germinating. This was mainly an exercise in intuition: as is the case with seeds in general, save for those with obvious physical damage, it was not possible to tell which ones were still alive just by looking at them.

In the days following Sallon’s intriguing visit to Kibbutz Ketura, Elaine Solowey considered the unusual task before her. ‘It took me a while to think of how I was going to do it,’ she tells me.

It didn’t matter whether she believed the seeds were alive or not. She had to treat them as though they were. She reasoned that sudden hydration might be a shock after two millennia of dormancy, so she began gently, hydrating the seeds very gradually. Next, she added a plant hormone called gibberellic acid, which is sometimes used to ‘jump-start’ seeds. Then, after adding a bit of fertiliser, she planted each seed in its own carefully labelled pot and quarantined them in a greenhouse. Then she locked the door and got on with other things.

Solowey checked in from time to time, of course, but the pots just sat there like a collection of unremarkable black plastic containers full of soil. Nothing to write home about, and certainly nothing to write to Sallon about. But one cool morning in mid-March 2005, Solowey entered the greenhouse and stopped in her tracks. In one container, the pale tip of a palm tree seedling was poking out of the dark soil.

‘I was completely astonished!’ she recalls. She had to remind herself of all the precautions she’d taken, ticking them off as assurances that what she was seeing was real: ‘It was new pots, new potting soil, new irrigation and it was locked up, so I knew it wasn’t contaminated.’

It was real. This seed had been alive for almost 2000 years, just waiting for the right conditions. And yet, something was wrong. Healthy date palm shoots are usually green, but this shoot tip was so pale it was almost white. In a heartbeat, Solowey’s excitement evaporated. Her efforts had clearly activated the seed’s ancient germination mechanisms, but what if not everything was working as it should? A lot can go wrong in two millennia. A shoot had pushed upwards and broken the surface of the soil, but Solowey knew that sometimes even perilously damaged systems can work for a little while, until they don’t. She was worried the seed had lost the ability to make chlorophyll, which meant it would be unable to use photosynthesis to turn sunlight into essential carbohydrates for growth. Every now and then this happens with seeds, even new ones. It’s basically a death sentence for the plant, says Solowey.

Then, as if some drowsy primordial cog had been nudged into motion, the shoot slowly began to make chlorophyll and became greener. Solowey didn’t breathe a word of it until June. In part, she wanted to make sure the seedling would truly keep growing, but mostly, she confesses, she still didn’t realise it was all that important. She only mentioned it in passing to Sallon one day after they’d been speaking about something else entirely.

‘I happened to say to Sarah, “Oh, by the way, one of your seeds came up.”’

‘What?!’ Sallon had blurted. ‘One of the seeds came up?’

The next thing Solowey knew, she was on CNN.

As the date palm grew at Kibbutz Ketura, surely and steadily, so too did the anticipation. Could this palm produce dates? Six years later, Sallon and Solowey would have their first clue.

When a date palm is mature enough, it produces clusters of flowers that grow along closely crowded branchlets. At first, these clusters emerge inside a protective sheath called a spathe. In the early days of flowering, the spathes appear like large papery pods, arising high up the trunk, shaded by the tree’s expansive leaves. In time, each spathe dries and splits open to reveal its floral bounty. Although there are distinctive differences between the male and female flowers – the presence of pollen sacs in the male flower, for example, and the more compressed structure of the female – you don’t need to wait for the blooming to find out what you have. The shape of the spathe itself gives everything away, says Solowey. The male spathe is shorter and broader, the female spathe is longer and flatter.

When the Judean palm produced its first spathe, Solowey had the answer: ‘I knew immediately it was a boy.’ With a nod to the long-lived patriarch in the Bible’s Book of Genesis, Solowey and Sallon named him Methuselah. Being a male date palm, Methuselah could not produce dates, but it was hoped that he could, like his eponym, become a father. All they had to do now was find a female.

Sallon paid another visit to Bar-Ilan University and also contacted archaeologists at the Hebrew University of Jerusalem. She returned with thirty-two ancient date palm seeds that had passed her scrutiny. Not all were from Masada. There are other historical sites where date palm seeds have been found, and Sallon wanted to give these a try as well. Some were from the Qumran Caves, where the Dead Sea Scrolls had been discovered. Others had been found in caves at Wadi Makukh and Wadi Qelt, just north of the Dead Sea, near Jericho.

Solowey planted all of them and, to her delight, six new shoots came up. As the years passed, they grew and flowered: four males, two females, ancient date palms all. Radiocarbon dating of the seed shell fragments revealed the youngest among them was from the first or second century CE at the latest. The two oldest were dated to sometime between the first and fourth centuries BCE. In a stroke of luck that verges on the poetic, the oldest of them all turned out to be female. Her seed had been found at Wadi Makukh, and she was estimated to be around 175 years older than Methuselah. They named her Hannah.

When Hannah was old enough, Solowey collected pollen from Methuselah and brushed it gently over some of Hannah’s flowers. Just a small cluster, mind you. It was far too soon to pollinate the whole tree because Hannah was still relatively young and Solowey did not want to cause her too much stress. It was spring then – April of 2020 – and the world was in the midst of the pernicious first wave of the COVID-19 pandemic. Israel, like many other countries, was in lockdown. Days passed like months, months like years. Although the globe was in turmoil, the tough landscape of the Arava Valley seemed to enclose Kibbutz Ketura like a spathe. Gatherings were put on hold, not an easy measure given that a kibbutz is meant to be communal. But life otherwise continued: crops were tended, date palms grew. It is a remarkable thing to realise that this is not the first pandemic to occur in the lifetimes of these ancient date palms – it isn’t even the eighth.

As summer edged towards autumn, Hannah became a mother and Methuselah a father. In all, Hannah had produced 111 dates that collectively resembled a cluster of large amber jewels. And so it was on a warm September morning, when the dates were wrinkled with ripeness, that the first harvest of Judean dates in many centuries took place. Sallon, Solowey, members of the kibbutz and others gathered as Solowey’s husband Michael recited Hebrew blessings over the large platter of dates – a traditional harvest blessing for the fruit tree and the Shehecheyanu blessing to offer gratitude for new and unusual experiences.

And then, the first taste. They were semi-dry, just as the ancient records had suggested, a quality that likely afforded their legendary shelf life. Solowey describes them as having a nice honey aftertaste. ‘It’s a good thing it tasted good, because how would I have explained it otherwise?’ she laughs as she imagines the predicament. ‘“Oh, we have these ancient dates, but they’re terrible!”’

It’s worth pausing to consider how astounding it is that these seeds survived as long as they did, to not only germinate but also to grow and thrive and produce a new generation. Now that she knows what is possible, Solowey is quite taken with the idea of germinating ancient seeds and wants to know what else she can bring back.

Solowey tells me that, so far, she has managed to sprout a 1000-year-old seed from another species entirely. Neither she nor anyone else knew what it was at first. Date seeds, even ancient ones, are easy to identify. They are large and long, with a characteristic groove running down the centre. But this was a tiny, teardrop-shaped thing, its distinctive features mostly worn away by time. Even as the seedling first emerged from the soil, Solowey remained puzzled.

‘Do you know what a Tinkertoy is?’ she asks me with a laugh. ‘It’s a little post of wood with a sort of slit in it. It looked exactly like a little green Tinkertoy! I realised later that it was a myrrh.’

Myrrh is another tree of biblical fame and has been valued for the scent and medicinal qualities of its resin since ancient times. Even today, myrrh resin is a well-traded commodity and is farmed in Ethiopia, Somalia and other East African countries. Solowey explains that there are a number of myrrh species, some of which were lost long ago. She wonders if this tree, whose life began a millennium ago, might be one of them.

‘We haven’t figured out what kind of myrrh [this is] yet,’ she says. ‘It may be extinct, in which case I have a genuine extinct tree.’

The seven Judean date palms and one ancient myrrh that Solowey has sprouted are not the only examples of extreme longevity in seeds. There have been others. Before Methuselah and Hannah came along, the previous record for the oldest seed ever germinated was held by a lotus flower seed that found itself in a rather unique geological situation.

*

If you trace a finger along China’s coastline, beginning in the south at the border with Vietnam and ending at the border with North Korea, you’ll find yourself making a large, languorous ‘S’. Granted, it is a rather bottom-heavy ‘S’ and it leans to the right, but you get the idea. As your fingertip glides along, it will pass by four seas. First, the South China Sea, then the East China Sea, then the Yellow Sea, which rests between mainland China and the Korean Peninsula. Finally, at the very top, is the Bohai Sea. It’s more of a small gulf really, comprising a series of bays. Here, your finger will come to rest on the Liaodong Peninsula, which juts out into the Bohai, creating a final inward curl at the tip of the ‘S’.

Liaodong is a remote and geologically unsteady place. Historical accounts of earthquakes in the area go back as far as local records have been kept. Geological evidence of tectonic troubles goes back further still. One earthquake in particular, most likely the one that occurred in the winter of 1484, caused an entire lake to disappear. Up until then, Xipaozi Lake had sat several kilometres inland from the coast, as it had done for thousands of years. In its sudden restructuring of the landscape, the earthquake caused the lake to drain down the Anzi River and into the Bohai Sea. What remained would fascinate botanists for centuries to come.

The lakebed had been dry for well over 400 years by the time Ichiro Ohga showed up in 1923. Working as a botanist for the South Manchuria Railway Company, part of Japan’s territorial foothold in the region, Ohga was far more interested in plants than the geostrategies of empires. He was particularly fond of lotuses (Nelumbo nucifera). When he heard rumours that centuries-old lotus seeds had been found buried in the peat and sediment remains of a former lakebed, he wanted to see for himself. When he arrived he met a local man named Liu Guay San who explained that his family farm stood where the lake had once been. Liu showed Ohga some of the remarkably well-preserved lotus seeds he’d found and said there were more where those came from. It turned out there were thousands and thousands of ancient lotus seeds buried there – so many, in fact, that it’s likely the lake had long been used for lotus farming, maybe since the Sui Dynasty around 600 CE, and perhaps well before that. Lotuses were one of the earliest plants to be cultivated in China, with records of lotus farming going back around 3000 years. Fossil pollen from Xipaozi Lake suggests lotuses had been growing there for more than 2000 years.

Together, Ohga and Liu struck up an informal research partnership. Liu was happy to share local history with Ohga, such as the time there was a lake and then there wasn’t. Liu also collected thousands of seeds, digging them out of layers of peat and loess sediment and giving them to Ohga, who was able to germinate many of them in his laboratory in Japan. Ohga was deeply grateful to Liu, and the two might have continued their collaboration and friendship for years, absorbed in the marvels of ancient lotuses, but we will never know. By the 1930s the rising tensions between China and Japan escalated into war. Ohga could not return to Liaodong. Tragically, because of his association with Ohga, Liu was accused of being an enemy collaborator and was executed.

And still the lotus seeds quietly lived on. Over the years, Ohga shared his lotus seed collection with other botanists around the world, including palaeobotanist Ralph Chaney in the United States who, in turn, sent one to Willard Libby at the University of Chicago. It was 1951 by then and Libby was in the midst of developing a new technology called radiocarbon dating. According to Libby’s analysis, the lotus seed was 1040 ± 210 years old. Libby would go on to win a Nobel prize for his development, but unfortunately, early versions of radiocarbon dating were highly destructive and required a large sample. In pursuit of chronological accuracy, the entire seed was combusted – 1000 years, give or take, reduced to ash. We will never know if it had been alive.

Research by University of California, Los Angeles botanist Jane Shen-Miller suggests it might have been. In the early 1980s, Shen-Miller and her colleagues acquired four lotus seeds from the Beijing Institute of Botany, which were from the same lakebed. The hard casings were filed to allow water to penetrate, then the seeds were gently soaked. Three of them germinated. One by one, the seed casings split open to reveal a nascent shoot, a slender, hopeful thing seeking the light. Then, one by one, they were incinerated – radiocarbon dating was still a voracious process. But it produced results. The oldest seed was estimated to be 1288 ± 271 years old. It was the oldest directly dated, viable seed on record, and it remained so until Methuselah, and then Hannah. Fortunately for the Judean palms, radiocarbon dating now requires a much smaller sample: a discarded seed casing following germination suffices nicely.

Depending on whom you ask, the longevity records set by that lotus seed and the Judean palm seeds were completely blown away in 2012 when Russian scientists announced they’d successfully regenerated an ancient narrow-leafed campion (Silene stenophylla) from the tissue inside a small fruit that was tens of thousands of years old. Whether or not it has earned the top spot in seed longevity comes down to semantics: it is arguably the oldest viable seed tissue, but it is not the oldest germinated seed.

Silene stenophylla fruits were discovered in north-eastern Siberia, buried nearly 40 metres down in burrows dug by squirrels. Of course, these were arctic ground squirrels of the Late Pleistocene, which looked far more like sturdy, well-insulated gophers, with claws that could put out an eye, rather than the skittish, fluffy-tailed things you’ll find in New York’s Central Park. Their burrows were big and sinuous and, importantly, meandered deep into permafrost sediment that had not thawed since the last ice age. As a consequence, the fruits they’d taken into their burrows were incredibly well preserved. Radiocarbon dating of one fruit in particular revealed it to be around 32,000 years old.

Campions are not large plants. They are short-branching perennials and biennials that flower in late spring and early summer. Fields of white-flowered Silene stenophylla still grow in the Siberian tundra, although 32,000 years ago they were far more likely to be trampled underfoot by a woolly mammoth, or even a woolly rhinoceros.

The ancient fruit was tiny, only several millimetres long, but it contained scores of minute seeds, each smaller than a millimetre, as well as placental tissue in the centre of the fruit. The fruit was immature and not fully developed, which is perhaps why attempts at germinating the seeds were unsuccessful. Undaunted, Svetlana Yashina and her colleagues tried the next best thing. They extracted the immature fruit tissue and cultured it in a nutrient-rich mixture. From this, shoots and roots emerged. The seedlings were potted and the stems grew, producing narrow deep-green leaves. Still, after all this time, the young plants were in no hurry. Written in their ancient genetic code were certain immutable rules that had been set down far earlier than the Pleistocene, one being that they would spend most of their energy growing roots in the first year – reproduction can wait. And so, Yashina and her team waited too, until one day, well into the plants’ second year, tiny white flowers bloomed at last.

*

Another story of seed longevity begins in 1967, when archaeologists were excavating the ruins at Santa Rosa de Tastil in north-western Argentina. One day, they discovered an intriguing necklace in one of the tombs. It appeared to be made of nuts from a Juglans australis tree, a member of the walnut family. Walnuts, as a rule, do not rattle, but these ones did. Further investigation revealed that seeds of the canna lily (Canna compacta Roscoe) had been placed inside the walnuts, perhaps as they were still growing, precisely so the walnuts would rattle.

All the evidence suggested the artefact was very old. Radiocarbon dating of human remains found in the same tomb indicated they were approximately 530 years old. This suggested the remains – and by association, the necklace – were from the early 15th century CE. This was consistent with what was known about Tastil, that it was decidedly a pre-Columbian site and arguably pre-Incan. The Incas, though contemporary, had not yet expanded beyond Peru, nor even contemplated great feats of civil engineering atop Machu Picchu, when Tastil was built by local indigenous peoples. By its heyday in the late 14th and early 15th centuries, the town had expanded to several hundred buildings housing a few thousand occupants, and it served as an important trading hub. Excavations have turned up peanut seeds from warmer climes, and even seashells. Those walnuts perhaps came from the subtropical cloud forests just on the other side of the Andes, where they still grow today.

Canna seeds are so compact and sturdy that they are likened to shotgun pellets. Anthropologist Eduardo Mario Cigliano and his colleagues at the National University of La Plata wondered just how sturdy these particular seeds were. They recovered three seeds from the necklace and were able to germinate one of them. But rather than kill the nascent plant in pursuit of a radiocarbon date, they let it grow. This earned Cigliano and his colleagues some criticism, as there were strong doubts that the seeds were as old as the surrounding tomb. In response, they radiocarbon-dated the walnut from which the seed had been extracted and found that the necklace was about 600 years old.

Then there is a somewhat explosive example of seed longevity. It concerns a handful of mimosa tree seeds (Albizia julibrissin) that had been collected along with numerous other botanical specimens during Britain’s first diplomatic mission to the Chinese Imperial Court in 1793. Given the mission’s novelty and importance, everything was meticulously documented, including the mimosa seeds, which were catalogued and stored in the Department of Botany at the British Museum in London’s South Kensington. They might have remained there, safely tucked away, had the German Luftwaffe not shown up. Early in World War II, the British Museum’s most valuable items had been evacuated to the London Underground in anticipation of German air raids. There was neither the time nor the resources to relocate everything, however, and priceless artefacts like the Elgin Marbles and the Rosetta Stone took precedence over seed collections of uncertain value. As such, the mimosa seeds were still in storage in the early hours of 9 September 1940, when German bombers dropped tens of thousands of bombs on London. The Botany Department was hit. The Herbarium, where plant specimens and seeds were stored, was on the top floor and sustained major damage. Firefighters and civilians spent hours dousing the flames with water, saving what they could.

I’m not exactly sure who made the discovery several weeks later, although there’s a good chance it was James W Ramsbottom, then keeper of botany at the British Museum. I can just picture him, in his round wire-rimmed glasses, gingerly stepping through what remained of the charred and water-damaged rooms. He must have been distraught to see what had become of the collections. But sometimes in the most ungenerous circumstances, life just persists. There, among the wreckage, were the mimosa seeds that had been collected in 1793 – and they had sprouted.

In this case, perhaps the environmental conditions had been strangely ideal. It’s now known that mimosa seeds will break dormancy when exposed to heat and soaked in water. The incendiary bombs and the fire-fighting efforts had provided both. All up, the seeds had lain dormant for 147 years. Ramsbottom later reported in the journal Nature that three of the seedlings had been planted at the Chelsea Physic Garden by the Thames. By the following spring they had grown into thriving young saplings. Unfortunately, the bombings continued, and in May 1941, during the final days of the Blitz, some bombs fell on the Chelsea Physic Garden. Only one of the mimosas survived.

*

Not all claims of extreme longevity in seeds have stood up to scrutiny. In 1967, a team of Canadian scientists reported in the journal Science that seeds thought to be at least 10,000 years old had been found in Pleistocene lemming burrows deep in the Yukon permafrost. The seeds were germinated in laboratory conditions and grew into healthy arctic tundra lupines (Lupinus arcticus). For more than forty years, they were viewed as the most remarkable example of extreme longevity in seeds, but not everyone was convinced. The evidence for the age of the seeds was more circumstantial than anything else, and the seeds themselves – because they were germinated and not burned to a crisp in an early radiocarbon dating instrument – were never directly dated. The matter was settled in 2009, when radiocarbon dating of other seeds preserved in the same burrow revealed the plants had been grown from modern seeds that had contaminated the original site.

While this was clearly a case of closer scrutiny correcting an earlier error, there have also been some downright dubious claims of seed longevity. Take, for example, the case of Egyptian mummy wheat. One of Victorian England’s many peculiar features was a sudden widespread fascination with ancient Egyptian culture and artefacts. From museum exhibits and newspaper headlines to home furnishings and fashion, Egyptomania pervaded popular culture. During the 1840s, rumours emerged that wheat grains found in ancient tombs alongside mummified pharaohs were still viable. In a 2017 article published in Open Library of Humanities, University College London archaeologist Gabriel Moshenska explains:


The myth that wheat, peas, bulbs and other plants could germinate after millennia spent sealed in ancient Egyptian tombs was a popular and pervasive one in the nineteenth and early twentieth century in countries including Britain, France, the United States, Canada and Australia where the revitalised grain was claimed to provide extraordinarily rich yields.



Of course, there were sceptics, he says: ‘In the early 1840s, the British Association for the Advancement of Science had begun the first controlled experiments into the vitality of mummy wheat. Without fail these tests, and others over the following decades, were unsuccessful.’ Despite a steady stream of empirical evidence that wheat found in ancient Egyptian tombs was not viable, the myth, and indeed the sales, persisted quite strongly well into the next century.

These examples of extreme seed longevity make for a fascinating list, but not a long one. It seems 32,000-year-old flower seeds may be viable but do not germinate by themselves. Ancient lotus seeds do not germinate by the dozens. Judean date trees have only sprung forth from seven out of dozens of ancient date seeds that have been planted. These are exceptions. But how is it some seeds can achieve such life span extremes and not others? Well, for a start, seeds are a lot stranger than many of us may realise.


CHAPTER 2

Curious in every way

When British General Charles George Gordon arrived on the island of Praslin in 1881, he believed he had discovered the Garden of Eden. This was not hyperbole. For some years Gordon had been searching for the famed garden, a sort of personal side-quest between military engagements, so when he reached the lush forest of Praslin’s Vallée de Mai and encountered the island’s endemic coco de mer palm tree, he was enthralled. In a manuscript written during that visit, he described the palm as ‘a curious tree in every way, unique among its kind and among trees’, and enthusiastically explained that not only had he found the biblical Eden, but he had also found the legendary Tree of Knowledge and its infamous forbidden fruit. What he had actually found was the world’s largest seed.

The island of Praslin belongs to the Seychelles archipelago, which lies in the Indian Ocean just south of the equator and some 1500 kilometres east of the African coast. With its colourful coral reefs and turquoise lagoons, verdant tropical forests and powdery white beaches, in General Gordon’s time it would have indeed seemed like an untouched paradise. Even today, local tourism operators readily list the Seychelles’s postcard-perfect attributes – the word ‘divine’ comes up a lot. A historian might instead regale you with tales of pirates and hidden treasure. An evolutionary biologist, however, will likely tell you these islands are intriguingly weird. This is because the Seychelles are incredibly old. Many of the islands are made of igneous granite and were formed as Madagascar broke away from India nearly ninety million years ago during the late Cretaceous, making them the oldest oceanic islands in the world. Over thousands of millennia, this cluster of remote, isolated ecosystems has seen the evolution of a long list of unique species, comprising mammals, birds, insects, reptiles – including giant tortoises – as well as a handful of rare snails. There are also twelve species of endemic amphibians, which is an impressive number for remote islands because amphibians, as a rule, do not take well to salt water and avoid migrations that involve it. But if the fauna of the Seychelles are strange, wonderful and rare, then so, too, is its flora.

There are numerous endemic species of plants, one of which is the coco de mer, or coconut of the sea (Lodoicea maldivica). It is the sole species in the genus Lodoicea and only grows on Praslin and one other island in the Seychelles: the appropriately named Curieuse. The coco de mer grows surprisingly well in poor quality soil consisting mostly of weathered granite. These trees are also very long-lived, with life spans stretching hundreds of years. The tree’s hard-shelled fruit is unique and spectacularly heavy – it can weigh well over 40 kilograms. It is often called the ‘double coconut’ precisely because it resembles two bulbous, smooth-surfaced coconuts fused together. Gordon, a devout man and evidently prim even by Victorian standards, took one look at the double coconut and wrote that ‘externally the cocode-mer represents the belly and thighs, the true seat of carnal desires’. He decided, a priori, that it must be the famed forbidden fruit. To be fair, it does look a bit rude.

Due to its weight, a double coconut that somehow tumbles into the water will sink immediately. Eventually, though, the fruit and seed inside will decay, and the hard shell, now buoyant with the resulting gases, will rise to the surface. The shells can float hundreds, sometimes thousands of kilometres on ocean currents, and over the centuries they have been found along the coastlines of the African continent and Madagascar, and as far away as India, Sri Lanka and Malaysia. The story goes that when fisherfolk of ancient times witnessed the double coconut shells rising to the surface, it led them to believe they grew on mythical trees on the ocean floor. Today, the double coconut’s principal claim to fame is that it contains the world’s largest seed, which can weigh as much as 25 kilograms and reach half a metre in length. Exactly how seeds this large evolved in the Seychelles is still not entirely clear, especially given that the coco de mer grows alongside plants that produce a wide variety of seeds, including some that are no bigger than dust motes.

There are endemic orchids in the Seychelles, including the tropicbird orchid (Angraecum eburneum), which produces seeds smaller than half a millimetre long. Thousands of them clumped together appear to the naked eye as little more than a puff of pale dust. It’s interesting to imagine these tiny specks being carried on a warm breeze past enormous floating double coconuts. Both are seeds, and yet they could not be more different. Then again, maybe they could be. The tropicbird orchid does not produce the smallest seeds in the world. That title belongs to a species of jewel orchid endemic to New Caledonia, the Anoectochilus imitans. The seeds of this orchid are as small as 0.05 millimetres, roughly ten times smaller than tropicbird seeds, and they weigh around 1 milligram. With the aid of a microscope – especially a scanning electron microscope, which is quite good at imaging very small things – it becomes clear that these seeds are thin, elongated and papery. The seeds of some orchids have surfaces resembling honeycomb, while others appear scoured with fine grooves. In this, we can see that the structural diversity of seeds goes far beyond a spectrum of sizes that spans the distance between the seeds of A. imitans and the coco de mer.

*

The diversity of seed shapes, textures and colours is astounding. Moreover, while some seeds go solo, others are encased in a weird and wondrous array of fleshy fruits, dry fruits and other casings that plants use to protect and disperse their seeds, from the delicious bulk of a watermelon to the painful barbs of the devil’s claw seedpod.

Some seeds, though small, are bulbous and bumpy, like those produced by rock sea-spurrey wildflowers or the succulent Crassula pellucida. There are spikey seeds, too, such as the prickly ones produced by the wild carrot Daucus carota, an almost aggressive structure for a plant otherwise known as Queen Anne’s lace. There are softer ‘hairy’ seeds which are far more pleasant to hold, thanks to fine fibres like those emerging from the cotton seed or the light tuft of the dandelion seed. The seeds of the bird of paradise appear to have a comical mop of bright orange hair. Yet other seeds have structures that closely resemble feathers, such as those produced by the cornflower or the Australian daisy (Leucochrysum molle).

Some seeds appear to have entire wings. Take, for example, the four-winged seed of the bushwillow (Combretum zeyheri), which, viewed from just the right angle, looks like a butterfly. The smooth, aerodynamic foil of the sycamore maple seed (Acer pseudoplatanus) is reminiscent of the wing of a dragonfly. Often, two seeds are twinned and spin as they fall. I have plenty of childhood memories of picking up these ‘helicopter seeds’ and then throwing them in the air just to watch them spin, and I know I’m not the only one. The Hiptage benghalensis, a woody vine native to India and South-East Asia, has helicopter seeds too – with three curved wings fused together, they resemble birds in flight. Meanwhile, the papery seeds of the frangipani cause them to look more like a dense cluster of moths when they are pressed close together in their seedpod.

There are simpler seeds, like the black bean with its familiar smooth plump curves, or the rough sphere of a peppercorn seed, or the compressed curve of the poppyseed. But even a poppyseed, close up, is not quite what you might expect, with its honeycomb-like surface. There are simple hard spheres like that of the Canna indica plant. Then there are the more ornate seeds, some of which appear to be covered in ruffles or indeed entire dresses, like the poisonous larkspur (Delphinium peregrinum). There are seeds that seem at first glance like tiny cups, and the seeds of the red-eyed wattle do indeed look like red-rimmed eyes, unsettlingly so. The seeds of the dense blazing star (Liatris spicata), a North American meadow flower, has what looks like a trail of streamers.

One morning before school, my youngest daughter decides to weigh in as I flip through the pages of Rob Kesseler and Wolfgang Stuppy’s beautiful book Seeds, which is full of highly magnified images that are artworks in their own right. She peruses the strange and varied forms of the seeds and informs me that one looks like a hairy jellybean, the next one looks like a butterfly and another is like a tree branch. She keeps going: there’s a centipede, a belly button, a stingray, a set of wonky stairs, a bunch of crocodiles, a grasshopper inside a grapefruit, a bird diving into water to grab its prey, the Hungry Caterpillar, two jellyfish getting married, and ‘a person wearing pants who is having a bad day’. Indeed, there are seeds that only a child can adequately describe. So full of grooves, curves and erratic protrusions, such seeds seem like a nonsensical evolutionary hodgepodge, sort of the plant kingdom’s answer to the platypus. It’s hard to imagine they’re at all functional. And yet, that is precisely what they are. It is its function, and the handful of fundamental structures that underpin it, that makes a seed a seed.

Seeds are packages of genetic information containing all the instructions for building the next generation of the plant. Put this way, it’s tempting to think of a seed as a hardened jumble of plant cells. But for the overwhelming majority of seed plants, the next generation is a lot further along and far more organised than that.

Carol Baskin is a professor of plant ecology at the University of Kentucky and one of the world’s leading experts on seeds. She tells me of an analogy she heard many years ago that has stuck with her: ‘When I was a college student, my professor said, “A seed is a baby plant in a box with its lunch.”’ That certainly gets straight to the heart of the matter, because most seeds contain a very small immature plant, complete with a stem, a root structure and at least one leaf. In other words, a seed contains a plant embryo. That embryonic shoot is called a plumule and the nascent root is called a radicle. The embryonic leaf is called a cotyledon. Flowering plants will produce one or two cotyledons; other seed-producing plants, such as conifers, may produce a multitude. These cotyledons are the tiny leaves you see emerging from a seed when it sprouts.

The overwhelming majority of seeds also have their own food supply in the form of a nutritive tissue called endosperm, the ‘lunch’ part of the aforementioned analogy. During seed development, there’s a phase called ‘dry mass accumulation’ or ‘dry matter accumulation’. ‘It’s a period where most seeds are food-accumulating machines,’ says Christina Walters, a plant physiologist at the US Department of Agriculture’s (USDA) National Laboratory for Genetic Resources Preservation in Fort Collins, Colorado. She explains that this is the result of the parent plant redistributing its resources. Plants are always making decisions about where to send carbon, nutrients and water, such as to the roots, to new leaves or to an injured stem. During seed development, the carbon balance of the plant is manipulated to favour the reproductive units. ‘What they’re doing is packing the cells full of material,’ Walters tells me. ‘It’s not unlike parents investing in their kids.’

The endosperm surrounds the embryo and acts as a source of carbohydrates, vitamins, fats, antioxidants and proteins. The endosperm’s main job is to support the growth of the plant embryo, providing nourishment until the young plant can start making its own food. Helpfully, the endosperm can also act as extra padding. This raises another point: seeds provide protection for the plant embryo. At a bare minimum, the seed encases it in a thin covering. There may also be a tough seed coat, or even additional protection afforded by a hard or fleshy fruit that also aids in dispersal.

That’s it in a nutshell, as it were. This is what most seeds share in common: they are embryonic plants with a protective cover and, often, a food supply. It sounds simple, and yet producing a seed is one of the most intricate processes a plant will undertake in its life cycle. This begs the question, ‘Why did seeds evolve in the first place?’, because for millions and millions of years the plant kingdom got on just fine without them. Then, when seeds finally did show up, they fundamentally altered the course of life on Earth.



PART II

EVOLUTION
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CHAPTER 3

Landfall

Just outside the small town of Elkins, West Virginia, lies a stretch of US Route 33 that takes you into the heart of the Allegheny Mountains. If you know just where to look, it can also take you back more than 360 million years.

In the late 1970s, a geologist named Bill Gillespie got a nice tip-off about just where to look. Gillespie knew this part of West Virginia well, as he’d been born and raised just one county over and had worked for many years in the state departments for agriculture and forestry. He was also an avid fossil hunter and had spent decades collecting plant fossils from all over the area, amassing an impressive knowledge of West Virginia’s distant botanical past. So when a colleague from the West Virginia Geological and Economic Survey (WVGES) told him some plant fossils had been found near a thin coal bed near Elkins, he was eager to investigate. That’s how Gillespie found himself on a hillside next to US Route 33, not far from the Bowden turn-off, making one of the most intriguing discoveries in palaeobotany.

The thing about highways in uneven landscapes is that large sections of hills are often removed to allow the road to go through. These ‘roadcuts’ aren’t just useful to civil engineers. Geologists quite like them, too, because they serve as massive cross-sections where layers of earth, sediment, rock and other structures can tell a geological story. They’re also pretty good places for finding fossils. According to an article by Fred Schroyer in the WVGES publication Mountain State Geology, Gillespie found plenty outside Elkins, many in good condition, and estimated they were about 345 million years old.

Soon after, in the winter of 1980, Gillespie returned to the site while consulting for the United States Geological Survey. He excavated deeper this time, to see if even older fossils could be found. As Schroyer wrote in 1981: ‘He found masses of fossils, including bark, twigs, the leaves of several plants, and seed cupules.’ Those cupules were particularly intriguing. Cupules refer to small, cup-like structures that are believed to have been an important step in the evolution of seeds.

Around the time Gillespie was excavating, two experts in palaeobotany, Gar Rothwell and Stephen Scheckler, happened to be looking for some good fossil sites in West Virginia, and as Gillespie was the state’s foremost expert on such things, they got in touch. He told them he knew just the place and led them to the hillside south of US Route 33. Gillespie later told Schroyer that it was ‘the most fantastic two hours of digging I ever put in’.

They discovered hundreds of early seed plant fossils, so well preserved that on some, the internal anatomy of the reproductive structures was intact. Not only could they see cupules, but also ovules nestled within them. They found thousands of dispersed seeds as well. This plant species, which they named Elkinsia polymorpha, was a long-sought-after missing link between seed plants and all that came before.

*

The story of seeds is very much a tale about life finding a new way to extend itself across space and time. We could begin that tale in any number of interesting places, like at the first twitch of life back when Earth was little more than a roiling hot mess and something mustered enough basic chemistry to reproduce and then reproduce some more. Or there’s that time more than three billion years ago when a single-celled organism evolved photosynthesis, allowing it to marshal the dual resources of sunlight and water to convert carbon dioxide into a sugary food source, all while flatulating pure oxygen – a neat evolutionary trick that forever changed the planet’s atmosphere. But let us fast-forward a little and begin with plants, specifically the moment when they showed up and made everything really weird.

Elkins lies almost precisely due west of Washington, DC, just on the other side of the Appalachian mountain range to which the Alleghenies belong. On a good day, the drive takes almost four hours, much of that on meandering mountain roads. I’m told it’s quite a pleasant trip, especially in autumn. But 500 million years ago, there were no Appalachians. In fact, Elkins and DC – more specifically, the patches of land they now occupy – were not even on the same continent. Back then, the entirety of the future West Virginia was underwater somewhere in the South Pacific. Meanwhile, the future home of Washington, DC, sat roughly at the South Pole.

Half-a-billion years ago is such a staggeringly distant point in the past, it is hard to imagine that anything more complicated than pond scum had yet summoned the audacity to evolve. But the oceans were already filled with complex life thanks to an event called the Cambrian Explosion, in which a sudden, rapid diversification of animal life took place. This event, which began around 540 million years ago, is writ large on the fossil record. It lasted around twenty million years and ushered in most of the phyla in the animal kingdom. By around 500 million years ago, creatures with entire nervous systems were swimming around, including our own direct ancestors, the first vertebrates. And yet, plants still did not exist. Not anywhere. Thanks to the Cambrian, animals had such a head start over plants that sharks evolved about 100 million years before the first trees.

The issue was this: although complex life was abundant, it was inextricably water-bound. It existed only in oceans, seas and waterways, as well as in the shallows lapping at the edges of vast, dry continents. This stands to reason: life evolved in water precisely due to water’s unique properties and its abundance. The structure of every strand of DNA, every functioning protein, the membrane of every living cell on the planet, is dictated largely by interactions with, or the avoidance of, water molecules. Water also provides pressure and buoyancy. It ebbs and flows from the minute scale of capillaries to the grand scale of oceanic tides. Water absorbs, reflects, diffracts and diffuses light, and has the capacity to absorb and transfer heat energy. Water, in other words, provides myriad opportunities for physiological systems to evolve and function. It also sets strict boundaries. Life evolved within the constraints of the chemistry and physics of water. Put another way, the very shape and behaviour of everything alive involves a concession to what water will allow.

Land, meanwhile, was desolate and wholly alien. It was a harsher, far more capricious environment than the ocean or even a good-sized pond. For one thing, it was far too bright and there was little protection from damaging UV radiation. For another, it was really dry. Earth’s ancient landmasses up to and including the Cambrian were arid, sun-baked wastelands that would have made California’s Death Valley look downright hospitable. There was rain, of course, and so there were rivers that flowed towards the seas where the tilt of the landscape allowed it. Rainwater also gathered into vast lakes or saturated expanses of porous rock and collected in underground streams. But in between and beyond these phenomena there was a lot of dry land.

This tableau held little to entice our vertebrate ancestors or their Cambrian cousins far inland. That said, there are fascinating examples of explorations at the water’s edge in the form of fossilised tracks dating back as far as the Cambrian. It’s believed these tracks were likely made by amphibious arthropods – segmented, many-legged creatures that once thrived in the shallow waters at the time. It seems that some of them made forays across ancient tidal flats or along riverbanks. The tracks are small, often only a few centimetres wide, and there are only fragments of the paths that were taken, but they provide wonderful snapshots of how all those tiny feet pushed into the dry land, the animals plodding forwards with intent. Their meandering patterns hint at body structure and maybe primitive curiosity in service of the next meal. Life, it seems, will always test its boundaries.

Back then, the land boundary was fierce. Even for amphibious creatures with respiratory systems that allowed such excursions, remaining on dry land was a death sentence. Dehydration was always imminent and starvation guaranteed. It was, in a word, unwelcoming. So for millions of years, complex animal life teemed along the shores of enormous continents, sometimes slipping and scrambling from one shallow tidal pool to another and sometimes day-tripping across tidal flats, but that’s as far as they got. Until, one day, some algae got adventurous.

Land plants evolved from algae, but not just any algae. They arose from a particular lineage of photosynthetic green algae called charophytes. These organisms lived in fresh water, and their genetic toolkits happened to contain a number of things that would prove useful in adapting to terrestrial life. Charophytes still exist today, and one group, the zygnematophyceae, are believed to be the closest living algal relatives to land plants. This means the zygnematophyceae and land plants share a common ancestor that lived at least 500 million years ago. Studying these algae provides hints as to why that ancestor was uniquely able to kickstart the transition to land. For example, zygnematophyceae have the ability to make a sugary mucus that facilitates water retention during dry conditions. They can also make their own sunscreen, tiny pigments that protect against harmful UV radiation. It’s now known that zygnematophyceae algae have an impressive genome size, comprising up to 50,000 genes – far more than the estimated 20,000 or so genes in the human genome. It appears that land plants’ algal ancestor provided quite a lot to work with.

For an evolutionary moment, there would have lived an organism at the edge of a body of fresh water, a green smudge of something that was no longer quite algae but not yet a plant. Its existence was precarious, ephemeral and nothing short of extraordinary. In October 2016, biologist David Domozych and his colleagues succinctly explained in the journal Frontiers in Plant Science that these


organisms adapted to terrestrial conditions, became capable of surviving and reproducing when fully exposed to the atmosphere, and some members ultimately evolved into land plants … This ‘terrestrialization’ of green plants represented a keystone biological event that forever changed the biogeochemistry and natural history of the planet.



Not bad for a green smudge, really.

The first plants may have had a foothold on dry land, but they remained effectively aquatic, breaking the surface of very shallow water or lingering just at the water’s edge in order to use the surrounding liquid for hydration and acquiring nutrients. Without the buoyancy afforded by water, early land plants lacked the structural integrity needed to support their own weight beyond a certain size. Some of their structures were only one cell thick and highly permeable. They also lacked the ability to transport the nutrients and water they absorbed from one part of the plant to another, beyond what was afforded by simple diffusion. These physical constraints placed stark limitations on size. As a result, the first land plants were tiny, many growing only a few millimetres tall at most. These first plants were the bryophytes, and three main groups exist today: liverworts, hornworts and mosses.

*

It is the trailing end of a La Niña summer in Australia, and here in our pocket of south-eastern Queensland it has been raining for days. It’s a light, almost genial drizzle, at odds with the searing heat and bushfires that swept up and down the east coast a little over a year ago. This placid weather is a welcome reprieve, a moment somewhere between fire and flood, but we keep an eye on the weather radar, watching for gathering storms and silently willing the rain – any rain – to reach the drought-stricken lands on the western side of the dividing ranges. But here, and for now, the rain falls and, in response, everything is greening.

We live on a ridge not far from Brisbane that rises towards a small mountain. Its low, wide bulk is covered in protected forest, and today shrouds of mist drift over the eucalypts. Sometimes, flocks of cockatoos noisily burst from the trees and fly for a few moments, bright white against dark green, before finding shelter again. The forest extends much like this for many, many kilometres to the northwest, full of eucalyptus woods and subtropical rainforest, shifting sometimes from one to the other in the space of a few metres where the elevation is just right.

In this context, the sweetgum tree at the bottom of my backyard seems out of place. It’s a northern hemisphere species, but someone planted this one here years ago, and here it will stay. It’s big, not sequoia big but maybe 15 metres tall, and when I visit friends on the next hill over, I can see its rounded shape towering above the other trees, marking home. It seems protective somehow, and welcoming. Kookaburras and king parrots perch on its branches, sometimes even those cockatoos. Sometimes, on a warm spring day, the entire tree seems to hum as native bees spend hours gathering pollen. At the tree’s base, enormous roots splay out into the yard, covered in tangles of vines and eruptions of tall grass and weeds. There are patches of moss all along these roots and growing in streaks up along the trunk where the shade is good. This tree is central to, and shelters, its own little ecosystem, and it’s hard to imagine something so big came from something as small as a single seed. It’s harder still to comprehend that both the tree and the seed, in turn, arose from something very much like those patches of moss.

I don my rainboots and splash across the yard to take a closer look. The moss is vibrant against the dark, wet bark, and rivulets of water spill over and through it. It looks only tiny and green and pleasantly fluffy. It does not look old, yet it hasn’t changed much in hundreds of millions of years. It does not look revolutionary, but little bryophytes just like these most certainly were.

I gently tug at a small patch of wet moss, but it holds fast. And after days and days of rain it has stayed put quite nicely, never once washing away. I doubt even a fierce storm could separate it from the tree. Also of note, the tree itself has stayed put. I don’t mean that it simply hasn’t fallen, rather that it has occupied precisely the same spot the entire time I’ve lived here. I have never once woken up to discover it wandering around the backyard, or communing with its neighbours in the forest like one of Tolkien’s Ents. Likewise, I have never seen any of my house plants scrambling from their pots in search of better lighting or a decent drink. Indeed, they are entirely dependent on me for water – a predicament that, historically, has not always worked out well for them. The point is this: from the tiniest mosses to towering trees, plants are immobile.

Sure, they might bend to pressure or sway in the breeze. They might extend long branches or sinuous vines, feeling ever outwards and upwards. There are invasive brambles with stems that, when caught by a time-lapse camera, seem to crawl along a forest floor. There are Venus flytraps with gaping maws that snap shut in a fraction of a second. There are all those flowers that open and close in response to light, and many plants that follow the path of the sun across the sky. But though plants exhibit motion, they don’t, as a whole, pick up and move. The reason why my house plants are victims of my absent-mindedness, and why the huge sweetgum has not snuck up on me while I’m making coffee, and why that little patch of moss does not scuttle away at my approach, reveals something truly fundamental about the evolution of plants.

A major evolutionary step into a new and hostile environment like land was precarious. Should an emerging life form have found a hospitable microenvironment at the edge of some well-protected pond, it was worth sticking around for. In the slow progression from shallow water to dry land, anchoring became very useful. The first plants did not have true roots; nor do modern bryophytes, for that matter. Instead, they developed primitive root-like structures called rhizoids. Rhizoids function as a kind of anchor and would have afforded early plants an opportunity to establish themselves in whatever niches were available, preventing them from being washed away. Now it’s important to note that plants didn’t do this alone. Where they grew, they stayed put – no more wandering about – and with this came a big change in their sex lives.

In 2010, researchers in Argentina announced the discovery of fossilised cryptospores in a rocky outcrop in the Andes – not all that far, as it happens, from Santa Rosa de Tastil. Cryptospores were primitive spores used by the earliest plants, and these ones were dated to just over 470 million years old, making them the oldest fossil evidence of a land plant yet discovered. It was an exciting find because, for one thing, the earliest plants were small, soft and squishy and didn’t fossilise very well, so their appearance in the fossil record is rare. The discovery confirmed that land plants were alive and reproducing successfully by the middle of the Ordovician period. It’s important to note that plants didn’t achieve the successful transition to land on their own. Crucially, the earliest plants entered into a symbiotic relationship with mycorrhizal fungi. These ancient soil fungi interacted with plants’ early root-like structures, facilitating access to water and nutrients. In return, plants provided carbohydrates. It was a mutually beneficial alliance that enabled plants to truly colonise land. Those first fossilised spores also hinted at another important feature of early plants, perhaps the most important feature.

When it was time to reproduce, a primitive bryophyte would send out single-celled spores, each containing just one set of chromosomes. These would be carried by water, and sometimes wind, to a new location. If a spore landed somewhere nice and wet, it would germinate. It didn’t produce a whole new plant, however, but rather a kind of intermediate generation called a gametophyte, and it’s the gametophyte that developed the sexual organs capable of making either sperm cells or egg cells. Just like algae, the male gametophytes released sperm cells into water. The critical difference was that egg cells were not similarly released by the female gametophyte but instead remained anchored to the plant. Fertilisation occurred only if sperm cells swam to that anchored egg. The resulting zygote developed into an embryo that was, for a brief time, still safely ensconced at ‘home’.

Like algae, bryophytes are entirely reliant on water for reproduction to occur, but the anchored egg cell changed everything. And it led to a defining feature of all land plants: a protected embryo. It is for this reason that, in scientific parlance, all land plants are referred to as embryophytes.

*

The arrival of a protected embryo was a stunningly successful evolutionary step. With the help of their fungal partners, bryophytes proliferated along the edges of streams, rivers and freshwater lakes, turning the edges soft, green and kind of fuzzy. In this way, they followed paths of water across vast landmasses. Many early bryophytes thrived in their new-found niche and changed very little over the ensuing epochs. But the story, of course, does not end there. In a 2020 paper published in the Progress in Botany book series, botanist Ulrich Lüttge argues that life will always spread and change in order to fill all available space. That’s just how entropy works: coded into the mathematics of this universe is a certain tilt towards disorder, and nothing escapes it. Even in the most hospitable of niches, resources will eventually dwindle, whether via environmental changes or competition, and not everything that would like to stay put is able to. In the case of plants crowding at the water’s edge, says Lüttge, some of them had to change in order to survive.

By 430 million years ago, plants were becoming increasingly complex, evolving vasculature and stronger structures. Vasculature provided the plumbing necessary to carry water, nutrients and minerals throughout the plant. This was a big deal because plants could now finally grow more than a few millimetres without sacrificing access to water or food. This was made possible because plant cells evolved the ability to make complex molecules, like lignin, that provided structural rigidity and quite literally bolstered the rise of bigger plants. Meanwhile, within the vasculature, branching turned out to be an elegant way to maximise surface area, so as plants got bigger, branching became more pronounced on larger scales, too, leading to the first plants with actual branches. All of these developments required more resources. Plants, as we know, did not ditch their anchors in pursuit of better mobility. Instead, they went all in and evolved true roots, which enabled them to effectively mine downwards into the ground to access minerals and groundwater. Roots also provided stability. In addition, plants developed highly specialised, solar-powered food factories, also known as leaves.

For the animal kingdom, this was all like an evolutionary dinner bell. In 2020, scientists from the University of Texas announced the discovery of the oldest fossil of a land animal. It was found by an ancient lakebed on one of Scotland’s Inner Hebrides islands, just a short ferry ride over cold water from the town of Oban, of whisky fame. The fossil was dated to 425 million years ago, a time when Scotland sat roughly at the equator, was volcanically active, unrecognisably balmy, and not yet in possession of any good distilleries. For better or worse, the landmass on which it sat was also in the process of slowly colliding with another vast landmass – this, incidentally, is how Scotland and England ended up stuck together. Whether this collision hastened things along is hard to say, but what we do know is that the fossil reveals a long-extinct millipede-like creature, perhaps a descendant of one of those curious amphibious arthropods. Intriguingly, some of the oldest fossils of vascular plants – belonging to a group of simple, branched plants called Cooksonia – were found in the same area and also date to 425 million years ago. Indeed, fossil evidence from this site and others strongly suggests that vascular plants and arthropods evolved together, forming symbiotic ‘pioneer’ communities that enabled each to thrive. They were so good at this that after about six million years, vascular plant communities were spreading at the edge of whatever waterways they could find and photosynthesising like crazy and spewing out oxygen. Eventually, something had to give. And so it was that by 419 million years ago, the very first wildfires began.

With this fiery entrance, the Devonian period arrived. It is said that, in terms of exploding diversity, the Devonian was to plants what the Cambrian was to animals. By 400 million years ago, this vast botanical experiment saw the evolution of the first ferns. They didn’t quite resemble the modern ferns we know and love. In fact, of approximately 10,600 species of ferns alive today, most appeared only in the past seventy million years. Their ancestors are long gone, yet their success as a family is irrefutable, and the secret lies in their adaptability. That said, the first ferns were still very much bound to the water’s edge because they followed a similar reproduction pattern to that of bryophytes, which relied on free water for fertilisation.

We also see lycopsids appearing on the fossil record during the Devonian – tall, vascular, woody trees that spent much of their life as a single massive stalk, some reaching circumferences of 1.8 metres and heights of 36 metres, giving them an appearance that has been likened to giant stalks of asparagus. They would, in time, produce branches at the very top and then reproduce with the aid of spore-bearing cones. Again, the same pattern: spore production, a gametophyte stage and then water-dependent fertilisation. And so all these strange and remarkable plants remained near water by necessity. Life had taken a spectacular step onto dry land but for millions of years had not been able to venture much further than that.

The timing of all this is still being refined. Molecular clock studies gauge the time required for genetic differences to gradually arise between different organisms. Recently, molecular clock analysis that involved scouring gene sequence data from more than 4000 living fern species suggested that the very first ferns – the first genetic glimmer of them, anyway – may have evolved as far back as 430 million years ago. The main point is that the Devonian was something of an extended heyday for ferns. They unfurled into a warm and humid world, where oxygen levels were fairly similar to what they are today, but the atmospheric CO2 was well over 3200 parts per million, more than seven times our current levels. Consequently, the average global temperature was about 4°C higher. This suited ferns just fine, and they spent millions of years proliferating and diversifying.

Around 385 million years ago – give or take a few million years – the first true trees appeared. Except they were not quite like the trees we have today. These were the Archaeopteris and there was something a bit chimeric about them, a beguiling in-betweenness. They had robust, woody trunks and branches covered in green foliage. From a distance they would have resembled conifers, with large branches lower down and tapering to a finer point at the top in that distinctive Christmas-tree shape. However, these branches were covered not with pine needles but loads of smaller branches, each resembling a fern frond. That wasn’t even the weirdest part. Archaeopteris belonged to a new group of plants called progymnosperms and, like ferns, they reproduced with the help of spores, but these spores were different in a very interesting way.

Up to this point, spore-producing plants were homosporous, meaning the spores produced by any one plant were all the same. Those spores would be released, land somewhere, then germinate to produce a gametophyte. It was the gametophyte’s job to produce egg cells, sperm cells or both. But progymnosperms dispensed with the need for the intermediate generation to germinate, grow into a plant and make sex cells. Instead, they produced two kinds of spores: a large one called a megaspore and a small one called a microspore. The cells in the megaspore matured to produce a female sex cell, also known as a megagametophyte, while the cells in the microspore matured to produce sperm cells. It’s not that the intermediate generation suddenly vanished – it still exists, but it all takes place much more efficiently and securely inside those two different spores. This was a critical shift that set plants on the path to seeds.

Of course, to make a whole new plant, those two types of spores still had to proverbially hook up. For a while, it seems, progymnosperms simply left this to chance, releasing plenty of megaspores and microspores in the hope some might land next to one another. Then came another fundamental change. Plants began to hold on to the female megaspore, keeping it in a cupule as it matured and became ready for fertilisation. The cupule afforded protection and also facilitated the capture of male microspores carried by the wind. Well played, really.

*

In 1968, palaeobotanists announced the discovery of a fossil plant, Runcaria heinzelinii, which they’d found in some 385-million-yearold sediment in Belgium. At the tip of a tiny stem was a strange little structure, a cupule with a petite stalk protruding from its centre, which was surrounded by an astonishingly beautiful swirl of fine tendril-like forms that partially enclosed it like a twisted birdcage. A new analysis of the fossil in 2004 revealed that this elaborate structure would have been capable of catching wind-blown spores, bringing them into contact with the female reproductive cell inside. Runcaria, it was determined, was the precursor to Elkinsia and a world full of seed ferns – and what a different world that was. Seed ferns did not need free water for fertilisation, not a stream nor even a puddle. They could spread across dry land, the seeds landing, germinating, and roots taking hold away from the water’s edge. They spent millions of years doing so, greening huge swathes of the planet that had once been barren. These seed ferns were a critical step towards the evolution of the two groups of seed plants that exist today: the gymnosperms and the angiosperms.

When gymnosperms came along they took things to a new level, encasing the female megaspore inside a structure called an ovule, which is surrounded by a covering layer called an integument. You see, that fine birdcage-like structure that Runcaria possessed never really went away. Instead, over millions and millions of years, it became more robust, a full cover – it became the integument. When fertilised, the ovule becomes a seed and, in the process, the integument becomes the seed coat.

It’s not entirely clear when the first gymnosperms evolved, but a variety called Cordaites began to appear in the fossil record around 318 million years ago. They were tall, gangly, narrow-trunked things with seeds protected in cone-like structures. It wasn’t too long before other gymnosperms evolved: conifers, ginkos, cycads and gnetophytes. For the better part of 200 million years, gymnosperms were the most prolific flora on land, and their presence invited more animals onto land. The gymnosperms also spent this time absorbing massive amounts of CO2 and converting it into carbohydrate building blocks, while releasing so much oxygen that atmospheric levels reached as much as 35 per cent by the early Permian, which is 14 per cent higher than current levels. It is hotly debated whether or not this oxygen spike fundamentally influenced the physiology of land animals to the extent that they became absolutely massive, the reasoning being that more oxygen allowed for larger bodies. This might have been the case, or perhaps it was a coincidence, but the fact of the matter is that there were a lot of very big animals wandering about during the reign of gymnosperms. Even the insects were enormous, including dragonflies with 70-centimetre wingspans, and 2-metre-long millipedes. It was a strange and wondrous world, full of lush greenery and terrifying fauna, but there wasn’t a single flower to be seen.

For a long time, it was thought that flowering plants, or angiosperms, first evolved about 125 million years ago during the Cretaceous. Reasonably enough, this was based on the complete absence of flowers in the fossil record up until that time. The problem was that the fossil record went something like this: no flowers, no flowers, no flowers, then – boom! – heaps of flowers. It seemed like the Cretaceous had been a huge evolutionary flower parade that no one had known was coming. Where did they all come from and how did it happen so quickly? It certainly bothered Charles Darwin no end. When he looked at fossil after fossil, he was sure he was seeing evidence of a rapid diversification of flowering plants, but he couldn’t for the life of him figure out how it had started. He famously called the sudden rise of angiosperms in the Cretaceous ‘an abominable mystery’ and wondered if an earlier origin was more likely. Today, many questions remain but, little by little, new evidence is suggesting that flowering plants may indeed be a lot older than the Cretaceous.

In 2018, the discovery of what appeared to be a tiny fossil flower in China indicated that angiosperms were at least fifty million years older than previously had been thought. Then, in 2021, another study combined fossil analyses with molecular clock estimates, and its findings pushed back the start date for angiosperms by yet another fifty million years. As computational palaeobiologist Daniele Silvestro and his colleagues explained in their paper in Nature Ecology and Evolution, it appears that multiple families of angiosperms existed during the Jurassic, so that by the time the Cretaceous rolled around they were poised to figuratively explode. The findings, the researchers said, showed that Darwin may have been right about an earlier origin of flowering plants, and that this would have provided them with the head start they needed to undergo rapid diversification during the Cretaceous.

Yet, abominable mysteries continue to abound. Gymnosperms and angiosperms are both seed plants, and it’s clear they’re both related – that they didn’t each spontaneously develop seeds independently. There are far too many commonalities, says Carol Baskin. There are parallels in minute structures and even metabolic behaviours within the seed cells. ‘I think the evidence is pretty clear they would have had a common ancestor,’ she tells me, but concedes no one knows precisely what it was or when it existed. Was it a seed fern or one of the first gymnosperms? In 2021, an international team of scientists from China and the United States published new fossil evidence that compellingly suggests it was an early but long-since-extinct gymnosperm.

There are some significant differences between gymnosperms and angiosperms, one of which relates to the covering layer around the ovule. It doesn’t sound like such a big deal, but it is. Gymnosperm ovules only have one integument. This leaves the ovules kind of vulnerable, and even when the seed forms and this becomes the seed coat, it’s not tough, just a thin layer of living cells. To work around this vulnerability, gymnosperms encased their ovules in protective structures – you might better know them as cones. Conifers, for example, have small, pollen-producing ‘male’ cones as well as larger ‘female’ cones, which contain many of these naked ovules. The female cones tend to grow on the higher branches where they are better poised to catch pollen on the wind.

But none of this happens in angiosperms because angiosperm ovules aren’t naked. They have a second integument wrapped around the first one, and all of that resides within a bigger structure – an ovary. Moreover, when angiosperm ovules are fertilised and develop into seeds, the second integument becomes a second, often tougher seed coat. And the cells inside angiosperm seeds can do something else that gymnosperms cannot do: they’re able to make endosperm, aka the lunch that’s packed inside the box with the baby plant. This nutritive tissue sustains the plant embryo through its early days of germination. As angiosperms evolved, they also developed additional elaborate structures. In time, some of those structures diversified to attract pollinators with scents, pheromones, colours and a variety of elaborate visual enticements. We know them as flowers.

*

Today, there are at least 325,000 living species of angiosperms, which account for more than 90 per cent of all plants. They can be found in most climates and ecosystems on land. Meanwhile, only around 1000 species of gymnosperms still exist, their range mainly limited to cooler climates and higher elevations. They are still vitally important, though. In the climates to which they are now well suited, gymnosperms are the dominant forest tree species, especially in the boreal forests found in the frigid high latitudes of the northern hemisphere. Those forests cover approximately 11 per cent of Earth’s surface and are home to around 24 per cent of the world’s trees, most of them gymnosperms. Nevertheless, gymnosperms’ heyday has been over for quite some time, and the rise of angiosperms had a big hand in that.

I ask Carol Baskin why angiosperms have been so astonishingly successful. ‘We don’t really know,’ she tells me. ‘But my guess is …’ She stops herself and laughs, then searches for a slightly more formal term. ‘My opinion’, she says with her gentle Southern accent and a smile, ‘is that the seed production in angiosperms is much faster.’ Just look at the fertilisation process, she says, explaining: ‘It’s the difference between a mule walking along and a supersonic jet blasting through the air. I mean, it may take a whole year for a gymnosperm seed to be formed. But in angiosperms, it can be weeks or just a few months.’ Indeed, in cycads, which are gymnosperms, it can take six months just from the moment of pollination to the moment of fertilisation.

Gymnosperms just couldn’t keep pace with angiosperms, which outcompeted them by adapting much more quickly to new habitats and changing climates. For example, fossil evidence shows a direct correlation between a rise in angiosperms and increased extinction rates of conifers during the Cretaceous. Moreover, this pattern was sustained throughout the subsequent Cenozoic era. Yes, there was a massive asteroid strike at the end of the Cretaceous which generally mucked up life for everything, from Tyrannosaurus rexes to conifers, but close inspection reveals that long-term conifer extinctions can be blamed far more on flowering plants than on wayward asteroids.

It’s important to realise the first flowers were really small, says Andrew Rozefelds, who is Head of Geosciences and Principal Curator of Palaeobotany at the Queensland Museum. Some of the earliest flowers were tiny. Flowers reaching 1 millimetre were ‘huge’, he says. The seeds, as you might imagine, were smaller still.

We are sitting in Rozefelds’s office, surrounded by plant fossils, each a moment in time captured millions of years ago. It’s a strange juxtaposition, really, because we aren’t anywhere near the main museum in the centre of Brisbane, but in a room attached to a warehouse on a back road in the city’s north – kind of a netherworld between industrial storage depots, former workers’ cottages that now sell at eye-watering prices, and other quotidian trappings from this end of the Holocene. Set among all this, he Queensland Museum Collection and Research Centre is so unassuming from the outside that, even with satnav, I nearly drove past it twice. No passer-by would ever peg it as a mind-blowing gateway to the distant past. But it is.

Rozefelds hands me a tiny fossil and says, ‘Let your imagination run wild here.’ It’s small enough to fit easily in the palm of my hand and, at first, it almost looks like a tiny brain sculpted from rock. But I look closer and I can see individual sections, all pressed together in an irregular way. It’s an angiosperm fruit, he tells me, and it’s more than thirty million years old. With the exception of a few fleshy fruited conifers, the overwhelming majority of fruiting plants are angiosperms, where the fruit is simply a mature angiosperm ovary. As the fertilised ovule matures into a seed, the surrounding ovary also changes, often becoming fleshy and sweet. Many flowering plants produce fruits, though we don’t necessarily recognise them because the ovary doesn’t always become plump but might remain as a thin casing around the seed. Such is the case with rice and other grains, which are technically fruits.

The fossilised fruit I’m holding is actually many fruits. Each of those sections is a seed encased in a fleshy ovary and they are all fused together into one unit. It’s an ancestor of modern pandanus species, says Rozefelds. One of the challenges in palaeobotany is that the fossil record for fruits skews towards indehiscent species, Rozefelds tells me. These are the plants that make tough fruits that don’t split open when they ripen. They fossilised a lot better than anything with exposed, delicate tissues did. And even then you need to get the right conditions for fossilisation, which tends to happen when an organism is buried rapidly and cut off from oxygen.

That said, sometimes you get lucky, and maybe the seed grew in a place where there was a lot of volcanic rock around. Such rocks release silica as they begin to weather, and if that silica gets into a seed, it begins to infill. When this happens, says Rozefelds, ‘you can get an almost atom-by-atom replacement of the structure.’ He tells me that in some places where silicas are abundant, like near hot springs, this process can take place in a matter of hours.

Rozefelds picks up another fossil. This is much bigger than the first one and, to be honest, it really does look like a hardened slice of mouldy lasagne. It is nothing of the sort, of course. It’s a cross-cut of fine sedimentary layers, and right there, trapped within a few of them, is a tiny fruit with five bulbous points – it looks like a small star made of quartz. He shows me another fossil, this one cut free of whatever sediments it had been encased in and then sliced in half. It was once a woody fruit, says Rozefelds. Like the other, it is also a five-pointed star, but these points are sharper and I can see the dark outlines of where three seeds had been – in their place are curved indentations that sparkle with silica crystals.

There is another fossil, an early member of the spurge family. This one is not silicified but has a woody casing now tough as stone. It is half split open, revealing the empty space where its seed would have nestled millions and millions of years ago. With a quick glance in another context, it would easily pass for a nut that had been cracked open just yesterday. Yet, it reveals a profoundly old story. It tells us that, eons ago, this seed was able to transport genes forwards in time.


CHAPTER 4

Sleeping through fire

Narrow Neck Plateau in Australia’s Blue Mountains is usually a lovely place to visit. It is, in essence, an enormous sandstone peninsula, one that juts some 10 kilometres from the main escarpment on which the town of Katoomba sits. The plateau presides over two vast valleys of eucalypt forests more than 400 metres below, and due to the curve of the land and the height of the trees, those forests seem to rise up to meet the sheer cliffs of Narrow Neck on either side. The treetops reach within 100 metres of the precipice and from there, dense clumps of plant life grow in whatever nooks and fissures they have found in the sandstone. It is, if nothing else, a fine example of the dispersing power of seeds. Plants long ago proved they could spread and thrive on dry land – here they are just showing off. There is another forest up on the plateau, too, rich with flora and fauna, much of it native, and including rare and threatened species. It forms an elongated ecosystem replete with eucalypts, heathlands and wildflowers.

But on 1 December 2019, Narrow Neck was one of the worst places you could be. A few days earlier, lightning had sparked a bushfire in the Jamison Valley to the east, and despite firefighters’ best efforts to contain the blaze, it spread quickly through the tinder-dry eucalypts, aided by a catastrophic combination of hot weather and fierce winds. Enormous flames licked up the side of Narrow Neck, consuming cliff-side foliage and filling the sky with thick, billowing plumes of grey smoke. Much like a match-tip touched to a flame, the peninsula had caught alight.

The fire threatened the towns of Katoomba, Leura, Medlow Bath, Blackheath and others, blocking any escape to the south. Meanwhile, the Gospers Mountain fire bore down from the north, merging with several other bushfires to form an unstoppable ‘mega-blaze’. At times, the flames reached 60–70 metres into the air.

In a December 2019 article by the Blue Mountains World Heritage Institute, Lucy Baranowski, a volunteer firefighter who responded to the Gospers mega-blaze, was quoted as saying:


The earth has been razed so hard, the ground is like pottery fresh out of the kiln. The trees are burnt out like matches. There’s no chance of finding injured wildlife – everything is dead and has turned to ash and dust. Nothing would have survived that fire.



Narrow Neck fared little better. Not all of the canopy was incinerated, suggesting the fire here did not burn quite as intensely as at Gospers, but it still annihilated most of the plateau, leaving scorched earth and charred tree trunks in its wake. As with many of the places impacted by bushfires that summer, a suffocating haze of smoke and drifting ash settled over the Blue Mountains and spread as far as Sydney, making the air almost unbreathable and turning the sky a dark, eerie colour. In those last days before anyone had ever heard of COVID-19, face masks and respirators were already in high demand. Seen from space, the plumes of smoke from so many fires turned eastern Australia into a picture of its former volcanic self, a glimpse of something ancient and perhaps on the precipice of extinction.

In the end, it was relentless firefighting and wet weather that caused the many fires to flicker out, with the Gospers blaze finally extinguished with the aid of torrential rains in early February 2020. I can still remember the images in the news: exhausted firefighters kneeling in the rain, arms spread wide, their weary, soot-smeared faces turned up to the sky. That summer, more than ten million hectares of land was burned, including nearly 80 per cent of the Greater Blue Mountains World Heritage Area. It was later revealed that the majority of the fires had been ignited by lightning strikes. Using satellite data, a team of ABC journalists was able to determine that the lightning strike responsible for the Gospers Mountain fire, the biggest in the country’s history, had lasted just 518 milliseconds. In those drought-stricken bushlands, catastrophe required only the slightest nudge.

The first wave of COVID-19 infections began before the fires were fully extinguished, and TV cameras panned away from the bushfire destruction to zoom in on overwhelmed hospitals overseas. Still, sombre follow-up reports on the fires detailed how thirty-three people and around three billion animals had died. According to a report released by the Wildlife and Threatened Species Bushfire Recovery Expert Panel, many of Australia’s 26,000 plant species had also burned, including 486 species that had been deemed endangered or critically endangered before the blazes even began. Some species, including Forrester’s bottlebrush (Callistemon forresterae), Betka bottlebrush (Callistemon kenmorrisonii) and grey Deua pomaderris (Pomaderris gilmourii var. cana), were ‘at imminent risk of extinction’. There were also wince-worthy estimates of how much CO2 the fires had released, somewhere in the ballpark of 830 million tonnes. Yet, here and there, vibrant green shoots were emerging from the soot-dark ground or poking out of charred stumps. In a decimated landscape that appeared incapable of ever supporting life again, here were tiny new stems straining upwards, a sign that perhaps not all was lost, that something, however small, could literally rise from the ashes. In a year that seemed absent of hope, we were grateful for the metaphor.

Several days before Christmas 2020, about a year after the fires had torn through Narrow Neck, one of the most intriguing signs of recovery appeared. Bushwalkers noticed a few pink-and-white flowers growing on the plateau. Pictures started appearing on social media, beautiful close-ups of what, at first glance, looked like daisies, each with downy white petals and a domed pink centre. They were tiny, too – several could fit in the palm of a child’s hand. They were identified as pink flannel flowers (Actinotus forsythii), so named for those furry-looking petals, which aren’t actually petals at all: they’re bracts, modified leaves recruited, in this case, as an extra flourish to attract pollinators. Pink flannel flowers are endemic to the Blue Mountains, but even for locals they are a rare sight. In fact, they hadn’t been seen on Narrow Neck for sixty-four years. There is one story of a woman in her nineties making the trek to view the flowers. She had seen them the last time they’d grown on Narrow Neck, after a devastating bushfire tore through the same area in 1957. In all likelihood, she was now looking at their offspring.

As the weeks passed, more flowers grew. The summer was bright and warm, and mercifully lacking in mega-fires. Instead, La Niña rains came, courtesy of fiercer-than-usual trade winds pushing warm water towards the western edge of the Pacific Ocean. What began as a rare glimpse of a few pink flannel flowers had by late summer transformed into entire fields of blooms. They spread across the damaged plateau, growing in thickets, softening cliff edges, and surrounding the blackened remains of eucalypts and banksias. Remarkably, pink flannel flowers even began to appear in regions burned by the Gospers Mountain blaze. The phenomenon attracted a steady stream of local sightseers and, in due course, even made international news. But while it all seemed a delightful surprise, ecologists had been expecting it.

Pink flannel flowers are fire ephemerals, meaning their seeds only germinate following fire. Yet fire alone is not quite enough for this species. They also require a period of cool weather and rain. This unique combination of cues accounted for the flowers’ rare appearance, because unless these conditions are met, the seeds will not germinate. Indeed, it appears the seeds on Narrow Neck and elsewhere had been lying dormant for decades, just waiting.

*

As seeds evolved, they developed structures that enabled them to better disperse. Some became so light and aerodynamic they could travel on the wind, others could float on water, others found ways to hitch rides with unwitting animals. In this fashion, seeds enabled plants to spatially disperse anywhere from a few centimetres to thousands of kilometres away. Dispersal is a neat strategy for species survival because it allows an organism to roll the dice and venture out as existing habitats change over time or become too competitive. There is always a risk in sending the next generation to new locations, but potentially there’s a big pay-off. Even moving a few metres out of the shade of another tree, or into it, can make all the difference in how well a new plant will fare. Likewise, shifting a population of trees further up or down a hill may provide precious access to groundwater or exposure to a slight but beneficial shift in temperature. Sometimes a suitable new habitat is kilometres away yet reachable by storm winds, a winding river or a particularly energetic albatross.

Dispersal by any of these means can be quite useful, but the ability of a plant population to establish itself on remote oceanic islands, or just a little further down a valley, was not the only trick seeds brought to the plant party. Sometimes, finding the right conditions involves staying exactly where you are and waiting for them to come to you. This is perhaps seeds’ greatest manoeuvre: the ability to disperse not just through space but also through time.

In biology, the term ‘habit’ refers to a predictable, sometimes instinctive behaviour. It can also refer to a structure. Seeds involve both. As such, the evolution of seeds in plants is sometimes referred to as the ‘seed habit’, which bestows on each new generation of plants the ability to wait for opportune conditions. Springtime, for example, brings longer days, warmer temperatures, and rainfall. For the seeds that formed and dropped before winter, these are all worth waiting for. A new plant generation may also need to coordinate its timing with the presence of certain nutrients or the arrival of pollinators. The emergence of pink flannel flowers on Narrow Neck Plateau is a perfect example of how plants use seeds to disperse their genes into the future. When at last those seeds germinated, there was plenty of light for growth because the canopy had burned away and the soil was full of fire-generated nutrients.

Time dispersal is also about avoiding the wrong conditions. The height of summer in some parts of the world can kill an emerging seedling as swiftly as the dead of winter in others. Plants adapt their strategies and use seeds to sidestep hostile circumstances. Being bound by the laws of physics just like the rest of us, a seed cannot actually flicker forwards in time, of course. Instead, it hunkers down and protects the embryo so that it might grow at some favourable point in the future.

This is what Christina Walters loves about seeds. At the USDA in Fort Collins, she investigates how seeds survive long periods of time in soil and in storage, and how such knowledge can be used to improve seed preservation. She tells me that seeds ‘are the basis for the next generation, the basis for gene flow’. Though they are full of potential, most seeds spend much of their existence trying to prevent germination. This might sound counterintuitive but it actually makes a lot of sense. To better understand this, let’s take a quick look at what germination entails.

Germination always begins with a drink. During a process called imbibition, water seeps into the seed and a whole raft of metabolic processes begins, involving gene transcription, enzyme reactions and more. The tight little plant embryo starts to grow and elongate, and that tiny embryonic root, the radicle, nudges its way out until at last it breaks through the seed coat. The emerging sprout has a long way to go before it can start photosynthesising, so this is where those food stores come in handy, fuelling early growth as the radicle edges downwards into the soil and the young seedling unfurls itself into the light.

Germination is perilously irreversible. A seedling, having emerged, cannot curl back into a seed and wait a little longer. A plant will likely die if it germinates in the wrong season, when the weather is too hot or too cold, when the length of the day is all wrong, or when a killer frost or a bushfire is likely. Timing is everything. For this reason, seeds must endure the wrong conditions while waiting for the right ones. ‘They have this ability to handle some of life’s biggest challenges and take it on the chin,’ says Walters. In aid of this, all seeds are equipped with some kind of physical protection. It might be a hard seed coat, a fruit or a seed pod, perhaps even a hard cone or a spikey ball. But the ability to survive for long periods of time and to know precisely when to germinate often requires more than just protection.

Let’s say a seed falls onto the soil in autumn and sprouts in spring. Why did it not germinate after the first rain it experienced back in autumn? Why do pink flannel flowers not grow on Narrow Neck Plateau soon after every downpour? How do seeds take the measure of their surroundings so astutely? How do they get it right?

*

Save for a rare few people in this world, of whom I am jealous, most of us do not fall asleep the second we lie down in bed at night. No matter how still we might be, sleep may be some way off. The difference between an inactive seed and a dormant seed is a bit like the difference between just lying still and being properly asleep. They might look the same from the outside, but they’re not. A viable seed that is simply inactive but not dormant can germinate at any time in the presence of water, but a dormant seed will avoid germination even then, and can only germinate after dormancy is broken.

Mark Ooi is a plant ecologist at the University of New South Wales in Sydney, and he’s particularly interested in the dormancy of fire ephemerals like the pink flannel flower. Dormancy is protective, says Ooi. ‘The way I see it, dormancy is there to prevent germination when there aren’t any suitable conditions for the seedling.’ Indeed, more than 50 per cent of wild plants make seeds that are capable of dormancy, and outside tropical environments, its the substantial majority. According to Ooi, seeds achieve dormancy in a variety of ways. Some seeds are physically dormant, wherein a physical barrier – like a tough, impermeable seed coat – prevents water from seeping in and hydrating the seed’s interior. These tough coats also restrict the supply of oxygen to the embryo, where it would trigger the premature production of a variety of germination signals and could also cause damage. It is only after the seed coat is breached that the seed can become hydrated and germinate.

The seeds of the Canna indica plant are a prime example of physical dormancy. Commonly known as Indian shot or African arrowroot, Canna indica has tall, leafy, green stalks tipped with bright crimson, vermilion or sometimes yellow flowers with a shape reminiscent of irises. They belong to the same genus as Canna compacta Roscoe and both species have very durable seeds. Recall how viable 600-year-old Canna compacta Roscoe seeds were found in a rattle necklace in Santa Rosa de Tastil? Although it’s not known exactly how long Canna indica seeds can live, we do know they’re incredibly tough. Canna indica have tiny, dark, spherical seeds just several millimetres in diameter. With their shape and their smooth hard coat, they really do resemble gunshot pellets. The plant’s common name of ‘Indian shot’ is rumoured to have its origins in the First War of Indian Independence in 1857, also known as the Sepoy Mutiny. Legend has it that when soldiers ran out of lead shot for their rifles, they used Canna indica seeds precisely because they were so small, round and incredibly hard. Though it is difficult to verify the story, it’s certainly plausible. During an episode of the BBC documentary How to Grow a Planet, the show’s host, Professor Iain Stewart, loaded a shotgun cartridge with Canna indica seeds, then fired at a target made of thin wood. Shown in dramatic slow motion, the Canna indica seeds pierced the target and embedded in a large block of ballistics gel just behind it – the seeds prised from the gel were unscathed. Canna indica seeds did not evolve to become backup ammunition, of course. The strong seed coat is there simply to keep water away from the seed embryo so it can remain dormant for long periods of time.

Acacias provide another good example of physical dormancy in seeds, says Cathy Offord, a conservation biologist at the Royal Botanic Garden in Sydney. ‘What’s stopping acacias, generally, from germinating’, she says, ‘is that they have this hard seed coat that needs to be breached so water can get inside them.’ There are well over 1300 species in the Acacia genus, and they are found in tropical, subtropical and warm temperate regions of the world. Around 1000 of these are native to Australia, where they are referred to, collectively, as wattles. Acacias span a variety of habitats, but the tough seed coat seems to serve them well. In fact, to germinate the seeds of Australia’s national botanical emblem, the golden wattle (Acacia pycnantha), it is often recommended to douse them briefly in boiling water. Similar suggestions abound for Canna indica. Intriguingly, it is precisely because the Canna indica plant really likes water that such a tough barrier is in place. Canna indica are native to the tropics and the plant grows best in warm, damp soil. The hard seed coat prevents the seeds from germinating unless the weather is warm and there is adequate water available.

Physical dormancy occurs in eighteen families of angiosperms, whose seed coats are impermeable to water thanks to an outer layer of dead cells that contain, and are covered by, numerous water-repellent molecules, such as lignin, suberin and a variety of waxes. Lignin provides rigidity (it’s a key component of wood) while suberin is water-resistant (it’s the main constituent of cork). So how does water eventually find its way through such a barrier? Well, for one thing, tough seed coats might simply break down as the result of damage, such as that incurred while passing through the digestive tract of an animal. But the best way for water to get in is through a microstructure called a water gap, which is sort of a necessary weakness found in most physically dormant seeds. There are around two dozen different types of water gaps, but in general they function ‘like a little plug’, says Carol Baskin. When the water gap is firmly in place, water cannot pass into the seed. ‘What has to happen is specific environmental cues have to open a water gap on the seed,’ she tells me. ‘When it opens or falls apart, there’s a tiny hole. This is where the water gets in.’

Most water gaps are temperature-sensitive. ‘Some become sensitive when it’s hot and dry in the summer and others become sensitive when its cold and wet in the winter,’ says Baskin. The change in temperature causes slight shifts in the microscopic structures of the water gap. It is a marvel of anatomical engineering at the cellular level. Baskin says some ‘beautiful work’ was done in Australia demonstrating that a two-step process is needed to open the water gap on some physically dormant seeds. In this case, she says, ‘the hot summer days make the seeds sensitive, and then the cooler, wet days cause the water gap to actually open. But if you just take the seeds and put them in wet conditions, nothing happens. You can’t fool them!’

Yet, for most seeds, dormancy isn’t afforded by a tough outer layer but is guided by changes inside the seed itself. This is called physiological dormancy, and there are a number of different ways in which it plays out. First of all, there are cases where the embryo inside the seed hasn’t finished growing yet. This, says Baskin, is an example of why the ‘baby in a box with its lunch’ analogy, while evocative and often useful, needs to be modified a bit. Most seeds do indeed contain immature plants. In other words, they contain ‘differentiated’ plant embryos in which many different cells have already taken on specific roles – some are locked in to form root tissues while others are already following a cellular fate as leaf cells. The result is a tiny plant inside the seed. But some seeds, like those produced by orchids, are at a much earlier stage. Their embryos are undifferentiated, says Baskin. ‘They’re just a little blob of cells.’

Cathy Offord works with a number of tropical orchids that, she says, have ‘tiny, tiny seeds that are like dust’. She explains that orchid seeds not only lack a nutrient-rich endosperm, ‘they just have a few cells that are the embryo, and they need to grow before the seeds can germinate.’ Those cells have to divide and divide again, differentiating along the way, forming those little plant structures. When the baby plant is ready, then they can germinate.

It would appear that, through evolutionary trial and error, orchids arrived at the bare minimum a seed could be equipped with and still function as a means to disperse the next generation of genes. It’s not a good gambit to send one’s offspring into the world so woefully ill-equipped, so orchids play the numbers, releasing tens of thousands, or even millions, of these ‘dust seeds’ at a time. As perennials, they ultimately produce many millions of seeds in their lifetimes. ‘I tell my students this is the shotgun approach,’ Baskin tells me. The seeds are so light that ‘they blow everywhere’, and there are so many that some are bound to land somewhere with good conditions. She adds: ‘It makes sense to me that it’s a strategy to produce a lot of offspring with the idea that hopefully a few would find a little spot to grow.’

Dormancy due to not-quite-finished embryo development isn’t limited to microscopic seeds. Take, for example, the seeds of the Coffea arabica and Coffea canefora plants, which you may know as ‘coffee beans’. In coffee farming, the time between seed planting and seed germination is around two to three months, largely because the seed embryos require that time to grow before they are ready to sprout.

Of course, the majority of seeds in the world contain a well-developed plant embryo. They have seed coats, but oxygen can get in, and water, too. Nevertheless, they don’t germinate right away, sometimes not for years and years. These seeds have a few cellular tricks that allow them to wait until conditions are just right. Mostly, this comes in the form of an intricate network of biochemical interactions that monitor and respond to changes in the environment. ‘There is still a little bit of physiological activity going on in seeds, they are alive but they’re also basically sleeping,’ says Offord. ‘I think you could describe it as a seed sleeping with one eye open.’

Over time, as seeds slip in and out of dormancy, genes can wink on and off and biomolecules break down while others are made. There are too many genetic and cellular components involved to describe here, especially as each one interacts with something else, leading to a bewildering series of pathways and connections – enough to make geopolitics look simple by comparison. Yet, much of it comes down to a balance between two key hormones: gibberellins (GAs) and abscisic acid (ABA). GAs promote germination – recall that Elaine Solowey sprinkled some gibberellic acid (hormone) on the ancient date palm seeds to help wake them up, and it worked. ABA, however, blocks germination. So, high levels of abscisic acid tip the scales towards dormancy. Conversely, when abscisic acid levels are low and levels of gibberellins are high, the scale tips towards germination.

Environmental cues work by placing a proverbial finger on those scales. It might be a change in temperature, humidity or soil pH, or the presence of certain species of fungi. Light is another big one. There are some seeds for which light is the central cue, says Baskin. ‘They require light to germinate, [and] as long as they’re buried in the soil where it’s dark, they can be there for years and years until some movement of the soil brings the seeds to the surface,’ she explains. ‘[Seeds] may just sit there waiting for the right environmental cue and those cues can be compounds from fire, it could be ethylene which comes from flames, [there are] all kinds of cues that seeds can perceive in the habitat. They can even perceive differences in day and night temperature. For example, if some seeds are buried in the soil and they get moved to the surface, the greater [temperature] difference between day and night can tell them, “Oh, we’re on the surface, this is okay, we can germinate!”’

Environmental cues alter the balance between ABA and GAs. A good example of this is the seed that drops onto the soil – or is planted – in autumn and germinates in spring. For many seeds like this, it’s not just a matter of putting up with winter weather. They actually require several weeks of cold temperatures, because while it starts out with high levels of ABA, the cold prompts the activation of enzymes that gradually break down ABA. There are other species, called winter annuals, that follow a different temperature regime. In this situation, high temperatures cause ABA production to increase and GAs to decrease, which inhibits germination during summer. When cooler temperatures approach, the scales tip the other way: ABA levels decrease while GA levels begin to rise, setting the stage for germination in autumn. Temperature is not the only signal, of course – seeds often require a combination of specific cues.

‘There’s this vast range of behaviours within seeds just in dormancy,’ says Offord, adding that a lot still remains unknown. For any one seed, it’s not always easy to predict what kind of dormancy it will have, if it’s there at all. That said, there are a few interesting trends. Plants within the same genus tend to share dormancy characteristics. Meanwhile, seeds of many rainforest species are non-dormant, making it difficult to wait out bad conditions. For any seed that can enter dormancy, each is equipped with mechanisms finely tuned to respond to specific cues, so when those cues begin to appear, they tug a seed out of slumber like an alarm clock that starts softly and gradually rises to a crescendo. But just because a seed comes out of dormancy doesn’t necessarily mean it will germinate. It comes down to whether the seed determines it’s really worth getting out of bed.

*

One might have thought that seeds, once dormancy is broken by a long winter or a warm summer, could then germinate at any point thereafter with a bit of rain. However, it’s now clear this isn’t necessarily the case. Carol Baskin tells me that in one study, she and Jerry Baskin buried a huge number of seeds in pots of soil and kept them in a greenhouse on the campus of the University of Kentucky, to keep them out of reach of hungry squirrels. They – the Baskins, not the squirrels – buried seeds for up to 100 species, she says. ‘We kept continuous records of temperature, so we knew how many hours of heat, how many hours of cold.’

The findings were interesting. Take the case of ragweed, which has seeds that mature in autumn, lie dormant in winter and usually germinate in spring. ‘They require light to germinate so if they go through the winter, and dormancy is broken, and if they are [then] exposed to light in the spring, they germinate,’ says Baskin. But if they’re in the dark, they won’t germinate, she says. And here’s the interesting thing: if they’re exposed to light later on, when temperatures begin to warm up for summer, they won’t germinate. What has happened, says Baskin, is that there’s a brief window during which the seeds came out of dormancy and had an opportunity to germinate, but the conditions weren’t right – it was too dark – so they went back into dormancy.

It’s an important survival mechanism for ragweed, she says. ‘Spring is the time to germinate because the plant needs the whole summer to grow and make more seeds. If it doesn’t get the opportunity to germinate in the spring, it is kind of useless to germinate later because it can’t reproduce.’ So ragweed seeds have a mechanism to deal with that: ‘The increasing temperature as summer approaches sends the seeds back into dormancy.’ And what about other species like Arabidopsis that usually germinate when it gets cool in the autumn? They have a mechanism too, but it works in reverse. ‘If for some reason those seeds don’t germinate in the autumn’, says Baskin, ‘as it gets really cold the seeds go back into dormancy. So what we have really learned is there are two things that have to happen: one, the right conditions have to be present for dormancy to be broken, and even if the dormancy is broken the seeds may not germinate, because the environmental cues are not present.’

There are often combinations of cues that need to be met. Cool temperatures might break dormancy in a particular seed, but without ample spring rain or longer days, it won’t risk emerging and will drop back into dormancy. Only when dormancy is broken again will there be another chance. That’s just the nature of it, says Mark Ooi. ‘You can come out of dormancy and be sensitive and ready to germinate if all the other cues are there.’ And if they’re not? ‘You go back into dormancy and you need to go back through that cycle again.’

Many seeds ride this rise and fall of slumber, a sinuous harmonic wave extending outwards in time. Each one can only exit this resonance at certain points, and only with the right cues. Baskin clarifies that this type of physiological dormancy, which is guided by the seesaw of ABA and GAs, is referred to as ‘non-deep’ physiological dormancy. In other words, the seeds can enter dormancy, but it’s not deep. As you can probably guess, there are some seeds that can and do enter deep dormancy, but exactly what’s going on inside these seeds is still a bit of a mystery.

‘We really don’t know all that much about deep physiological dormancy,’ says Baskin. ‘If seeds have non-deep physiological dormancy and you treat them with gibberellic acid, it’s very likely to promote germination, but if they have deep physiological dormancy, GA doesn’t do anything. To me that sort of indicates that there’s something different going on with the deeply dormant ones.’ But this phenomenon has not been well studied, she adds, because these species are uncommon. Nevertheless, she doesn’t think their seeds can cycle in and out of dormancy the same way many other seeds do. She says that ‘once they have lived long enough for the dormancy to be broken, I don’t think they can go back into dormancy … the seed is committed. It has to germinate or die.’

Whatever the species or the type of dormancy, teasing apart the cues that break dormancy from the cues that trigger germination can be tricky, says Ooi, because a lot of these cues might happen at the same time. He suspects the pink flannel flower seeds on Narrow Neck had been going through cycles of non-deep dormancy for many years. They probably came out of dormancy many times and could have germinated. But something was missing – they needed all the cues, not just some of them. It’s sort of like a botanical combination lock in which seeds check off environmental cues until they have the full set required by their species.

*

On Narrow Neck, thousands of pink flannel flowers are already preparing for the next big bushfire. Perhaps it will be another sixty-four years away, although a reprieve that long is unlikely. As global temperatures continue to rise, the frequency of severe fire conditions is predicted to increase accordingly. But for now, at least, it is quiet. The summer has come and gone, and most of autumn, too. La Niña has broken down and the days have become clear and bright. Flowers are still being pollinated by native insects, drawn towards the bright pink blooms encircled by those white bracts that look as soft as moth wings. Once fertilised, the plant will funnel resources into the development of tiny dark seeds covered in a pale fuzz of fine hairs. The seeds will drop to the soil and then they will wait. They will cycle in and out of dormancy, keeping a molecular record of the outside world. They will sense temperature, moisture and light, but not fire – not exactly. It’s not really the flames the seeds are waiting for. ‘It’s definitely the smoke,’ says Ooi.

A few years ago, he and his colleagues showed that when pink flannel flower seeds were given the right temperature regime, and the right amount of light and water, not much happened. But when they were provided these cues and also exposed to a solution of smoke-infused water, the seeds germinated really well, and without a flame in sight. ‘There are a few key compounds in smoke that seem to cause a germination response,’ Ooi says. But while there is evidence that bushfire smoke tips the hormonal scales, he is unsure if the smoke helps the seeds make more gibberellins or somehow suppresses the abscisic acid. He’s keen to find out, though. When I ask him what it is within smoke that the seeds are reacting to, Ooi explains that smoke is a rich cocktail of chemical compounds and some seeds have evolved to respond to specific chemicals produced when plants burn. Chief among these are small molecules called butanolides. In 2004, a team of scientists at the University of Western Australia showed that a curious yet unpronounceable butanolide (3-methyl-2H-furo[2,3-c] pyran-2-one) was a major driver of germination in a number of fire ephemerals. It wasn’t long before other closely related compounds were found to have a similar effect. Acknowledging that the discovery was made on the traditional lands of the Noongar people of Western Australia, the scientists named this unique group of butanolides ‘karrikins’ after the Noongar word for smoke: karrik.

During a fire, karrikins are produced by the burning of plant materials such as cellulose and sugars. They end up in the smoke and ash and eventually settle on the ground. Depending on the species, fire ephemerals wait for these karrikins or a handful of other smoke-borne molecules. Intriguingly, this is precisely how fire ephemerals avoid fire – by producing seeds that germinate exactly when the probability of the next major fire is at its lowest, which is soon after the last one. If the plants wait too long to emerge, it could be lethal for the species, says Ooi, because there won’t be enough time for seedlings to grow, flower and bear seeds before the next blaze. So, plants figured out a long time ago that nothing prevents fire quite so well as an already burned landscape. There also appears to be a close link between the timescale of fires and how quickly the seeds germinate after a fire, says Ooi. He explains that, in systems where fires occur at ten- or twenty-year intervals or more, the seeds can afford to go into longer dormancy and take their time germinating after a major fire, sometimes emerging months later, like the pink flannel flowers did. But this isn’t always the case, says Ooi: ‘In places where you have vegetation that burns really frequently, like grasslands, then you get a whole suite of different mechanisms.’

Ooi recently collaborated with ecologists Heloiza Zirondi and Alessandra Fidelis at the Universidade Estadual Paulista in Brazil to investigate fire ephemerals in the Cerrado, a large, grassy, subtropical savannah in southern Brazil. ‘It burns every couple of years,’ says Ooi. That’s a small window, so the seeds need to respond quickly. ‘Most of the species there have this mechanism where they flower straight after fire,’ he says.

Gavin Flematti from the University of Western Australia, who was involved in the discovery of karrikins, suspects this mechanism evolved sometime between sixty-five million and 145 million years ago. As he and his colleagues explain in their 2015 paper in the journal BMC Biology, ‘Seed plants could have “discovered” karrikins during fire-prone times in the Cretaceous period when flowering plants were evolving rapidly.’ Indeed, numerous charcoal deposits indicate forest fires were rife back then, due to a combination of storm-generating warmer temperatures, higher levels of atmospheric oxygen, a plethora of active volcanoes, and an abundance of fuel in the form of plants. During this time, ferns were still going strong, conifers were growing like crazy, and angiosperms were on the rise. In other words, flowering plants evolved in a fiery world, and it seems some of them contrived a workaround.

In evolution, however, nothing comes without a cost. For seeds, gaining the ability to disperse – whether through space or through time – involved trade-offs. These small, cellular compromises would go on to profoundly alter the evolution of many animals, including humans.


CHAPTER 5

A mystery of mysteries

One day a few years ago, Alfred was sitting by himself, eating some fruit and generally minding his own business. If Alfred knew he was being watched, he didn’t seem to mind – it wasn’t the first time he’d been shadowed like this. As he enjoyed his snack, those following him crouched in their hiding spot a short distance away, taking notes, recording footage, observing how he held the fruit and precisely how he ate it. They stayed with him all day, and the next, and the one after that: about five days in all. If he rested, they rested. If he moved, they moved, too. And during these curious five days, whenever Alfred took a moment to relieve his bowels, this prompted a quiet flurry of activity by those surveilling him. The location was noted with great interest, as well as the date and the hour. As Alfred moved away, out came the collection bag. Alfred, you see, is a Bornean orangutan, and his observers are part of the Tuanan Orangutan Research Program based in Gunung Palung National Park on the Indonesian island of Borneo. Their goal is to study the behaviour and ecology of critically endangered orangutans like Alfred and determine, among other things, whether these orangutans are effectively gardeners. The answer, as it turns out, involves the rather interesting mathematics of orangutan poo.

Boston University researcher Andrea Blackburn wanted to know just how good Bornean orangutans are at dispersing seeds. Over the course of more than a year, she and her colleagues followed dozens of orangutans, including Alfred, for up to five days each. It was an exercise in patience and the efficacy of bug-repellent, and it resulted in the collection of 733 faecal samples. According to Blackburn, around 70 per cent of those samples contained intact seeds. Sometimes they found thousands of tiny seeds in a sample, other times it was one or two big seeds, says Blackburn. ‘There was this pretty big range of diversity in terms of the seeds that we found.’ In short, over a five-day period, each orangutan dispersed an average of around thirty seeds representing up to nine genera of plants. On average, the seeds were dispersed 450 metres from their parent trees, with some ending up more than 2 kilometres away.

Importantly, not only were the seeds still able to germinate, but in most cases they were also better at germinating than the same species of seeds that had not taken a ride through an orangutan’s digestive tract. The plants that seemed to benefit the most from this gut treatment were the fruiting canopy trees Alangium and Tetramerista glabra.

In a sense the orangutans do act like gardeners, says Blackburn. ‘In terms of a conservation perspective, each individual is pretty important,’ she tells me. Orangutans are the largest arboreal frugivores and they swallow seeds of many different sizes. In addition, says Blackburn, ‘Orangutans can open these really big fruits that often have hard husks, like durians and other fruits, that other smaller frugivores and smaller primates cannot get into. So I think they’re dispersing those seeds – even if they’re not necessarily swallowing them, they might be just dropping the seeds and other animals can come and move them or interact with them.’

With the help of orangutans, these canopy trees are able to expand their ‘seed shadow’, which is the range in which a plant’s seeds are dispersed and will germinate. At the same time, while the seeds are temporarily inside an orangutan, they cannot be predated upon, and therefore destroyed, by other animals.

Orangutans are not unique in their role as unwitting gardeners, which is an important part of the evolutionary strategy of seed plants. Andrew Rozefelds points out that seed dispersal by animals can be critical to plant survival. Seeds that stay close to a long-lived parent tree will find themselves immediately in competition for resources, he says, and if they can’t move, they’re stuck. So key animal species play a vital role by moving seeds around within a habitat. ‘By moving a seed away from a host tree,’ says Rozefelds, ‘it’s got a good chance of surviving somewhere else.’

Studies have shown that up to 90 per cent of seeds in tropical regions are dispersed by animals, largely via ingestion. This process, called endozoochory, plays a major role in seed dispersal globally. If you have ever eaten a wild blackberry or blueberry while wandering through a woodland, there’s a good chance it was grown from a seed that had, at some point, passed through the fundament of a wild animal.

Berries are curiously popular across a wide swathe of the animal kingdom, from birds and rodents to deer, bears, even wolves. In a 2018 study of eight wolf packs in Minnesota, animal ecologist Joseph Bump and his colleagues found that blueberries comprised up to 83 per cent of the wolves’ mid-summer diet. Meanwhile, other studies show that in a season where sarsaparilla berries, cherries, raspberries, juneberries, blueberries and more are in abundance, a single black bear, or Ursus americanus, can eat as many as 30,000 berries in a day. Brown bears are similarly prolific when it comes to consuming fruits and dispersing seeds, with studies showing that Ursus arctos scats (poo) often contain tens of thousands of viable seeds.

In 2018, ecologists Laurie Harrer and Taal Levi from Oregon State University studied the eating habits of brown and black bears in south-eastern Alaska and discovered these bears had a staggering fondness for the berries of the devil’s club plant, a woody shrub native to the coniferous, old-growth forests of North America’s Pacific Northwest. The bears were observed consuming around thirty berries per second, which equates to just over 100,000 berries per hour of foraging. Based on this, the researchers estimated the bears were dispersing around 200,000 seeds per square kilometre per hour. These animals are well-known seed dispersers, and, much like Blackburn’s findings with orangutans, gut treatment seems to have a germination-enhancing effect on many of the seeds they ingest.

Vertebrates, especially mammals and birds, are major seed dispersers in a wide range of habitats. The list is long, varied and sometimes a bit weird, and what follows is by no means exhaustive. To begin with, there are shorebirds that disperse seeds of flowering plants and fruit trees to distant islands; migratory swans that spread pondweed seeds across continents; and mallards in Hungary that carry the seeds of elderberries, figs and bittersweet nightshade to the edge of the Black Sea. There are bluebirds that disperse myrtle seeds across South Carolina, and African and Asian hornbills that disperse a wide variety of plant species. Bats, which account for roughly 20 per cent of all mammals, are prolific seed dispersers. African elephants, which quite enjoy a nice fig or the fruit of the baobab tree, can disperse seeds up to 65 kilometres from where they feasted. As suggested by the actions of bears and wolves, some carnivores are surprisingly proficient at seed dispersal. Coyotes, it should be noted, seem to have a taste for hackberries and persimmons. There are also many seed dispersers in the Mustelidae family, which includes weasels, racoons, otters, martens and wolverines – carnivores all.

One of the oldest living family of terrestrial carnivores, the Viverridae, the most well known of which are civets, are pretty good at it, too. Asian palm civets are native to Indonesia, and have a catlike appearance and something of a coffee habit. They enjoy eating ripe coffee cherries, and the undigested coffee beans end up in their droppings. This should be a win-win: the coffee plant widens its seed shadow and the civet gets a nice fruity snack. But their mutualism is increasingly being interrupted due to the rise in popularity of kopi luwak, a drink made from the coffee beans found in civet dung. Costing up to $100 a cup, it’s the most expensive coffee in the world. Sadly, this luxury status has led to the capture and caging of many civets, and, as some experts argue, all for coffee that doesn’t even taste that good anyway.

Herbivores, as you might expect, are excellent seed dispersers and vitally important to many ecosystems, especially the grazing ungulates: horses, giraffes, hippopotami, tapirs, all the bovines, and pretty much any other mammal with hooves. Lowland tapirs (Tapirus terrestris) consume more than 350 plant species and are particularly good at dispersing their seeds in the Amazon. Even reptiles get in on the seed-dispersal act, from tiny skinks to enormous, plodding tortoises. Seed scientists Si-Chong Chen and Angela Moles have noted that Galápagos tortoises not only swallow seeds but can hold them in their guts for up to thirty-three days. As Chen and Moles explain in an article in Australasian Science from March 2016, tortoises might move slowly, but they can cover a lot of ground in just over a month. As a result any seeds they’ve consumed can be spread quite far.

Chen is a researcher at the Royal Botanic Gardens, Kew in the United Kingdom, while Moles heads The Big Ecology Lab at the University of New South Wales, and together they compiled a global database of more than 13,000 animal–seed interactions across all vertebrates. The majority of animal species on the list were mammals and birds, plus a number of reptiles, and there were a few entries that surprised even Chen and Moles, such as armadillos, aardvarks, and, most curiously, some species of fish.

Yes, fish.

*

The Pantanal in South America is the largest tropical wetland in the world. Spanning more than 200,000 square kilometres, this seasonal flood plain sprawls across the central western edge of Brazil and crosses into Bolivia and Paraguay. In an article she wrote for the World Wide Fund for Nature (WWF) in 2010, the late Brazilian journalist and conservationist Geralda Magela likened the Pantanal to ‘a huge soup plate that slowly fills up with water and overflows in the rainy season, gradually empties during the dry season and then starts to fill up all over again’.

The Pantanal’s enormous ecosystem is home to the highest concentration of wildlife on the South American continent. And the water available via a vast network of streams, rivers and lakes is central to the survival of thousands of plants species on which that wildlife depends. Some, such as the native tucum palm, release their fruits during the wet season, often in the midst of flooding. As terrestrial animals move to higher ground, fish take over many of their seed-dispersal duties. During this time, pacu (Piaractus mesopotamicus), a species of freshwater fish with disturbingly human-like teeth, feed on fruit and nuts that fall into the floodwaters. The seeds are often swallowed in the process and later deposited upstream. Ecologist Mauro Galetti from Brazil’s Universidade Estadual Paulista, along with his colleagues, discovered that the tucum palm relies heavily on pacu for this service. Moreover, as they report in the journal Biotropica, the pacu acts as the primary seed disperser for many species of fruit-bearing plants found in the Pantanal. In fact, at least forty-three species, representing a significant amount of the Pantanal’s tree diversity, rely on fish for seed dispersal.

Then there is the strange case of a seed-dispersing amphibian. In 1986, researchers were studying a coastal ecosystem on the Brazilian coast, not far from Rio de Janeiro, which involved collecting a local species of tree frog, Xenohyla truncata. One morning, while transporting some of these frogs to the laboratory, one of the researchers noticed something unusual: there appeared to be fruit seeds in the frogs’ droppings. Amphibians, including tree frogs, are largely insectivorous, relying largely on a diet of insects. Many amphibians even branch out into more general carnivore territory to eat spiders, worms and other invertebrates, and some will even dine on the occasional lizard or mouse. As a rule, though, amphibians don’t go for fruit. But here were these Xenohyla truncata frogs pooping out fruit seeds. The team collected more frogs and found that they were indeed frugivorous – they regularly supplemented their diet with the small fruits of five species of local native plants, then shed the seeds around their immediate ecosystem.

Not all animal-dispersed seeds are ‘gut treated’, of course. Many simply adhere to an animal as it brushes past, enabling it to be transported long beyond the time limits imposed by a few healthy bowel movements. A seed snagging on a bird’s feathers could wind up anywhere within the same forest or in another continent entirely. In a 2006 study, Spanish researchers Pablo Manzano and Juan E Malo placed four species of herb seeds on the wool of merino sheep, which then travelled along an ancient transhumance route spanning several hundred kilometres from northern Spain towards Extremadura near the Portuguese border. A significant number of the seeds made it to the other end, with many more presumably dispersed along the way.

But lest we give vertebrates all the glory, it is important to realise that invertebrates also play a major role in this ecosystem engineering. The act of seed dispersal by ants is called myrmecochory and it contributes to the dispersal of at least 11,000 species of angiosperms – or, to put it another way, 4.5 per cent of all flowering plants. Chen tells me that when animals ingest seeds and disperse them elsewhere ‘it’s not for good intentions – they want the food’. She explains that even when it comes to ants, the seed must provide a reward. For this reason, seeds dispersed by ants usually possess a structure called an elaiosome. Under a microscope, it looks almost like an unnecessary flourish, an extra bit of fluff or an errant appendage, but elaiosomes are rich in fats and proteins, making them incredibly enticing to the ants. Because they are either sticky or structured such that they act like handles ants can grasp onto, elaiosomes make it easier for ants to transport the seeds to their nests. Although the seed is lipid-rich, the ants may only eat the elaiosome and then discard the seed, says Chen. But it’s still viable and because the soil around ant nests tends to be rich in organic matter and nutrients, it enjoys a better chance of germination.

Ants are the most studied of invertebrate seed dispersers, but by no means are they alone. In Asia, hornets disperse the seeds of the flowering Stemona tuberosa, and in New Zealand there are native grasshoppers called weta that eat fruit and defecate seeds in much the same way small mammals do. Indeed, some weta are about the size of a mouse and weigh as much as 70 grams. Their unsettling hugeness is how they got their name. ‘Weta’ derives from the Māori word wētāpunga, which means ‘the god of ugly things’, although these days the grasshoppers are more often described as gentle giants. Earthworms can be helpful, too, by dispersing seeds not horizontally, like other seed dispersers, but vertically. The worms remove seeds from the surface and scatter them deeper into soil where they have access to nutrients and are afforded protection from seed predators.

This raises an important point: not all seed eaters are good seed dispersers. While many birds do indeed disperse seeds far and wide, birds and quite a few small mammals and insects are seed predators. This means they tend to digest the seeds they eat, for the fats, carbohydrates and proteins within, and the seed is destroyed in the process. That’s not a good outcome for the plant, and so some plants have evolved seeds with harder coats, or sharp, barbed fruits, or found other ways to dissuade predators.

Now, a tough exterior might afford some protection, and even enable dormancy, but it presents an entirely different logistical problem for the plant: how does a tiny plant embryo break out of something like that? It is, so to speak, a tough nut to crack. Many plants arrived at the elegant, albeit smelly, solution of temporarily hiding their seeds in the digestive system of a different animal. For the seed, there are multiple benefits: (1) the seed predator can’t find it; (2) the animal provides seed-dispersal services by moving about; and (3) the digestive enzymes and acids can breach the seed coat just enough so as to make germination a whole lot easier when the seed emerges at the other end.

Oh, and (4) instant fertiliser.

And so, seeds did not just evolve to take advantage of gusts of air, or to tumble easily down the slope of a hill, or float on a stream or an ocean current or survive a fire. Many seeds are the way they are now due to millions of years of interactions with animals. Some became incredibly tough, or were protected by sharp, pain-inducing fruits and cones and other off-putting coverings, while others were packaged up in fleshy, tasty fruits, full of sugars, fats, proteins and nutrients. Plants evolved pigment molecules and aromatic compounds so they could be seen and sniffed out by seed dispersers when the seeds were properly developed and ready for spreading. Indeed, there is mounting evidence that these cues are so specific that they can relay the nutrient content of the fruit, attracting, for example, seed-dispersing birds that prefer high lipids. This is why ripe fruit looks, smells and even tastes different to unripe fruit. It’s why tiny elaiosomes are like an irresistible take-home meal complete with handles. Some seeds developed barbs and hooks to latch onto passers-by. Burrs are so effective in their hook-catch mechanism that they inspired the invention of velcro.

Animals changed the way plants present their genes to the big wide world, but mutualism, by definition, is never one-sided. Seeds changed animals, too. It was a matter of survival. Over time, a species could either take advantage of the energy and nutrients provided by available seeds or seed-containing fruits and grasses, or die out. So, through evolutionary processes, animals honed their senses and their anatomies, competing and compromising not only with the plants but also with other animals. Jaw and teeth structures changed to crush hard seed coats, and digestive systems adapted as well. So did visual systems, olfactory neurons, the structure and arrangements of tastebuds, and even memory, as well as the neurological circuitry that links incoming stimuli with reward systems – for example, the way sugar drives a spike in dopamine in our primate brains, whereas the taste of a clump of dirt does not. Sometimes this took millions of years. Sometimes it took a surprisingly short period of time. If we look closely at the right species, we can witness evolutionary arms races unfolding in real time.

*

The weather was fine and warm on the morning of 17 September 1835 when a 26-year-old naturalist by the name of Charles Darwin disembarked from the HMS Beagle and stood on the dark, rocky shore of a small, volcanic island in the Pacific. He wasn’t exactly blown away by its beauty. ‘Nothing could be less inviting than the first appearance,’ he later recounted. ‘A broken field of black basaltic lava, thrown into the most rugged waves, and crossed by great fissures, is everywhere covered by stunted, sun-burnt brushwood, which shows little signs of life.’ The Beagle’s captain, Robert FitzRoy, was even less enamoured by the scene, describing it as ‘a shore fit for Pandemonium’.

They had landed on Chatham Island, now known as San Cristóbal, the eastern-most island of the Galápagos archipelago which straddles the equator some 960 kilometres west of Ecuador. The crew of the Beagle was in the process of finalising a survey of South American coastlines and its nearby islands and was preparing to venture across the Pacific.

As Galápagos was equatorial, and therefore firmly within the tropics, Darwin had expected it to be a little more, well, tropical: ‘I saw nowhere any member of the Palm family, which is the more singular as 360 miles northward, Cocos Island takes its name from the number of cocoa-nuts.’ Indeed, there were no shady palm trees here or lush ferns. Instead, the islands presented Darwin with a series of alien landscapes, which he variously described as ‘desolate’, even ‘sterile’. ‘All the plants have a wretched, weedy appearance,’ he wrote. ‘I did not see one beautiful flower.’ There were no frogs, either, which he found puzzling, although he did observe some giant, lumbering tortoises and a variety of lizards. Captain FitzRoy took a particular dislike to the ‘hideous’ iguanas, of which he said ‘few animals are uglier’. Darwin found them intriguing but nonetheless referred to them as ‘imps of darkness’. Darwin also noticed – offhandedly, at first – that the islands were home to a large number of ‘dull-coloured birds’.

Darwin spent five weeks on those harsh, sunburned islands, observing and collecting specimens, and in so doing he had his earliest glimpses into something truly remarkable. ‘The natural history of these islands is eminently curious, and well deserves attention,’ he would later write. ‘We seem to be brought somewhat near to that great fact – that mystery of mysteries – the first appearance of new beings on this earth.’ The archipelago that had seemed at first so uninviting would irrevocably change the way Darwin viewed all living things. Those wretched weeds, those imps of darkness, those tortoises and, especially, those dull-coloured birds would provide the foundation on which Darwin built his famous theory of species evolution by natural selection.

As Darwin explored one island and then another, he observed a great variety of birds, which he identified as mockingbirds, wrens, warblers and blackbirds, as well as a number of finches. Regarding these birds – all but the mockingbirds – Darwin noticed that their beaks varied significantly, ranging from small and needle-like to large and rounded. As psychologist and science historian Frank Sulloway explained in a 1982 article in The Journal of the History of Biology, these observations did not trigger any epiphanies about speciation at the time because Darwin truly thought the birds belonged to entirely different genera and, in some cases, entirely different families. It was only after Darwin returned to London that the proverbial penny dropped.

Soon after his arrival back home, Darwin donated his specimen collection to the Zoological Society of London, upon which the young illustrator and ornithologist John Gould inspected them closely. What he found surprised even Darwin. There were finches, yes, but the warblers, the wrens and those blackbirds were nothing of the sort. They were finches, too. Darwin had collected fourteen species of birds belonging to one genus. They were unique to the Galápagos archipelago, and, it seemed, many were unique to individual islands. Long after the Beagle pulled up anchor in the Galápagos, Darwin reflected on the diversity of those finches – and all those remarkably different beaks. He was at once puzzled and enthralled: ‘Seeing this gradation and diversity of structure in one small, intimately related group of birds, one might really fancy that from an original paucity of birds in this archipelago, one species had been taken and modified for different ends.’

One might, indeed. In this statement, written years before he published On the Origin of Species, you can almost feel the subtle yet seismic shift in Darwin’s thinking. At the time, this was a radical idea. Was he right? Absolutely.

*

For almost half a century, Peter and Rosemary Grant of Princeton University have been closely monitoring populations of medium ground finches (Geospiza fortis) on the Galápagos island of Daphne Major, making annual trips to study the birds’ physical traits – weight, body size, beak size and shape – and gathering data on their primary food sources, mating behaviours, and birth and death rates. What they have found further supports Darwin’s theory that natural selection brought about by environmental pressures can lead to the development of new species. It also shows, among other things, just how well seeds can influence the evolution of animals. It is in seeds that we can see those ‘different ends’ Darwin wondered about.

Mitochondrial DNA dating indicates that the fourteen species of ‘Darwin’s finches’ in the Galápagos, and one species that made it as far as Cocos Island (Isla del Coco) to the north, all evolved from a single common ancestor within the past 1.5 million years. Also, they’re not really finches. That common ancestor, which so ambitiously flew to the Galápagos from the South American mainland all those years ago, appears to have belonged to a family of small ‘finch-like’ birds called tanagers. That bird’s descendants then moved from island to island, adapting to a variety of habitats and food sources – and the arrival of new islands. Geologically speaking, the Galápagos islands are still babies. They only began to form less than five million years ago and they’re still in the process of forming today. Consequently, the older and the newer islands present vastly different habitats.

Moreover, the Galápagos’s location, situated precisely at the equator on the eastern edge of the Pacific, adds further evolutionary pressures in the form of weather extremes. The archipelago is exquisitely vulnerable to the El Niño Southern Oscillation, but the effects are precisely the opposite to those experienced in Australia. Due to prevailing trade winds and warm water currents, El Niño years that bring drought conditions in Australia bring heavy rain falls to the Galápagos and the western coast of South America. Conversely, La Niña rains in Australia often mean protracted drought on the other side of the Pacific.

Medium ground finches are largely seed eaters. Their beaks are blunter than the finer beaks of the green warbler finch (Certhidea olivacea), and whereas green warbler finches use their beaks almost like sharp tweezers for catching insects, the medium ground finches use their more robust beaks for breaking seeds. Even within medium ground finches, there are variations in beak size, just as variations in height and body shape exist among humans. Those with beaks at the smaller end of the spectrum tend to subsist on small, soft seeds, many of which are deposited by wind on the rocky landscape. The finches hop all over the terrain to find them, their smaller, pointed beaks suited to exploring all the nooks and crannies. The medium ground finches with larger beaks don’t bother as much with small seeds, but they have no problem munching on the seeds of the Tribulus cistoides, contained within a large, hard, spiny casing called a mericarp. Technically it’s a fruit, but it looks like pain for lunch. From the plant’s point of view, the hard casing and sharp spines are meant to dissuade seed predation, which works for most everything except the large-beaked G. fortis, which breaks the seeds open with a forceful crushing action. In their first decade of observing finches on Daphne Major, the Grants witnessed just how important this beak–seed relationship was.

For years, medium ground finches with small beaks had done quite well scouring the island for small seeds, but that all changed in 1977 with the arrival of a La Niña event. The resulting drought was merciless. No rain fell on the Galápagos for eighteen months. Many of the plants died, especially those that produced small seeds. The only remaining seeds available were those produced by the Tribulus cistoides plant, which is drought-tolerant, but G. fortis with small beaks couldn’t tackle the large, spiny seeds. As a result, around 80 per cent of the medium ground finches died during that drought. Very few smaller-beaked birds endured, but most of the finches that survived tended to have large, strong beaks which enabled them to access the tougher seeds. These birds then passed their genes on to the next generation. The Grants found that the average beak size of G. fortis birds on Daphne Major was significantly larger after the drought than it had been before.

‘This was an evolutionary response to a natural selection event for the reason that it’s the large birds that could eat the large, hard Tribulus seeds,’ explained Rosemary Grant in a lecture on the evolution of Darwin’s finches that she presented at Cornell University in 2018. Grant went on to recount that, a few years after that fateful La Niña, it all changed again. In late 1982, an El Niño event arrived in the Galápagos, and the archipelago spent much of 1983 drenched by heavy, prolonged rainfalls. Over a metre of rain fell that year, estimated to have been the most severe rainfall event in the region in 400 years. The effect on the vegetation on Daphne Major was profound. Diminutive seed-producing plants grew in abundance, yielding large crops of small, soft seeds. Meanwhile, Tribulus cistoides plants were completely overrun, smothered by grasses, herbaceous plants and wet weather–loving vines. ‘It completely changed the island from a large, hard seed producer to a small seed producer,’ said Grant.

The wet season is usually when the finches breed. Indeed, the first heavy rainfall of the season seems to make these little birds enthusiastically libidinous. In 1983 they bred like crazy. What’s more, there were now plenty of plants producing small, soft seeds. ‘When the drought came two years later, this time it was the smaller birds who had the selective advantage and it was them who survived,’ explained Rosemary Grant. By impacting the production of certain seed shapes and sizes, weather events were providing evolutionary nudges in this isolated population of birds. And not over millions of years but twice in less than a decade. The Grants were seeing evolution by natural selection take place in real time.

To find out how the beak sizes within the finch population could respond to seed structure and availability so rapidly, the Grants and their collaborators have since undertaken a number of genetic analyses. Among the many interesting findings, their colleague Leif Andersson from Uppsala University in Sweden showed that a gene called ALX1 plays a big role in the beak size of these finches. The ALX1 gene makes the ALX1 protein, which is a transcription factor. Transcription factors play an important part in gene regulation by acting as a kind of on–off switch for a whole bunch of genes. There are many different transcription factors controlling different groups of genes, but it turns out that ALX1 regulates the activity of craniofacial genes. In the finches, variations in this gene contributed either to blunter or more pointed beaks. Whichever shaped beak afforded survival in certain environmental conditions, those finches were able to then pass the associated variations on to their offspring. Intriguingly, ALX1 isn’t specific to finches. It’s a master regulator of craniofacial development in all vertebrates, including humans. We need it for the normal development of our heads and faces. Mutations in the ALX1 gene that cause its loss of function result in severe cleft palate in infants.

*

So it is that seeds changed animals and animals changed seeds, and the evidence is all around us, in ants and squirrels, and in finches that aren’t really finches. Many animals are generalists, subsisting on a variety of plants and seeds, but sometimes the pairings are so exquisitely specific that the abundance or absence of a particular plant or fruit or seed is enough to literally change the shape of a species and profoundly alter the course of its population. It can work well, with some close mutualisms persisting for eons. Other times, another animal species arrives, or another tastier fruit, and the field crowds with competitors and other options. But every now and then, one member of a close mutualistic pair disappears altogether. We can still see the echoes of animal–seed relationships that no longer exist.

In 1876, Darwin’s contemporary and fellow evolutionist Alfred Russel Wallace observed, ‘We live in a zoologically impoverished world, from which all the hugest, and fiercest, and strangest forms have recently disappeared.’ Around sixty-six million years ago a wayward asteroid, or perhaps a fragment of a comet, slammed into Earth and triggered a mass extinction event that ended the reign of the dinosaurs. And yet, life persisted. Millions of years later, the world was once again populated with big vertebrates. There were giant reptiles, including giant tortoises and massive lizards. There were giant birds, too, such as the 3-metre-tall, 1000-kilogram elephant bird of Madagascar, and the giant teratorn (Argentavis magnificens), an enormous condor-like creature with a 7-metre wingspan which is the lead contender for the largest bird to have ever lived. Then, of course, there were the giant mammals. There were mastodons and mammoths, and elephant-like gomphotheres. Put in terms of modern-day geography, there were sabre-tooth cats roaming Canada and giant deer in Ireland, as well as giant sloths in Mexico. By way of further example, if you think Australia is home to strange animals now, you should have seen it 100,000 years ago. There were marsupial ‘lions’ (Thylacoleo carnifex), giant kangaroos (Procoptodon goliah), and giant wombats (Diprotodon optatum) that weighed around 3 tonnes, not to mention a koala-like animal that was, if not exactly ‘giant’, then certainly far more imposing than the cuddly ones we know and love today. The megalania, a 500-kilogram relative of the Komodo dragon lizard, also lived on the Australian continent back then, as did massive emu-like birds.

But sometime between 60,000 and 10,000 years ago, many of these megafauna went extinct. This happened at different times and in many different parts of the world, and in some places the first such extinctions began as early as 125,000 years ago. Although the factors contributing to these extinctions vary, evidence increasingly suggests that environmental changes coupled with predation by humans was often responsible. We still have blue whales, elephants and a few species of giant turtles, but Wallace was right: today’s megafauna are a shadow of what came before.

For seeds that use animals for their gut-dispersal services, size tends to be proportional to the size of the animal: small seeds for small animals, large seeds for large ones. There are exceptions, of course, as Si-Chong Chen and Angela Moles have pointed out. Ungulates, though often large, are quite adept at dispersing small seeds of grasses that get ‘hoovered up’ during grazing. And then there are those big brown bears and all those tiny berries. But in places such as the tropics, where seeds rely heavily on animal dispersal, size matters. It would be impossible for an animal with the stature of a shrew to swallow and disperse avocado seeds. It would be incredibly difficult for many animals to comfortably pass such a thing. I certainly wouldn’t want to.

The avocado is what ecologists call an evolutionary anachronism. Science writer Connie Barlow describes them more hauntingly as ‘the ghosts of evolution’ in her book of the same name. These ‘ghosts’ are all around us, she explains, and avocados are a perfect example. Evidence suggests that the avocado, which evolved in Mesoamerica (modern-day Central America) around ten million years ago, was eaten and dispersed by giant sloths and other megafauna that roamed the Americas at the time. All the fats, proteins and carbohydrates that avocados are often praised for were originally meant for a van-sized, 4-tonne lestodon in the Neocene. Other evidence suggests that giant ground sloths also fed on pawpaw fruits, that bulbous osage oranges were eaten by mastodons, and that the large hanging fruits of the cocoa tree were a favourite of the gomphotheres that roamed North America millions of years ago. Next time you enjoy chocolate, take a moment to thank those extinct gomphotheres for getting the ball rolling.

That cocoa trees did not go extinct when gomphotheres did is likely due to opportunistic seed dispersers. Indeed, seed dispersal of evolutionary anachronisms persisted when other animals stepped in – a fruit bat here, a parrot there. They might not have been the ideal partners, but it was enough to stave off extinction. For a while, anyway.

*

Palaeobotanist Andrew Rozefelds is fascinated by the diversity of life and myriad strategies for survival, especially in rainforests, but he worries about the loss of today’s key seed dispersers: the ones that are still alive but could easily, without care, become evolutionary ghosts. This isn’t some hypothetical. He talks to me about cassowaries, the large, long-legged, flightless birds that belong to the same family as ostriches and emus. They reach heights of 1.8 metres, weigh upwards of 70 kilograms, have a tough keratinous protrusion atop their heads, and enormous scaly claws, and look very much like something that belongs on the set of Jurassic World. Of course, all modern birds descend from a lineage of avian dinosaurs that survived the mass extinction at the end of the Cretaceous. Indeed, there is a theory that the ability to peck on seeds is precisely what enabled them to survive the prolonged ‘impact winter’ that brought the Cretaceous to its ultimate end. But although all birds are considered living dinosaurs, cassowaries seem to bear the most striking family resemblance to their Mesozoic forbears.

‘Cassowaries are cool!’ says Rozefelds with a smile, and he’s not just talking about their appearance. He explains that cassowaries’ role in maintaining rainforest ecosystems is deeply underappreciated. They’re prolific seed dispersers, consuming the fruits and defecating the seeds of more than 230 plant species. Through their role as rainforest gardeners, they operate as keystone species – species upon which many other species, both plant and animal, survive. Yet their populations are declining. In Australia, for example, cassowaries once roamed almost the entirety of tropical northern Queensland, but today there are only 4000 left in three isolated populations, thanks to increasingly fragmented habitats. With isolation comes genetic bottlenecks and a higher risk of disease. At the moment, though, they mostly succumb to dog attacks, car strikes, and egg predation by feral pigs. This is not good, says Rozefelds, not for the cassowaries and not for the rainforests they quietly engineer. ‘If we lost cassowaries, I suspect there’s a good chance it would impact everything.’

Andrea Blackburn has similar worries about the orangutans on Borneo and nearby Sumatra, which are keystone species in their ecosystems and also critically endangered. The orangutans on these two islands are the only ones left in the wild, she tells me, adding that they face ‘all sorts of threats – deforestation, fires, hunting and poaching’. By and large, though, the biggest problem is habitat loss, she says.

Orangutans are not the only primates we need to learn more about, especially in terms of their gardening capabilities. Primates, after all, make up a substantial amount of frugivore activity in the tropics. Seed-dispersal activity has been observed in chimpanzees, gibbons, macaques, bonobos, baboons and more. Western lowland gorillas (Gorilla g. gorilla) in the Central African country of Gabon disperse the seeds of at least 117 different plants. In the dense primary forests of Colombia, brown spider monkeys disperse huge numbers of seeds from a variety of species and in so doing engineer ecosystems in which many other species – from jaguars to sloths – can live. On rare occasions, brown spider monkeys with white fur have been spotted in those forests, and it isn’t a good sign. Dubbed ‘ghost monkeys’, their pale appearance isn’t due to albinism but rather is a genetic glitch that likely signifies inbreeding. This can happen when a population dwindles to the edge of vanishing. There are now so few brown spider monkeys left in the wild, they are classed as of the most endangered primates on the planet. We already have enough ghosts of evolution. We don’t need new ones.

There is one primate with a very different story, though. More than once in its evolutionary journey, it was in danger of flickering out of existence. But that was a long time ago, and it has since proliferated to such an extent that it impacts every ecosystem on the planet. That primate is Homo sapiens. Humans. Us. As it turns out, the way we’ve interacted with seeds has quite a lot to do with how the world got to be the way it is. What we do with seeds from here on out will profoundly affect far more than you may realise.



PART III

HUMANS AND SEEDS
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CHAPTER 6

How humans changed seeds

Picture this. It’s the 25th of December 1924. Christmas. A train is travelling swiftly through the wintry night near the rugged Soviet– Afghan border. A man named Nikolai Vavilov is on board. Having journeyed for months in this part of the world, at long last he is heading home. He is tired and full of ideas but right now, he is mostly hungry. He sets out for the dining car, but the space between his carriage and the next is cold, noisy and very dark, so he doesn’t realise that the connecting walkway is missing. And so, he falls. That Vavilov is not killed instantly is due to a grain of ludicrous, if painful, luck – he lands awkwardly on a steel buffer protruding from one of the carriages and manages to hold on. But now he is hanging precariously between the cars, his shouts drowned out by the roar of the engine.

Vavilov is a botanist, and what he had once thought would be a simple, quiet life of studying plants has turned out to be anything but. His current predicament isn’t even the half of it. His story is one for the ages, and it begins and ends with hunger.

Nikolai Ivanovich Vavilov was born in Moscow and would have been just four years old when one of the worst famines in Russian history began, in 1891. The problem started near the Volga River, which begins north of Moscow and curves eastwards and south like a 3700-kilometre-long question mark that ends in the Caspian Sea. Then, as now, much of the Volga River basin played a central role in Russian agriculture. In Vavilov’s time, this is where most of the nation’s food was grown. As ethnobotanist Gary Paul Nabhan describes in his book Where Our Food Comes from, the autumn of 1890 had been particularly dry, causing delays in planting. This alone would have been manageable had it not been quickly followed by an early, harsh winter that brought bitterly cold temperatures, but not the heavy snows needed to insulate spring seedlings. The resulting crop failures were widespread. More crops were planted that spring but these failed as well, and crop yields the following spring were also meagre due to weak seedlings and poor growing conditions. Then, as if things weren’t bad enough, there came five months of no rain and searing summer heat. Meanwhile, the Russian czar had allowed merchants to buy what little food was available and sell it at higher prices in Europe, while as many as 500,000 Russians starved to death.

Vavilov would have been too young to fully understand what was happening, but he would have known hunger and he would have seen it in others. He would have grown up knowing how those around him had suffered. He would have learned, in due course, how many of his extended family and neighbours had wasted away and died.

According to Nabhan, when Vavilov was older and the time came to choose a course of study, a series of dangerously low crop yields in the Volga region again raised the spectre of famine and served to clarify his sense of purpose. He chose to study agriculture, intent on finding a way to make crop diseases and poor yields a thing of the past. Around this time, an obscure idea published about half a century earlier was suddenly gaining traction. In the mid-19th century, a German monk named Gregor Mendel conducted a series of experiments with pea plants, through which he formed some rather interesting ideas regarding the inheritance of traits. It’s not as if family resemblances went unnoticed and, indeed, farmers were accustomed to selecting heritable traits when breeding crops and animals. But exactly how inheritance worked was anyone’s guess. Then along came Mendel with his pea plants and a theory that traits were passed down from parents to offspring via distinct ‘heritable factors’. Mendel’s work didn’t garner much attention during his lifetime, but by the early 20th century a number of biologists were beginning to take notice. One of them was William Bateson at Cambridge University, who proposed the establishment of a new field of biology dedicated to the science of inheritance. In a nod to the Greek word gennō, which means ‘to give birth’, he called it ‘genetics’. In due course, Mendel’s ‘heritable factors’ became known as ‘genes’.

So, there was Vavilov studying agriculture with a view to improving crop breeding just as this new science of genetics was gaining momentum. He was intrigued. In addition, interesting news reached Moscow. It seemed one of Bateson’s students at Cambridge, Rowland Biffen, had been puzzling over the problem of fungal diseases like wheat yellow rust. In a paper published in the Journal of Agricultural Science in 1905, Biffen noted how ‘some varieties [of wheat] inherit a constitution making them capable of withstanding the attacks of certain fungi’, while other varieties were highly susceptible. Working on a hunch, Biffen set up a series of crossbreeding experiments. Specifically, he took a variety of wheat that was resistant to yellow rust fungus and crossbred it with a variety that was notoriously susceptible. Around one-quarter of the offspring were resistant to yellow rust. This result was almost precisely what Biffen would have expected if rust resistance followed Mendel’s laws of inheritance. It meant yellow rust resistance could be intentionally selected during breeding.

This was huge. When Vavilov heard about this, he was so taken with the idea that he went to Cambridge to study genetics with Biffen and Bateson. There, he became convinced that if resistance to yellow rust results from a gene that can be passed from one generation to the next, and even crossed with other wheat varieties, then perhaps there were many other useful genes out there that conferred resistance to other diseases or maybe even tolerance to drought.

Of course, it was clear to Vavilov and others that genes did not simply appear out of thin air but were products of long arcs of evolution. Useful genes were probably out there somewhere – the question was where to find them. Fortunately, while at Cambridge, Vavilov spent a lot of time at the library. Not just any library, mind you, but Darwin’s personal library. It was here that an idea began to crystallise. When Darwin was honing his theory of evolution by natural selection, he had proposed that there must be a link between the evolution of a species and its original geographical surroundings. Vavilov knew that if he wanted to go hunting for genes, he needed to study up on phytogeography, which relates to the geographical distribution of plants, and of which one of the most fundamental principles is that species are not evenly distributed. In other words, certain species densely populate some parts of the world and cannot be found in others. It’s why we tend to find palm trees in the tropics and pine trees in the Arctic Circle, and why the global population of daisies is not arranged in a neat, grid-like pattern covering the entire land area on Earth. Plants grow only where they can, and only where their seeds have been dispersed in the first place.

Vavilov knew that if you were going to hunt for elusive genes, you needed to look for biodiversity hotspots to increase your chances. He had also learned that the longer a given plant species exists in a particular area, the more varieties of that species can be found, each providing clues to the original ancestor species. He reasoned that if he could find out where modern-day crop species had originated – where they’d first been selected from the wild and cultivated – then he might just find the genes he was looking for. The problem was, no one quite agreed on where crops had come from. It wasn’t for lack of trying: many had spent years looking through botanical specimens, archaeological evidence and historical records, and even studying linguistics, to try to pinpoint the origin of plant domestication. But nothing conclusive came of it. Then, one day, a troop of Russian soldiers stationed in Iran ate some bread and got very sick, and probably a little high. The Soviet government would eventually dispatch Vavilov to find out what had happened, and our understanding of the history of human agriculture would never be the same.

The outbreak of World War I had cut short Vavilov’s time at Cambridge. He had returned to Russia and, although unable to enlist due to a childhood eye injury, his expertise in botany made him uniquely useful to the war effort. The global conflict had ushered in an entirely new type of warfare, unprecedented both in its use of technology – automobiles, tanks, artillery and aircraft – and in the sheer number of people involved. It’s estimated that around seventy million soldiers were mobilised – and they all needed to eat. The ability to feed vast numbers of far-flung troops presented a huge logistical challenge for every military organisation involved in the war, one on which all other efforts hinged. However grand or clever your battle strategy, if your troops starved, you lost. Problems with food supply were taken very seriously.

Detailing the incident in his diary, Vavilov recounted that during Russia’s advance on Turkey, Russian troops had made incursions into north-eastern Iran and subsequently occupied a large amount of territory there. This included three northern provinces along the coast of the Caspian Sea. It wasn’t long before troops billeted in those provinces began experiencing a strange and frequent illness. It seemed something in the local bread was causing severe intoxication. To find out what was going on, the Department of Agriculture ordered Vavilov to go to Iran and investigate.

As it turns out, Vavilov was more than happy to comply because he had an additional motive: he had long wanted to collect samples of Persian wheat and here, finally, was his chance. But first he had a mystery to solve. Vavilov’s investigation revealed that the nearby wheatfields were heavily infested with a toxic darnel ryegrass, which was also contaminated with fusarium fungus. These had ended up in the bread flour, causing what he described as ‘bread drunkenness’. As it happens, darnel ryegrass is also particularly susceptible to contamination by ergot fungus, which produces a hallucinogenic alkaloid called lysergic acid – a very similar chemical to the drug LSD, so that may have been at play as well. The soldiers were ordered to stop eating local bread.

Job done, Vavilov turned his attention to the search for disease-resistant varieties of Persian wheat, and thus began his global hunt for the origin of agriculture. To say it was an adventure would be a gross understatement. Vavilov and his fellow travellers traversed glaciers and snowy mountain passes. They crossed oceans and deserts, travelled the Silk Road, and navigated narrow trails along dizzying cliff edges. That was the easy part. In the course of his endeavour, Vavilov was arrested and accused of being a spy, got malaria several times, as well as dysentery, and contracted typhus for good measure. He evaded bandits, was shot at, attacked by a mob, arrested again, and had stones thrown at him, and bricks, too. He nearly froze to death, twice.

Then, one cold Christmas night near the Afghan–Soviet border, Vavilov fell between two train carriages. He managed to save himself that night, clambering up onto the platform of one of the cars, having suffered only scrapes and bruises. But he was shaken by the fact that, after all he’d been through, he had nearly died on a short walk to dinner. He later conceded that the Afghanistan trip had been ‘rather difficult’ but was an important piece in the global puzzle of crop origins.

*

As far as big changes in human history go, the Neolithic Revolution was a doozy. It refers to a transition that began around 12,000 years ago, during which many nomadic hunter-gatherer societies gradually adopted agriculture and began to live in year-round settlements, facilitating the rise of larger, more complex societies. This transition did not occur in all societies, nor did it occur simultaneously where it did. Instead, this revolution took place at different times in different locations all over the world. Nonetheless, by around 3000 years ago, most of the human population depended to varying extents on agriculture.

For many years it was assumed that the Neolithic Revolution had a single starting point, a solitary event that changed the shape of things, like a stone dropped in a still pond, its effects rippling ever outwards. The idea went that somewhere, a long time ago, one group of hunter-gatherers had gradually replaced all that gathering with plant cultivation. They had then shared this knowledge, and the new seeds, with the next settlement over, and then those people had shared the ideas and the seeds with the next group, and so on and so forth, until farming was all the rage, like some sort of Neolithic iPhone. The precise location of this original farming settlement – the centre of the agricultural ripple – was hotly debated. Initial suggestions focused on the earliest centres of civilisation, such as the Nile Valley in Egypt, or ancient Mesopotamia in what is now southern Iraq. This was not an unreasonable line of thought. After all, agriculture would have been a prerequisite for the establishment of the large, permanent settlements that later morphed into the first cities. But that all came much later. The story of the origin of agriculture turned out to be quite different to what most people had expected: there never was a single origin of crop domestication.

Through years of detailed analyses of crop and wild plant species, Nikolai Vavilov showed conclusively that human agriculture had multiple centres of origin, each developing independently through the cultivation and domestication of local plant species. At first, Vavilov believed there had been five of these centres: South-East Asia, South-West Asia, the Mediterranean coast, Central America and South America. By 1935, having conducted another decade of exploration and analysis, he was convinced there were at least eight. Since that time, the scientific community has amassed a wealth of archaeological and genetic evidence that tells us not only was Vavilov right about multiple origins, but there were even more than he’d realised. Michael Purugganan, who specialises in plant evolutionary genomics at New York University, tells me that, depending on whom you ask, the number currently ranges from as low as ten to around two dozen. Based on the research he has done in collaboration with archaeobotanist Dorian Fuller at University College London, his money is on the latter. He believes crop domestication arose independently in twenty-four places around the world, clarifying that these are places with a significant concentration of crop domestication, and this is ‘based just on the regions we looked at.’ In other words, more may yet be discovered.

The earliest evidence of crop domestication is found in a region Vavilov had loosely pinpointed as South-West Asia and which is now referred to as the Fertile Crescent, a swathe of land beginning near the Mediterranean in north-eastern Egypt and southern Israel and arcing upwards through Jordan, Syria and southern Turkey, across northern Iran, then down through Iraq to end at the Red Sea.

The story of agriculture, and its curious effect on seeds, goes something like this. Ever since Homo sapiens evolved around 200,000 to 300,000 years ago, we have survived by hunting and gathering, with a big emphasis on the gathering. Although there is no single ancestral human diet – it has varied widely across locations, climates and time – it is fair to say that hunting never guaranteed a meal. Instead, it is estimated that the bulk of our early ancestors’ calories derived from plant foraging. Plant foods of choice also would have varied across habitats and millennia, but evidence suggests they often included nuts, fruits, tubers and grasses. We know this from the unique marks left on fossilised teeth.

During the Last Glacial Maximum (LGM), which occurred approximately 26,000 to 19,000 years ago, a subtle shift occurred. It was a time in which the average global temperature dropped by around 4.3°C and massive ice sheets expanded over enormous parts of the northern hemisphere continents, while sea levels plunged to more than 120 metres below their current levels. For humans living in the regions most affected by the cold creep of those glaciers, life became particularly challenging, not least because of the significant change in available animals and food plants. It was a time of migration and adaptation. Some humans, it seems, began to do things a little differently than before.

In 1989 a drought struck Israel, causing the level of the Sea of Galilee to drop precipitously, revealing a 23,000-year-old Palaeolithic settlement now known as Ohalo II. There, scientists found the remains of several huts and hearths, as well as more than 100,000 seeds, including wild barley, wild oats and wild emmer. This is the earliest archaeological evidence of humans deliberately gathering these grasses. Further investigation suggested that ancient humans may have even tried their hand at cultivating this wild wheat, sowing and harvesting some nearby. It hints at a glimmer of knowledge, that at least as far back as the LGM, humans knew you could grow plants by deliberately planting seeds. Wheat and oats found on a grinding stone suggested that these Palaeolithic humans were processing the starchy grasses, maybe making bread or porridge, possibly even beer. There were also remnants of wild almonds, wild olives, wild pistachios and wild grapes. There were animal bones at the site, too, and the proximity to the lake’s edge implies access to fishing. It seems the people of Ohalo II would have eaten well for a time, and they might have been on the path to agriculture, but we’ll never know. Not so very long after its founding, the entire settlement burned down and was soon submerged by the rising water. Evidence of cultivation then vanishes from the archaeological record for thousands of years.

Starting around 12,000 years ago, and picking up speed in the ensuing millennia, the cultivation and then domestication of plants took place in various locations in the Fertile Crescent. It’s important to note that cultivation and domestication are not exactly the same thing. The cultivation of wild species – sowing seeds and harvesting plants – is the starting point, while the process of domestication involves selective pressures exerted by humans that ultimately cause crop species to accrue different traits and become distinct from their wild ancestors. Along the way, many of these new plant species become dependent on humans for survival. We first see this process play out in regards to wild emmer wheat in the southern Levant, an area that roughly corresponds to modern-day southern Lebanon, southern Syria, Jordan, Israel, Palestine and north-eastern Egypt. Domesticated cereals soon appear on the archaeological record in places like Abu Hureyra in northern Syria. Wild barley domestication also begins in the Jordan Valley and the areas surrounding the Zagros Mountains in Iran. The list then expands to include oats and flax, as well as pulses such as peas and lentils.

Clearly it wasn’t a case of one variety of domesticated wheat showing up in ancient Syria and then that same domesticated species of wheat showing up gradually across the Fertile Crescent. That would mean that the entire crescent represented only a single origin of crop domestication, and that’s not what happened at all. To use a stargazing analogy, sometimes what might seem at first like a single bright object to the naked eye can, with a powerful telescope, be revealed as a cluster of individual stars. In much the same way, the whole Fertile Crescent at first looked like a single bright centre of plant domestication, but further data, coupled with advances in archaeological and genomic analyses, have provided much better resolution, revealing numerous distinct centres of domestication throughout the region. Domestication was mostly a gradual process, with the journey from wild species to its tamed descendant taking a few thousand years on average. At a number of archaeological sites, domesticated cereals slowly replaced wild grains until eventually only the former could be found.

Like wheat and barley, rice also belongs to the grass family. The story of the most widespread species of domesticated rice, Oryza sativa, mirrors what happened in the Fertile Crescent. Evidence suggests that more than 10,000 years ago in China’s Yangtze Valley, people gathered wild rice, specifically a species called Oryza rufipogon, which grew prolifically in the wetlands of Asia and beyond, and still does. Those Neolithic hunter-gatherers brought this wild rice to their settlements where, as indicated by traces on grinding stones, the grains were processed into some kind of flour or meal. Beginning over 9000 years ago, in that same valley, people began to cultivate O. rufipogon. As biological anthropologist Alice Roberts details in her book Tamed, little by little, O. sativa, with short, starchy grains, began to appear alongside the wild species, eventually replacing its predecessor at numerous archaeological sites.

What happened next is still debated, but increasing evidence suggests that around 8000 years ago, people in India’s Ganges Valley began to harvest and possibly cultivate a local variety of wild rice, Oryza nivara, which was better adapted to warmer temperatures. We’ll never know whether this would have led to an independent domestication event because, thanks to the ancient trade routes, O. sativa arrived there around 4500 years ago. Whether deliberately or accidentally, O. sativa hybridised with the locally harvested version of O. nivara. Today, there many varieties of O. sativa rice, but they all fall into two main groups: japonica and indica. Japonica rice arose from that original domestication event in the Yangtze Valley and indica evolved from the hybridisation event in the Ganges Valley. Indica is now the most widely produced variety of rice in the world, with its grains tending to be longer than wider, and, true to its ancestral origins, it grows better in warmer climates. Basmati, jasmine and other ‘long-grain’ rices belong to the indica group. Japonica rices, however, are shorter, fatter and, because they are more glutinous, stickier. ‘Sushi’ rice is a japonica cultivar, as is arborio rice, which is often used to make risotto. Still, no matter what type of rice it is, every individual grain contains a seed.

Neolithic peoples in China also domesticated millet, soy and peaches. It seems that one of the earliest domesticated apples (Malus pumila) arose in Central Asia, too. In time, and again with the help of trade routes, this was hybridised with European crabapples (Malus sylvestris) to produce the ancestor of modern apples. Evidence suggests the first domesticated citruses also originated in southern China, but precisely where and when this and numerous subsequent citruses were domesticated is still the subject of much study. Suffice to say that there was a lot of crossbreeding along the way, and that if you were to draw the genetic links between a kumquat, a mandarin, a pomelo, a lemon, an orange, a grapefruit and a Mexican lime, you would produce something reminiscent of a Tokyo subway map. Meanwhile, a substantial amount of crop domestication took place in India and Southeast Asia, giving rise to a wide variety of unique cultivars of legumes and millets, not to mention mangoes.

It is important to note that Asia was not the only place where rice domestication occurred. Situated some 11,000 kilometres or so away from where O. sativa originated by the Yangtze, the Niger River carves an enormous crescent across the West African landscape. Beginning in the highlands of Guinea, it flows northwards into Mali, passing Bamako and Timbuktu, then meanders southwards into Niger and Nigeria. The range of the Niger River Basin, with its vast reach of tributaries and wetlands, extends across the modern boundaries of ten countries. Increasing evidence suggests that this region was once a cradle of agriculture thanks to the efforts of Neolithic West Africans. Recently, genetic studies have demonstrated that yams were first domesticated in the Niger River Basin, as was pearl millet. A little over 3000 years ago, people domesticated a local species of wild rice called Oryza barthii, which resulted in a new species, Oryza glaberrima, now known as African rice. It is still a staple crop in the region today, and it is the only species of rice besides O. sativa to have ever been domesticated.

But let’s return for a moment to the world of 9000 years ago, when the domestication of O. sativa rice was just beginning in the Yangtze Valley, and the domestication of wheats and barleys was underway in the Fertile Crescent. A similar phenomenon was taking place on the other side of the world, in what is now south-western Mexico, where another wild member of the grass family was gradually being coaxed into something that would in time profoundly change the diets of billions. Neolithic Mesoamericans in the Balsas Valley began to cultivate teosinte, a bushy plant that produced scrawny clusters of tough, nut-like seeds, subsequently domesticating it over thousands of years to produce what is now known as maize (Zea mays subsp. mays). Yet, even before maize had been fully domesticated in the Balsas Valley, early cultivars were being shared and traded throughout Central America and well into South America. The Balsas, in other words, set the domestication process going, and it not only continued locally but also independently in places as far-flung as the Amazon. The contemporary result is a wide variety of domesticated maize grown all over the Americas, reaching as far north as Canada. Alongside this veritable cornucopia, Neolithic Americans also cultivated and domesticated beans, squash, pumpkin, potatoes, sweet potatoes, chillies and tomatoes, among other species.

It’s important to underscore that plant domestication is not a simple linear event but something that arises from a complex interplay of local environmental conditions, larger scale climate effects, and population sizes and pressures, as well as culture. It also undeniably requires the local availability of plant species amenable to cultivation and then domestication. Then there is the ever-present matter of benefit versus cost. As Dorian Fuller and colleagues pointed out in the journal Trends in Ecology and Evolution in 2021, the shift towards plant domestication involves ‘initial costs of malnutrition, disease and labor traps that lock humans into dependency on agriculture’. In the context of food-sourcing traditions that were working well, the advantages of crop plant domestication would not have outweighed either the effort or the risk.

This brings us to the issue of Australia. There is a wealth of evidence that Australia’s First Peoples engaged in purposeful modification and management of the landscape – such as through traditional burning practices – to encourage the growth of certain plant species and discourage others, and foster the presence of animals in certain areas for hunting. There is also emerging evidence that Indigenous Australians engaged in plant cultivation in places, entailing the collection of seeds or tubers, then sowing and harvesting the plants. Precisely how long ago this began, how widespread it was, and whether any groups lived in year-round settlements practising intensive cultivation is the matter of continued study and debate.

Yet when it comes to plant domestication, Australia seems to be an outlier. None of the world’s current crop plants were domesticated in Australia. It could be that, for many and varied reasons such as those mentioned above, Indigenous Australians never domesticated any crop plants. However, Michael Purugganan cautions that just because such crops do not currently exist, it doesn’t mean this was always the case. ‘There are examples around the world where people domesticated something and then dropped it,’ he says. ‘So maybe they did manage to domesticate something, but then abandoned it for some reason.’ At this point, it can’t be ruled out. Moreover, it has been argued, quite fairly, that research on Aboriginal food production systems in Australia has historically received little attention and funding. As such, this area has been profoundly under-researched. As more research in this space is funded, especially collaborations involving Australia’s traditional owners, it will be interesting to see a more detailed picture come into view.

For now, this leaves us with at least two dozen distinct centres of origin of domesticated plant species, some arising in the same region, others separated by mountain ranges, continental expanses, vast seas or entire oceans. Yet, over and over, the domestication process changed seeds in astonishingly similar ways.

For one thing, seeds got bigger. As domestication played out, the endosperm – that package of nutrients meant for the plant embryo – often increased in size. There is an argument to be made that the first farmers would have preferred plants with larger grains and therefore selected for this trait. However, it looks as though early farmers were just favouring larger plants in general, and that larger seeds came with those larger plants. Either way, crop yields improved with such selections. In a 2017 study, plant ecologist Catherine Preece, plant biologist Colin Osborne and their colleagues at the University of Sheffield in the United Kingdom grew domesticated crops of barley, einkorn wheat, emmer wheat, oat, rye, chickpea, lentil and pea, alongside the wild progenitors of each species. They found that, compared to the wild relatives, the domesticated crops had 90 per cent greater seed mass and 40 per cent greater plant size, but 38 per cent less chaff or pod material. The overall result was a 50 per cent higher yield. Seed size increases have also been documented in domesticated mung-bean, soybean and horsegram legumes. In another 2017 study, Colin Osborne and colleagues showed that domesticated varieties of seven vegetable crops, including beets, carrots and potatoes, produce seeds that are 20–250 per cent larger than their closest wild relatives. Yes, potato plants do indeed produce seeds, although they are rarely used in propagation. This makes the study’s findings even more interesting because although domesticated potatoes largely have been propagated for millennia by tubers or cuttings, the seeds got bigger anyway.

Probably the most profound change, and something now considered to be a key hallmark of plant domestication, was the loss of seed dispersal. That’s a pretty big deal, because it represents the rapid loss of a hard-won survival mechanism in plants. To recap: plants spent millions and millions of years evolving increasingly sophisticated ways of physically moving their populations across the landscape, finally arriving at a wildly successful solution in the form of seeds, whose key party trick is that they can be released from the parent plant and travel – via wind, water or animal – anywhere from a few centimetres to thousands of kilometres. This natural seed dispersal was so successful that it ultimately enabled plants to inhabit most of the dry land on the planet. Then, beginning just 12,000 years ago, Neolithic humans come along and start cultivating a few plants, and pretty soon seed dispersal is one of the first traits to get chucked in the proverbial bin. This didn’t just happen once but time and time again.

The ancestors of cereal and legume crops possessed a trait called ‘shattering’, which is still observed in many wild relatives of crops today. It works like this: when the plant reaches maturity and the seeds are ripe, the seed heads release the seeds, or in the case of seed pods they break open. In cereals, the grains – which are really just seeds encased in a thin husk – are enclosed in spikelets attached to a central stem called a rachis. When wild cereals reach maturity, this rachis becomes fragile and breaks, releasing the seed-carrying spike-lets to go where they may. But in domesticated cereals, the rachis is tough and does not release the spikelets. In domesticated legumes, seed pods no longer break open with enough force to disperse the seeds inside, or they might not even open at all. The archaeological record reveals that numerous crops, particularly those grown in arid climates, gradually became ‘non-shattering’ over the course of a few thousand years. To use the examples of wheat and barley, people in the Fertile Crescent began cultivating wild cereals around 12,000 years ago, but by 8000 years ago these wild cereals had been largely replaced by non-shattering cereals. Rye and oats followed suit to become non-shattering crops by around 4000 years ago. The same thing happened with rice and maize crops.

Michael Purugganan says it’s likely that early farmers were not consciously selecting the non-shattering trait. Instead, it was probably a beneficial by-product of the tools they were using. ‘The loss of seed dispersal, the shattering trait that drops off, it seems to have appeared in coincidence with the rise of the use of sickles or harvest knives,’ he tells me. ‘You can imagine that if you were a farmer and you cut the stem and if the seed fell off, you wouldn’t gather the seed. So, unconsciously, when you were using sickles, those seeds that managed to stay on the stem were the ones you used to propagate the next generation.’ Yet, in West Africa, rice was often harvested by swinging a deep basket through the tops of the plants. This practice, which continues in many places today, favoured plants that retained the shattering trait. It was a slight weighting of the evolutionary die that, when cast again and again over a few thousand years, led to the gradual loss of seed dispersal. Many fruit crops, it should be noted, lost seed dispersal too, albeit in a different way. Because the megafauna of the Pleistocene had largely vanished by the Neolithic, many fruit trees lost their primary animal dispersers. Moreover, the more controlled setting of agriculture – namely, farmers armed with pointy weaponry – would have discouraged dispersers that had not gone extinct.

Domestication also hampered seeds’ ability to disperse forwards through time, says Purugganan. Loss of seed dormancy is another distinguishing feature of domesticated crop plants, one that recurred in a wide variety of crops all around the world. Dormancy is simply the blocking of germination, and the domestication process somehow weakened this block, allowing germination to occur faster and under less stringent conditions. It seems that gradual, microscopic changes in seed structure played a big part in what happened.

In 2017, archaeobotanists Dorian Fuller and Charlene Murphy at University College London published the results of an interesting experiment. Horsegram is a legume that was domesticated in India during the late Neolithic. To understand precisely how horsegram seeds changed during domestication, the researchers analysed twelve horsegram seeds recovered from archaeological sites in southern India, spanning a date range from 2000 BCE to 500 CE. For this, they got a little help from something a lot more modern, namely a synchrotron, which is a football field–sized particle accelerator that flings electrons around a central ring at almost the speed of light. The laws of physics being what they are, speeding electrons would much prefer to follow a straight path, but a series of powerful magnets force them to follow the path of a circle. In order to take the curve, the electrons release energy in the form of X-rays which are captured and funnelled towards an experimental station. There, each of the ancient seeds was positioned and rotated, while thousands of microsecond-length exposures were recorded. This procedure, called X-ray tomography, produces high-resolution 3D images of very, very small things. Fuller and Murphy were able to show that over the course of 2500 years of domestication, the seed coats gradually became thinner. We’re talking an average loss of around 1 or 2 micrometres of thickness every thousand years. That’s all it took to weaken the seed coat, making it more prone to be affected by environmental conditions, especially the presence of water.

The loss of dormancy was likely an unconscious selection, too, says Purugganan, explaining that it ‘occurred when humans essentially developed this new environment called the farm’. For crop seeds, this more controlled environment meant that tough seed coats were no longer essential to species survival, and for seeds that had previously relied on animal ingestion for dispersal and germination, a tough coat was no longer required to endure the abuses of the digestive tract. Farmers were also favouring varieties that sprouted regularly each year over varieties that lay dormant for long periods of time. Reduced seed dormancy led to more frequent and predictable harvests.

‘I think domestication is a really cool process,’ Purugganan tells me. ‘Humans took plants from the wild, and by just nurturing them and bringing them into their gardens and farms and orchards, [they] really changed the evolution of these species to become the crops that we now use for our survival.’ For plants, though, domestication was – and still is – a risky co-dependency. After millennia of cultivation, many crop species now had weaker seeds and were almost entirely reliant on humans for seed dispersal.

*

Nikolai Vavilov was one of the first people to appreciate just how truly diverse are the world’s crop species, and how precarious that diversity is. Be it from a crop plant or a wild relative, Vavilov knew each seed was a valuable genetic resource uniquely shaped by the weft and warp of shifting climates, ecosystems, pathogens and, for domesticated species, human cultivation. There were genes to be discovered in these seeds. There were genes for heat tolerance and drought tolerance, genes that allowed a plant to thrive at high altitudes or low, to endure in cool weather or survive excessive rain. There were genes of resistance, to rusts and rots, to spots and blights, each like a thread of gold that could be found if you knew just where to look, yet far more valuable because you cannot eat gold and you certainly can’t grow it.

Vavilov began one of his earliest plant collections while working in England. He took it with him on the way home at the outbreak of World War I, but the merchant steamer on which he was travelling accidentally struck a British mine. Vavilov survived, but his collection did not. Undaunted, he began again. He kept learning languages, too, and was rumoured to have been fluent in at least fifteen, so he could learn the minutest idiosyncrasies of the plants he encountered, and ask, wherever he went, if he could have a few seeds. With the help and generosity of farmers and villagers across five continents, he collected and catalogued seeds of maize in Mexico, barley in Ethiopia, sunflowers from the Hopi mesas of Arizona, wild onions in Tajikistan, wild olives in Lebanon, native wheat in Syria, radishes in Japan, quinoa in Peru, wild quinine in the Andes, hemp seeds and peas in Morocco, soyabeans in Korea, seeds of millet in China and rye in India. He collected rice seeds all over Asia and grains of wild wheat wherever he could find it. His expeditions often resulted in the collection of thousands of samples, all of which were sent back to Russia to be meticulously catalogued and stored. On the night Vavilov fell between the train cars, he was transporting home a huge collection of wheat varieties unique to Afghanistan.

Vavilov was not the first to save seeds, of course. That had been standard practice since plant cultivation first began. But he was the first to do it on such a grand scale. By the late 1930s, he had overseen the establishment of the first global plant genebank in Leningrad, comprising around 200,000 seeds from all over the world. As the collection was growing, two more major famines swept through the region. The first of these devastated Russia in 1921. This was followed by an even larger scale famine in the Soviet Union in 1932. Millions starved, then millions more. Vavilov and his colleagues at the genebank understood all too well the grave threat that food insecurity presented. They knew, too, just how valuable this new resource was and how genetic studies of all those different species might just reveal the precious genes the world’s farmers needed. They were willing to give their lives to defend this idea. And in the end, many of them did.

Trouble first arrived in the form of a man named Trofim Lysenko and his baffling – and ultimately dangerous – ideas about seed germination. Lysenko had risen to prominence on the back of reports that he had found a new way to boost annual crop yields by not only planting winter crops in autumn to be harvested in spring, but also planting winter crops again in spring to generate a second harvest. Seedlings of winter wheat need several weeks of winter temperatures to thrive and reproduce, so this second crop season should have been impossible, but Lysenko claimed that just soaking the seeds in some cold water or packing germinating seedlings in snow for a few days was enough to fool the plants into growing well and producing a bountiful harvest. Moreover, he claimed that subsequent generations would also produce high yields. And so, with the USSR facing food shortages, along comes this plucky upstart from a peasant background to quickly solve the nation’s biggest problem. He seemed the very embodiment of Soviet grit and resourcefulness and was welcomed by government officials and agronomists alike.

At first, Vavilov was intrigued and he agreed to mentor Lysenko, but it wasn’t long before Vavilov began to smell a rat. When he tried to reproduce Lysenko’s findings, nothing worked. As Vavilov began to publicly criticise Lysenko’s work, Lysenko fired back. He became an outspoken critic of genetics, calling it, among other things, ‘an anti-people field of science’, and dismissing the idea that ‘a substance of heredity’ could possibly exist. In his view, DNA and genes were pure fantasy.

‘The emerging ideology of Lysenkoism was effectively a jumble of pseudoscience, based predominantly on his rejection of Mendelian genetics and everything else that underpinned Vavilov’s science,’ wrote University of Queensland plant scientists Ian Godwin and Yuri Trusov in The Conversation. Instead, Lysenko believed that crop plants could acquire new fundamental traits in their lifetimes if merely exposed to the right environment, and that these new traits could then be passed down to subsequent generations. It was an idea that meshed well with the prevailing Soviet ideology: just replace ‘crop plants’ with ‘citizens’ and you get the idea. That complex plant traits could be coaxed into existence within the confines of a single generation was, of course, bunk. ‘None of this could be backed up by solid evidence,’ say Godwin and Trusov. ‘His experiments were not repeatable, nor could his theories claim overwhelming consensus among other scientists. But Lysenko had the ear of the one man who counted most in the USSR: Joseph Stalin.’

As Lysenko’s duplicitous star rose, Vavilov fell from favour. The entire science of genetics, along with anyone who subscribed to it, was twisted by Lysenko and his supporters into something to be seen as bourgeois, capitalist and therefore anti-Soviet. Vavilov was in turns dismayed and furious, and he did not go quietly. But although Vavilov continued to speak out against Lysenko and his policies, Lysenko’s influence at the highest levels of government only grew. His disastrous ideas directly contributed to the large-scale impairment of Soviet agriculture. People who had been forced onto collective farms by the thousands were now required to use Lysenko’s useless farming techniques. It took only the slightest environmental nudge for everything to fall apart. Crops failed and the ensuing famine in 1932 led to the deaths of millions. Yet Stalin, and by extension Lysenko, remained in power, while Vavilov and his colleagues in plant genetics were vilified.

By 1940, a new war in Western Europe was gaining momentum. These were the early days of what would become known as World War II, but the Soviets weren’t in the fray just yet. For a few years the Molotov–Ribbentrop Pact remained in force, a tenuous agreement of non-aggression between the USSR and Nazi Germany. While Anglo–Soviet relations had never been rosy, this had the effect of turning Britain and the USSR into formal adversaries – sort of enemies-in-law, if you will. Lysenko, scenting blood, seized the opportunity to finally rid himself of his rival. In an impassioned speech at the Kremlin, he was quick to frame genetics was a Western ‘bourgeois’ science, and that those who studied it were ‘saboteurs’. It’s said that Stalin himself stood and applauded. In that bewildering moment, genetics became the domain of traitors. On 6 August 1940, Nikolai Ivanovich Vavilov was arrested on the false charges of spying and sabotage and was sent to prison to await execution by firing squad. One could only hope, as a small mercy, that he did not learn what was about to happen to his seed collection.

As it came to pass, the pact between Stalin and Hitler evaporated in June 1941 when the Nazis marched into Soviet territory. By September they had reached Leningrad, but meeting heavy resistance, the Germans were unable to take the city outright, so they settled in for one of the deadliest sieges in modern history. With the city surrounded, food supplies dwindled, as did fuel for heating. All told, the siege lasted 872 days and spanned three Russian winters, with temperatures sometimes reaching as low as −40°C. Thousands died, at first from shelling and then from hunger and cold. And there, in the middle of it all, lay the All-Union Institute of Plant Industry, and in it, Vavilov’s seed collection.

According to a historical account written by Russian plant geneticist Igor Loskutov, more than thirty scientists died due to artillery fire in the early days of the siege. Some staff were able to escape Leningrad and managed to smuggle out whatever they could carry. But most of the collection could not be evacuated, so a small group of researchers remained behind to protect it. Days became months and months became years and still they stayed, working in shifts as they defended the seeds from rats, looters and the elements, which easily breached the damaged building. And while they went hungry, they refused to consume any of the seeds. They knew this collection contained the genetic history of crops and the future of agriculture. Before their friend and colleague Vavilov had been taken away, he had declared: ‘We shall go into the pyre, we shall burn, but we shall not retreat from our convictions.’ For their convictions, the researchers stayed the course. And so it was, in the presence of wheat, corn, rice, peas and more, that at least nine scientists starved to death.

Vavilov was never formally executed, but this, when all was said and done, was merely a technicality, a murderous trick of paperwork. While his colleagues endured the Siege of Leningrad, he was transferred to another prison where food was withheld and where it seems he, too, succumbed to starvation.

The facility where Loskutov now works was once the All-Union Institute of Plant Industry, but it is now named the N.I. Vavilov Institute of Plant Genetic Resources – in a city that itself was renamed from Leningrad to St Petersburg. The institute’s renaming is a sign of how, in time, Vavilov’s name was cleared and the importance of his accomplishments was recognised, as were those of his colleagues who had died or been exiled.

And as for the seeds, they’re still there. There are even some in packets marked with Vavilov’s own handwriting. It’s a good thing, too, because just as Vavilov predicted, we’re going to need all that genetic diversity. The future of our food security depends on it.


CHAPTER 7

Towards zero hunger

One day in 1803, although no one knows exactly which day, the human population reached one billion. It had taken our species a few hundred thousand years to arrive at that number. From there, it took just 115 years or so to double it. By 1960 we had reached three billion. Then, in just over fifty years, we hit four billion, then five billion, six billion, seven billion. That last milestone was reached on 31 October 2011.

The number of people on the planet is now fast approaching eight billion, and a recent study in the British medical journal Lancet projects we’ll peak at just shy of ten billion in the year 2064. Of course, some economists wonder if the global dip in births caused by the COVID-19 pandemic might mean that the worldwide population will max out at a slightly lower figure, bringing a population inflection forward by several years. In any case, a lot more people are coming to the global dinner table, so we’re going to need a lot more food.

According to a 2018 report by the World Resources Institute, there’s a substantial shortfall between the amount of food currently produced and the amount of food we’ll need to feed all the newcomers: 7400 trillion calories to be exact. Put another way, we’re going to need to produce around 50–60 per cent more food. And the thing is, we’re not even feeding everyone adequately now. Make no mistake, we’re doing far better than we were a few decades ago. Between 1970 and 2015, undernourishment in developing countries declined from nearly 35 per cent of the population to 12.9 per cent, according to Our World in Data. And the global prevalence of hunger fell from 13.3 per cent in the year 2000 to 8.8 per cent in 2017. These are good trends, obviously. But that still leaves a lot of people who are hungry and undernourished.

It is for this reason that, in 2015, the United Nations set among its Global Goals for Sustainable Development an ambitious target of ‘Zero Hunger by 2030’. Unfortunately, a recent analysis by the UN’s own Food and Agriculture Organization (FAO) suggests this target is unlikely to be met, either by 2030 or anytime soon after. The problem, the report explains, is that although hunger incrementally decreased over decades, around 2014 this steady progress ground to a halt and since then hunger has been gradually increasing. By 2019, almost 9 per cent of the global population was undernourished, equating to around 690 million people. That was before the COVID-19 pandemic, which has only served to exacerbate food insecurity. Further analysis by the FAO has revealed that the prevalence of undernourishment reached 9.9 per cent during the first year of the pandemic, meaning that roughly one in ten people in the world were not getting adequate nutrition. The FAO projects that instead of reaching zero hunger by 2030, if current trends continue, by that time there will most likely be 840 million undernourished people in the world.

For a person facing food insecurity, it’s not just a matter of acquiring sufficient daily calories but also of getting access to adequate nutrients. Food insecurity, whether caused by crop failures or wars, has an enormous impact on diet quality. Where diets narrow to the point of undernourishment and malnourishment, health problems arise – often cruelly so. It has been estimated that over 340 million children across the world are currently deficient in micronutrients. In addition, around 22 per cent of all children under the age of five suffer stunted growth. They are not just a bit shorter than the average height for their age. Rather, stunted children are more than two standard deviations below where they should be on the World Health Organization Child Growth Standards chart. Many of these same children – around forty-five million of them – are also wasted, meaning they are profoundly underweight. The impacts on health and development are devastating. The United Nations Children’s Fund estimates that nearly half of all deaths of children under age five are due to undernourishment. Although crop failures play a role in famine, malnutrition and undernourishment, there’s certainly far more to it than that. Plenty of food is produced for human consumption every year, more than enough to feed everyone in the world. Yet one-quarter to nearly one-third of that food is wasted. This happens not only in many households but at multiple points along the global food supply chain.

To be honest, the term ‘chain’ really doesn’t provide the right visual analogy here. The global food supply is a dizzyingly complex system which is impacted at local, national and international levels by myriad trade and distribution networks, government policies, the behaviour of corporations and regulatory bodies, the mercurial prices of imports and exports, and political unrest and military conflict, as well as epidemics and, indeed, pandemics. Among these factors, conflict stands out as a particularly egregious cause of food insecurity. The Famine Early Warning Systems Network (FEWS NET), which was founded in 1985 by the United States Agency for International Development, keeps a close eye on acute food insecurity throughout the world. Currently, there are four countries on FEWS NET’s ‘highest concern’ list – Yemen, South Sudan, Nigeria and Ethiopia – comprising millions of people requiring humanitarian food assistance. Each of these crises largely has been either caused or exacerbated by protracted conflicts, where fighting – sometimes inadvertently, sometimes deliberately – has disrupted food distribution or made it difficult to plant and harvest crops in the first place. Extreme weather events and other climate-related factors often serve to make matters worse, with drought in some areas or too much rain in others causing delays in planting or crop losses. When this happens, it becomes difficult for farmers to provide even small amounts of hunger relief within the greater context of war.

This brings us to the figurative and literal root of the global food supply: plants. Their diversity and availability has enormous knock-on effects that are felt throughout the world. They provide most of the food that the world consumes, trades and fights over. Moreover, plants come with some very specific conditions for growth and survival. To get an idea of the future of food security, it’s essential to understand just how much the global food supply depends on a precariously narrow range of plants.

There are around 435,000 land plant species in the world, but humans can’t eat most of them. A few years ago, scientists at the Royal Botanic Gardens, Kew embarked on a study to better understand the scope and scale of edible plants and found that there are just 7039 plant species that are fit for human consumption. There are a few mosses and lichen on the list, but the overwhelming majority are vascular plants, most of which are seed-bearing. Altogether, these edible plants come from 272 plant families, but the spread isn’t even, with many edible plants concentrated in a small number of plant families, such as palms and grasses. Cereals, after all, are grasses. We get cocoa, okra and many other foods from the mallow family. There’s also the mustard family, which includes broccoli, cauliflower and, of course, mustard. The daisy family gives us 251 edible plants including lettuces, sunflower seeds and artichokes. Top prize goes to the pea family, which presents us with around 625 edible species.

Of course, what humans can eat and what we actually do eat are two very different things. According to the aforementioned researchers at Kew, of those 7039 edible plants, only 417 are food crops – that’s just 5.9 per cent. Furthermore, only around 250 plant species have been fully domesticated since agriculture became all the rage back in the Neolithic. Today, 90 per cent of humanity’s caloric intake comes from only fifteen crop plants, with just three – wheat, rice and maize – accounting for around half of our calories globally. As far as bottlenecks go, that’s a doozy.

We can see this reflected in seed production. Some projections suggest the global crop seed market could reach more than US$80 billion by 2025 and will continue to grow with demand. In line with our global caloric dependency, wheat, rice and maize account for around half of global seed production. Seed production plays a critical role in the global food supply. After all, most crops rely on seeds for propagation. Seed supply is itself complex and extensive, full of trade networks and a bewildering level of international distribution. In a recent statement from the International Seed Federation, an industry organisation of seed producers, its secretary-general, Michael Keller, explained, ‘Today there is no country that could fully supply farmers with seeds of their choice solely from their own production.’ In other words, every crop-growing country depends to some extent on seeds from somewhere else. And so, at any point in time, including as you’re reading this right now, shipments of seeds are crossing borders, oceans and continents. It is, effectively, human-mediated seed dispersal on a global scale. Producing such large amounts of seeds across many different parts of the world mitigates the risk of crop failures in any one location, but it still entails a reliance on a mere handful of plant species, and this makes us extremely vulnerable to food insecurity, especially in the face of a changing climate.

So, how did we end up here?

*

Beginning around 12,000 years ago, humans narrowed their dietary diversity, gradually shifting from numerous wild, edible plants to a dependence on a much smaller number of domesticated species, and much of this took place during the relatively stable climate of the Neolithic. Nevertheless, even among that narrow cache of domesticated plants, there was still a reasonable amount of genetic diversity thanks to the many and varied locally adapted species.

For farmers, this came with benefits, explains Charlotte Lusty, who is the head of programs and genebank platform coordinator at Crop Trust, an international organisation that aims to preserve crop biodiversity. ‘If it was too hot, some varieties would die. If there was a fungus, only some of the individuals would be affected,’ she tells me. So, too, with drought, frost or flooding, says Lusty. ‘There would always be an individual there who would be resistant.’ Farmers recognised that diversity brought resilience, she adds. ‘They didn’t want uniformity because it was risky.’

Of course, the plants didn’t all flower and fruit at the same time, which is a problem if you want to harvest everything all at once. If that was the aim, then planting a field with a monoculture of a more bountiful variety of wheat, for example, provided some advantages, enabling both high yield and mass production – undeniably useful for feeding a lot of people at once as populations began to rise. There appeared to be a trade-off: you could mitigate the risk of crop failure with higher plant diversity and make do with lower yields, or you could reduce plant diversity for a shot at bigger harvests and wear the higher risk that came with that. Neither was ideal for a burgeoning global population, and by the middle of the 20th century it seemed agriculture would soon reach a breaking point.

Back in the 1950s, when the global population was fast approaching three billion, there were many grim projections about the capacity of agriculture to keep up with the demand for food. Those concerns were well founded. Even before the start of World War II, the global population was veering ever upwards, but it was after the war that birth rates really took off. By 1950, in addition to the famed postwar ‘baby boom’ in places like the United States, the United Kingdom and Australia, the world’s most populous countries – China and India – began experiencing an exponential population boom that would ultimately see the addition of billions more humans before the turn of the millennium. But the food supply wasn’t keeping pace. By the early 1960s, global cereal crop production was around 750 million tonnes per annum, which was not enough to feed the coming influx. At the time, it seemed there was no way to avert a global famine. Bleak predictions warned that ‘hundreds of millions’ would starve within the space of a generation. Yet, this never happened. What changed? Well, weirdly enough, our crops got shorter.

Recall that plants spend a lot of time divvying up and redirecting resources – nutrients, carbohydrates, water. Reproduction, especially seed growth, is resource-intensive, so when the time comes, the plant directs much of its resources that way. But it can only sacrifice so much because the rest of the plant still needs energy to grow and live. Plants, of course, have many different traits, and the maintenance of those traits require energy input: maybe it’s a thorny defence mechanism or a particularly showy flower, or it might be the upkeep of a hard, woody trunk or the endless molecular negotiations between root cells and soil microbes. For plants that grow tall, there’s a lot of quiet work involved in stem growth, including all the plumbing and structural support that ensures the plant doesn’t topple under its own weight. For long-stemmed cereal grasses, like wheat, rice and maize, it’s not good to be both tall and top-heavy. Yet, the top is where the grains grow, all those endosperm-filled seeds that sustain us. And so it was that humans had cultivated cereal plants that grew tall but which, in being tall, had limits on the quantity of grains they could produce without the plant buckling under its own weight. This problem, which plant breeders and farmers call ‘lodging’, makes harvesting very difficult and leads to substantial crop waste. So, even though the first half of the 20th century had seen the development of industrial processes that enabled large-scale fertiliser production, just throwing a whole bunch of fertiliser on the world’s cereal crops wasn’t helping as much as hoped. It turned out that high-fertiliser regimes cause cereals to grow too quickly, leading to weak stems, which made the lodging problem worse. In a sense, the real problem, and the source of all those fears of global famine, was gravity.

The solution began to reveal itself in Japan in 1935 when a plant breeder by the name of Gonjiro Inazuka took a short-strawed native Japanese wheat called Daruma and crossbred it with high-yielding varieties of American wheat. The result was a new wheat variety called Norin-10. Not long after World War II, Orville Vogel, a plant breeder at Washington State University, acquired samples of Norin-10 and used them to develop a high-yielding dwarf variety of winter wheat. This was good progress, but it wasn’t of much use to farmers in warmer climates. Then, in the early 1950s, some of Vogel’s new lines were sent to Norman Borlaug, who was breeding rust-resistant wheat at what would later become the International Maize and Wheat Improvement Center in Mexico. Intrigued by Vogel’s new wheat variety, Borlaug began crossing it with Mexican varieties that grew well in the local climate. His work led to the first high-yielding semi-dwarf wheat that grew well in tropical and subtropical climates. It had short, strong stems and produced large numbers of tillers, which are the protrusions on which the wheat heads grow. It not only produced more wheat heads, but each head also produced more individual grains than before.

Though neither Inazuka, Vogel or Borlaug knew it at the time, the success of this venture hinged on the presence of Rht genes which had been passed down from the Japanese Daruma wheat. It’s now known these genes reduce a growing plant’s response to gibberellins, those very same hormones involved in seed development and germination. The presence of Rht genes resulted in wheat with shorter, stronger stalks yet far more grains. Importantly, this wheat didn’t ‘lodge’. Moreover, while Borlaug’s new wheat variety also grew in warm climates, because it did not require exposure to cold temperatures in order to flower and produce grains, farmers could produce two crops each year instead of one. Borlaug shared his wheat with countries in Central America, South America and South-East Asia and, as a result, crop yields went through the proverbial roof. In Mexico alone, grain production doubled within seven years.

Meanwhile, a similar story was unfolding in rice breeding. In the 1960s, production of domesticated O. sativa was averaging around 4 tonnes per hectare, but this was not keeping pace with demand. Again, the key to success lay in interfering with gibberellins. In rice, it all started with a Chinese variety of dwarf indica rice, Dee-geowoo-gen. It turns out that Dee-geo-woo-gen possessed a mutation in a gene called sd1. Normally, sd1 plays an important role in the production of gibberellins in plant cells. Mutations in sd1 can throw a spanner in the works and the plants don’t produce enough gibberellins to grow tall. Dee-geo-woo-gen was used by plant breeders to create shorter, stronger, yet high-yielding varieties of rice, and these went on to be the basis of numerous commercial varieties grown in the tropics and subtropics, as well as in temperate areas.

Another advancement came not long after the first semi-dwarf rice varieties were bred. Chinese agricultural scientist Yuan Longping discovered that heterosis, or hybrid vigour, was possible in rice. It’s a phenomenon in which the offspring of two very different plant parents are much more robust and productive than either parent. This had been researched and exploited in other crops, such as corn, but it was not thought possible in rice until Longping’s discovery. Achieving heterosis was tricky at a large scale because, unlike those other crops, rice is self-pollinating. The tiny flowers have the male and female parts so close together that it’s essentially impossible to pollinate an entire field of rice plants with pollen from another variety. But Longping was determined – he had seen first-hand people dying of starvation during the Great Chinese Famine in the early 1960s, and he wanted to make sure nothing like that ever happened again. He searched for years for a rare mutant that would make cross-pollination possible, and in 1970 he finally found one on an island off China’s southern coast, in a strain of wild rice. A mutation had rendered it unable to make its own pollen, but the female reproductive structures were working just fine. Without that rice’s own pollen to get in the way, large-scale hybridisation suddenly became a lot more feasible. Longping and his colleagues used this as the basis of a breeding system that led to the extensive production of new, high-yield, hybrid rice varieties that displayed hybrid vigour. The result was a 20 per cent increase in annual rice production, which has had an enormous impact on global food security.

The arrival of high-yielding dwarf cereals in the 1960s, 1970s and 1980s ushered in a world of cereal crops that not only produced more grains but were also structurally more amenable to mechanised harvesting, making large-scale cultivation easier. This era in agriculture has been called the Green Revolution because it resulted in global food production that kept up with, and even exceeded, the demands of a swelling population of humans, as well as a growing population of livestock used for dairy and meat production. It irrevocably changed farming, and the surface of the planet along with it.

*

In 2019, global data analysts Max Roser and Hannah Ritchie at Oxford University used data from FAO to put modern-day global farming in context. Only 29 per cent of Earth is dry land – the remaining 71 per cent is ocean, which is famously terrible for the farming of land plants and animals. In a mathematical coincidence, just 71 per cent of land is considered habitable. Everything else is either a glacier or any number of largely barren environments such as deserts, salt flats, hard rocky terrains, sandy beaches or perilously volcanic areas. The summit of Mount Everest is also pretty useless for crop production, as are the bottom of most deep caves. Of the 104 million square kilometres of habitable land, around 37 per cent is forest and 11 per cent is shrubland. Just 1 per cent of habitable land consists of lakes and rivers, and around 1 per cent is urban or otherwise built-up with human developments and infrastructure. The point is that everything else – 50 per cent of the available habitable land on Earth – is currently used for agriculture. Just under one-quarter of this is used for farming crops for human consumption. The remainder, around 40 million square kilometres, which is roughly 30 per cent of the ice-free surface of Earth, is used for livestock grazing or the production of crops to feed livestock. In fact, 33 per cent of all crop land on Earth is dedicated to feeding livestock.

The overwhelming majority of the food humans eat comes from plants, specifically from the nutrient- and carbohydrate-rich endosperm within seeds. As Harvard botanist William ‘Ned’ Friedman once told Science magazine’s Elizabeth Pennisi, ‘You take endosperm off the table, and you have fern fiddleheads and not much more [to eat] … Even a grain-fed cow is really processed endosperm.’

The Green Revolution provided the world with a lot of endosperm, both that which feeds us directly and that which feeds the animals that then feed us. But it was not without cost. The associated crop intensification also involved a stark rise in the use of fertilisers and pesticides, and it required far more freshwater resources than ever before. Farmers were understandably encouraged to grow the newer, high-yielding, more profitable crops. But as the Kew State of the World’s Plants and Fungi 2020 report explains, as a result, many farmers stopped producing local cereal crops, which were more genetically diverse. A major problem with this is that, especially in resource-poor regions of the world, those genetically diverse crops had been a really great source of important micronutrients.

Although cereal varieties with higher grain yield may provide more calories, they don’t necessarily provide more nutrients. In fact, nutrient levels per grain have decreased since the 1960s. That’s not all we’ve lost. As the Kew report also points out, as plant breeding focused on traits like short stature and high yield, ‘retaining genes that conferred these favoured traits resulted in other genes being lost, such as those that made plants better able to tolerate varied environmental conditions’.

That’s a big problem because environments are now changing quite a lot.


CHAPTER 8

Our changing climate

It is early spring and I step outside to stand in a patch of warm sunshine. The gusts of wind are cool, however, and the palm trees, with their huge green fronds, appear to dance and sway. Beyond them the sky is cloudless and perfectly blue – there seems to be no end to it. On bright afternoons like this, it is easy to forget just how close the darkness of outer space truly is. Our enormous atmosphere, as any astronaut will attest (and many have), is little more than a thin blue line between our planet and the hostile expanse of outer space. It is all that keeps us alive.

There is an analogy making the rounds, and it’s a fairly accurate one, which proposes this: if you take an apple and imagine for a moment that it represents Earth, then the thickness of that apple’s skin in relation to the rest of the apple is roughly proportional to the thickness of Earth’s atmosphere in relation to the planet itself. Our atmosphere is a lot smaller and far more delicate than it seems. Yet, we are inflicting a staggering amount of damage.

‘We are adding roughly 40 billion metric tons of CO2 pollution to the atmosphere per year,’ said Pieter Tans, a senior scientist at the National Oceanic and Atmospheric Association (NOAA), in an announcement by the organisation in June 2021. ‘That is a mountain of carbon that we dig up out of the Earth, burn, and release into the atmosphere as CO2 – year after year.’ In that same announcement, the NOAA revealed that atmospheric CO2 measured at its Mauna Loa, Hawaii, observatory had just peaked at a record high of 419 parts per million – this was despite an entire year of lockdowns and transport disruptions brought about by the COVID-19 pandemic. We have now reached a point where atmospheric CO2 concentrations haven’t been this high since the Pliocene well over four million years ago.

As these emissions continue to rise, so too will Earth’s temperature. That’s because anthropogenic emissions of greenhouse gases, including CO2 but also nitrous oxide and methane, accumulate in the upper atmosphere where they trap heat radiating off Earth’s surface, preventing it from dissipating into outer space. According to the 2020 Global Climate Report by the NOAA, ‘the global annual temperature has increased at an average rate of 0.08°C (0.14°F) per decade since 1880 and over twice that rate (+0.18°C / +0.32°F) since 1981’. The seven warmest years on NOAA’s records have occurred since 2014. As it stands, the average global temperature is now just over 1°C higher than pre-industrial temperatures. The Intergovernmental Panel on Climate Change currently anticipates that, based on our current trajectory, the global temperature average will likely reach a 1.5°C rise over pre-industrial temperatures by 2052 at the latest, and this may even occur as early as 2030.

Rising temperatures increase the likelihood of severe weather events. As the University of Queensland’s Andrew Borrell explained in 2017 in The Conversation:


As temperatures rise, rainfall patterns change. Increased heat also leads to greater evaporation and surface drying, which further intensifies and prolongs droughts. A warmer atmosphere can also hold more water – about 7 per cent more water vapour for every 1°C increase in temperature. This ultimately results in storms with more intense rainfall.


This is already happening, he goes on to say: ‘A review of rainfall patterns shows changes in the amount of rainfall everywhere.’

Rising temperatures are also contributing to something that could be seen as a global circulatory problem. The heat we get from the sun is terribly uneven on any given day and in any given season, largely due to the planet slowly orbiting the sun while rotating on a tilted axis. Oceanic circulation patterns play an important role in climate regulation by distributing that heat, providing a buffer from extreme weather events. Massive oceanic gyres made up of long-range currents provide this service by acting as large conveyor belts carrying warm water from the tropics to the poles and carrying cool water back again. They are further aided by a support cast of thousands of smaller currents and eddies. When made visible with heat-sensitive imaging, they can be seen to flow and spiral across the oceans in a way that very much resembles the swirling sky in Van Gogh’s Starry Night. They are beautiful and far more fragile than many of us realise. Ocean and air temperatures play important roles in the integrity of these circulation patterns, and even small temperature increases can lead to perturbations and slowdowns that ultimately undermine all that useful energy distribution. The weakening of these currents and gyres – and there is evidence that this is already underway – leaves life in the oceans and on land in an increasingly vulnerable situation.

*

All organisms have boundaries within which they can survive, and even narrower limits within which they can thrive. Plants are no exception. High temperatures and periods of excessive heat can affect a plant’s ability to successfully complete its full life cycle, especially the reproduction stage.

Take photosynthesis, the process upon which almost all life on Earth depends in one way or another. Photosynthesis is an exquisitely heat-sensitive physiological process. At its most fundamental level, it comprises a series of chemical reactions involving proteins, cell membranes and the transport of molecules, which only function properly within a moderate temperature range. As temperatures rise, the entire process becomes less efficient. The enzyme Rubisco has often been called the most important enzyme in the world because it carries out the central task of converting CO2 into sugar during photosynthesis. This is high praise indeed, especially considering just how sloppy it is at its job. Even under ideal temperatures, Rubisco will accidentally grab an oxygen molecule (O2) instead of a CO2 molecule around 20 per cent of the time. As temperatures rise and molecules move more quickly, Rubisco makes this mistake more often. Even under ideal conditions Rubisco is hampered by sugar molecules that get stuck its molecular machinery, so it relies on a helper enzyme to clear them away. It turns out that this enzyme, called Rubisco activase, is particularly heat-sensitive and has trouble functioning as temperatures rise. As Rubisco activase shuts down during heat-stress, so too does Rubisco and, by extension, the plant’s ability to photosynthesise.

Individual plants cannot scurry out of the hot sun in search of shade or a cool drink, even if such things were available nearby. Instead, plant populations in warmer climates evolved a variety of ways to mitigate heat stress. Some varied their leaf shape, angle, quantity or colour. Some found ways to produce more cellular structures for respiration or more-efficient mechanisms for water uptake and circulation. Some species became more sensitive to light, enabling them to grow better in shade. Many species used a variety of such approaches in order to keep functioning. Because of this, plants vary somewhat in their upper-temperature limits – but there is always a limit. So, too, with the evolution of drought- and flood-tolerance mechanisms. Plants, by and large, did not evolve to live long term at the extremes. Physics always has the last word.

Rising temperatures and an increasing incidence of extreme weather events present a problem for all plants, whether they are in the largest of forests, the smallest of wild glades, or in a crop field. Many crops are especially vulnerable to climate change. Most varieties of rice, wheat, barley and maize are susceptible to drought stress. There is also ample evidence that even short periods of high temperatures disrupt seed development in cereals, which in turn reduces seed quality and yield. When such seeds are used for planting the next crop, they are less likely to germinate. Even if they do germinate, they do so more slowly than healthy seeds and the resulting seedlings are more likely to fail.

Of course, to predict the impact this will have on the world’s food supply, and to respond appropriately, it’s important to realise that climate change is manifesting in many different ways. I’m told this by Mariana Yazbek, the genebank manager at the International Center for Agricultural Research in the Dry Areas in Lebanon. ‘When we talk about climate change, we’re talking about a series of different variations of the conditions in different parts of the world. So it’s not going to be drier everywhere, it’s not going to be wetter everywhere, it’s not going to be hotter everywhere,’ she tells me. In the Middle East it is indeed getting hotter, with temperatures predicted to rise by as much as 2–4°C, she says. ‘We’re talking about drier seasons and we’re talking about also unpredictable rainy seasons. In this part of the world we have a rainy season that’s three, four, five months [long]. Now it’s becoming completely unpredictable and we’re starting to see that.’ The rainfall is also becoming more intense, causing severe flooding. Such extreme rainfall events bring major cities to a standstill and devastate crops in the region, crops that may be drought-susceptible but aren’t fond of being submerged, either.

Extreme rainfall events are a problem even for crops that usually like a lot of water for growth, says Deepak Ray, a senior scientist at the University of Minnesota’s Institute on the Environment. ‘So rice, we think that it loves water, but if you have too little of it or if you have too much of it, it dies,’ he tells me. Rice plants are very sensitive plants that require water yet have a water tolerance limit, he says. While there are a number of flood-tolerant rice varieties, many still struggle if flooding lingers for days or weeks on end. The problem is that a great deal of the world’s rice is grown in tropical regions, precisely where more intense wet weather is ramping up, from increased rainfall to stronger typhoons.

Plants weakened by environmental stressors also have more trouble defending themselves against pathogens and pests. While some of these threats are themselves struggling with climate change, a number of them are getting a boost, especially in places where the conditions are becoming warmer and wetter.

The impact of climate change on global food security isn’t just a future scenario. It’s already here. According to Ray and his colleagues, it has been happening for a number of years now. In a recent study published in the journal PLOS One, they examined global crop productivity for ten crops that supply most of the world’s calories: wheat, rice, maize, barley, soybeans, sorghum, cassava, sugarcane, rapeseed and oil palm. Specifically, they analysed how yields varied in response to temperature and precipitation. With decades of data gathered from all around the world, they were able to get an idea of what kind of crop yields to expect under different weather conditions. Then they did a counterfactual analysis, in which they predicted what crop yields would look like if average weather patterns seen prior to 1974 had simply continued. They then compared that with actual global crop yields. They found that, while in some parts of the world crop production increased at a slightly better rate than the historical average, in most places it was worse, amounting to a global shortfall of around thirty-five trillion calories compared to what it could have been.

Ray clarifies that crop yields are still rising gradually each year, but ‘it could have been steeper’. He says that, due to climate change, ‘something got shaved off. If you had a historical climate – no change – then we would have received that thirty-five trillion calories.’

Meanwhile, we really need to double global crop production. Michael Purugganan explains that, although global crop yields are currently increasing incrementally by about 1 per cent a year, ‘the problem is to meet our population growth, we have to increase our yield 2 per cent a year, so we have that gap that we are struggling to meet if we’re to feed the world by the end of the century or at least to when the population stabilises’. That puts us in a precarious situation. ‘What people don’t seem to understand’, Purugganan tells me, ‘is that our ability to secure our food supply is an existential issue for humans. We’re one or two really bad harvest years away from a large-scale food security issue.’ By this, he clarifies, he means widespread malnutrition and famine.

We’re now dependent on a very small number of crop species. This isn’t good for global nutrition, and those crops are susceptible to climate change. ‘I think there’s a general understanding that the Green Revolution was a lifesaver,’ says Charlotte Lusty. ‘It underpins civilisation as we know it.’ But it involved a trade-off. ‘Before the dwarf varieties that came out as part of the Green Revolution … there was a lot of diversity out in farmer’s fields, and there were different approaches to agriculture with less fertiliser, pesticides and machinery involved,’ she tells me. It’s becoming increasingly important to breed climate-resistant crops, but Lusty notes that there is not going to be a one-size-fits-all solution. ‘It’s not going to be possible just to develop a climate-resilient variety of wheat,’ she says. Instead, resilience needs to be built into the whole food system. ‘I think there’s a very clear need to ensure that food systems are diversified.’

Breeders are already working on this, says Mariana Yazbek. ‘They are [breeding] varieties that are heat tolerant, that can withstand higher temperatures and still produce, that can withstand lower water availability,’ she says, adding that they are searching for a variety of useful traits. ‘But sometimes, they don’t find that trait [in] the material they’re working with.’ And therein lies the rub. You can’t just pull traits out of thin air – they need to come from somewhere. A plant with the desired trait could have one or more genes that simply aren’t present in the crop variety the breeder wants to improve, or it might have variations in the same genes, or just different combinations of the same genes. It’s like Lego, says Yazbek, explaining that you can build many different things by using the same basic components in different combinations.

Where do you find these traits and the genetic differences that underpin them? ‘Crop wild relatives’ are a good place to look, says Yazbek, precisely because whatever big climatic changes are coming, there are species out there that have been through it before. ‘We have the wild relatives with all the diversity, all the adaptation, all the richness that survived millions of years, and which we know has the potential to save us,’ she tells me. ‘We know they’ve been through a lot, so if it was a few degrees hotter, [a] few degrees cooler, more water, less water, they have been through that!’

But didn’t uniquely acclimated species die out when conditions changed over time? Not all of them, says Yazbek. In the same way that future climate change will manifest differently in different parts of the world, so too did past climate change. The ice age ended but there are still glacial areas. Global warm periods rose and fell over many millennia but we still have tropical forests. On an even smaller scale, there are microclimates that persisted and enabled some plant species to survive. A species that enjoyed widespread territory during a past climate might now be found on the eastern side of a small hill in Lebanon, says Yazbek. ‘They’re very old and they’re there.’

Crop wild relatives are full of useful genes that evolved under environmental pressures over vast periods of time. They have a wealth of genetic diversity that is going to be very useful to plant breeders, so it will be critical to find and preserve as many crop wild relatives as possible. You never know precisely which plant is going to have that winning combination of genetic Lego. But time is of the essence because, while they might have survived this long, many crop wild relatives are now under threat. According to Bioversity International, habitat degradation is straining the natural distribution of these species. As agricultural land and urban centres expand, small hotspots of plant diversity are disappearing. For example, a 2020 study published in the journal PNAS examined 600 crop wild relatives native to the United States. Their findings indicated that 28 per cent of those species may be vulnerable, around 50 per cent may be endangered, and 7.1 per cent are likely to be critically endangered.

Genetic erosion is not just a threat to wild biodiversity. Traditional crop landraces are also threatened. These are the local domesticated crop varieties that were developed by our ancestors over thousands of years, says Yazbek, explaining that ‘they have been passing [these crops] from generation to generation, every farmer adding a little bit, making decisions influenced by the environment’. Like crop wild relatives, landraces are a rich source of biodiversity, too, she says. Heat-tolerant, drought-tolerant, flood-tolerant and pest-tolerant landraces could prove to be immensely valuable in the years ahead. The problem is that many of them have vanished from farmers’ fields since the Green Revolution.

But there is good news – they weren’t lost entirely. The Green Revolution came about because people went out looking for useful plant traits that could help stave off widespread famine, says Lusty. From the 1960s to the 1980s, many botanists and breeders around the world went out into the fields and collected seeds, she tells me. ‘[They] were all kind of following in the footsteps of Vavilov. They all went collecting in areas that have since become much more intensified in agriculture and they brought together quite large collections that were the basis of developing improved varieties.’

Remarkably, these collections still exist, hundreds of thousands of seeds, decades old. Since then, scientists have continued in this vein, searching for and preserving traditional crops, collecting their seeds as well as the seeds of crop wild relatives and many other edible plants that are now at risk of disappearing. And it’s not just crops: there is an entire world of plant biodiversity that needs saving. The seed hunters are out there right now, on a hillside in Lebanon, scaling a cliffside in Hawaii, or trekking along a dry riverbed in Australia’s Top End.

The question, of course, is where does one put millions of years of evolution? That’s a lot of genes to save. The answer is that you do what Nikolai Ivanovich Vavilov did. You build a botanical ark – actually, not just one, but many.



PART IV

THE GENEBANKS
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CHAPTER 9

An arctic fortress

There is a rumour that it is illegal to die in Longyearbyen, an intriguing law for any town, much less one located in a part of the world where polar bears outnumber people. Longyearbyen sits at the edge of an icy, mountainous fjord in the Norwegian archipelago of Svalbard, which is itself well within the Arctic Circle and little more than 1000 kilometres shy of the North Pole. There are no towns further north than Longyearbyen, not anywhere in the world. It is, as one might expect, a cold and isolated place. Every year in the final days of October, the sun’s disc sinks below the horizon and does not rise again – not even a little – until mid-February. The formal name for this is the polar night, but on Svalbard they call it mørketiden, the time of darkness. Svalbard is, by all accounts, a wild and raw place, and brutal. But, they say, it is also beautiful – eerily so in the depths of mørketiden when the aurora borealis dances in the sky.

It is unsurprising to learn that life on Svalbard can be challenging. There are avalanches to be wary of and, more often, the pernicious creep of frostbite, and one must be ever watchful for those polar bears – it’s said that a wise person does not venture from town without a rifle, and preferably a flare gun, too. But despite the many ways one could meet one’s end on Svalbard, the truth of the matter is that it is not illegal to die there. It is simply illegal to be buried. A deep layer of permafrost – permanently frozen ground – permeates the archipelago. Not so long ago, locals discovered that it prevents buried bodies from decomposing, and with this came the realisation that graveyards could act as reservoirs of well-preserved pathogens, a particularly unsettling thought given that the Longyearbyen cemetery contains the graves of eleven people who died from Spanish flu in 1918. It’s not easy to spook the kind of people who choose to live at the end of the world, but this did. It was agreed that burials were a mistake best not repeated.

No trees grow on Svalbard, as they simply cannot take root in the permafrost. What little that does grow there is small and scraggly, and is often covered in snow. But this wasn’t always the case. Once upon a time, around 380 million years ago, Svalbard sat at the equator and was covered in some of Earth’s very first forests. Svalbard’s fossils tell a story of lycopods – giant, vascular club mosses reaching up to 4 metres in height – growing in dense clusters. They grew and decayed, then grew and decayed some more. On and on this went, as they captured atmospheric CO2 for millions of years. The layers of these forests accumulated, compacted and, as Svalbard fractured and drifted ever north, they turned into coal.

By the 1980s, Longyearbyen had been a coalmining town for many years. Visitors weren’t all that common in Svalbard then, and crop scientists were an even rarer species. So what came to pass on 14 November 1984 was unusual indeed. On that day, in the early darkness of mørketiden, a team of crop scientists from the Nordic Genebank in Sweden arrived. Accompanied by employees from the local mining company, they drove 3 kilometres west of town until they reached the north side of Platåfjellet, one of the enormous mountains that loom over Longyearbyen, a behemoth of sandstone, coal seams, claystone and permafrost. Carrying several wooden crates, the team made their way up the slope to Coal Mine No. 3. They ventured 200 metres into the shaft, until they reached a narrow transverse passage that had once enabled miners to move from one shaft to another. Once there, the wooden crates were placed in a steel shipping container which was then sealed shut. Temperature readings were taken: the air temp was −3.6°C, the rock surface temperature −3.7°C, courtesy of their location deep within the mountain’s permafrost layer. This was the entire point of the exercise. The scientists needed those boxes to remain cold for as long as possible: decades at least, maybe even centuries, without the need for electricity. For them, Platåfjellet was now effectively an enormous off-grid refrigeration unit. And those boxes? They contained seeds.

Specifically, those seeds were duplicates of the crop seed collection back in Sweden. The idea was that each of the seeds stored here would serve as a kind of organic backup file should anything happen to the primary collection. The experiment in Coal Mine No. 3 would ultimately inspire the creation of a purpose-built facility that would back up not just the Nordic Genebank’s seed collection but those of the world’s crop genebanks. It was decided that this facility would be located in the cold heart of Platåfjellet, too, but it would not be a coalmine retrofit. This would be built in virgin rock. And so it was, in June 2006, that construction of the Svalbard Global Seed Vault began.

*

The Svalbard Global Seed Vault comprises three chambers, each roughly 27 metres long by 10 metres wide and 6 metres high, and accessed by a 120-metre-long cylindrical tunnel which is connected to the outside world via a singular entryway, an angular protrusion of reinforced concrete that rises out of the northern slope of Platåfjellet. Those chambers are artificially cooled to a temperature of −18°C, enabled by a local electricity source backed up with generators. That said, Platåfjellet’s permafrost provides quite a lot of refrigerative oomph in bringing the whole facility to well below zero, with the artificial system taking it the rest of the way. The permafrost then serves as further backup should the electricity and the generators both fail. Given that the entire facility is designed to last more than 1000 years, that’s not beyond the realm of possibility.

Each chamber can store 1.5 million seed samples, meaning the vault has room for 4.5 million samples in total. It’s worth noting that these samples – or ‘accessions’, as genebanks prefer to call them – are sealed, water-tight aluminium packets that each store up to 500 seeds. Some quick back-of-the-envelope maths reveals that the Svalbard Global Seed Vault could theoretically store over two billion seeds.

The primary objective of the seed vault is to serve as a fail-safe for global food security. Specifically, it functions as a backup storage centre for the world’s crop seeds and crop wild relatives by storing duplicates of the seed collections in each of the crop genebanks. While the facility was being constructed, a number of crop genebanks set to work preparing duplicates of their own seed accessions. When the vault officially opened on 28 February 2008, the event was marked by the deposit of 320,000 seed accessions from all over the world.

Åsmund Asdal is the Seed Vault coordinator at NordGen, an organisation formed in the lead-up to this event. He is in charge of the Svalbard Global Seed Vault’s operations. He explains that the vault serves exclusively as a storage facility. ‘We do not do anything with the seeds in the vault,’ Asdal tells me. ‘We don’t have any labs and we never open the sealed boxes [that contain] seeds received from depositing genebanks.’ Although NordGen is responsible for the vault’s operation, any seeds deposited in it remain under the ownership of the contributing genebank – only they can withdraw their seeds, if and when the times comes. The Svalbard Global Seed Vault itself is unstaffed and only opens its doors three times a year for scheduled deposits, or if special circumstances require it. Otherwise, there it sits, sealed and quiet. Conditions inside the vault are monitored remotely by a Norwegian government agency, which also provides year-round security; Svalbard’s polar bears provide additional security entirely free of charge.

As one might expect, the Svalbard Global Seed Vault was welcomed with open arms by the world’s genebanks. Asdal tells me there are now over 1.1 million accessions from eighty-nine genebanks around the world. The species represented include wheat, rice, barley, sorghum, maize, soybean, chickpeas, rye, oats, numerous bean species, peanuts, alfalfa and many more, not to mention many crop wild relatives. However, says Asdal, it’s not an even distribution of species. ‘Some species are represented by just one or two seed samples in the seed vault,’ he says. ‘While [for] wheat, for instance, [we] have more than 200,000 samples in the seed vault.’

Indeed, Asdal is concerned that there are a number of what he calls ‘globally underutilised crops’ which are not well represented in the vault, highlighting the need to continue collecting and storing many more species. Svalbard has room for them, he says. They have only just filled the first of the three storage chambers inside the mountain and are now beginning to store seeds in the second. ‘The estimation is that we can store 4.5 million seed samples in the vault as it is now, but if this is filled up, we will dig out one or two more chambers, but that will not happen in our time,’ he says. ‘At the moment the FAO estimates that there are around 2.2 million unique seed samples in the world’s genebanks all together … The space in the seed vault could store double this but we expect that the number of samples in the seed genebanks will increase due to breeding programs, research programs, collecting of more varieties from farmers in remote places, and also collecting seeds from crop wild relatives in nature. But there is plenty of space.’

The catch is that any seeds stored in Svalbard must be ‘orthodox’ seeds, which are those that can tolerate the drying and freezing process. Many of the world’s major crops – like cereals and legumes – produce orthodox seeds, but there are many tropical crop plants that do not. In a way this makes sense: those plants evolved in warm temperatures and high-moisture environments, so it stands to reason their seeds would not take well to drying and freezing. Such non-orthodox seeds are referred to, unflatteringly, as ‘recalcitrant’, and there are genebanks dedicated to studying and preserving them, but these seeds never make it to Svalbard.

It is a strange thing to build something one hopes to never need, but that is precisely what the Svalbard Global Seed Vault is: an unsettling manifestation of the adage ‘hope for the best but prepare for the worst’. A key feature of the latter is that the vault sits not at the base of Platåfjellet but a good way up, around 130 metres above sea level. This currently affords the entrance a sweeping view of the fjord and its cold, dark water, and also situates the vault well above the predicted worst-case scenario sea-level rise of more than 70 metres, should both the arctic and Greenland ice sheets melt.

That’s not as far-fetched an idea as one might think. As of 2021, late summer ice cover in the Arctic encompassed an area of 4.72 million square kilometres. It is a staggeringly enormous reservoir of fresh water, one that is already melting to such an extent that it is decreasing at a rate of 13 per cent per decade. This is because the Arctic region is warming at twice the rate of the rest of the world, and even Svalbard is quite literally feeling the heat. According to scientists at the Institute for Marine and Atmospheric Research at Utrecht University in the Netherlands, sometime during the mid-1980s, the glaciers on Svalbard lost most of their ‘firn’, a protective buffer of porous compressed snow, and now glacial melting outpaces snowfall. As the archipelago becomes warmer, the permafrost is becoming, well, less frosty and less permanent. This has already posed problems for the seed vault. Its construction back in the mid-2000s necessitated rock excavation and therefore disturbance of the very permafrost that made the location desirable. A protective layer of permafrost had not yet fully re-established itself when Svalbard experienced warm temperatures and heavy rainfall in 2016, and water began to seep into the access tunnel. Mercifully, that was as far as it got. The chambers remained sealed and dry, but it left the operators rattled. The event triggered a series of urgent improvements, from further waterproofing of the tunnel to the digging of drainage ditches to make sure it would never happen again.

*

The entrance to the Svalbard vault is adorned with a luminous installation by Norwegian artist Dyveke Sanne. Titled Perpetual Repercussion, it’s a hypnotic cluster of prisms, mirrors and fibre-optics that reflects sunlight in the polar summer, and during the polar night it glows with white and iridescent turquoise lights reminiscent of the aurora borealis above. Washington Post columnist Adrian Higgins once called it ‘Bauhaus meets Valhalla’, and indeed, it has become emblematic. But it is more than just beautiful. Its theme is reflection, because that is what Svalbard is meant to be – a mirror of genebank collections, but also a looking glass into which we cannot help but see the true fragility of food systems already fractured by disasters, including those of our own making.


CHAPTER 10

Seeds of war

There is something necessarily portentous about the Svalbard Global Seed Vault. It is a marvel of ingenuity, collaboration and beauty, but it also evokes a sense of unease. It is difficult to regard its image without also thinking of failed crops, widespread hunger and war.

The seed vault’s extreme security and isolation might seem like overkill, but it really isn’t. American agriculturalist Cary Fowler, who spearheaded the development of the vault, knew very well that seed genebanks can be severely damaged or even destroyed, precisely because they have been on many occasions. Sometimes, natural disasters were to blame. In 1972, a genebank in Nicaragua collapsed during a major earthquake. In 1998, Hurricane Mitch destroyed the national genebank in the Honduras, along with 70 per cent of the country’s food crops. Most of the seed collection at the National Plant Genetic Resources Laboratory in the Philippines was wiped out by a typhoon in 2006, and Thailand’s rice genebank was flooded during the 2011 monsoon season, causing the loss of some 20,000 accessions. But if the story of the Siege of Leningrad tells us anything, it’s that genebanks are especially vulnerable to the destructive force of human conflicts.

In 1980, a rice genebank in Sierra Leone was destroyed in a local conflict between security forces and workers, during which the cold-storage equipment was looted and the seeds were left to rot. During Liberia’s second civil war in the early 2000s, two major local gene-banks were looted and ruined, and several staff members were killed. In 2001, as the conflict in Afghanistan escalated, a genebank in Kabul came under threat. That seed collection was extensive, comprising numerous varieties of regional crop species, and it had taken years to establish. In response to approaching skirmishes, the collection was divided and sent to two different cities where they were hidden in private homes. But it was to no avail, as the conflict spread to these areas as well. According to reports, looters dumped the seeds and stole the containers in which they had been stored. Any seeds not ruined were now largely useless. The meticulous records on each sample were rendered meaningless.

Then there was the incident at Abu Ghraib in Iraq. This name has become notorious, now inexorably linked with the egregious human rights abuses that took place at the prison complex of that name during the Iraq War from 2003 to 2011. But as journalist Mark Schapiro recounts in his book Seeds of Resistance, Abu Ghraib once enjoyed a positive reputation. Abu Ghraib, you see, is simply the name of a district of Baghdad, a suburb of sorts, some forty minutes’ drive outside the main city. Before the war, it was a regional centre for agricultural research – there is even an indigenous variety of wheat named after it. The Iraq National Genebank was established in Abu Ghraib in the 1970s and researchers spent decades collecting crop species and crop wild relatives, building a collection of seeds representing more than 1400 varieties, many unique to the local region.

Schapiro explains that, as fighting intensified in and around Baghdad in the spring of 2003, the genebank was hit by a rocket and destroyed. Not all was lost in the explosion, however. It seems that, several years earlier, scientists at the Abu Ghraib genebank sent a box containing duplicate samples to a collaborating genebank elsewhere in the Middle East. This was referred to as a ‘black box’ seed collection, but as journalist Fred Pearce would later report in New Scientist, it was actually an old, taped-up cardboard box. What mattered, of course, were the contents: precious seeds representing hundreds of varieties of more than twenty-eight crops, ranging from wheat to chickpeas. As far as anyone knew, these were now the only copies left. As for the genebank where the seeds were sent for safekeeping, well, that was the International Center for Agricultural Research in the Dry Areas (ICARDA), and at the time it was based in Syria. You can probably see where this is heading.

The thing is, ICARDA was never really meant to be in Syria. It was established in Beirut in the late 1970s, but this was also not long after the civil war in Lebanon began. As that conflict escalated, ICARDA’s directors accepted an offer to establish a new facility in Syria, near the village of Tal Hadya, just south-west of Aleppo. It was a good set-up, complete with laboratories, offices and crop fields on nearly 1000 hectares. Over the course of nearly three decades, ICARDA worked with farmers and breeders both locally and in more than fifty other countries to improve crop cultivation in dryland temperate areas. They also conducted extensive plant-breeding research as they hunted for solutions to crop diseases, drought intolerance and other crop-related issues.

Safaa Kumari, a plant virologist at ICARDA, has for example spent decades investigating viral diseases in pulse crops. One of her key interests is faba bean necrotic yellows virus (FBNYV), a nanovirus transmitted by aphids which not only targets faba beans but also a range of other legumes, including chickpeas, lentils and peas. These legumes are a major source of protein and other nutrients in resource-poor areas, so when epidemics of FBNYV strike, the resulting crop failures have devastating consequences in terms of food insecurity and economic losses. Kumari spent years searching for faba bean varieties with resistance to FBNYV, the aim being that if such a trait existed, it could be crossbred into existing high-yield crops. As Kumari recently explained to Tarek Abd El-Galil of Al-Fanar Media, by 2009 she had found a variety that when exposed to the virus, a small fraction survived. She knew she was on to something, so she continued breeding these pathogen-resistant plants, until she at last had bred more than two dozen faba plants, all of which were resistant to FBNYV.

ICARDA researchers have also spent decades going on plant-collection missions, searching for traditional landraces and crop wild relatives. Over time, ICARDA established an enormous seed genebank, a collection of thousands and thousands of traditional landraces and crop wild relatives of wheat, barley, lentil, faba beans, grass peas, chickpeas and more. ‘It’s one of the most unique collections worldwide,’ ICARDA’s Mariana Yazbek tells me, explaining that a big reason for this is that ICARDA has a long tradition of going on collection missions in the Fertile Crescent region, as well as West Asia and North Africa. The Fertile Crescent, in fact, is right in their proverbial backyard. As the oldest known centre of origin for plant domestication, it represents one of the most precious resources of crop plant genetic diversity in the world. And so ICARDA has kept collecting, going from fields to farms, from hillside to hillside, valley to valley, village to village.

As Yazbek and her colleagues from ICARDA and NordGen recently explained in the journal Nature Plants in 2020, ICARDA ultimately amassed the largest collection of unique species from the Fertile Crescent region, ‘harbouring traits of importance for making crops more resilient in the face of climate change, pests and diseases, and adverse weather conditions’. These were rare and valuable varieties, some of them ancient, some no longer in existence outside the collection. ICARDA’s seeds, the researchers emphasised, ‘represent some of the most precious biodiversity to humanity on the planet’.

But all was not well in Syria. During the Arab Spring uprising of 2010–11, pro-democracy protests swept through much of the Arab world. In Syria, teenagers spray-painted anti-government graffiti on a wall in Dara’a, a town so ancient it is mentioned in Egyptian hieroglyphs dating to the 14th century BCE – it has witnessed many an empire rise and fall. That graffiti was a spark in a tinderbox. There was a harsh backlash by the government, followed by a public backlash to the backlash, and a full-blown conflict was soon underway. The fighting approached Aleppo in the summer of 2012, and in nearby Tal Hadya, the situation quickly deteriorated. As the skirmishes intensified, armed groups began to make raids on the ICARDA facility, stealing equipment, trucks and livestock. Then, two ICARDA staff members were kidnapped by a group of rebels. Fortunately, they were later released, but it was clear that ICARDA needed to get out, and fast.

International staff were evacuated while local staff remained behind to move research records, computers, biotechnology equipment and anything else that could be shifted, to the temporary safety of the ICARDA annex in Aleppo. As conditions grew more desperate, Safaa Kumari gathered the seeds of her FBNYV-resistant faba plants and hid them in her sister’s home in Aleppo. But the rest of ICARDA’s collection, much of which required special storage conditions involving low humidity and temperatures no higher than −18°C, posed a bigger problem. There was simply no way to move many of the seeds to Aleppo without risking their ruin. The journey to the city was now long and perilous, with nowhere to keep the seed collection safe and cold on arrival.

And as it turned out, Aleppo itself wasn’t safe at all. As journalists Nathanaël Chouraqui and Adib Chowdhury reported in The Guardian, Kumari was about to embark on a harrowing journey. While attending a research conference in Ethiopia, she received a call from her distressed mother in Aleppo: her family had just been forced by armed men to evacuate, with only a moment’s notice. Those same men now had control of the building. Kumari’s family were able to escape the city, but the seeds were still there. Those seeds represented decades of research and the first real chance to cultivate legume crops resistant to FBNYV, which could help to improve food security throughout the region and reduce reliance on pesticides. Kumari had to go back for them. As she later reported to the BBC, she made her way from Addis Ababa to Cairo, to Istanbul, then Damascus, and from there made the dangerous journey to Aleppo amid the fighting and bombings. Somehow, she made it. What’s more, she was able to talk her way into her sister’s building and discovered, to her relief, that the seeds were unscathed. She packed them up and escaped to Lebanon.

Meanwhile, in Tal Hadya, the remaining staff at ICARDA were staging an even bigger rescue mission, one that was no less dangerous. Yazbek tells me it’s important to understand that ICARDA has a long practice of making duplicates of their seed collections and sending batches of these to other genebanks for safekeeping: ‘Throughout the past thirty to forty years we have been sending copies of the collection somewhere else. When the Svalbard Global Seed Vault opened in 2008, we were one of the pioneer seedbanks to say, well, we’re sending a copy to Svalbard, as well.’ The day the seed vault officially opened, ICARDA was there with more than 30,000 accessions, ready for storage. Between 2008 and 2012 they sent more shipments to Svalbard, but war broke out well before they’d finished duplicating the whole collection, so ICARDA staff remained behind to ship as many seeds to Svalbard as they could.

It was a daunting task. As some of the staff involved later recounted to Mark Schapiro, when Tal Hadya was taken over by rebel forces, they had to source generators and fuel to provide power to the refrigerated storage facility. Then they had to negotiate with the rebels to not only leave the facility intact but also to actively protect it and keep the generators running. It just so happened there were farmers among the rebels who understood the importance of preserving seeds, so they agreed. Small mercies, indeed.

Over the next three years, ICARDA staff were able to access the genebank at Tal Hadya in order to prepare three more shipments to Svalbard. They monitored the situation in Aleppo and whenever a precious window of opportunity opened up, they moved quickly to get seeds shipped out. ‘They did an amazing job,’ says Yazbek, still marvelling at the dedication of ICARDA’s Syrian staff in the face of enormous logistical challenges and threats to their own safety. ‘It was risky, but there was a decision to just continue,’ she says. ‘They realised the importance of completing the task.’

The last shipment arrived in Svalbard in January 2014, half a world away from the war and the unfolding humanitarian crisis. All told, 116,000 seed accessions had been duplicated, roughly 83 per cent of ICARDA’s original collection. Then the security situation in Syria deteriorated to such an extent that it was no longer possible to ship anything out via Aleppo. That left nearly 14,000 seed accessions at Tal Hadya for which there were no duplicates anywhere. These remaining seeds were smuggled out via the back roads of Syria and into Lebanon and Turkey.

By September 2015, staff could no longer access the Tal Hadya facility. Remote monitoring continued until early 2017 when even this was no longer possible. At this time, no one knows what has become of the genebank at Tal Hadya, including whether it still exists at all.

*

As the Syrian civil war raged on, it was clear that no one would be going back for a long time. With scores of vital research projects underway involving collaborators around the world, as well as numerous farmers and breeders in the Middle East relying on their expertise and their seeds, ICARDA could not afford to wait. Although they had regularly sent batches of safety duplicates to other genebanks over the past few decades, there was a real concern about the viability of those backups – some of them were almost forty years old. But the seeds at Svalbard were a different story. ‘They are more fresh and they’re all in one place, or at least 82 per cent of them are in one place,’ Yazbek tells me. ‘So that’s how it happens: okay, let’s go get everything we have in Svalbard and multiply it and reconstruct the collection somewhere else.’ And so, one day in September 2015, representatives of ICARDA arrived in Longyearbyen. They had come for their seeds. This was the first withdrawal ever made from the Svalbard Global Seed Vault.

To reconstruct an entire genebank as large as ICARDA’s is no mean feat. It involves planting the seeds, growing them and collecting the new generation of seeds. ICARDA couldn’t do this just anywhere, says Yazbek. She explained that most of their seeds are ‘collected in this part of the world – the Fertile Crescent, West Asia, North Africa – and it has very particular ecological and environmental conditions. So, for the wild species in particular, you want to conserve them, you want to be able to plant them in this type of environment.’

Fortunately, ICARDA’s original headquarters in Lebanon were still there, and the close proximity to Syria meant it was possible for Syrian staff to reach it. It was decided that ICARDA would set up two hubs. The one in Lebanon would focus on crop wild relatives, as the environment in that country is ideal for growing them, Yazbek tells me. The second hub would be an entirely new facility in Morocco, which would focus on cultivated crop varieties.

ICARDA has made three major withdrawals from the seed vault since 2015, and each year for the past six years, ICARDA staff have planted between 25,000 and 33,000 seeds in the fields at the two international locations. ‘This was massive, I assure you, this was an unprecedented task,’ says Yazbek, who is leading the genebank reconstruction operation in Lebanon. ‘We had staff that didn’t take one day off during a whole year for the two years because we were all on our toes and our stomachs [were] cramped because we were so worried. What if something happens? We have almost one-fifth of our collection in the field. If you have a fire, if you have some natural disaster, if you have locusts, something. It was such a huge responsibility.’

But they were not just on the lookout for threats. This was also a unique opportunity for discovery. Had it not been for the circumstances necessitating the reconstruction of the entire genebank, ICARDA would have never planted that many different crop varieties simultaneously. According to Yazbek, it amounted to ‘a natural experiment’. She says, ‘We had twenty-five to thirty thousand samples growing in the same field at the same time. It was an experiment because [they’re] subjected to the same environment, same diseases … and they’re responding differently!’

‘This year,’ continues Yazbek, ‘we had very low temperatures and some of the samples that were growing in the field were more tolerant than others to the frost.’ In 2021, there was also an outbreak of wheat rust in a huge field full of different varieties of wild wheat. Some were highly susceptible while others were resistant, she recalls. ‘They were sitting right next to each other. One of them had this disease on it. One of them didn’t have the disease on it! It was very, very interesting. We have collected data that we have yet to fully comprehend.’

ICARDA has managed to rebuild a substantial portion of its pre-existing seed collection. Over the past few years they have been making regular deposits at Svalbard, and have also sent fresh duplicates to other genebanks to replace the old backups. There is more work ahead. More seeds are yet to be withdrawn from the original deposits at Svalbard, and then there are seeds that never made it to Svalbard. It all needs to be duplicated. Yazbek and her colleagues expect to continue their seed-duplication work for years to come. In the meantime, all that hard work has put ICARDA back on track. They are able to send samples to breeders and researchers, and to continue their own research, such as finding out which genes are enabling those crop wild relatives to be resistant to rust or frost.

Safaa Kumari is now head of the Seed Health Laboratory at ICARDA in Lebanon, where those seeds she risked her life to save have led to the development of a new variety of FBNYV-resistant faba beans with good yields. She hopes to be able to provide them to farmers within the next few years.

There are many other projects back in action, too, including one centred on a humble little legume called grass pea (Lathyrus sativus). It is high-yielding; full of nutrients, protein and fibre; drought-tolerant and flood-tolerant; doesn’t mind high salinity; most pests hate it; and apparently it tastes pretty good. Unfortunately, it contains high levels of a neurotoxin. According to Crop Trust, grass pea is harmless when consumed in small quantities but causes paralysis in adults and brain damage in children when used as a major food source for three months or more, which can happen during famine when it’s the only surviving crop. ‘So, we are breeding to reduce toxins in the crop,’ says Yazbek. A low level of toxin is simply a trait, she explains, and it’s found in some wild relatives of grass pea in ICARDA’s genebank. Yazbek and her colleagues are crossbreeding these wild relatives with cultivated grass pea to see if they can produce a safe-to-eat variety, which would be an enormous breakthrough for global food security.

Such are the possibilities contained within a few small seeds.


CHAPTER 11

Come and see, I have a room here

When Marie Noelle Ndjiondjop was a child in Cameroon, she spent every school holiday at her grandmother’s farm. ‘My grandmother was a lovely person, and she was a brilliant farmer,’ Ndjiondjop remembers fondly. ‘I was very close to her.’ She tells me how she spent hours by her grandmother’s side learning to cultivate maize, cassava, peanut, sweet potato, yams and cacao. As the school holidays came and went, she observed the cyclic rhythm of sowing and harvesting. She was still quite young when she began to wonder: where do all these plants keep coming from? One day she asked her grandmother, who answered: ‘Okay, come and see, I have a room here.’

Ndjiondjop still remembers that room. It was small and dark and smelled of sawdust. This was where cuttings of tubers were kept, such as yams and cassava. Her grandmother showed her how she cut the yams and covered them in sawdust, then packed them away for the following year. Next, she explained how she would save seeds from every harvest, how she took them to her kitchen where she laid them out to dry. When the seeds were ready, she placed them in envelopes. There was a special place for these, too. Ndjiondjop recalls another small room, so much cooler than everywhere else, that was full of these envelopes. This is how she learned the importance of saving cuttings and seeds, of treating them carefully and storing them in a special place, because they are the source of every future harvest.

There were other valuable lessons, Ndjiondjop tells me. ‘She [taught] me that the time you spend working is important,’ she says, recalling her grandmother’s words of advice: ‘You need to be passionate, you need to invest your time in something.’ Ndjiondjop didn’t know then that she would grow up to become a scientist, but that time with her grandmother had planted the seed of an idea. Today, Ndjiondjop is a plant biologist and molecular geneticist at AfricaRice, where she heads the Rice Biodiversity Center for Africa. A major part of this role, she explains, involves managing the Genetic Resources Unit, which is the seed genebank for crop species and wild relatives of African rice, Oryza glaberrima. When people talk about rice, they often think of Asia, says Ndjiondjop, ‘but there is rice in Africa, too!’ Indeed, rice is grown in nearly 75 per cent of African countries and represents a major source of calories for the entire continent. In west-central Africa, where Ndjiondjop lives, it is the primary source.

Ndjiondjop explains that Africa is the only continent where two cultivated species of rice are grown: O. sativa and O. glaberrima. The latter, she reminds me, originated in West Africa, but then sometime around the 16th century, Asian rice varieties began to arrive via explorers from abroad, and African farmers were impressed by the higher yields compared to their own local rice. Part of the reason for the difference in yield, she explains, is that the stems of O. glaberrima are weaker than those of O. sativa, which was the case even before the Green Revolution came along and produced O. sativa varieties with shorter, stronger stems. Even to this day, O. glaberrima has a problem with its stems weakening and lodging. Moreover, O. glaberrima – though domesticated – never became fully non-shattering, so it loses a lot of grains when this happens.

Yet, although the shift towards Asian rice varieties made sense in terms of yield, some farmers still preferred African rice to the introduced varieties, and many generations later they continue to farm it. Ndjiondjop decided to find out why. ‘I went and I met one of those farmers, they are in the Togo Mountains,’ she says. ‘They told me that they keep this species, they still grow it, because it is healthy. When they eat it, it [provides] the nutritional value that they expect from their food for their family. Also, when they eat it, it stays longer in their stomachs, so they don’t feel hungry very quickly.’ O. glaberrima also grows in places where Asian rice varieties simply cannot grow, such as in the uplands where irrigation is difficult and farmers rely on a single annual rainy season to get them through months-long stretches of dry weather. With its deep root system and minimal water loss, it is able to endure such conditions. Moreover, the gene variants or ‘alleles’ that confer these traits could be useful in developing new drought-tolerant crossbreeds.

Ndjiondjop is particularly interested in the way certain O. glaberrima varieties respond to disease. ‘The most damaging virus disease that we have in Africa is rice yellow mottle virus,’ she says. It can wipe out entire harvests and is a big contributor to food insecurity. Ndjiondjop has been studying rice yellow mottle virus (RYMV) and its effect on rice for more than twenty years and is delighted to report that, as a species, O. glaberrima is ‘a reservoir of resistant genes’. She and her colleagues have discovered three RYMV-resistant genes, highlighting why it’s important that traditional African landraces and crop wild relatives are preserved. The genetic resources in the AfricaRice genebank are precious to her precisely because they have the potential to help so many people.

*

The story of AfricaRice extends back to the early 1970s, when eleven West African countries created an association to focus on rice development in the region. By the 1990s its headquarters had been established in the town of M’be, which sits just outside the city of Bouaké in Côte d’Ivoire, and by 2002 the genebank facility was up and running. They built an active seed collection that was used for in-house research and for distributing seeds to breeders and other collaborators. The facility was just hitting its stride, with the collections growing nicely and regularly backed up in long-term −20°C storage, when there was an outbreak of civil unrest in Côte d’Ivoire. The conflict began near Korhogo in the country’s north and within days it had reached Bouaké and M’be.

‘I was here,’ Ndjiondjop recalls. She was working in the biotechnology laboratory, looking for disease-resistant genes. One day she was in the lab, her research progressing well, and then suddenly everything changed. ‘From one day to another I was not able to access the lab,’ she says. ‘I had to run away. I just carried my bag and I ran away.’

She tells me that the genebank manager at the time also managed to escape, like her to Benin, and brought the active collection with him. Another small mercy was that the long-term backup wasn’t in M’be at all – it had been established in Nigeria. That meant the seed collection was safe for the time being, but most of the research had stalled. The team made a brief attempt to return to the Côte d’Ivoire facility in 2004, but a deadly bombing in Bouaké made it clear that it still wasn’t safe, so in Benin they stayed. Ndjiondjop sourced whatever funding and instruments she could to re-establish her seed research program.

Time passed and the civil war in Côte d’Ivoire ended, with the ensuing peace flagging the possibility of a return to M’be. By this time, Ndjiondjop had taken over as genebank manager and she was eager to return the seed collection to the original facility, but that was now in disrepair. ‘Being the leader of rice in Africa, we had to have a facility in line with our leadership,’ says Ndjiondjop. So she secured funding for the construction of a new genebank facility in M’be. When the laboratories were ready, the refrigeration rooms were humming and the paint was dry, it was time to move the seeds into their new home. The problem then, Ndjiondjop informs me, was that transporting an entire seed collection from the temporary facility in Benin to the new facility in M’be wasn’t going to be easy.

Picture, for a moment, a map of the world. However big you have just imagined Africa to be in relation to the other continents, it is far, far bigger. Thanks to the distortion effect of most flat maps, which artificially stretch geographic entities the further from the equator they are, many of us grow up with a woefully inaccurate perception of the proportional sizes of Earth’s major landmasses. If I were to walk into my daughter’s classroom and take a pair of scissors to the world map hanging on the wall, then place my cut-out of Greenland on top of my cut-out of Africa, I might be convinced that they’re roughly the same size. But not only would I draw ire for damaging school property, I would not even come close to the truth of the matter, which is that Africa is actually about fourteen times bigger than Greenland. Indeed, it would be possible to fit into Africa the contiguous United States, as well as all of India, most of China and most of Europe, with plenty of room to spare for Japan, New Zealand and probably Indonesia, too. All of which is to point out that when you look at the distance from Benin to Côte d’Ivoire on a flat map, it might seem like they’re not all that far apart, but in fact the distance is equivalent to that between New York and Chicago.

For Ndjiondjop, it entailed a three-day journey from Benin through Togo and Ghana and then into Côte d’Ivoire, which involved multiple border crossings and all the pauses and paperwork that entails. The entire route never strayed more than 600 kilometres from the equator, so the outdoor temperature was certain to quickly compromise the integrity of the seed collection if given half a chance to do so. Which is why Ndjiondjop hired three refrigerated trucks: two to carry the seed collection and ‘one empty refrigerated truck following the collection to ensure that if one breaks down, we could quickly transfer the material to the third one’. She also arranged for a mechanic and an electrician to accompany the convoy, to make sure both the trucks and the refrigeration units ran smoothly, and she was there for the whole journey, too, to ensure her seeds made it safely to M’be – which, she is happy to report, they did.

That was just the active collection. A few years later, Ndjiondjop coordinated a similarly nerve-racking seed-transport operation for the long-term collection that had been stored in Nigeria. This venture involved refrigerated air transport in addition to ground transport, border crossings and sleepless nights. This, too, was a success, and today both the active and long-term collections are in the AfricaRice genebank in M’be, where Ndjiondjop keeps a close eye on them. But even now, she is not one to take any chances. Two backups of the long-term collection have been made, one housed at the USDA’s genebank in Fort Collins and the other in Svalbard. Before they are sent, the seeds are placed in special envelopes. Water-tight and vacuum-sealed, these envelopes are a lot more high-tech than the ones her grandmother used, but at its heart, the idea is the same.

Currently, Ndjiondjop and her colleagues are characterising and adding new accessions to the collection in M’be and conducting research that ultimately will help farmers. ‘Our centre was built in response to problems that farmers face in their field,’ says Ndjiondjop. ‘Because farmers are our beneficiaries, our end users, the purpose of our work is to really change the life of the farmer. Their problem becomes our research topic.’ She continues to hunt for pathogen-resistance traits to help mitigate crop losses, while also searching for the most nutrient-rich varieties.

The point of farming is to feed people, she says. ‘You want the rice you are giving to them to have all the nutritional value that will fill them, so when they eat that rice they will be healthy.’ As a genebank manager, Ndjiondjop believes her job is to ensure she has a large, genetically diverse collection full of traits that will make that possible.

*

AfricaRice belongs to a global network of agricultural research centres that came together with the common aims of reducing world hunger and poverty. It is called the Consultative Group on International Agricultural Research (CGIAR), and as the name suggests, there is a lot of research going on. For example, researchers in Bangladesh are helping farmers to identify and combat outbreaks of fall armyworm, a species of moth with ravenous, crop-devouring larvae. They’ve even developed a pest-identifying app that crowdsources data from farmers across the region so that infestations can be quickly tracked and headed off. Meanwhile, scientists in Colombia are breeding varieties of cassava resistant to whitefly, while seed specialists in Kenya are working to increase the presence of species of fodder trees on farms. CGIAR staff spend a great deal of time working directly with smallholder farmers to provide training and access to agricultural technology. It’s a big task, and an important one because smallholder farms, each less than 2 hectares in size, account for 90 per cent of the world’s 570 million farms and produce around one-third of the world’s food.

CGIAR also supports a partnership involving some of the world’s largest and most important genebank collections of crop species and crop wild relatives. There are eleven CGIAR genebanks in all. AfricaRice is one, so is ICARDA. There is also the International Rice Research Institute, which holds more than 132,000 accessions of rice, from traditional landraces and wild relatives to emerging hybrid varieties, making it the largest collection of rice biodiversity in the world. Meanwhile, in Mexico, the International Maize and Wheat Improvement Center hosts a genebank containing a vast number of wheat varieties, as well as the world’s largest collection of maize seeds. Maize originated in Central America, after all, and that is where the greatest diversity of maize landraces and wild varieties still exist. In a similar vein, it makes sense that the biggest genebank housing potato biodiversity is in South America, at the International Potato Center, the headquarters of which are in Lima, Peru. Across the border in Colombia is another CGIAR genebank: the International Center for Tropical Agriculture. If it’s beans you’re interested in, this is where to go because they have almost 38,000 varieties stored there, from faba beans and kidney beans to the incredibly rare Phaseolus albicarminus beans which are only found on a few mountain slopes in southern Costa Rica.

India is home to ICRISAT, the International Crops Research Institute for the Semi-Arid Tropics, which houses thousands of accessions of chickpea, pigeon pea, sorghum, ground nuts and a substantial variety of millets in its central genebank just outside Hyderabad. In recent years, ICRISAT has also established additional genebanks in Niger, Zimbabwe and Kenya. There is the World Agroforestry genebank in Kenya, which focuses on tree crop species. The International Livestock Research Institute in Ethiopia stores the seeds of over 1000 species of forage plants, while the genebank at the International Institute of Tropical Agriculture in Nigeria stores seeds and plant tissue from important crops in sub-Saharan Africa, including cowpea, soybean, maize, cassava, plantain, banana and yam.

These CGIAR genebanks hold more than 760,000 distinct accessions of crop and tree species from around the world. Indeed, many CGIAR collections can be traced to plant-collection missions as far back as the 1960s, and there has been a lot of change in political and ecological landscapes since then. Boundaries have changed and so have many habitats. There are species in genebanks that are now extinct in the wild, and even the species that have thrived are no longer quite the same as they were.

‘Collection is an ongoing process,’ says ICARDA’s Mariana Yazbek. ‘We are nowhere near “Okay, we’re fine! We’ve conserved everything!”,’ she says. There are many crop species and crop wild relatives that have not yet been collected. Moreover, she notes, ‘Even if you have collected something thirty years ago, now, it’s thirty years later, it’s a different thing, it’s not the same thing anymore. It’s been changing.’

Charlotte Lusty of Crop Trust agrees. She tells me that, depending on when it was collected, a genebank accession is ‘a snapshot of that particular crop at that particular time’. Crop Trust was established by CGIAR and the FAO to help secure and distribute funding to major global genebanks. ‘We realised that it wasn’t going to be easy to fund all of the different kinds of storage facilities that there were, but at least it would be possible to save the biggest collections,’ she says, explaining that, after many years of struggling to fund the genebanks, the FAO and the CGIAR set up the endowment fund ‘to finance the most important global collections.’

As for the nature of the CGIAR genebanks, some of the genetic material is stored in the form of plant tissue, which is the case for most tubers such as potatoes and potato relatives. However, the majority of the stored genetic material takes the form of seed collections. About two-thirds of the accessions stored in the Svalbard Global Seed Vault come from CGIAR genebanks, but the idea here is not to just store the seeds away in anticipation of catastrophe. Long-term backups are critical, but the active collections are – as the name suggests – where all the action happens. They serve as a direct resource for researchers, plant breeders and farmers, with CGIAR genebanks distributing tens of thousands of accessions annually to users in over 100 countries. As such, the genebanks are always being expanded, managed, shared and replenished. Furthermore, all those accessions must be characterised, conditions monitored, and collections checked and double-checked. And as both Yazbek and Lusty point out, there is always more collecting to do, always more traits and alleles to explore.

At present there are over 1750 formally established crop genebanks operating around the world, Lusty tells me. ‘There are probably genebanks in every country,’ which makes sense, she adds, ‘because there are always locally adapted varieties and local needs.’ Most of these genebanks operate under the International Treaty on Plant Genetic Resources for Food and Agriculture, which she says was set up as a way to make sure landraces and varieties of key staple crops could be shared. There are also general guidelines for how these genebanks function so that there’s consistency in the way seeds are harvested, prepared, stored and transferred.

To find one of the largest crop seed collections in the world outside Svalbard, you just need to head to the Rocky Mountains in Colorado, not far from the Wyoming border. There, between the eastern foothills of the Rockies and the vast expanse of prairie grasslands, you will come to the mid-western town of Fort Collins. I’m told it’s a nice place to go if you are fond of craft beer and good views, and it’s so quintessentially American that it helped inspire Disneyland’s ‘Main Street, USA’. Fort Collins is also the location of the US Department of Agriculture’s National Laboratory for Genetic Resources Preservation, referred to earlier in this book. This is where you can find the National Plant Germplasm System which houses more than 600,000 accessions, mostly seeds. Christina Walters, who manages the collection, says there are somewhere between 1000 and 3000 seeds in each accession, which means the facility is in possession of a few billion seeds, and counting. Roughly, it equates to about 10 per cent of the global plant genebank accessions. It’s a lot of diversity, and much of it is ‘active’, meaning researchers and plant breeders can request samples. As such, the centre distributes somewhere around 250,000 samples each year. Walters once likened it to an ‘eBay of genetic resources’.

Walters also appreciates the architectural design of the building in which the enormous, refrigerated genebank is housed. With its long, vaulted roofs and small windows, it gives off a kind of Noah’s Ark vibe, or at least the version of Noah’s Ark as imagined by 19thcentury artists who almost unfailingly rendered the storied vessel as more barn-like than seaworthy. That said, the parallels evoke an interesting idea: what was the biblical story of the ark, or indeed the older, strikingly similar tale in Babylonian lore, if not an ancient concept of a genebank?

*

Plants have learned numerous ways to adapt to different habitats, climates, diseases and other environmental pressures over time, and that knowledge is written in their genes. We can’t let what has been learned be unlearned says Charlotte Lusty. ‘Why would you throw knowledge away? You wouldn’t! You would make sure it was stored somewhere.’

Take any one seed and you will hold in your hand the product of millions of years of evolution, and, for a crop seed, the additional effects of thousands of years of human intervention. That seed’s genetic code can tell a story of past climates, adaptations and biological mechanisms we don’t yet fully understand. There might be genes for more efficient photosynthesis that fumbled their way into existence millions of years ago. Alleles for deep roots may have emerged as a molecular counterpoise to some bygone epoch of drought. A sea rises and in time recedes, leaving genetic echoes in the form of salinity tolerance.

Plants have always pushed the boundaries of what’s possible. That’s how they got started, after all, with a foot – so to speak – in both the world of water and the world of dry land. All the while, they’ve been very good at repurposing existing genes to suit new needs, or breaking those genes down and making new ones from the spare parts. Occasionally, the act of survival is simply a matter of allowing a once-useful but now obstructive gene to slide, one mutation at a time, into obsolescence. Such is the evolutionary gamble, a vast and patient exercise in combinations played out on timescales with few analogies on Earth, but which can be discerned more readily in the stars.

There is a galaxy called Messier 83, which is also known, more cheerfully, as the Southern Pinwheel. It is a spiral galaxy, much like our own, and it’s located fifteen million light years away. This means that the light now reaching us here on Earth began its journey fifteen million years ago, which was roughly when the genus Oryza evolved. From that first Oryza followed the evolution of all known species of wild rice, and, with some added pressure from Neolithic humans, it culminated in domesticated rice. A recent study of O. sativa revealed that the long, starlit path to its evolution involved the fine-tuned repurposing of genes, as well as some wholesale building of new genes from bits of old genes. Most intriguingly, it seems that the evolution of O. sativa also involved the birth of at least 175 entirely new genes from non-coding ‘junk’ DNA just in the last few million years. Such is the unique genetic story contained within one seed of one crop species, and this is why genebank scientists have a long history of going to extraordinary lengths to find and save seeds. Further, they know it’s worth it because they’ve seen the real-world impact of seed genebanks time and time again.

Back in the 1960s, for example, the International Rice Research Institute (IRRI) began training agricultural scientists in Cambodia as part of efforts to support the country’s burgeoning rice sector. Back then, in the early days of the Green Revolution, Cambodia’s rice production was on the rise, rice yields were in surplus, and the country had become one of the world’s major rice exporters. But as conflict escalated in the region and the country not only became embroiled in the Vietnam War but also saw the outbreak of its own civil war, rice production plummeted. The Khmer Rouge took power in 1975 and enacted a brutal regime of large-scale population resettlements, mass executions and disastrous agricultural initiatives, such as the construction – by forced labour – of thousands of kilometres of poorly designed irrigation canals, dams and reservoirs. The misguided pursuit of improved rice yields decimated what remained of Cambodia’s rice production and ushered in one of the worst famines in the country’s history. Many of those who were not killed by violence faced disease and starvation. By the late 1970s, food shortages were so bad that whatever rice seeds could be found were eaten, including the last grains of Cambodia’s traditional rice varieties. By the time the Khmer Rouge fell from power in 1979, millions of Cambodians had died and there was nothing left to plant.

Nothing can undo something so horrific, but IRRI was at least able to help rebuild Cambodia’s food system. In December 1972, while the civil war was underway but before the Khmer Rouge had seized power, IRRI scientists went out to Cambodian farms and collected thousands of rice samples representing hundreds of traditional rice varieties. These were then stored at the IRRI genebank in the Philippines. In the 1980s, IRRI returned to Cambodia to repatriate more than 760 traditional rice varieties that had been lost. Today, Cambodian rice production is doing well, but like all rice producers they are in need of varieties that can better withstand extreme weather events, pests and diseases while producing enough to feed a growing population. To this end, breeding research is underway, and IRRI’s genebank is playing a significant role in this as a valuable genetic diversity resource.

There are other stories, including one that has recently emerged from Rwanda, which shows how the genetic resources found in seed genebanks might be used to improve human health.

Anaemia most often arises from a profound deficiency in iron, which is a major problem because iron is integral to the function of red blood cells. Healthy blood cells contain a special protein called haemoglobin which is able to carry a ‘haem’ molecule. Thanks to the iron atom at the centre of this haem, it is able to bind oxygen in parts of the body where oxygen levels are high, specifically the lungs, and release that oxygen where it’s needed elsewhere in the body. Around two-thirds of the body’s iron is found in the blood – in fact, it’s responsible for blood’s red colour. Iron is also crucial to a long list of other essential functions in the body, from cognitive processes to the ability to make new blood cells, so when iron levels dip too low, a lot can go wrong. The most pronounced effect of anaemia occurs when blood cells can no longer transport oxygen properly. According to a recent review in the medical journal Lancet, there were 1.2 billion cases of iron deficiency anaemia in 2016 alone, making it a leading contributor to the global disease burden.

In Rwanda, 19 per cent of women of reproductive age have iron deficiency anaemia. Rwanda also happens to have the highest percapita consumption of beans in the world, up to 66 kilograms per person per year, so researchers at the International Center for Tropical Agriculture (CIAT) saw an opportunity. Since the 1970s, CIAT had been amassing the world’s largest collection of beans. Searching the conserved accessions, the researchers found native American beans with high iron levels. These were unlikely to grow well in Rwanda’s tropical climate, so breeders crossed them with other species that do. In doing this, they produced a new variety of beans that was high in iron and grew well in Rwanda. CIAT researcher Mercy Lung’hao and her colleagues recently conducted an eighteen-week trial in which these iron-rich beans were included in the diets of a cohort of iron-deficient women. The series of studies, published in the Journal of Nutrition, showed that participants who received the hybrid beans experienced an increase in blood-ferritin levels as well as a reduction in anaemia symptoms.

Next, we come to millets, which are both interesting and rather underappreciated. Millets were among the first grains to be domesticated and were a dietary mainstay from the Indian subcontinent to the Korean peninsula for thousands of years. Gradually they fell out of favour, especially as rice and wheat production boomed during the Green Revolution. But, as befits the story of a steadfast underdog, millets may turn out to be precisely what the world needs. Not only are they full of nutrients, fibre and protein, but they are also impressively stress-tolerant. ICRISAT has been collecting and storing millet seeds for decades, including a number of varieties which are now endangered. Meanwhile, staff at ICRISAT’s genebanks have been steadily characterising their millet accessions, identifying those with the highest nutrient content and finding some other very useful traits along the way, such as resistance to drought, blast fungus and parasitic Striga weed. As promising accessions are being incorporated into breeding programs, agronomists and nutritionists are working with smallholder farmers across India – many of whom are women – to reintroduce millets, particularly in areas where malnutrition is rife. In addition to supplying high-nutrient varieties bred for local conditions, they’re also providing training in millet cultivation and seed production, as well as cooking demonstrations to increase the popularity of millets. It seems to be working: yields have gone up, smallholder incomes have improved, and a lot more millet is being consumed.

*

In 1936, the remarkable but ill-fated Russian botanist Nikolai Vavilov embarked on one of his final plant-collecting journeys. Though Vavilov and Trofim Lysenko were not yet at odds, Vavilov was already on uncertain ground. He had been forbidden from leaving the USSR, so he went as far as political boundaries would allow, into what was then Soviet Central Asia. They focused on hunting for crop species in Turkmenistan, Uzbekistan, Kazakhstan, and likely Tadjikistan, too, because Vavilov was reportedly fascinated by the rich diversity of flowering plants there. A picture was taken during this time that shows Vavilov walking along a bright mountain path, nonetheless dressed in shirtsleeves and a tie, his trademark fedora shading his eyes. There is another photo of him standing smiling beside a small passenger plane, not far from the Aral Sea. He seemed, if not happy, then at least content and in his element. At some point during these months, some of the team ventured further south-east into what is now Pakistan. While there they collected a number of local wheat landraces and returned with them to Russia. The seeds were catalogued and stored at the institute in Leningrad, becoming part of the collection that staff members died to protect during the siege of that city by the Nazis. Today, they are part of the seedbank at the N.I. Vavilov All Russian Institute of Plant Genetic Resources (VIR) in what is now called St Petersburg.

The seeds Vavilov collected on his journeys provided the foundation for the vast crop species collection at the institute named in his honour, which has since expanded to around 350,000 seed accessions. More than 38,000 of these are varieties of wheat. Lee Hickey, a plant breeder and crop geneticist at the University of Queensland, has been collaborating with scientists at the VIR for some years now and also building a mirror collection of the Vavilov wheat ‘panel’ in Australia. So far, he’s been able to duplicate around 300 of the Vavilov wheat lines, and he plans to keep going because genetic diversity is already proving incredibly useful for protecting modern-day wheat crops from disease or drought. Hickey is steadily analysing the genomes of those old wheat landraces, and while this work is turning up some interesting information, he cautions that when it comes to crop traits, genome information on its own doesn’t reveal as much as he’d like. You can’t necessarily predict the phenotype of wheat from the genotype, he tells me, meaning that you can’t deduce all of a plant’s traits just by perusing a list of its genes. Hickey tells me that the genomes of crop species are incredibly complex, with vast amounts of interactions between genes constantly in play.

As it happens, it’s often the meticulous notes kept by Vavilov and others that provide useful hints: the location where the seed was collected, the habitat, the features of the landscape – such information increases the odds of finding a trait of interest. Hickey gives the example of stripe rust. ‘Stripe rust prefers cooler environments, so you look for stripe-rust resistance in plants found in higher altitudes,’ he says. ‘You can narrow down regions of the world where you’d expect there to be natural variation for this trait.’

One of the traits Hickey is particularly interested in is resistance to yellow spot, a fungal disease caused by Pyrenophora tritici-repentis. It’s the number-one wheat disease in Australia, he tells me. It’s particularly nasty because the fungus has figured out how to weaponise the plant’s own defence mechanisms. When the plant detects a pathogen infection in some of its cells, it will kill those cells, sacrificing them for the greater good. For pathogens that need living plant tissue in order to survive, the game is over, but P. tritici-repentis happens to really like dead plant tissue, says Hickey. As the pathogen spreads, necrosis continues until the plant is unable to produce healthy grain. Sometimes the entire plant dies. The disease earned its name because as the infection spreads, the leaves become covered with yellowy blotches of dead tissue. Yellow spot reduces yields and has contributed to the increased use of fungicides in Australia. It also costs the national wheat industry more than $200 million annually.

As Hickey and his colleagues were working through the Vavilov wheat panel, they came across that traditional wheat landrace from Pakistan, the one collected in 1936. It turned out to be resistant to yellow spot. Curiously, a genetic analysis revealed the presence of a gene called Tsn1, which is known to make wheat more sensitive to yellow spot, not less. Yet, the trait studies were clear: adult plants did just fine in the presence of the fungus. Further investigation revealed a collection of genes and genomic regions that appeared to confer disease resistance, which just goes to show that deciphering the mysteries of wheat genetics can turn up all sorts of surprises. In the case of this Vavilov accession from Pakistan, it seems the presence of Tsn1 doesn’t matter so much as a whole cast of other genes all interacting just so.

Hickey tells me that he and his fellow researchers were able to ‘back-cross’ the trait, by which he simply means they took a few varieties of high-quality, high-yield modern wheat and bred them with Vavilov’s landrace from Pakistan. Metaphorically, it’s sort of like teaching new dogs an old trick, but in reality, breeding an old trait – or any trait really – into a new plant takes a lot of time and patience. It requires various attempts at crossbreeding, and multiple generations, to get the trait of interest to show up where you want it to. Fortunately, it just so happens that Hickey and his team have been honing a new technique. It’s called speed breeding and, as the name suggests, it hustles things along. By exposing the plants to certain wavelengths of light for longer hours, the researchers are able to trigger early flowering. This won’t work out in the field on a large scale, but in the tightly controlled environmental conditions of a specially designed greenhouse, it works a treat. Using this approach, breeders can reduce the timescale of breeding experiments by months or even years. In the case of yellow spot, a new line of modern high-quality wheat resistant to the disease was quickly produced.

Hickey is hopeful that incorporating this trait into Australian wheat varieties will have the effect of boosting wheat yields while reducing the reliance on fungicides. And to think it was just sitting there in a packet of seeds collected more than eighty years ago. Vavilov was right all along.


CHAPTER 12

Of jaguars and hummingbirds

In 1987, German botanist Eberhard Fischer was exploring East Africa’s Great Rift Valley when he encountered something he had never seen before. The Great Rift Valley, it must be noted, is a vast system of ancient geologic rifts that remains a hotspot of tectonic activity. It has active volcanoes, earthquakes and – more pleasantly – geothermal hot springs. One day, Fischer found himself crouching by the edge of the Mashyuza hot spring in Rwanda’s Bugarama Valley, regarding the smallest waterlily he had ever laid eyes on. Fischer knew that waterlilies come in a variety of sizes. The largest, Victoria amazonica, produces flowers some 40 centimetres across and lily pads up to 3 metres in diameter that will support the weight of an adult human or a few small children willing to sit still. Most waterlilies are more modestly sized. Yet, here was this impossibly small thing, with tiny floating leaves and a flower scarcely bigger than Fischer’s fingertip. If that weren’t remarkable enough, it was growing in hot water. The colour was curious, too. At its centre, the flower contained a cluster of bright lemon-hued stamen surrounded by a crown of brilliant white petals. The petals of African waterlilies, Fischer knew, are only rarely bright white. Blues, purples and pinks are more common. Intrigued, he collected specimens. Not long after, he formally confirmed the discovery of an entirely new species of waterlily, although arguably the locals who frequented the hot springs had known about it for ages. Fischer called it Nymphaea thermarum, the smallest waterlily in the world and the only one known to grow in a hot spring environment.

In the years that followed, Fischer and others searched for N. thermarum in hot springs up and down the Great Rift Valley, from Uganda to Tanzania, but they found none. The species seemed to exist only in Rwanda, and there only in the heated shallows of the Mashyuza spring, where it endured until a severe drought arrived in 1998. Rwanda has a population roughly one-third the size of Canada’s, all living on a land area smaller than that of Hawaii, and after two years of this drought, most of the nation’s crops were failing. It was in this context that the water from the Mashyuza spring was diverted into nearby fields for irrigation, and the original population of N. thermarum died off. Some seeds must have floated into the nearby fields of rice and sweet potato, and for a time a few tenacious waterlilies grew there, but eventually the water was diverted yet again and N. thermarum disappeared altogether. Just thirty years after its scientific debut, this extraordinary little waterlily was declared extinct in the wild.

High in the Ko‘olau Mountains on the Hawaiian island of O‘ahu grows a flowering plant called Hāhā mili‘ohu whose fate has not yet been decided, but whose existence is nonetheless precarious. Its long, curved flowers are a vibrant shade of aubergine and covered in fine, hair-like structures called trichomes, which lend it a velvety texture. In Hawaiian, mili‘ohu means ‘caressed by the mist’, a name given because the plant in question only grows in a high-altitude cloud forest near the summit of Kōnāhuanui. Just twenty individual specimens can be found there, and conservationists worry the entire population could be wiped out by a single fierce storm or even a landslide. After all, it has happened before. On Pitcairn Island in the South Pacific, the last remaining member of a species of flowering mallow, the yellow fatu, was destroyed in a mudslide in 2005.

Islands are often treasure troves of the exotic and the unique, but they are also perilous places where the last members of many species live out their final days. Such is the case on the island of St Helena, the very same place where the exiled Napoleon Bonaparte spent his final days. On this island there grows a single tree descended from some long-lost species of sunflower. This is the Commidendrum rotundifolium, colloquially known as bastard gumwood. It juts out from a cliffside fissure, defiant and lonely – it is the last of its kind in the wild. Meanwhile, on Lord Howe Island, 600 kilometres off Australia’s east coast, a tiny flowering vine grows in the basalt soil on the eastern slope of a place called Dawson’s Ridge. This is the critically endangered twiner Calystegia affinis which, when conditions are right, sprouts pinkish, funnel-shaped blooms. There are very few left in the world: some on that ridge, some in another place high in the island’s southern mountains, and a few on Norfolk Island, about 900 kilometres away as the kestrel flies. There is some debate as to whether the vines on these two islands are truly one species or two closely related subspecies. It is a matter of splitting hairs, or trichomes, because both populations are threatened. Weed spores carried by human and avian travellers, and sometimes just by the wind itself, have arrived from the mainland and compete with C. affinis for nutrients. The weeds always win. At last count, there were forty-five individuals of C. affinis left in the wild.

The problem of endangered plant species is limited neither to islands nor hot springs, of course. In the wide expanse of California’s Mojave Desert, a tiny perennial herb grows in the salt flats of the Amargosa River Basin. The river here flows mostly underground, only occasionally rising to the surface. For the most part, whatever grows on the surface is left to endure extremes of temperature, salinity and drought. Remarkably, a great deal of biodiversity has managed to survive for eons in the vast stretches of land between those occasional glimpses of water. Even so, there are limits to survival – there always are. That tiny herb is called Amargosa niterwort, and though it once thrived, its numbers have declined in recent years and the individuals that remain are having trouble producing seeds.

Elsewhere in the Mojave, another population is in trouble. The Joshua tree, Yucca brevifolia, is not so much a tree as an enormous member of the asparagus family, with thick, spiny branches and tufts of spiked leaves. It has been called ugly, unpleasant, nightmarish, grotesque, and also strangely beautiful. There are rumours that it provided the original inspiration for the trees in Dr Seuss’s books. Joshua trees are a keystone species, meaning numerous other species rely on them for survival, but the population has been decimated by wildfires, invasive weeds and habitat loss, and those that survive aren’t reproducing as well as they once did. As temperatures rise further, many Joshua tree seedlings are beginning to struggle and die.

The stories go on. In Tanzania’s miombo woodlands grow some of the world’s last Karomia gigas trees. These are 24-metre-tall, shade-giving members of the mint family and there are fewer than two dozen remaining in the wild. In a forest north of Beirut, you can find some of the last cedars of Lebanon. Once prized as sturdy building material in the ancient Middle East, from Egypt to Mesopotamia, they, too, are now on the verge of disappearing from the wild. They have been logged far too much and, in addition, those that remain require cool conditions, yet temperatures are rising beyond what the cedars can handle. Meanwhile, sitting in the Kew Gardens is an old cycad tree, Encephalartos woodii. Like palms, cycads are dioecious – each plant is either male or female – and this one is male. It arrived in 1899 and in all the time since, a female counterpart has never been found, so it cannot reproduce. E. woodii is now entirely extinct in the wild, so there it is in London, all by itself. It has been called ‘the loneliest plant in the world’.

*

About a decade ago, the late Lord Robert May, an eminent mathematical ecologist and once president of the Royal Society of London, suggested that if aliens were to land on Earth and ask how many living species there are on our planet, our answer – or more precisely, our lack of one – would be embarrassing. We did not know the answer then, and we still don’t. It’s not for lack of trying. ‘Current estimates for the number of species on Earth range between 5.3 million and 1 trillion,’ write environmental scientists Tanya Latty and Timothy Lee in The Conversation. Still, they add, ‘that’s a massive degree of uncertainty. It’s like getting a bank statement that says you have between $5.30 and $1 million in your account.’

It might seem careless to be unsure of the existence of nearly 1000 billion species, but to be fair, most of them are really small. When you attempt to include every known and possible species of bacteria on the planet, you quickly end up with a potentially astronomical number of living species. That’s before you decide whether to include all known and possible viruses, which may or may not count as it’s debatable whether they are technically ‘alive’. So, while this vast swathe of the microbial world is absolutely critical to the entire ecosphere, for simplicity’s sake, let’s focus on counting only the eukaryotes.

Eukaryotes are organisms with cells that contain a nucleus. They’re a notch up in complexity on the evolutionary ladder. They include single-celled organisms such as protists – think algae and amoebae – as well as some species of fungi. Eukaryotes also include all complex, multicellular organisms. Many fungi make this list, too, as do all plants and animals, so that’s still a lot to work with. A 2011 study put the global number of eukaryote species at 8.7 million, give or take 1.3 million. Most of these, around 88 per cent, are animals, many of which are insects. The remaining 12 per cent comprise plants, fungi and a suite of single-celled eukaryotes. However, that 8.7 million figure is still a huge guesstimate, because many of the species have not yet been identified.

We are only certain of the existence of around 2.1 million species of animals, plants and fungi on Earth. Of these, it is estimated that up to one million species are under threat of extinction. Simply put, mounting evidence suggests the world is in the midst of the biggest decline in biodiversity since the mass extinction at the end of the Cretaceous. We are losing a lot of animals, both in terms of individual species becoming endangered and extinct, as well as a reduction in population sizes across the board. According to the WWF’s Living Planet Index, animal populations have thinned to such an extent that we have lost around 68 per cent of the world’s vertebrate animals since 1970.

And what of plants? In 2020, an international consortium of researchers led by scientists at Kew Gardens reported that around 40 per cent of the world’s approximately 435,000 species of plants are threatened with extinction. Yet, this picture remains incomplete. The International Union for Conservation of Nature (IUCN) has been steadily assessing the status of our planet’s species since 1964, determining population numbers, threats and habitat loss. Where data is sufficient to do so, they have categorised species as ‘least concern’, ‘near threatened’, ‘vulnerable’, ‘endangered’, ‘critically endangered’, ‘extinct in the wild’ or, with grim finality, ‘extinct’. Despite steady progress, the sheer volume of the work involved means we are only aware of the status of a small fraction of the world’s known species – for plants in particular, the status of only 10 per cent of species is known. As more data is becoming available, however, it appears that the number of threatened plant species is growing.

Certainly, we have already lost far more plant species than we should have. For example, around 600 species of seed-bearing plants have gone extinct in the last 250 years, with disappearances occurring more frequently since the year 1900. This extinction rate is about 500 times greater than that observed during pre-industrial times. The outlook for trees is particularly fraught. A recent report published by Botanic Gardens Conservation International revealed that nearly one-third of the world’s 60,000 tree species are at risk of extinction. Of these, 440 tree species have fewer than fifty individuals left in the wild. Some, like the bastard gumwood on St Helena, have just one wild member remaining. As with animals, overall abundance is in decline and even populations of ‘least concern’ trees are thinning.

Trees are vital to many different ecosystems, from savannahs and deserts to coastal wetlands and rocky shrublands, but they are perhaps best known for the central role they play in forests. Forests cover 31 per cent of land on Earth and are believed to be the primary habitat of around 80 per cent of the world’s species of plants, animals and fungi. Moreover, by acting as enormous filters of rainfall and source water, forests provide around 75 per cent of the world’s fresh water. Clearly, forests are critical to water security, and as global agriculture uses the overwhelming majority of accessible fresh water, it stands to reason that forests are critical to global food security, too. Then there’s all that lovely oxygen forests produce, as well as the carbon they draw down. Alongside oceans and soils, global forests are the most massive carbon sinks we have on this planet. Each year they capture and store around 2 gigatonnes of atmospheric carbon.

A few years ago, scientists at Yale used a combination of satellite data and on-the-ground field data to assess the global tree population and estimated that there are around three trillion trees on Earth. That sounds like a lot, but it’s paltry compared to what it used to be. In that same study, the researchers also found that the current number of trees is just 46 per cent of what was here prior to the rise of human civilisation. Most of that decline in tree cover has occurred since industrial times began, and of this, the last several decades have been the worst. Humans are now causing the net loss of more than ten billion trees each year. Since 1990 we have lost 420 million hectares of forest, and 20 per cent of this was ancient ‘primary’ forest.

Why is this happening? Well, some of it is due to climate change. Longer-lived species, as many rainforest tree species are, tend to reproduce more slowly. They have longer regeneration times, which makes it difficult to adapt quickly to rapidly changing environments. Even fire-adapted species begin to struggle as fire frequency changes with rising temperatures. Plants in the tropics are particularly at risk. Although they tend to prefer warmer temperatures, many are already close to their upper thermal limits. Even so, climate change is not the primary cause of global biodiversity loss, at least not yet. Instead, the leading culprit is habitat loss. Deforestation through land clearing is the biggest contributor to habitat destruction, and much of it is done in the pursuit of more land for farming and grazing. This highlights just how inexorably entwined food security and biodiversity are. It doesn’t have to be a zero-sum game – a biodiverse, food-secure world is possible – but right now that’s how it’s mostly being played.

Habitat loss also manifests via fragmentation and degradation. The former occurs when larger ecosystems are broken up bit by bit. A highway here or a housing development there, and just like that, migration paths are cut, waterways are diverted, keystone species are isolated, or a vast root network – by which trees communicate and share resources – is severed. It is a slow, sundering death by inches. Meanwhile, in habitat degradation no such overt fractionation takes place, and yet pollution seeps in, invasive species arrive and outcompete native species, pollinators are lost, an underground water table is siphoned, a tree species thins out and is no longer abundant precisely where it is needed most, a seed disperser slips quietly into the footnotes of evolutionary history. Or, the climate shifts just enough that the forest’s exquisitely timed ecological dance falters. Something blooms too early, but the pollinators are still larval and unready. Something else fruits late or drops seeds too soon. A seed germinates too quickly, another no longer germinates at all. Things fall out of step, then things fall apart.

*

Afforestation and reforestation initiatives, in which new trees are planted, have attempted to mitigate the loss of trees. For example, 110 million hectares of new ‘forest’ was planted in the quarter-century between 1990 and 2015. Unfortunately, this didn’t come close to compensating for the deforestation that took place during that same period, which wiped out a cumulative area of native forest nearly three times that size.

The issue, particularly relating to afforestation, is this: the replacement of an area of native forest with the same area of new trees elsewhere is not an equivalent countermeasure. As entomologist and ecologist David Wagner and his colleagues recently wrote in the journal PNAS:


Insect biomass is not interchangeable across food webs or among major taxa any more than hummingbirds and jaguars can be summed.



This statement refers to insects, but the same can be said of plants. A conifer is not interchangeable with a cactus, no more than a cycad can be swapped for an oak. A 2017 study led by scientists in Brazil and the UK confirmed the presence of over 14,000 plant species in the Amazon rainforest, including 6727 tree species. That’s just known species from lowland areas that had been surveyed, enormous areas of the Amazon remain to be studied. Nevertheless, it is clear that even just a square kilometre of Amazon rainforest contains an astonishing amount of plant biodiversity. There is no ecological equivalence with square kilometre of oil palm trees.

Yet numerous afforestation initiatives are tied with commercial endeavours wherein trees are planted but are later harvested for food or timber. As such, despite what the term implies, this kind of afforestation does not produce new forests or even expand existing ones. Instead, much of it takes the form of monoculture plantations – nearly half of the world’s newly planted ‘forests’ contain only one or two tree species. Such plantations can help draw down carbon, and proposed large-scale tree planting initiatives project that just under 1 billion hectares of newly planted trees could ultimately draw down as much as 205 gigatonnes of carbon. This sounds really good, in theory. But as ecologist Bonnie Waring at Imperial College London and her colleagues have since pointed out in their 2020 paper in Frontiers in Forests and Global Change, it would take more than 100 years for all those trees to draw down that much carbon. Such an endeavour could still draw down an ‘impressive quantity’ of carbon in the nearer term, say the authors, but the trees would need time to reach maturity and even then are likely to only store about a decade’s worth of emissions. But many large-scale tree planting efforts have very little to do with saving biodiversity. And when tree plantations are misleadingly presented as new ‘forests’, it can enable some of most egregious offenders, from corporations to governments, to continue eroding biodiversity while presenting an environmentally friendly public image.

There are numerous important initiatives that genuinely aim to restore natural forests. There are also initiatives that work to establish the much-needed growth of new biodiverse forests, but even these don’t belong everywhere. As Waring has pointed out, there are many places, such as peatlands or arctic tundras, where new trees should not be planted as they disrupt the existing environment. Planting trees in the wrong habitats can inadvertently increase carbon emissions. Then there is the matter of time. As home to most of the world’s terrestrial plant and animal biodiversity, existing forests contain intricate ecological networks that took decades, centuries, millennia or sometimes millions of years to establish. When an old forest is cleared away, it’s not just trees that are felled. So, too, go these networks. As Sarah Kaplan, a climate and science reporter at The Washington Post, once wrote, ‘It appears that ecosystems are a lot like trust: they take a moment to break and forever to rebuild.’

Where protections of existing forests fail, then reconstruction is necessary. Rebuilding, reforesting, rewilding, regenerating: for this, you need resolve, and you need time. You also need seeds.


CHAPTER 13

Possible futures

When it comes to plants, the most biodiverse spot on the planet isn’t where you think it is. It is not in the Amazon, nor the flooded expanse of the Pantanal. It can’t be found in the deep forests of Madagascar or even on the many islands of Indonesia. Instead, you can find it in the quintessentially English countryside of West Sussex, a bit over an hour’s drive south of London in light traffic, just off the B2028. If you reach The Gardener’s Arms pub, you’ve gone a bit too far. But if your satnav does its job properly, you will find among the hedgerows and gently rolling hills a small side street that takes you into the Kew Botanic Gardens at Wakehurst. It is there, in the midst of over 130 sprawling hectares of tended meadows, woods and gardens, that you’ll see an enormous Elizabethan mansion. It’s a handsome building, but a short distance behind it is something far more interesting. At first glance it appears to be a collection of domed greenhouses, albeit high-end ones with a modern architectural flair. This is the Millennium Seed Bank, and there is far more than meets the eye there. Really, the best part is entirely underground: a secure storage facility which currently holds over 2.4 billion seeds from nearly 40,000 wild plant species from around the world. The series of six vaults, which are cooled to −20°C, are bomb-proof, radiation-proof and flood-proof. According to Kew, the space is large enough to fit ‘30 London double-decker busses’ – a uniquely British unit of volume if ever there was one – the point being that this location technically contains more plant biodiversity per square metre than anywhere else in the world. And there is room for more.

Wakehurst’s official history dates back to the 1200s, but archaeological evidence suggests it has been inhabited since the Iron Age and probably longer. Arrowheads and pottery shards regularly turn up there, as do bones. The whole region seems to have attracted both modern and archaic humans for many millennia. They came and they went, and then others came and went, so it seems to have been a bountiful place. Since its formal establishment in the Middle Ages, Wakehurst changed ownership numerous times as the fortunes of West Sussex gentry rose and fell, until it was purchased at the turn of the 20th century by a gentleman named Gerald Loder. Loder was an irrepressible plant enthusiast who had come of age during the Victorian heyday of horticultural mania and grand greenhouses. He spent decades collecting plants and seeds, either directly or by sponsoring global expeditions, and together with his head gardener, Alfred Coates, he turned Wakehurst into something of a botanical spectacle. The West Sussex soil likely had a lot to do with their success, as it’s highly variable, ranging from heavy clay in some places to sandy in others, making it well suited to growing very different plants from all around the world. The gardens were continued by the subsequent owner and in time the estate was bequeathed to the National Trust and placed under the management of Kew Gardens.

All this is precisely how you end up with an industrial-sized freezer being wheeled into an old chapel, which is what happened in 1976 when the new caretakers decided that they needed a better way of storing their seeds. This resulted in a very big freezer, resembling a giant sugar cube, being placed in the Wakehurst chapel, and subsequently the seeds of many of Britain’s endemic plant species were kept, for a time, under the serene gaze of a few stone angels and several stained-glass saints. Of course, given the ever-growing size of Kew’s seed collection, it was clear something more purpose-built would be required, and eventually plans were drafted for an everything-proof, thirty-double-decker-busses–sized facility. In the year 2000, the Millennium Seed Bank (MSB) was officially opened.

The entire seed collection has expanded over the past two decades through research programs and seed-collecting expeditions carried out in collaboration with international botanic gardens and research centres. Today, the MSB houses seed accessions representing almost all seed-bearing plants in the United Kingdom, as well as seeds from about 190 other countries and territories. These include a large number of representatives from the world’s thirty-six biodiversity hotspots, places identified by conservationists as priority areas for protection because they contain an enormous number of unique species that are under threat of habitat loss.

Unlike the Svalbard Global Seed Vault and the CGIAR gene-banks, the MSB does not focus on crop species but instead endeavours to preserve the seeds of wild plant species as part of an ambitious effort to conserve Earth’s wild biodiversity. There are seeds collected from the slopes of active volcanoes in Indonesia and from fields in Finland. There are seeds from meadows in Slovenia, desert gullies in Jordan, flooded plateaus in Nigeria, and Colombian rainforests, as well as samples collected from American prairies and Australian bushlands. The list goes on and on. Seeds from around 16 per cent of the world’s seed-bearing plant species are banked at the MSB. Yet, the vaults could be filled with seeds from 75 per cent of the world’s wild seed plant species, which is precisely what the MSB intends to do. There are also seeds from plants that no longer exist in the wild at all, including those of the yellow fatu flower Abutilon pitcairnense, which had been collected on Pitcairn Island prior to the mudslide that erased the species from the wild in 2005.

*

When Eberhard Fischer encountered that tiny waterlily in Rwanda, he suspected the species was not long for this world. He brought some living specimens to two botanical gardens in Germany – one in Mainz and another in Bonn – but as the story goes, attempts to revive the population did not go well. The collected plants were mercifully long-lived and some were still alive more than twenty years after their original collection. Furthermore, they were self-pollinating and produced many seeds. But that’s where the luck ended. The seeds, if they germinated at all, produced seedlings that did not thrive. None reached adulthood, so were unable to produce more seeds. There it was, a species that was now extinct in the wild, and it could not be propagated. The last remaining specimens had only so much time left.

Enter a botanist by the name of Carlos Magdalena. Magdalena, who works at Kew, has something of a reputation in the botanical world. Some call him the Plant Whisperer, others call him the Code Breaker, and famed primatologist Dame Jane Goodall once called him ‘an inspiration’. Some, including Sir David Attenborough, have called him the Plant Messiah. Certainly, Magdalena seems to have a talent for resurrection, having coaxed a number of plant species back from the edge of extinction. As it happens, Magdalena absolutely loves waterlilies. He had heard about Nymphaea thermarum and its fussy behaviour and was keen to have a go. The botanists at Bonn Botanic Gardens were happy for the help, and in July 2009 Magdalena found himself in possession of around 200 seeds.

‘When I received this donation from Bonn, I realised how important it was for the survival of the species to find a way of growing them successfully,’ remarked Magdalena when the research was announced back in 2010. ‘At first they didn’t seem to respond to any of the traditional ways of treating these plants and they remained weak and failed to develop and eventually died.’ Things were looking bleak indeed. Rumour has it that, at one point, Magdalena was down to the last twenty seeds. No pressure. But then, as Magdalena recounts in his aptly titled book The Plant Messiah, he had a revelation. Going back through the plant’s history, including Fischer’s original notes, he realised that while most waterlilies germinate and grow in deeper water, these tiny lilies had been found at the edge of hot springs, in the very shallow run-off – practically mud – which was 10–15°C cooler than the centre of the springs. Well, that changed everything. In prior experiments, seed germination had been attempted with seeds submerged in water that Magdalena now realised was far too hot. It was also far too deep. All plants need CO2, of course, and while it is readily available in air, CO2 availability in water is much lower because it diffuses far more slowly. To compensate, aquatic plants are often efficient at capturing CO2 underwater, but Magdalena wondered if maybe this little waterlily wasn’t so good at it. He took some of those final N. thermarum seeds and planted them in very shallow water, such that they would not dry out yet could access CO2 in the air. Meanwhile, unbeknownst to Magdalena at the time, there was now only one N. thermarum waterlily still alive back in Bonn – that is, until the night a rat scurried into the greenhouse and ate it.

Fortunately, Magdalena’s idea worked. The seeds germinated. The seedlings grew, thrived and reached adulthood. Most wonderfully, they produced more seeds. Little by little, then, Magdalena was able to grow the population. Eventually, around two dozen of the new waterlilies were placed on display in the Princess of Wales Conservatory at Kew Gardens, although in hindsight that would prove to be less than a great idea. On a January afternoon in 2014, the conservatory manager entered the grand structure to be met by a very upset apprentice who had just counted the waterlilies and found that one was missing. Someone had carried out a plant heist in broad daylight, stealing one of the world’s rarest waterlilies. The police were called in, but the perpetrator/s were never found. The waterlilies are much more closely guarded these days. The seeds are stored in the Millennium Seed Bank. The species is still considered extinct in the wild, but there are plans to soon repatriate this tiniest of waterlilies to Rwanda.

*

There are limitations to what the Millennium Seed Bank and others can conserve, and this has to do with the nature of seeds themselves. In order to preserve seeds, the MSB and many other seedbanks first dry the seeds and then freeze them. That drying process is called desiccation, and it’s done for precisely the same reason you should wear gloves and warm boots outside when winter temperatures drop below 0°C. If you freeze a seed with high or even moderate water content, small ice crystals will form inside it and rupture the membranes of nearby cells, which can damage or even kill the delicate embryonic plant tissue. Something similar happens during frostbite: if the temperature of your extremities, say your toes or fingertips, falls even a little below 0°C, ice crystals will form in your blood vessels and cause cellular damage. So MSB technicians dry seeds down prior to freezing, so that ice crystals won’t form.

As explained in an earlier chapter, seeds that tolerate this drying and freezing process are called orthodox seeds. Dessication leads to a dramatic slowdown of metabolic activity in these seeds and, as a result, the little plant embryo enters a sort of suspended animation. The majority of seed plant species in the world produce orthodox seeds. However, at least 8 per cent of the world’s seed plants produce seeds that do not tolerate this drying process – the so-called recalcitrant seeds. For reasons that are still not entirely clear, the plant embryos in these seeds must remain hydrated in order to stay alive. Try to desiccate a recalcitrant seed and it will quite literally shrivel up and die.

Now, 8 per cent of the world’s seed plants might not seem like much, but this poses a big challenge for biodiversity conservation in tropical and subtropical regions because that’s precisely where most recalcitrant-seeded plant species live, and where they account for almost 19 per cent of local plant species. Mango seeds, avocado seeds, citrus seeds, cacao beans – alas, chocolate – as well as the seeds of coffee and tea plant species, are all recalcitrant. Recalcitrance is not entirely limited to the tropics and subtropics, though, as some temperate species are represented, too. Oaks produce recalcitrant seeds, as do chestnuts. Around 33 per cent of all trees produce such seeds. By extension, this means that the seeds of a huge number of the world’s tree species are not considered ‘bankable’. Moreover, recalcitrant-seeded species are disproportionately represented among threatened plant species: they comprise 35 per cent of plants listed as vulnerable on IUCN’s ‘Red List’, 27 per cent of endangered species and, most alarmingly, 36 per cent of critically endangered plant species.

Cathy Offord, whom we met in Chapter 4, thinks a lot about the challenges presented by non-orthodox seeds. As well as working at Sydney’s Royal Botanic Garden, she is a principal research scientist and manager of the Australian PlantBank, which is located at the Australian Botanic Gardens at Mount Annan, about an hour’s drive south-west of Sydney. Set on more than 400 hectares in the Australian countryside, these gardens are a far cry from the pastoral greenery of southern England: warmer, drier, more sun-bleached. There are 4000 species growing at Mount Annan, including hundreds of species each of eucalypts, acacias and grevilleas. There are hakeas, lilly pillies and golden wattles as well as cycads, bottlebrush, and hardy waratah shrubs with their enormous crimson blooms. There is also a Wollemi pine. Often called a ‘living fossil’, this species was believed to have gone extinct sixty million years ago, only to be discovered alive and well growing at the base of a deep gully in Wollemi National Park in the Blue Mountains. There are fewer than 100 of the pines there, and only a few people in the world have been trusted with the location, including the firefighters who risked their lives to save the ancient grove from the Gospers Mountain mega-fire.

It seems there are many things at Mount Annan that are sitting quietly on the brink of extinction. Here, you will also find the last remnants of a native woodland ecosystem that once sprawled over more than 125,000 hectares east of the Blue Mountains. That was before Europeans arrived in Australia in the 18th century and cleared most of it for farms and grazing land. Only 35 hectares of this habitat, called the Cumberland Plain Woodland, now remain. For comparison, that’s scarcely more than one-tenth the size of New York’s Central Park.

The Australian PlantBank sits just near the edge of that remaining woodland. It’s a long structure of mirrors, steel and concrete. The facility’s role is to preserve Australian native plant species, with a particular focus on those native to the state of New South Wales. They have stored accessions representing more than 5000 species, some 100 million seeds in all. But there is more to do. There are a lot of unique species in Australia, and quite literally a lot of ground to cover. Collaborations are vital. The PlantBank is a member organisation in the Australian Seed Bank Partnership, which is precisely what it sounds like: a wider network of seedbanks around the country.

The PlantBank has a seed vault because many Australian species, including a large number belonging to the eucalyptus family, produce orthodox seeds. As does the Wollemi pine, which is lucky. Such seeds are collected, dried, frozen and stored away to preserve their genetic diversity. Unlike Svalbard or Millennium, the PlantBank’s seed storage facility is not an underground structure, but it is nonetheless robust and necessarily bushfire-resistant. Offord tells me that there are also a number of recalcitrant-seeded species to contend with. Australia is a big place, after all, with enormous dry regions as well as huge swathes of tropical and subtropical areas. Offord gives the example of lilly pillies, which are native to Australian rainforests. Intriguingly, although lilly pillies and eucalypts both belong to the same family, Myrtaceae, their seeds are quite different. Lilly pilly seeds are recalcitrant, being ill-suited to long periods of storage – not in a seedbank, not even in the soil. In fact, they have such short life spans that they don’t even go through a dormancy cycle, says Offord. ‘They germinate when they hit the forest floor,’ she explains, noting that sometimes they’ll even germinate when they’re still on the tree. They are big fleshy seeds, she says, pointing out that this is part of the problem. Recalcitrance often comes down to the ratio of the seed coat thickness to the size of the seed – big seeds with thin seed coats are often recalcitrant, as they just dry out too quickly.

Offord tells me about the endangered magenta lilly pilly, Syzygium paniculatum. ‘It has a typical lilly pilly fruit, which is quite large,’ she says, ‘and it’s very fleshy.’ The PlantBank scientists are working to save the species but it isn’t easy. First, along with other members of the Myrtaceae family, they’re susceptible to myrtle rust, an invasive fungus that was first detected in Australia in 2010 and which now infects more than 350 Australian native plant species up and down the eastern seaboard and beyond. Among its many pernicious effects, myrtle rust damages leaves and disrupts the reproductive process of the plants it targets. But even for healthy lilly pillies, standard seedbanking just won’t work. ‘When they’re dried they lose viability,’ says Offord. ‘They’re effectively killed by drying, so that does cause problems for us.’

It causes problems in Hawaii, too.

*

In addition to their reputation for luaus and good surfing, the Hawaiian islands are world-famous for their natural beauty and incredible biodiversity. But there is trouble in paradise. ‘It’s called the extinction capital of the world,’ says Dustin Wolkis, manager of the seedbank and laboratory at the National Tropical Botanical Garden in Hawaii, explaining that 90 per cent of Hawaii’s endemic species occur nowhere else on Earth, and that many of these plants are threatened or endangered, now requiring a lot of care to ensure they don’t slip out of existence. ‘Hawaii has 0.01 per cent of the landmass of the United States,’ says Wolkis, ‘but we have over half of all endangered plant species.’

Moreover, Hawaii has eight main islands as well as scores of smaller ones, and it’s not uncommon for certain of these endemic species to occur only on one island, says Wolkis. He also tells me that the National Tropical Botanical Garden (NTBG) recently assessed all of the single-island plant species on the island of Kaua‘i, where the institution is based. ‘These are Kaua‘i endemic species, so they occur on Kaua‘i and no other island,’ he explains. And the tally? ‘There are 255 of them, and 100 per cent of them were in a threatened or extinct category, and 10 per cent of them were already extinct or extinct in the wild. So that gives you an idea of the level of endangerment.’

Deforestation and forest degradation caused a lot of historical habitat loss, most of which took place in the 19th century when Europeans arrived and began cattle ranching. Today, the primary threat to Hawaiian biodiversity is invasive species, says Wolkis. ‘About half of our total flora is introduced. We have about 1500 native species and about 1500 naturalised species.’ Those introduced species are competing with endemic species for space and resources like nutrients, water and sunlight. Then you have the animals. ‘Hawaii only has two native mammals: one of them is a monk seal and one of them is a bat,’ says Wolkis, explaining that when the Polynesians arrived, they introduced pigs to the islands. Europeans later brought goats, rats, deer and more pigs, which now wreak havoc on the ecosystem. Wolkis says: ‘Rats, they eat not just the seeds in the fruit, but they’ll also nibble on stems and girdle these plants with small stems. They’ll eat seedlings, and the goats and the pigs will just trample everything. It’s really bad. So, some of these plants that are super-rare, the only place they still occur are on vertical cliff faces where even the goats can’t get to them.’

Then there are about half-a-dozen species of biting mosquitoes, Wolkis tells me. They’re all introduced, there being no native species of mosquito in Hawaii, and they carry diseases. ‘They carry avian malaria and avian pox, so all of our first birds are quietly going extinct in the forest right now as we speak. They have interactions with the plants both in dispersing and also pollinating, and so we’re losing those.’

The NTBG Seed Bank is building its collection of seeds to represent as many endemic Hawaiian plants as possible. For conserving the ‘ultra-rare’ species, NTBG partners with the Plant Extinction Prevention Program (PEPP), which focuses on the nearly 240 Hawaiian plant species that have fewer than fifty individuals remaining in the wild. PEPP botanists like Steve Perlman will go to extraordinary lengths to collect the seeds of these critically endangered plants. He abseils down the sheer sides of volcanic cliffs to reach places even goats dare not venture, or descends by helicopter winch into remote canyons. Sometimes it’s necessary to paddle an ocean kayak to reach a rare plant on some otherwise inaccessible patch of coastline. The seeds Perlman brings back are analysed at the NTBG Seed Bank laboratory and carefully stored.

Of course, this is only one part of the conservation effort. ‘Hawaii’s been kind of in crisis mode,’ Wolkis tells me. ‘Get the seeds, save the species. That’s what we used to think. Now we’ve kind of gone beyond that, thankfully, and we realise that, well, seedbanking is more like a genetic safety net. What we’re actually doing is we’re trying to save alleles.’

It’s all those alleles, or gene variants, that give us so much biodiversity. The alleles are found within the genomes that are furled within the plant embryos tucked inside the seeds. But it’s not enough to just stow them away in a freezer, a cold room or a jar. ‘The whole point of the seedbank is it supports in situ conservation,’ Wolkis tells me. The bank works with NTBG field teams and PEPP, using those stored seeds to rebuild diverse plant populations. There are so many species to save and so many habitats that need rebuilding, yet resources are limited, so it often becomes a matter of triage – to prioritise and save what you can. And right now, one of the most pressing rescue operations relates to Hawaii’s native ‘ōhi‘a lehua.

‘Ōhi‘a lehua (Metrosideros polymorpha) is an evergreen flowering tree species that, along with eucalypts and lilly pilly, belongs to the Myrtaceae family. It is endemic to Hawaii, with several varieties found across multiple islands. Wolkis tells me, ‘They are our foundational forest trees in the mesic and the wet forests. [‘Ōhi‘a] provides shelter and nectar for birds, shelter and habitat for snails, insects and other invertebrates. It filters the water that ultimately we end up drinking.’ Moreover, when an ‘ōhi‘a lehua dies, it becomes a nurse log providing nourishment for seedlings and other living organisms. ‘It’s arguably the most ecologically important plant on our islands,’ says Wolkis, going on to clarify that ‘ōhi‘a lehua is not a keystone species, whose ‘biomass is disproportionate to the ecosystem services that they provide. Because [‘ōhi‘a lehua] is the most abundant tree in the forest, by definition, it can’t be a keystone species, but it is foundational.’

A common feature in both keystone species and foundational species, according to Wolkis, is this: ‘If you remove that species from the ecosystem, the ecosystem collapses.’ Until relatively recently, that wasn’t a big concern for the ‘ōhi‘a lehua. After all, this isn’t some rare species found only at the base of one waterfall in one valley on one island. While it is unique to Hawaii, it is incredibly common there. They’re even found in the yards of many Hawaiian homes. And that’s where the trouble was first noticed. Sometime around 2012, Hawaiians started reporting that something was wrong with their ‘ōhi‘a lehua. All the leaves would turn brown and then fall off – always a worry for an evergreen – and then, in a matter of weeks, the tree would be dead. Soon it was happening on all the islands. It became known as Rapid ‘Ōhi‘a Death (ROD). In time, botanical forensics revealed that ROD is caused by two newly described species of ceratocystis fungus. Hawaiians are now doing their level best to stop the disease from spreading, but it’s becoming increasingly clear that the once-abundant species is in bad shape, with myriad downstream effects predicted for the entire Hawaiian ecosystem. And so Wolkis and his colleagues are working quickly to preserve as much ‘ōhi‘a lehua genetic diversity as possible. In fact, they have collected and stored several million ‘ōhi‘a lehua seeds so far. The good news is that ‘ōhi‘a lehua seeds are very small – Wolkis says he can fit 10,000 of them in the palm of his hand – and they’re orthodox. That means while intensive conservation efforts are made to eradicate the disease, the genetic diversity of the species can be preserved.

It could have been a lot worse. Hawaii is tropical, after all, and there tends to be a higher incidence of recalcitrant-seeded species in tropical ecosystems. Although it turns out Hawaii doesn’t have as many of these as was once thought, there are still plenty of rare Hawaiian species that produce recalcitrant seeds, as well as seeds that fall into a troublesome middle ground between orthodox and recalcitrant. Wolkis points out that while orthodox and recalcitrant sound like neat and tidy categories, the reality is that seed storage behaviour is not a dichotomy, it’s a gradient. Some seeds might really be orthodox – they will tolerate both drying and freezing, and they can be stored for years, maybe centuries or longer. Other seeds might be incredibly recalcitrant and this makes long-term storage difficult. If you want to preserve their genetic material, you need to use far more technical approaches like tissue culture, in which plant tissue is extracted and kept alive in a nutrient medium, or snap-freezing at −180°C. Another option is to simply grow the plants and keep propagating them as long as humanly possible. Then there’s this middle ground between orthodox and recalcitrant, says Wolkis. Some species, like many alpine seeds, don’t last long in storage no matter how you dry or freeze them. There are also seeds that kind of tolerate drying – better than recalcitrant but worse than orthodox.

Furthermore, there’s another behaviour that’s really a bit weird, and it seems to affect a lot of Hawaiian species. Wolkis asks me if I’ve heard of a Hawaiian plant called Brighamia insignis. I haven’t. It’s sort of like a plant version of a panda, he says, meaning that it’s threatened and it’s very difficult to get it to produce offspring. ‘We have a lot of pandas in Hawaii, but it’s like the main panda,’ he says.

B. insignis, or ‘Ōlulu, is often called the cabbage-on-a-stick plant. This succulent can grow over 4 metres and looks very much like its colloquial name suggests. As a lobeliad it belongs to the Campanulaceae family, which is the biggest plant family in Hawaii and entirely endemic. This family has the most endangered species and the most extinctions, says Wolkis. Now the fate of wild ‘Ōlulu hangs in the balance: critically endangered, on the verge of extinction in the wild. A few individuals are rumoured to remain on the island of Kaua‘i, though there might be just one, and some say even that is already gone. Seed collection and storage have been pivotal in enabling cultivation and preventing the species from vanishing entirely. But ‘Ōlulu seeds, like many of the seeds produced by Campanulaceae plants, are ‘intermediate freeze sensitive’ – they tolerate being dried but die when you try to freeze them. The seeds are kept refrigerated, says Wolkis, but it’s not great because they usually die within twenty years.

This is why scientists like Wolkis, Offord and others are trying to better understand precisely what’s going on inside these seeds, and it highlights how most plant genebanks are far more than storage facilities.

*

Every seed contains an evolutionary past and a possible future, and once the last seeds of a species die, that vanishes forever. To save seeds is to buy time. But there’s still a lot that remains unknown about how long seeds last or why each has the puzzling life span that they do. Why do some grow old and die in what seems to be a flicker of time, while others appear to evade the ravages of time altogether? How does a Judean date palm seed rest quietly near the edge of the Dead Sea for over 2000 years and still germinate, while the sunflower seeds in a slightly out-of-date packet are as good as dust?

Most life on Earth relies implicitly on how well seeds endure from one season to the next, or from one century to another. We hope each time that they will come good after winter, after a long drought, or after a mega-fire. But it doesn’t always happen, and even when it does, it’s still not entirely clear how. Consequently scientists continue to tease out the hidden lives of seeds to find out exactly how they disperse through time. The answer is important because a great deal of future food security and biodiversity conservation depends on the life spans of seeds and our ability to extend them. With all those living seeds come all those genomes, all those alleles, all those solutions to problems, all that food on the table, all those species that can be coaxed back into existence and given a chance to thrive. All those possible futures.



PART V

LONGEVITY
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CHAPTER 14

Digging up the past

In April 2021, a handful of people met under cover of darkness in East Lansing, Michigan. Midnight had come and gone hours ago, but dawn was still a long way off. They were outside, where it was bitterly cold, and then it began snowing. They moved quietly, carrying shovels and torches. One of them, the eldest, also carried a map. He was the only living person to have seen what they were looking for, the only one who knew where it was. A lot of time had passed since he was last here, though, twenty-one years, and the map was old. Not everything looked precisely the same as it once did, so it was easy to lose one’s bearings. The darkness and the snow weren’t helping, either.

When at last the group reached the agreed spot, they began to dig, but they didn’t find what they were looking for. It was not the right place. They conferred in hushed tones, reoriented themselves and tried again. They hit something, but it turned out to be a tree root. A little while later, someone pushed a spade into the snow-damp ground, moved the dirt away, first with tools and then with their hands, and they felt something hard, but it was a false alarm. Just a rock. Now they were not just cold and tired but muddy, too, and dawn was edging closer. They were getting worried because what they were doing required darkness – among other things, it’s important they weren’t seen, not by anyone. Sworn to secrecy, none of the group would tell another soul where they had been that night, not for years.

Then, just as hope was beginning to fade, someone reached into a freshly dug hole and her fingertips brushed against something solid, smooth and curved. It felt like the neck of a bottle. At first she wasn’t sure, then she was. She called out to the others and a few minutes later she had it in her hands: a bottle that was buried 142 years ago. It contained seeds.

Back in the 1870s, a botanist at Michigan State University (MSU) by the name of William J Beal noticed how weeds seem to grow in farmers’ fields year after year, despite all efforts to remove them – efforts that were often made before the plants in question had a chance to produce seeds. So, where were all these weeds coming from? Beal knew that many plants drop seeds into the soil, forming what is now known as a soil seedbank, a long-term cache, and that only some of the population will germinate each year, with the remainder germinating in subsequent years. But that raised the question of how long those seeds could last. Was it two years? Ten? Hundreds? Beal didn’t know the answer, no one did, so he decided to try something. He later wrote in the Botanical Gazette:


In the autumn of 1879, I began the following experiments, with the view of learning something more in regard to the length of time the seeds of some of our most common plants would remain dormant in the soil and yet germinate when exposed to favourable conditions.



He went on to describe how he had collected seeds from twenty-three plant species and varieties, including a selection of weed species, precisely because they seemed so tenacious. He took fifty seeds of each species, mixed them with sand, and placed the mixture into a glass pint bottle. He repeated this process twenty times so that, in the end, he had twenty identically filled bottles. Then, carefully choosing a location on the expansive grounds of Michigan State University, he buried them, ‘uncorked and placed with the mouth slanting downward so that water could not accumulate about the seeds’.

Five years later, Beal returned. He dug up one of the bottles, removed the seeds and planted them. Over 250 germinated, but only from twelve species. The others, it seemed, had already passed their use-by date. After another five years, he repeated the process: one bottle exhumed, one lot of seeds planted, more data recorded. He continued this process every five years thereafter. By the time of his death in 1924 he had collected forty years of data, but there were many more bottles to go. Before he passed away, Beal revealed the location of the bottles to a younger colleague, botanist HT Darlington, who then exhumed one bottle every ten years – he had decided to stretch things out a bit. When the time came, Darlington passed the baton to yet another younger colleague. And so on. As time went on, fewer seeds germinated, and little by little species dropped out of the game. As the end of the 20th century approached, it was decided to stretch the intervals to twenty years.

In the year 2000 another bottle was unearthed, this time by MSU botanist Frank Telewski, the seventh keeper of the seeds. He planted them and observed which ones germinated. It seemed there were only one or two species left standing. The calendar was duly marked for twenty years hence: April 2020. As the date approached, Telewski selected a team of biologists and ecologists to become his successors and invited them on his second and final dig. The Beal Bottle Experiment is the stuff of legend at MSU, so Marjorie Weber, David Lowry, Lars Brudvig and Margaret Fleming were all thrilled to be tapped on the shoulder. But when April 2020 finally rolled around, the dig had to be called off courtesy of the COVID-19 pandemic. The state of Michigan was under strict stay-at-home orders, and the campus was off-limits to all but essential personnel. The experiment was delayed, then delayed again. At last, one year later, Telewski, Weber, Lowry, Brudvig and Fleming set out at 4 am in the snowy darkness. That darkness was key not just for secrecy – no one wanted to risk exposing the bottles to daylight on the off-chance it might trigger germination in any of the remaining seeds and muck up the long-term experiment.

Tired and muddy yet victorious after retrieving their prize, the Beal team brought the bottle to the lab where they spread the seed– sand mixture onto a large shallow pan filled with sterile potting soil, watered it, and placed it in a well-lit growth chamber. Days passed and nothing happened, but that, they all knew, is ever the nature of seeds – even healthy ones can take their sweet time. Even so, it was hard not to wonder if perhaps Beal’s experiment had reached its end.

It was on 23 April 2021 that the first tiny seedling began to emerge. Soon there was another, and another. By June, more than a dozen had popped up, all from the same species: Verbascum blattaria, a small flowering member of the figwort family and considered an invasive weed in North America. Certainly, it’s tenacious – just as Beal suspected. These seeds had been collected 142 years earlier and they were still alive.

The Beal Bottle Experiment is slated to continue until the year 2100, and perhaps V. blattaria will still be germinating at that time. Hard to say. In the meantime, the team are planning Beal 2.0, a larger experiment with similar seeds but with more of them, so that the project can last much longer than the first one. There are also enough seeds for planting as well as spares for experimentation, because everyone wants to know what’s actually going on inside the old seeds. Indeed, Beal wasn’t the only one to wonder about this.

*

‘The problem of longevity of seeds has not been solved as yet,’ wrote plant physiologist Frits Went and botanist Philip Munz in the late 1940s. Though William Beal and others had begun investigating seed life spans under natural conditions – Beal, for example, having stored his bottles uncorked in the ground – Went wondered how long seeds might last under ideal conditions. Exactly what constituted ideal conditions was a matter of debate but it was clear by that point that metabolic respiration was a significant factor in a seed’s ageing process. Went reasoned that storage in the absence of oxygen might extend a seed’s life span considerably. It was definitely worth a shot, so in 1947 Went designed an experiment that would far outlive him.

Plant physiologist Christina Walters knows the story well. ‘It’s a great experiment!’ she tells me, explaining that with the help of Munz, Went collected the seeds of more than ninety species native to California. They were placed into ‘the most beautiful glass vials’ which were then vacuum-sealed, she says, adding: ‘They have a nice little piece of paper in there that gives the reference number as well as the genus.’ Twenty batches of these ninety-plus vials were prepared, each wrapped in brown paper, marked with its opening date, and left with instructions that the vials were to be opened on that date and planted, and the outcome recorded. It was all placed in a seed storage room at the Rancho Santa Ana Botanic Gardens in Claremont, where Munz was director. It was not cold storage, mind you, but the ambient temperature in that room never varied much beyond 10–20°C regardless of the season. The first batch was opened a year later, in 1948, then at ten-year intervals for a few decades, with plans thereafter to extend the interval to twenty years. ‘It’s a lot of time capsules,’ says Walters.

Things were going well until, in 1987, the time came to open a batch and it was discovered that the seeds had gone missing. It seems at some point in the preceding two decades, someone who hadn’t known of the vials’ importance had either disposed of them or moved them. Fortunately, three years later they were found elsewhere in the gardens. The seeds were brought to the National Laboratory for Genetic Resources Preservation in Fort Collins, where they remain today. Walters is the current successor/custodian of the Went project, which she finds fascinating. She tells me that the paper inside the vials is beginning to turn brown and that even this is useful information: ‘The seeds are ageing, the paper’s ageing.’

The last batch was opened in 2014, Walters tells me. In a nod to the project’s history, she invited people from Rancho Santa Ana, which is now called the California Botanic Garden, and they staged a little ceremony and together carefully opened each vial. ‘You have to use glass cutters,’ she says, then laughs. ‘Who has glass cutters anymore?’ There were as many as 300 seeds in each vial, enough to collect good germination data, with plenty spare for other experiments.

‘A lot of the agricultural seeds are not alive,’ Walters says. Most of those are grasses, and even in vacuum-sealed tubes they’ve rotted. It isn’t pretty. ‘Dead seeds are not beautiful to see,’ says Walters. Some other species are beginning to falter, too, though not quite so dramatically. Their longevity appears to be falling largely in line with family or habitat and some of these results have been outlined nicely in Save Plants, a publication of the Center for Plant Conservation. For example, seeds in the primrose family are faring better than those in the sunflower family, with more of the former germinating each time than the latter. Curiously, seeds from woodland species appear to be living longer than seeds from desert species.

Some species, however, are doing astonishingly well. Walters’s favourite is an endemic Californian wildflower called clarkia. ‘You remove it [from the vials] and two days later on water, 100 per cent of the seeds germinate!’

The whole thing is scheduled to finish in the year 2307.


CHAPTER 15

Seed longevity

The Beal and Went experiments are steeped in history, but they are not merely exercises in scientific nostalgia. Even after all this time, they are still generating valuable data in pursuit of a question that remains unanswered: how long do seeds live? Perhaps there are as many answers to this question as there are seeds, but even rough trends by genera, family or species remain elusive. There is still a lot we don’t know about how long seeds last.

This is a problem because no matter how well they are stored, all seeds eventually die. One study even demonstrated that seeds age, albeit very slowly, when stored in liquid nitrogen, which has a temperature around −196°C. It seems that, even at temperatures more than two-thirds of the way to absolute zero, things will steadily fall apart. It also seems that the rate of ageing is highly variable between the seeds of different plant species, something observed in the Beal and Went experiments so far, as well as numerous other studies. Furthermore, even within species, different varieties can have quite different life spans. Back in 2005, Christina Walters and her colleagues at the USDA analysed the viability of numerous samples held in the genebank there, including some that had been collected as far back as 1934. A few plant families tended to have long-lived species with scarcely any change in seed viability after decades. A couple of other families had more than their fair share of short-lived species, with most seeds dead after a similar time period. But, for the most part, longevity didn’t seem to fall along family lines. The researchers also noticed that some seed life spans clustered together depending on the seeds’ original habitat, with several Australian species lasting longer than some European species. But it was difficult to find reliably predictive patterns. Over the years, every time a general rule almost manifests, along comes a bunch of confounding exceptions.

To this day, the longevity of any one seed from any one species can be hard to predict. It is largely through observational studies that examine the life spans of seeds on a species-by-species basis that the picture is gradually being filled in. For example, the seeds of lettuce, peanut, willow or elm do not live as long as the seeds of wheat, mung-beans or chickpeas. Given the same storage conditions, poppy seeds will outlive cabbage seeds, and white lupine seeds will last longer than celery seeds, and you’re doing well if you get even a few years out of chive seeds. Sorghum and barley seeds will certainly outlive rye seeds, and peas will likely outlast them all. It’s tempting to say, ‘Well, that’s genetic diversity for you,’ but it’s even more complicated than that.

Katherine Whitehouse is a seed physiology specialist at the Australian Grains Genebank who studies longevity in orthodox seeds. She tells me that life span can vary significantly among seeds from the very same species collected in the same location in different years. ‘We could have two seed lots that you germinate before storage and they’re both 98 per cent germination,’ she says. ‘They’re the same species and the same variety, but they were grown, for example, in different years. They both went in [storage] at the same time, so you would assume they were the same.’ But that’s not necessarily the case. ‘One will lose viability three times faster than the other one,’ says Whitehouse.

Scientists at seed genebanks routinely test the viability of their holdings by removing a subset of the seeds from a particular accession and attempting to germinate them. The percentage of seeds that germinate provides a glimpse into how well the rest of the seeds in that sample are doing. It’s sort of like polling. They do this test just before the seeds are put into storage, and then they test at regular intervals thereafter. Obviously, this needs to be stretched out – every five years, every ten or even every twenty if things are still going well, otherwise the entire accession can be used up with testing. ‘We do regular monitoring,’ says Mariana Yazbek at ICARDA. ‘Every five years you open that package, you take fifty seeds and put them in a petri-dish, and you germinate them and you count how many of them are alive.’

Although the life span of any given seed is not easy to predict, and general rules for species or families are often elusive, it is now clear that all orthodox seeds follow a remarkably similar pattern as they age. ‘Imagine you drew a graph where the X-axis was storage time and the Y-axis was viability,’ says Christina Walters. She lifts one hand and begins to trace an invisible horizontal line in the air, just above her eye-line. ‘The real difficulty of working with seeds and ageing is that everything is fine. It’s fine,’ she continues, following that line, which is still fairly flat. ‘It’s fine. It’s fine. It’s fine, and then, all of a sudden, it crashes.’ Her hand drops as she traces a precipitous slope, one that tapers off at the bottom as if she’d just been describing the path of a steep ski run. ‘There’s this threshold and a crash,’ she reiterates. ‘But that time period before it goes bad, you have no symptoms.’

And there’s the rub: most seeds look the same whether they are alive or dead. Unless they’re very obviously damaged or hollowed out by deterioration or disease, you just can’t tell. You remove a seed after three years of storage, or after thirty years, and you hold it in the palm of your hand. Maybe it’s dormant, maybe it’s kind of middle-aged, maybe it’s No Longer With Us. ‘You can’t tell!’ exclaims Walters. ‘That’s why I got into them. It’s like they have a history but they’re not going to reveal it.’

Seed ageing is a major focus of global genebanks, says Charlotte Lusty at Crop Trust. ‘You’re monitoring the collection because you need to be on top of the viability of all of those seeds and all of those packets,’ she says. ‘If at any time viability starts to go down, then there’s a danger of it going down very quickly. At the moment, the threshold that is used is 85 per cent. So if less than 85 per cent of the seeds in the packet are proving to be non-viable … it could be that very quickly, they all become dead.’

That’s when you need to act fast, says Yazbek. ‘You don’t want to get to that tipping point where you’re suddenly conserving dead seeds … So we’re monitoring very carefully to make sure they’re still living or not, and once that tipping point is reached, we put [the seeds] out in the field, we plant them and we harvest fresh seeds.’

It’s not a perfect system, but at present it’s the most effective way to keep genetic lines going, says Lusty. Nevertheless, it entails a lot of work and resources. ‘It means that if you have a very large collection, you need to have a big team of staff who are periodically checking each seed packet,’ Lusty says, adding that it’s a ‘massive data exercise’ in which everything must be catalogued and tracked precisely. ‘Inevitably,’ she says, ‘when you have an old collection, it means every year you have to plant out a percentage of [it] … in order to create new fresh stock that can go back into storage for another few decades. Plus, you’re also dealing with hundreds of requests for seeds, so they’re coming out and you’re sending seeds off, doing all the paperwork. So, while you can imagine it being a relatively simple job of keeping seeds in jars, it actually ends up being a very intensive business when you’re doing it on a large scale.’

Lusty also worries about genetic erosion within individual accessions because even just one packet of seeds can contain a lot of interesting genetic variety. Certain crops are self-pollinating, so the seeds stored in any one accession tend to be somewhat similar genetically, she explains, but there are a lot of crops that don’t fit this profile. Maize, for example, is cross-pollinated, so genes are contributed by different parent plants. Lusty clarifies that she’s not talking about modern-day sweet corn, the kind you buy in the grocery store and which has been carefully bred to be ‘totally uniform’. She means the old maize landraces. ‘In an ear of maize of a traditional landrace, all the little seeds are different colours just in one ear’, and you can literally see the different traits, the genetic diversity right before your eyes, she tells me. It’s like an entire genetic population all growing on the same plant. If you put all those seeds just from that one ear into a seedbank accession, ‘it’s like a completely diverse set of individuals that make up that accession. There’s as much diversity in that one accession [as] there is between the accessions.’ When even some of the seeds in that accession start dying, you’ve lost that unique arrangement of genes forever.

Seed life spans are an issue for all genebanks, including the biggest seed storage backup of them all: the Svalbard Global Seed Vault. Despite how eternal that arctic fortress appears, nothing in there will last forever. Yet, once the seeds arrive, they are never tested. ‘Genebanks are recommended to ship high quality seeds only,’ says Svalbard’s Seed Vault coordinator, Åsmund Asdal. Svalbard is a mirror site, after all, so the genebanks that deposit the seeds must regularly monitor their primary collections. ‘They have the same seeds from the same yield, same quality at home,’ he says. ‘So they test these seeds and when they see that these seeds are getting old, and do not germinate well enough, they know that they also have to replace the seeds in the Seed Vault.’

The intervals for testing can vary. It might be every ten years or every twenty-five years, says Asdal. That might sound like a nice breather between tests, but there are so many seeds and so many starting points for storage. Saving lots of seeds from different years is a good thing, as it provides what genebankers like to call ‘temporal diversity’, but the downside is that seedbanks are perpetually testing their seeds. Will the barley seeds in a particular accession last 400 years or will they just scrape past twenty? What about the same variety collected a decade earlier during a drought? And what of the barley wild relative from Azerbaijan? Knowing the answers to questions like these would save a lot of time and resources that instead could be invested in saving more seeds of more species.

For this reason, scientists working with the Svalbard Global Seed Vault want to better understand seed longevity. And in a similar vein to the Beal and Went experiments, they’re running their own long-term studies. ‘In 1986 we started a so-called 100-year project aimed at investigating [the] longevity of seeds stored in permafrost,’ Asdal tells me, explaining that they produced and packed a new set of seeds for this experiment and placed them in Coal Mine No. 3, not far from the original seed collection. ‘The purpose of that has been to monitor how long can these varieties stay alive in permafrost at −3°C.’

While it is interesting to see how long the seeds of different crops stay alive and germinate in permafrost conditions, Asdal cautions that it doesn’t reveal very much about the longevity of the seeds in the vault because the coalmine conditions are too different. ‘Because seed longevity is of vital interest for the genebanks and for us,’ he says, ‘we have decided to introduce a new 100-year seed longevity experiment in the Seed Vault, where the temperature is −18°C.’ The experiment focuses on fourteen crop species that are important to global agriculture, including wheat, barley, peas and lettuce – and for each crop species, five varieties are included. The samples are being provided by six genebanks in varying locations to ensure geographical diversity. The first seeds were deposited at the Svalbard Global Seed Vault in August 2020, and Asdal tells me more seeds will be produced and deposited over the next three to four years, ‘to cover the significance of different growing conditions’. In other words, temporal diversity.

Intriguingly, one of the biggest threats to seed longevity is the same metabolic reactions that are necessary for life. During cellular metabolism, genes are activated and cellular components are built and broken down and built again. Energy is consumed, converted, stored and released. This happens in all functioning cells. It’s just how they traverse existence. It’s how all cells live. But it’s also how they die. Not so long ago cell metabolism and cell death were believed to be independent phenomena: one provided building blocks and energy, the other just kind of tore it all down, and each was controlled by a largely different sets of genes and molecules. But it turns out they are tightly linked. For example, many proteins known to play central roles in metabolism are now also implicated in cell death. These days, cell metabolism and cell death are referred to as ‘deeply intertwined’, with their pathways comprising a ‘tangled circuitry’.

It makes sense, really, that the biochemical processes of life and death can’t be extricated from one another, and that there is nothing so clear-cut as a section of the genome for life and another for death. It’s still not entirely clear what flips the final switch, only that many of the same components are involved. So, where there is metabolism, everything required for death is already in play, ever ready to pivot towards that final endeavour.

Normal metabolic activity – including metabolism – involves a lot of cellular motion. Cells are filled with a kind of gelatinous fluid called cytoplasm, where organelles and biomolecules move around, shifting and diffusing this way and that. There is a lot of matter in there, but also enough molecular elbow-room for efficient movement so that it behaves as a fluid system. There are collisions, reactions, molecular messages swiftly being sent and received, genes being transcribed into proteins, proteins slipping past one another as they move this way and that, and cell structures being built, repaired, broken down, recycled or expunged. In short, most cells are crazy busy, and actively metabolising plant cells are no exception.

During all this activity, chemical bonds are formed and broken, leading to the production of free radicals, which are atoms or molecules with an unpaired electron. It seems such a tiny problem – it’s literally subatomic – but anything with an unpaired electron is a proverbial loose cannon. Most atoms, except hydrogen, far prefer their electrons to come in pairs. ‘Prefer’ is probably the wrong word here, though. It’s more of a demand for which there is zero negotiation. Fundamental quantum forces are at play and they won’t take no for an answer. As such, an atom with an unpaired electron is an unstable little beast and downright ravenous for another electron to make a pair again. It will do anything to get one, and often that means thievery.

Enter oxygen, much lauded for the vital role it plays in the production of cellular energy and many other important biochemical interactions. But it turns out that an oxygen molecule (O2) is easily split into two unstable oxygen atoms, each with an unpaired electron. So, in biological systems, where a lot of oxygen is being shuffled about, most of the free radicals are reactive oxygen species (ROS). As they careen all over the cell, they slam into other molecules and, in a process called oxidation, the ROS steals an electron, ripping it away from where it was happily residing. The ROS, now sated, is no longer reactive, but now the other molecule is missing an electron and the problem continues. During metabolism, vital biomolecules such as proteins, lipids and DNA are bombarded with ROS. Electron by electron, these free radicals chip away at these important biomolecules, and in so doing they gradually erode a cell’s structure, function and genetic stability.

Cells do their best to mitigate all this oxidative damage. They use enzymes such as superoxide dismutase, which essentially eats free radicals for lunch. They also activate genomic repair mechanisms, marshalling troops of specialised enzymes that detect damaged DNA and quickly fix it. Cells will use other enzymes to produce small molecules called antioxidants. And this is a neat trick. An antioxidant molecule is able to donate an electron, yet it will not become a voracious electron scavenger itself. Vitamin E, a well-known antioxidant, achieves this by donating a hydrogen atom, which only has one electron. The idea is to have enough antioxidants floating around that they’re more likely to be hit than anything vital – they kind of take one for the team.

In all living cells, there is a constant battle between free radicals and the cellular machinery tasked with either preventing or mopping up the damage. Cells cannot keep this up forever, though, and there comes a point where damage outpaces repair. Eventually, cells die. As long as cellular metabolism is in full force, the biological clock is ticking steadily, relentlessly.

Plants cannot slow down time itself, but in orthodox seeds they have found a way to profoundly slow the effects of metabolism under certain environmental conditions. From the seed’s point of view, this amounts to almost the same thing. During seed development, there comes the seed filling stage. This is when the seed accumulates all that dry matter it’s going to need – lipids, carbohydrates, proteins, fats and so on. At this point, the seed still has a vascular connection to the mother plant, and as such, there is still fluid available. But as more and more dry matter accumulates, the ratio of dry matter to fluid begins to change. Things are still happening in a fluid state – genes are active, cellular metabolism is chugging along – but it’s all happening in an increasingly more crowded space.

When the connection between an orthodox seed and the mother plant is cut a new phase begins. It’s called ‘maturation drying’ and a lot changes inside the seed. First of all, the water in the seed evaporates until it reaches an equilibrium with the humidity in the air, so if the relative humidity in the surrounding environment is low, the seeds lose a lot of moisture. ‘The seed is going to dry down and the further removal of water compresses all of those cellular constituents,’ says Christina Walters. All that once-busy cytoplasm now looks very different, she says. ‘It’s just kind of a mishmash of material compressed so far that it holds its shape.’ The cellular contents become so crowded that the flow of molecules inside the cells slows down. Molecules that would zip past each other in a fluid are now compressed together and – this is key – they begin to interact. Katherine Whitehouse explains that this ‘leads to really strong bonds between them.’ These bonds further reduce mobility of the molecules. And, at low enough moisture levels, the result is a state that very closely resembles glass.

*

Look around you right now and there’s a good chance you’ll find yourself in the presence of some glass. Whatever the item – a drinking glass, glass lenses, a window pane – it was once a molten liquid that reached temperatures of over 1700°C and was then allowed to cool. During this process, the molecules never achieved a structured arrangement but instead remained as disordered as they had been in the liquid state. A molecular snapshot of the liquid state and the glass state would appear almost identical, although there is more crowding in the glass thanks to the contraction that occurs during cooling. As this happens, molecules have a harder time slipping quickly past one another, so they begin to slow down, and as they do this, they make stronger connections. It’s a bit like how it’s easier to grab the hand of someone who is walking slowly past you than to grab the hand of someone driving past you in a convertible going 150 kilometres per hour, which is not advisable. As the cooling continues, so, too, does this process until at last the molecules become fixed in place and glass is formed.

There is an old ink bottle on a windowsill in my home which was made sometime in the mid-1800s and is long since empty of ink. The thick, greenish glass catches the morning light and is full of lovely imperfections frozen in time. When I hold it up, I can see tiny bubbles that have been trapped in place since the day the glass cooled. Inside the bottle, the bottom is thicker on one side than the other, as if the piece had been carelessly left to cool at a slight angle and now there is a tiny slope of glass caught forever in the act of rising. No matter how much I tip the bottle the other way, it will not even out in my lifetime, but that’s not to say it never would. This highlights an important notion: the glass state is non-equilibrium. In other words, glass is neither a true liquid nor an ordered crystalline solid, but rather occupies a place somewhere in between. Exactly where in between is still a matter of debate. Glass is classed as an amorphous solid to distinguish it from a crystal, but physicists have been arguing about the true nature of glass for years, and if you were inclined to start an argument in a bar full of materials engineers, then just ask loudly whether glass is more of a solid or a liquid. Recently, materials engineers Edgar Zanotto and John Mauro proposed a new definition of glass that accounts for profoundly gradual changes. A glass, they say, might seem solid but it’s actually very, very slowly relaxing towards the liquid state. The critical element is time.

The point is that plants that produce orthodox seeds figured out how to use glass physics to their advantage. ‘I think they’re the original materials engineers,’ says Christina Walters. Orthodox seeds, with their accumulation of food stores and subsequent drying out, achieve a ‘glassy’ state, she explains. Like the molecules in glass, the molecules in seed cells slow down and become trapped in an amorphous, disordered state. Like traditional glasses, seeds are not in equilibrium: they are no longer liquid, but they are not crystalline solids. And for the seed, this is a good thing. Being fluid would make extreme life spans impossible, yet being in an ordered crystalline state would be disastrous. Among other things, the resulting solid would be far too stable. The entire point of a seed, after all, is a sort of useful impermanence. A seed is meant to carry genes from one point in time to another, and then its job is done. By being neither liquid nor fully solid, a seed has a chance to change. ‘It’s not totally fixed. That’s the beauty of it!’ says Walters.

Inside glassy seeds, motion is mostly small-scale and short-range. Glucose is no longer barrelling around at high speed and proteins have slowed to a halt, yet molecules can still react with their neighbours ever so slightly. There are also random pores throughout this glassy solid, through which gases and water molecules can slowly diffuse. ‘You might think that as you increase the proximity of reactants, then you would increase the reaction rate,’ says Walters, ‘but because it’s so solid and packed and the molecular mobility is so slow, you’re slowing those reactions.’ And that’s the whole idea, she tells me: ‘The reason for solidification is to slow down reactions.’

Enzymes are central to metabolism, but they can only function if they can reach the molecules they’re meant to interact with, says Walters. ‘The chances of catalysis through an enzyme are pretty small because how are you going to bring those molecules together?’ And so, metabolism is suspended and the seed becomes quiescent. This is how, under the right conditions, an orthodox seed slows down the effects of time.

Ultimately, a seed’s longevity is a trait, one acquired early in its life. The health of the mother plant and the environmental conditions during seed development can have a big impact on longevity, says Katherine Whitehouse. She explains that it is crucial that the seed experiences neither too much stress nor too little during this time, because there’s a sweet spot that triggers a series of important stress responses that will profoundly influence how long that seed can live. It is an elaborate interplay between genes and the environment. As for exactly which genes in which species, which types of environments, and precisely when and how they interact, well, that’s something that a lot of plant physiologists are keen to find out.

It appears that just after the connection with the mother plant is cut and the maturation drying phase begins, the seed prepares a lot of proteins and other molecules it will need to endure the drying-down phase, as well as a potentially long period of quiescence. For example, many seeds produce proteins called late embryogenisis abundant proteins (LEAs), which are kind of weird. They’re unstructured proteins like slightly unravelled string, but they seem to act as a kind of buffer against dessication, helping to keep other molecules in the seed stable in dry conditions. Some seeds also produce heat-shock proteins that help protect other vital proteins from temperature-stress. This is also a time when the seeds ramp up their supply of antioxidants.

For seeds that enter a glassy, fully quiescent state after drying out, it’s not clear how long they can remain that way in a soil seedbank. After all, periods of rain come and go, daily humidity rises and falls, dew gathers, fogs may drift in, perhaps a light snow falls and melts. As Whitehouse explains, ‘the moisture content of the seeds in the soil seedbank is constantly changing, fluctuating with the environmental conditions.’ This alters the seeds’ physiology quite a lot, she says. Water relaxes a seed out of the glassy state and the amount of water present can influence which reactions can take place or the degree to which metabolism returns.

It is interesting to note that humans are not the only ones who make seedbanks. Plants do it, too. Out in nature a seed-bearing plant will drop seeds onto the soil, creating what is known in ecology as a ‘soil seedbank’. The seeds remain there until a particular suite of conditions arrive, and provided the seeds are still viable at this point, they will germinate.

Louise Colville is a seed biologist at the Millennium Seed Bank at Kew Gardens in the United Kingdom, and is particularly interested in the longevity of the seeds of wild plant species. She tells me that changing moisture levels can actually be quite helpful to a seed. ‘You get cycles of rehydration and dehydration, and during rehydration phases the damage to DNA or proteins can be repaired. That is one aspect of why seeds can actually survive for quite a long time in a soil seedbank.’

There are a lot of intriguing questions about where seed dormancy comes into all this. The physiological choreography involved in cycling in and out of dormancy and keeping track of environmental cues would appear to be impossible in a completely dry, glassy seed. Just how dormancy is broken in a seed that’s in a glass-like, quiescent state is still being worked out, and it has been called ‘one of the great mysteries of plant science’.

In a 2019 paper in Frontiers in Plant Science, Leeds University plant scientist Wanda Waterworth and her colleagues proposed that dormancy and glassy quiescence may actually be two distinct strategies for long-term survival and that, over the course of evolution, plants in different environmental niches might have gone with the one that worked best. They reason that seeds from wetter environments can carry out more cellular repair, but because there’s more rainfall or humidity those seeds are more likely to need dormancy to help control the timing of germination. Meanwhile, seeds from drier environments wouldn’t need as much help in that department, but they would need a lot more protection from long-term damage.

For seeds enduring long periods of dry conditions, the dry, glassy state is a useful defense mechanism. It’s likely that the glassy state is a significant factor in many cases of extreme longevity. Elaine Solowey sprouted the 2000-year-old date palm seeds from Masada and the caves near the Dead Sea, just at the edge of the arid Jordan Desert, certainly a place where there are long droughts. One of the more recent droughts, she tells me, lasted twenty years. ‘We had 20 millimetres of rain, which is like spitting on the ground twice,’ she says with a laugh. Whenever she has tried to germinate ancient date palm seeds from other locations, nothing ever sprouts. ‘No seed that I have ever planted that was ancient came up unless it was from the Dead Sea area,’ she says. ‘I think there’s something special about that area. I’ve tried old seeds from other places, and as far as I’m concerned they were dead as doornails!’

*

By drying seeds down and storing them at low temperatures, seed-banks take advantage of orthodox seeds’ defense mechanism by coaxing them into a glassy state and then keep them there. How then, do seeds age even when carefully stored at low temperatures and low humidity? Because the glassy state comes with a few downsides, says Christina Walters. ‘You are bringing molecules [together] that are reactive, like a sugar molecule has an O-H group that definitely wants to give up an electron. It’s going to give that electron away and something is going to receive it. So you’re still going to be making free radicals.’ These free radicals have a lot more trouble moving around, but the smaller ones, such as single activated oxygen atoms, can still squeeze through the jam-packed glassy matrix like pickpockets on a crowded subway. As they degrade other molecules, new free radicals can be formed. This all happens very slowly now, but it still happens.

Then there’s just the nature of the glass itself. In much the same way that the strength of any glass can range from fragile to strong, research by Walters and others has shown that strength of glassy-state in seeds can vary. It seems that, among other things, the types and amounts of proteins and other molecules that are packed inside the seed influences how well, or how poorly, the glass forms. That certainly leaves a lot of room for differences between species or the influence of environmental conditions while the glassy solid is forming. Even within any one seed, there are all sorts of differences in glass strength precisely because it’s so disordered and messy in there. It’s also full of imperfections, like tiny gaps in a crowd. ‘What you have produced is this matrix with lots and lots of pores, and nothing likes a vacuum, so you’re always going to have that compression of the pores,’ says Walters. As the glass ages, the bonds that locked all the molecules in place gradually relax and the small-scale structure of everything shifts a little and the pores are compressed. Molecules that had been separated become close enough to react. So, new free radicals are produced slowly but inevitably. This is how seeds age, says Katherine Whitehouse. Over time, these free radicals do what free radicals always do, she explains. They destabilise membranes and degrade genetic integrity.

Ironically, as long as the seed remains in a glassy state, it cannot repair itself because the enzymes that would otherwise detect and carry out such repairs can’t move. To protect against deterioration, seeds make antioxidants prior to entering the glassy state and these bear the brunt of free-radical oxidation. That’s why so many seeds are rich in antioxidants – they’re even extremely useful in seeds that never become glassy, like recalcitrant seeds. But so long as a seed is in a glassy state it can’t make new antioxidants, and if enough time passes, they will run out.

For Walters, the intriguing mechanisms of seed ageing have been ‘a lifelong fascination’, and there is still a great deal that remains unknown. She and others have spent years conducting chemical post-mortems on dead seeds, looking for the key event that pushes a seed down that precipitous slope that finally causes it to die, a sort of molecular coup de grâce. They have wondered if the critical tipping point is the destruction of the mitochondria, or the depletion of all the food reserves, or maybe there is some important molecule that finally fails. They’ve been looking for the analyte that will give it away. An analyte, explains Walters, is an identifiable chemical that can be detected, and which, in this case, might point to a specific cause of death. If there was a single common cause of death in seeds, ‘you would expect something very specific to go down as you see things die, or go up as you see things die. We have a lot of dead things and we never find the same analyte!’ says Walters, adding that in test after test, in regards to the chemical read-outs: ‘What you usually see is a mess!’

But Walters realised that this mess was telling them something important: ‘If you think about it, the seed, during embryo development, accumulated all this dry mass. Every single molecule in that cell is now subject to deterioration, and that’s a lot of deterioration. There’s lots and lots of different ways it can deteriorate because different molecules have been pressed together. So, where I’ve evolved to is this is exactly what we should expect: a mess!’

It evokes an intriguing analogy with human ageing. There’s this idea that a person can die of ‘old age’, says Walters. ‘But what is that? Usually someone falls and it goes bad, or something else bad happens. That brought us to this idea that lots of little events have tiny, tiny effects, but then you have a big effect from a small event, a chance event.’ In other words, she explains, ‘Many, many things can go wrong as you age, but that’s not the lethal event. The lethal event could be a minor event in another circumstance, but because there are so many things going wrong, [it] has a big effect. It’s the straw that breaks the camel’s back – in itself, it’s insignificant, but it could have a large consequence in that moment. It’s kind of humbling to think that’s how you live.’

*

In order to store seeds long term, to prevent genomes from eroding and species from flickering out of existence, genebank operators have to anticipate the moment that seeds in an accession will begin to die and refresh them before that tipping point is reached. ‘All we have at the moment to estimate longevity or quality of seeds are germination tests,’ says Katherine Whitehouse, which, she concedes, is ‘a very crude measure’. A germination test doesn’t tell you what a seed’s longevity is, she points out. ‘It tells you the viability of a seed lot at that time but it won’t tell you how long it will stay at that germination [rate] before it will start declining, and that’s the problem.’

Moreover, some seeds might not germinate, not because they are dead but because they are in a state of deep dormancy. This isn’t really an issue for most crop species because they lost the dormancy trait during domestication, says Whitehouse, but many wild species and crop wild relatives still retain that dormancy trait. And if this isn’t broken by the right conditions – bushfire smoke, or maybe a journey through an orangutan’s gut – then it’s unlikely to germinate no matter how much water and light are offered.

In recent years, Christina Walters and her colleagues have been looking for something that can provide more information about ageing and longevity in seed collections. They have searched for molecules that will change over time as a seed ages, she says. They wanted something that could be sequenced because modern technologies would make analysis simple. DNA wouldn’t do because it’s structurally quite strong, so it wouldn’t provide the strong signals of change that they were looking for. They thought about searching for proteins, which can also be sequenced, but that kind of analysis requires large amount of proteins – or, as Walters puts it, ‘buckets of material’ – which you wouldn’t be able to get from tiny seeds. Ultimately, they settled on RNA.

RNA is an essential part of cell growth and metabolism. Its main job is to carry genetic instructions from the cell’s nucleus to another part of the cell where the instructions are carried out and all the cell’s vital proteins are made. As a seed develops, it makes heaps of RNA in anticipation of all the proteins and molecular machinery it’s going to need later when it’s time to repair damage, break dormancy or trigger germination. But in orthodox seeds that dry down to a glassy state, everything slows to a halt before all those genetic instructions can be converted into proteins by the ribosomes, which are the cell’s protein-making factories. In the glassy state, when the ribosomes stop working – everything does. This is an important strategy on the part of the seed, because with so much RNA already processed and ready to go, the seed can get to work really quickly when moisture levels rise.

Walters tells me that when the seed enters the glassy state, all that RNA becomes fixed in place just like everything else. It just so happens that RNA isn’t anywhere near as stable as DNA; it’s quite fragile. For one thing, DNA is double stranded whereas RNA is only single stranded, making it a lot more vulnerable to attack from radicals. Another clue is in the names: RNA stands for ribonucleic acid, while DNA stands for deoxyribonucleic acid. Both contain an almost identical core sugar molecule, but the ‘deoxy’ in DNA signifies that its sugar is missing an oxygen atom. RNA, by contrast, still has this oxygen atom, which is in an O-H group. That O-H group is pretty reactive, which helps RNA carry out its myriad functions in the cell. The catch is that it can easily react with another part of the RNA, causing it to break. The bottom line is that RNA is incredibly prone to oxidative attack and other causes of breakage – much more so than DNA. In a happily metabolising cell, that’s not such a huge deal because cells will get rid of damaged RNA and quickly make more. The ephemeral nature of RNA affords all living cells a certain agility in responding to environmental cues. But in the glassy state of the seed, that can’t happen. Any RNA a seed has before it enters that state is what it’s stuck with. As RNA gradually breaks down, due to oxidative attack and other damage, the cell accumulates broken fragments of RNA, like shards of broken pottery that cannot be swept away. Walters and her colleagues realised that they could measure the decline in RNA quality to see how quickly a seed is ageing. Moreover, it’s easy to isolate, measure and sequence, and you don’t need much of it at all, says Walters. ‘It’s such a nice analytical tool.’

Walters tells me that she has been analysing RNA quality in seeds to see how it changes over time. The quality of the RNA is signified with an RNA integrity number, or RIN for short. It’s a 10-point scale, and anything with high-quality RNA, such as fresh seeds, score at least an 8. But if the RNA breaks down, this RIN value drops. By the time it reaches 3, the RNA situation is pretty messy.

Walters wanted to know how RIN values change as seeds age, for which she needed a whole bunch of seeds representing a variety of different ages, from new ones to old dead ones. Walters tells me she didn’t have to wait around for seeds to die because she’s been collecting seeds for her research ever since she first started at the USDA. ‘Now, thirty years later, I have a lot of dead seeds!’ she says with a laugh. Recently, she and her colleagues selected soybean seeds spanning an age range from one to twenty-seven years, and sure enough, their RIN values declined with age and correlated well with decreasing seed viability.

This research is providing a window into what’s going on inside ageing seeds. For seedbanks, it promises to be a useful way of detecting the degree of ageing in seeds that have no external indicators of decline, which in turn will be valuable for managing long-term seed storage and, by extension, the preservation of crop and wild plant species. It’s also proving rather useful in outer space.

*

On 2 September 2015, a Russian Soyuz spacecraft was launched from Kazakhstan carrying three humans, equipment, supplies, and precisely 2 kilograms of seeds. What species, you ask? Eruca sativa, better known as rocket. The seeds were part of a European Space Agency research project called Rocket Science. Get it? Don’t ever say cosmonauts and space botanists won’t seize any opportunity for a good pun. The seeds were kept on the International Space Station (ISS) for six months, then returned to Earth where, with the help of around 600,000 schoolchildren, they were tested for germination and the growth of any seedlings was monitored. Meanwhile, scientists at Royal Holloway, University of London, led a series of more detailed studies – from gene transcription analysis to RNA analysis – to see whether six months off-planet had caused accelerated ageing in the seeds.

There was a good reason for doing all this. Crewed space travel requires food supplies, and when space travel begins to involve very long distances, such as journeying to Mars or beyond, replenishing those food supplies will pose a major challenge. Seeds can facilitate space exploration by making it possible for crew members to grow their own food on long-haul space flights. Moreover, the transportation of seeds to Mars offers an opportunity to not only survive a trip to the red planet, but also to initiate Martian agriculture on arrival. Closer to home, it might show that space gardens could be useful for long-term habitation on the moon. However, none of this will eventuate if seeds themselves can’t survive long periods in space. For this reason, space agencies are keen to find out how long seeds live in space, how well they germinate, and whether the resulting plants have any difficulties in growing and producing more offspring. There are already a lot of unknowns surrounding the physiology of seed longevity on Earth, and spaceflight merely adds a whole new bunch of confounding variables, from the potential effects of microgravity and the mechanical vibrations during rocket launch, to the effects of ionising radiation from solar winds and galactic cosmic rays which exist beyond Earth’s magnetic cocoon at intensities no seed – nor human, for that matter – ever evolved to handle.

The findings of the Rocket Science project suggested that the rocket seeds on the ISS had subtly aged faster than the Earth-bound control seeds during their six-month journey. The researchers concluded that it might have something to do with the fact that the seeds on board the ISS had absorbed around 100 times more radiation than the seeds that had remained on Earth. ISS orbits Earth, high in the magnetosphere, so it still receives a lot of protection from our planet’s magnetic field, but a spacecraft journeying to Mars would be much more vulnerable – the ionising radiation exposure would be around five-fold greater. The study’s findings indicate more protective storage conditions will be needed, but still, it seems that one day seeds will be able to boldly go where no seeds have gone before.

And so, seeds, and our ability to preserve them, offer a promising link to a future in which we can reach other worlds, while protecting the biodiversity and food security on this one. They also offer us a precious connection to our past.



PART VI

SEEDS AND CULTURE
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CHAPTER 16

On sacred ground

The jagged northern coast of the Dampier Peninsula, in Western Australia’s Kimberley region, is an ancient and geologically wondrous place. Its rough, sea-hewn edge is lined with weathered red cliffs and pale, rolling sand dunes. Thousands of estuaries and tidal creeks weave through the landscape, their clear water spilling out into the turquoise sea. By all accounts, it is beautiful, but I’m told the monsoon vine thickets are what make this place truly remarkable. They are full of plants and animals, and they are also full of songs and stories.

Monsoon vine thickets (MVTs) of the peninsula are areas of dry rainforest strewn along the coastline from Broome all the way up to One Arm Point and down again to a place called Goodenough Bay. There are more than 2600 hectares fragmented into nearly eighty narrow patches, often hemmed between grassy eucalypt woodlands and the coastal dunes, and separated from each other by estuaries, rocky outcrops, and the embrace of all those eucalypt forests. A few of the more imposing MVTs extend for hundreds of hectares, but most are not so big. The majority are smaller than 100 hectares in area, and many of these are around just 10 hectares. Yet, despite comprising a total land area less than 0.01 per cent of the Dampier Peninsula, MVTs account for a great deal of its biodiversity.

Almost a quarter of the region’s plant species live in MVTs, including dense tangles of woody vines like the crab’s eye creeper (Abrus precatorius), with its vivid but exceptionally toxic seeds; the flowering monsoon hibiscus (Hibiscus peralbus); and the shady, fruiting Grewia breviflora. There are many species of fruiting trees, and where fruit is plentiful, there are animals: wallabies, bats, sugar gliders, bandicoots, possums and native tree rats. There are endemic pythons and lizards, skinks and tree snakes, and native insects such as green tree ants, butterflies and moths. There are native species of land snails that have probably been in the area for the better part of 3.5 million years. Numerous species of birds make the vine thickets their home, too, moving from one patch to another as the fruit comes and goes in different seasons. They carry and disperse seeds and, in so doing, turn what appears to be hundreds of isolated thickets into an intimately connected ecosystem within the peninsula, and beyond that, part of a large migratory wildlife corridor that extends all the way up into South-East Asia.

An abundance of life requires an abundance of water, and in the MVTs there are freshwater springs, streams and pools. Tree roots help to filter and channel the water, while the canopy provides shade and good shelter, especially during fierce seasonal monsoons, which is why monsoon vine thickets have the name they have.

But it is not their only name.

*

The peninsula’s monsoon vine thickets are found on the traditional lands of the Bardi Jawi, the Nimanburru, the Nyul Nyul, the Djabera Djabera, the Jabirr Jabirr, the Goolarabooloo and the Yawuru peoples. If language tells a tale – and it always does, in more ways than one – the vine thickets have been an important part of the world of these peoples for a very long time. In the Bardi language the name for monsoon vine thickets is budan or boordan boroo. They are also called mayi boordan, which means ‘bush fruit country’ or ‘places of plenty bush foods’. Further south, the Yawuru people call these places mayingan manja balu, which means ‘plenty of fruit trees’.

If endemic snails tell a tale – and believe it or not, they do – the MVTs have been here for eons. Of course, it’s not just the snails telling this story. It’s also the fossils and many of the living species that reveal these ecosystems to be remnants of the vast supercontinent of Gondwanaland, which began to break apart 180 million years ago. It fractured into ever-drifting continents, one of them being Australia. The first humans arrived on the Australian landmass at least 65,000 years ago, and their descendants reached the Kimberley by around 50,000 years ago.

For the people who came to the peninsula, the thickets became a vital source of shelter, fresh water and nutrition, providing a wide range of seasonal bushfruits, good hunting grounds, and ample fishing in the streams and estuaries. Nyul Nyul woman Devena Cox has known these unique forests since childhood, and now spends a lot of her time working to protect them as leader of the Nyul Nyul Women’s Rangers. ‘It’s a resting area, it’s shady and the foliage is nice and green,’ she tells me, adding that in the heat of the day you’ll see dunnarts and kangaroos sleeping beneath the trees. ‘It’s a haven for animals and humans.’ The MVTs are a source of healing, too. Over thousands of years, the people here learned which leaves, when warmed and wrapped around joints, would help relieve rheumatism; which infusions of certain tree barks could be applied to wounds or sore teeth; and which leaves of which plants could be soaked and drunk to ease headaches or sickness. The people of the peninsula came to know the local rhythms, the subtle ecological pulses far more nuanced than anything so binary as wet season, dry season. The MVTs still provide many varieties of fruit, says Cox. She tells me there are subtle botanical signals that indicate what fruits are available for foraging, as well as what to hunt and when. ‘You’ve got certain trees like wattles, when they are in season you know the mullets are in season. And for the stingrays, you’ve got the paperbark in flower. Any trees around us that would flower, we would use that as a sign.’ Further north, the Bardi people recognise six seasons which are marked by the presence, intensity and direction of the wind and rain, the ripening of certain fruits and nuts, the appearance and condition of certain animals, as well as the arrival or absence of big tides.

This is based on many millennia of observation and is tightly interwoven with an understanding of the life cycles of the native plants. The Bardi people have passed this and a wealth of other knowledge down through generations and in the past few decades they have shared it more broadly with anthropologists, botanists and ecologists, both directly and, in recent years, via their own publications.

For the Indigenous peoples of the peninsula, knowledge of what foods to find and where, which seeds could be eaten and how to prepare them, of when the hunting was good for wallaby or dugong, was passed along in stories and songlines as people gathered in the thickets to commune and feast, sing and play. There are Law Grounds, where councils met and held ceremonies. At other sites there were marriages, family gatherings, and, when the time came, burials. For those who lived here for generations, it was and still is a place of spirits.

It is difficult to grasp how long this went on for, but it is worth a try. Up in the traditional lands of the Bardi, up towards One Arm Point, but not quite that far, there is a place called Chile Creek. Near its bank are several fossilised footprints, at least two people heading west, by the sizes most likely that of an adult and perhaps a child. There is uncertainty about their age, but some estimates suggest they were formed at least 2000 years ago. Think for a moment about how much has happened in 2000 years, and about how all of that time represents a vanishingly small fraction, perhaps just one-twenty-fifth, of the time that has passed since humans arrived on the peninsula and began to notice the shifts in winds, the arrival of turtles, the change in fruits, the bloom of that flower but not this one.

There is an incredibly ancient cultural connection between the MVTs on the Dampier Peninsula and the Bardi Jawi, the Nimanburru, the Nyul Nyul, the Djabera Djabera, the Jabirr Jabirr, the Goolarabooloo and the Yawuru peoples. This connection was profoundly wounded by European colonisation. Communities were further fragmented as many people were forcibly removed from their traditional lands and, particularly during the time of the Stolen Generations, from each other. Vast interruptions to chains of generational knowledge occurred across Australia, including for those who lived on the north-western coast of the continent. But the stories continued, and songs, whispered or sung at times in secret, still endure, and are now an important part of the ongoing revival of traditional cultures linked with the monsoon vine thickets. There are still many sacred areas, says Cox.

However, the MVTs are not safe, and they have not been for quite a while. Until Europeans arrived, the thickets had been cared for by the people of the peninsula for generations. During this time, they acquired an intimate knowledge of the ecosystem and its rhythms. They developed and practised fire regimes that protected the vine thickets from intense mega-fires, and gave plants and animals time to recover. Just as the thickets became central to their culture, so too did their culture become important to the health of these ecosystems. But as the communities of the peninsula were impacted by colonisation, traditional fire practices lapsed, lands were cleared for agriculture and development, and introduced species from weeds to grazing livestock found their way into what remained.

Work is underway to increase legal protection for the MVTs. This is addition to other efforts to safeguard and regenerate the thickets, because invasive weeds and feral cows tend to pay notoriously little heed to legal agreements. Fast-growing weeds such as siratro and merremia creep into the thickets and grow over the native trees, effectively strangling them. The weeds and dead trees become tinder, increasing not only the risk of fires but also their intensity.

In recent years, Environs Kimberley, an environmental NGO based in Broome, has teamed up with Indigenous ranger groups of the Dampier Peninsula to conduct an analysis of fire history in the MVTs. The work, involving Nyul Nyul rangers and Bardi Jawi rangers, has revealed that the frequency of fires has indeed been increasing. As they explain in the Environs Kimberley report Valuable and Endangered, this is not good news, because native trees of the MVTs are slow-growing and are not fire-tolerant. After fire has come through, the thickets need far more time to recover than what they’ve been getting. The thickets, those involved have concluded, face the very real risk of extinction. ‘Bushfire is one of the major threats on Country now,’ says Devena Cox, explaining that the past five years have been particularly bad. ‘We do fire management every year, a lot of burning,’ she adds. By combining traditional techniques with modern fire science they aim to prevent or minimise the impact of intense, uncontrolled fires that could threaten vulnerable species and culturally important areas.

Women ranger groups have also joined forces with Environs Kimberley in a concerted effort to manage and protect these areas by identifying and removing invasive weeds and grasses. They’re also focusing their energies on regenerating areas damaged by those weeds and fires, as well as areas degraded by unlawful clearing and feral animals. And for this, they need seeds.

*

The peoples of the Dampier Peninsula have been collecting and using seeds in the MVTs for many generations, but as the need to regenerate increased, it became clear that a formal seedbank would be beneficial to these efforts. In 2015, Environs Kimberley began to work with the women ranger groups of the peninsula to embark on seed-collecting missions. As part of this joint endeavour, the rangers have shared traditional knowledge of the flowering, fruiting and seed-dispersal patterns of the plants of the MVTs, so that the searchers know where to find the seeds and when. ‘When it started it was random picking of seeds from Country,’ says Cox. ‘But then we started to establish and prioritise what type of seeds we wanted to keep in storage.’ They chose to focus on fruit trees in the MVT, as well as plants used for medicine, she says.

The Nyul Nyul and Bardi Jawi rangers also have their own growing seed collections, and these are now duplicated in a new, central facility at Environs Kimberley where seeds are stored at cool temperatures and their viability monitored. Ecologist Louise Beames and Project Officers Kylie Weatherall and Ayesha Moss have been coordinating the management of the Kimberley Community Seed Bank facility at Environs Kimberley. Meanwhile, in addition to seed collection and preparation, the ranger groups have established their own plant nurseries where the seeds are germinated and young plants tended until they are ready for re-introduction.

It’s not a moment too soon, because fires over the past few years have caused a great deal of damage, says Cox. ‘I was very lucky I collected seeds back in 2015 to 2017. I actually propagated some of the seeds last year, which have sprouted.’ She tells me that, not long ago, she and her colleagues planted seeds in an effort to regenerate one of the sites, but recent months haven’t brought as much wet weather as hoped. Now she’s worried about how seeds are faring. ‘Hopefully they’ve sprouted. It’s been pretty sad with our rain.’ Any seedlings that do emerge still have a long road ahead of them, says Weatherall. ‘Up here, the big challenge is getting plants through their first two years. You have to water them through the dry seasons.’ This is no mean feat for the rangers, she adds. ‘Some of the revegetation sites are quite remote, you know, they take half an hour, forty minutes for the rangers to get to while carting water.’

Part of the project, and something that everyone involved is delighted to support, involves a training program for new rangers. These new members, often a younger generation, go out into the MVTs with senior rangers and learn traditional knowledge entailing the interwoven patterns of plant life cycles and seasonal changes, where and when to find the seeds, how to prepare them and how to store them. They’re also involved in germinating those same seeds and returning with the seedlings to the MVTs to revitalise damaged areas. It is an important step in the long path towards healing both the vine thickets and the traditional communities.

‘It’s just life-changing,’ says Cox. She tells me how she spent her childhood on Country, spending dawn to dusk playing with her sisters. But eventually the family moved over 2200 kilometres away to the state capital, Perth. The transition to city life was difficult. ‘Me and my sisters, we’ve always had Country calling us home,’ she tells me. ‘You can’t take the bush away from the bush kids.’ So when they were older they returned to Nyul Nyul Country. What was it like to leave the city and come back? ‘Freedom!’ she says with a laugh. Having had the experience of being away from Country she understands how kids who have grown up in towns and cities haven’t had the chance to connect with the environment. By working with young women rangers, Cox sees an opportunity to help them make that connection and to ensure the next generation can continue this work.

‘Our history is one of the one’s dying out,’ she tells me, explaining that this is why it’s so vital ‘to collect seeds from those trees that we use as medicine and use as cultural purposes as well: the wood, the bark – everything has its purpose’. She loves growing these plants and loves teaching others to do the same. ‘I feel I have to do this job,’ she says. ‘For me it’s keeping the knowledge and tradition going for the future.’

The seed collection and conservation work being done by these ranger groups highlights something incredibly important. Plants feed us, shelter us, and provide us with access to fresh water and oxygen to breathe, but they do even more than this. Plants play a central role in human culture. That plants are so inexorably woven into sacred stories all around the world reveals our collective curiosity about them, an ancient hunch that plants hold secrets about this world – how it works, where it came from and perhaps what the future holds. We observe, take note. We remember, and share. Plants mark the passage of time, the coming and going of seasons. They are an integral part of every culture’s food, distinguishing one dish from another, this cuisine from that one. In this way, plants bring humans together to sit around a table to eat and talk, or to rest beneath the branches of an old eucalypt to tell stories, and smile and remember.

We teach our children how that dish is made, with these spices and that rice. This is how you grind the flour. These are the best nuts to pick, these the best berries. It’s an old family recipe, perhaps, or one learned from a close friend. We use plants to decorate our homes and ourselves, and to make our art. They provide pigments and dyes, subject matter and inspiration. Plants appear again and again in sacred myths, traditions and ceremonies, some of which have scarcely altered for thousands of years. A palm frond is held aloft on a hallowed day, a small child carries flowers down an aisle, another child is birthed beside the same tree as her mother was, her mother before her, and her grandmother, too. Plants became medicine as humans learned the traits and benefits of the species around them: which would quell an illness or heal a wound, and which could be used to ease the pain of menstruation, facilitate childbirth or hasten recovery from illness or injury.

In these varied ways, plants entered the human lexicon, perhaps as soon as the first languages formed. What to eat, how to heal, what to avoid – this was vital knowledge shared via verbal communication. Languages all over the world, from the most widely spoken to rare dialects on the edge of extinction, contain words and phrases for individual plant species and their varieties, their distinguishing features, where and when to find them, and what their uses are. Indigenous people’s knowledge of plants and their ecosystems is sophisticated and vast, so much so that the loss of languages and cultural erosion – tragic in their own right – will also involve the loss of knowledge that has taken thousands of years to amass.

It is anticipated that, by the end of this century, more than 30 per cent of global languages will no longer be spoken. This is a crisis for many reasons, a prime one of which was spelled out in a recent paper in the journal PNAS by University of Zurich researchers Rodrigo Cámara-Leret and Jordi Bascompte: ‘Indigenous languages contain the knowledge that communities have about their surrounding plants and the services they provide.’ Cámara-Leret and Bascompte analysed threatened languages in three regions: North America, north-west Amazonia and New Guinea. In particular, they were looking for languages containing information about the medicinal uses of certain plants. They found thousands of examples, as well as a worrying trend: most of the medicinal knowledge they discovered was ‘linguistically unique’. In other words, they explained, in most cases a specific piece of medicinal information relating to a plant was known only in a single language: ‘Each indigenous language is therefore a unique reservoir of medicinal knowledge – a Rosetta stone for unravelling and conserving nature’s contributions to people.’

Conversely, plant species extinction erodes languages and the cultures that use them. Kawika Winter is a multidisciplinary ecologist in Hawaii with a particular interest in biocultural restoration, which, as he explains in his recent article in The Revelator magazine, ‘focuses on restoring relationships between Indigenous people and their places, as well as between them and the biodiversity that shaped the language and identities of their ancestors’. Winter says that ‘Biocultural restoration is built on the notion that everything in the system is interconnected, as are the problems we perceive and the solutions to them’. Among his concerns relating to species extinction on Hawaii is the far-reaching impact on indigenous Hawaiian culture: ‘With each species extinction there was an extinction of a word in our language, and quite often an extinction of a practice and a story that we used to teach our grandchildren.’

Saving seeds is a means by which to save a species, a source of nutrients, or even a fragile ecosystem. It is also a means by which to help save cultural traditions, ancient knowledge, and perhaps the very words that are spoken by a grandparent to a grandchild. The collection of seeds, the preservation of seeds and the sharing of seeds are acts of human connection quite unlike any other. They also represent an opportunity to learn, writes Winter. ‘Now’s the moment for us to learn from our eco-civilizations of the past to ensure we can have a civilization in our future.’

*

There are five species of the ‘Ōhi‘a tree on the Hawaiian islands, of which ‘Ōhi‘a lehua, the viability of which was discussed in Chapter 13, is the most widespread. It is a canopy tree species that forms dense forests and scattered groves, but individual trees are also quite happy on their own. In fact, it is often the first species to grow in a cooled lava field, when tiny windblown seeds, none bigger than an eyelash, fall into the cracks in the newly hardened surface. A tree of this species can grow some 20–30 metres high. It produces sturdy wood, leathery green leaves, and flowers, called lehua, that emerge as bright tufts ranging from vivid scarlet to yellow, and sometimes white. It’s not that lehua lack true petals. It’s just that those petals are small compared to the plethora of hair-like pistils and stamen that erupt outwards in a colourful fluff.

Native insects and birds love these flowers, says Michael DeMotta, head curator of Living Collections at the National Tropical Botanical Garden: ‘[It’s] a primary food source … if you look at the top and you look down on it, it looks like a little powder puff, it glistens. There’s so much nectar in there and the birds can feed, leave, and come back and feed again, because the flower continually produces nectar.’ Indeed, ‘Ōhi‘a lehua is central to many of the islands’ ecosystems, from its role as a food source to the vast root structures that hold the soil to the mountains, DeMotta explains. ‘Ōhi‘a has always been a really important part of the forest.

‘Ōhi‘a lehua also holds a special place in Hawaiian culture. ‘There are many chants and songs that always talk about the lehua flower,’ says DeMotta. Listen closely at a hula dance and you’ll hear it mentioned time and time again. He tells me that hula is precisely how he became interested in Hawaii’s native ecosystem: ‘I started to be involved in the hula in 1973 when I was still in high school, and my interest in native plants also began at that time because Hawaiian culture, the ancient stories and chants are really heavily based on nature.’ They feature plants, birds and insects, says DeMotta, and they relay the stories of an entire pantheon of Hawaiian deities said to have control over the various forces of nature. ‘As opposed to living in fear of the Gods, the Hawaiians believed that they needed to live in concert with the gods. They had to make sure that they did what would appease and appeal to the gods to continue the functioning of the natural world.’

DeMotta explains that many native plants and animals are still seen as kinolau, a sacred physical manifestation of the Hawaiian deities. The cultural importance of ‘Ōhi‘a is tied to its status as kinolau. It is believed to be the manifestation of several Hawaiian goddesses and gods, including Kū (god of war), Pele (volcano goddess), as well as Kāne (god of water) and Laka (goddess of hula). As such, ‘Ōhi‘a lehua are associated with many ancestral legends, and the flowers are used in leis and other examples of ceremonial dress, while the wood is used in the construction of statues and sacred temples. Yet, ‘Ōhi‘a lehua also pervades daily life, too. It is used to make bowls and pounding boards, cloth beaters, and the seats of outrigger canoes. The leaves were traditionally used in medicinal tea, while the flowers were used to ease the pain of childbirth. As a result, ‘Ōhi‘a lehua became a fundamental part of the Hawaiian language. For example, the word kanilehua refers to the unique sound of the rain that falls on the ‘Ōhi‘a forests high in the Hilo mountains on the island of Hawaii. It is said there is no other sound in the world quite like it.

The cultural importance of ‘Ōhi‘a lehua is a good example of what DeMotta calls ‘an inseparable bond’ between Hawaiians and the native plants of their islands: ‘People are fiercely proud of the areas where their ancestors have come from, even if they don’t live in those areas anymore.’ This extends from a Hawaiian value called Aloha ‘Āina. ‘It means love of the land,’ he says. ‘Aloha means to love and ‘Āina, literally, is the land.’ This highlights why it’s all the more galling that this tree species is being decimated by Rapid ‘Ōhi‘a Death. As the disease spreads and more ‘Ōhi‘a lehua die, there is an increasing risk that the vital ecosystem services these trees provide will be lost, to say nothing of the cascade of extinctions that could follow. There are also looming cultural impacts in which a unique natural beauty is no longer witnessed, a connection with the sacred is severed, and vital pieces of language are lost. As goes ‘Ōhi‘a lehua, so too goes kanilehua, the sound of the Hilo rain, and perhaps in time, the word itself.

This is another reason why the ‘Ōhi‘a lehua seed collection and conservation initiative is critical. The effort not only seeks to protect Hawaii’s ecological landscape but also its cultural landscape. Multiple programs are working in tandem, some aimed at rehabilitating affected forests, others focusing on preventing the spread of ROD, and still others investigating ways of eradicating the pathogenic fungi entirely. Alongside these efforts is the collection of millions of ‘Ōhi‘a lehua seeds, which offers another chance of preventing the disappearance of not just alleles but words and language, ceremony and connection.

*

On 25 February 2020, the Svalbard Global Seed Vault was briefly opened to accept seeds from depositors around the world. Among them was a particularly special deposit – just nine accessions in all – which contained traditional heirloom crop seeds sent by the Cherokee Nation. It was the first Seed Vault deposit made by a North American indigenous tribe.

These nine crop species and varieties have been farmed by the Cherokee for many generations, predating European contact by centuries, and they represent ‘a core part of Cherokee identity’, writes Cherokee principal chief Chuck Hoskin Jr in the Cherokee Nation publication Anadisgoi. Four varieties of corn were sent to Svalbard, including Cherokee White Eagle, a rare variety of Zea mays with beautiful blue and white kernels – it is the tribe’s most sacred corn. Also sent were seeds of Cherokee Candy Roaster squash, Cherokee Long Greasy beans, Turkey Gizzard black and brown beans and Cherokee Trail of Tears beans.

The Trail of Tears refers to the expulsion of several Native American tribes from their ancestral homelands in the southern and south-eastern US during the 1800s. This included the Cherokee, Seminole, Chickasaw, Choctaw and Muscogee (Creek) tribes. The arrival of Europeans on the North American continent from the fifteenth century led to a massive population decline across all North American Indigenous tribes through ensuing centuries of disease and conflict. Yet, right up until 1838, the Cherokee had occupied their homeland – which originally extended over a vast area covering regions of what is now Alabama, Georgia, Tennessee and North Carolina. Then, the discovery of gold prompted the US military to forcibly remove the Cherokee, along with other tribes including the Seminole, Chickasaw, Choctaw and Muscogee (Creek). The people of these tribal nations were forced to march many hundreds of kilometres away from their homelands, a journey during which thousands died from disease, exposure, exhaustion and hunger.

Those who survived were resettled in Oklahoma, their homeland and many loved ones having been lost. Also lost were many of the traditional crop varieties, but some Cherokee had carried some seeds with them. In time they were able to revive some of their agricultural practices, but Cherokee agriculture had been dealt a heavy blow, worsened by the very different soil and environmental conditions in Oklahoma. Still, with the help of those seeds, they persisted.

In 2005, news about the construction of the Svalbard Global Seed Vault was spreading around the world. Among those who took notice were members of the Cherokee Tribal Council. As Pat Gwin, senior director of environmental resources of the Cherokee Nation, later explained to Seed World magazine, council members made it a priority to search for as many ancestral Cherokee seeds as possible, and Gwin was tasked with heading the initiative. He and his team established the Cherokee Nation Seed Bank in 2006 and spent years searching and collecting. They also set up a garden in Oklahoma dedicated to cultivating the recovered crops. Over time, the seeds of dozens of culturally significant plant varieties were collected and stored in the Cherokee Nation Seed Bank, from crop species to plants of medicinal value and ceremonial importance. There is also another collection in case something happens to the first – and it very well could. Cherokee territory, which is still in Oklahoma, is right in the middle of what is known for good reason as Tornado Alley.

When National Public Radio picked up the story of the Cherokee Nation Seed Bank in 2019, it caught the attention of Luigi Guarino, director of science for the Global Crop Diversity Trust. Guarino immediately extended an invitation to the Cherokee Nation to deposit a backup of their crop seeds in the Svalbard Global Seed Vault. Svalbard only stores crop seeds, so only crop seeds were sent. Nevertheless, those nine crop varieties are incredibly special to the Cherokee, and the deposit at Svalbard was a significant moment for them.

That said, as with everything stored at Svalbard, the seed deposit is only meant as a backup. The Cherokee are intent on ensuring their seeds play a role in the preservation of Cherokee culture. With this in mind, the Cherokee Nation Seed Bank has also initiated a program enabling Cherokee citizens to access the ancestral seeds, so that these plants can once again be grown and cultivated by as many Cherokee people who wish to do so. And indeed, many do.

Like the Cherokee, many North American tribes were displaced from their ancestral homelands and forced to resettle elsewhere. Each time, whatever seeds could be kept were carried on long, often tragic journeys to unfamiliar places, new environments, different soil. Some crops were grown, though not as easily as before. Traditional foods were still prepared, but not as much as before. The absence was felt keenly, because it was more than the loss of a dish or a flavour. Rather, it was akin to the loss of a loved one – many loved ones.

Jessika Greendeer is a tribal member of the Ho-Chunk Nation and a seed keeper at Dream of Wild Health, a non-profit organisation in Minnesota that is working to help recover and share traditional knowledge, foods and medicines of Native Americans. On a recent call, she told me that Native Americans do not see plants and their seeds as simple commodities. Instead, they are considered to be living relatives. Moreover, she says that ‘where native people had gone through trauma, our seeds went through the same thing’.

‘Many of our indigenous seed relatives had their identities stripped from them, they were –’ Greendeer pauses briefly to take a breath, then tries to continue. She begins again but pauses once more and I can hear the emotion in her voice when she apologises for becoming upset. It’s very clear how important this is to her. She wants to tell this story. She takes another breath and continues.

‘A little over a hundred years ago, there was this huge campaign within the United States about killing the Indian and saving the man. That ushered in the boarding school era, where children were being taken from their homes, their families, their reservations and their villages to be colonised or assimilated into the mainstream culture, which was not American Indian or Native or Indigenous. During that same time, there was the thought that native people were going to be extinct at some point in the very near future, so it became this massive grab to take not only objects that were culturally significant, but also forbidding us from speaking our languages and then also taking our seeds with them. [The seeds] were taken and grown by people who didn’t speak their language and who didn’t have that same ceremony that the seeds had become accustomed to. And now we’re bringing that back.’

As part of the revitalisation of ancestral cultures, an increasing number of Native Americans like Greendeer are engaging in a process called ‘seed rematriation’ in which crop varieties are not only returned to the original ecological settings where they were first cultivated but also to the cultural traditions that surrounded that cultivation. ‘There are a lot of layers of research going on behind the scenes to find our relatives out there,’ she says. It’s about searching through collections at universities, museums and other institutions to find the seeds, then more research to figure out precisely which tribes they came from and what the associated cultural traditions were. The aim is to get to a point where you can look at a plant or a seed and know its tribe and its Indigenous name, she says, giving the example, ‘It’s not Aunt Karen’s bean, it’s actually the Haudenosaunee cranberry bean.’

Greendeer tells me how an organisation in Iowa, called Seed Savers Exchange, went through their entire collection of seeds and found all of the Indigenous seeds that were in there. With the help of a historian, Seed Savers Exchange is endeavouring to get those seeds to their cultural homes. There’s also the Indigenous Seed Keepers Network, which enables members to share advice and community news, talk about relevant changes in legislation, and run workshops on farming and gardening. Seed rematriation is an important focus for those involved.

Mohawk seed keeper, writer and food sovereignty activist Rowen White is a founder of the Indigenous Seed Keepers Network. As she told Permaculture Women magazine in 2018, the term ‘rematriation’ is a deliberate choice, one which serves as a reminder of the important ancestral role of women in seed keeping and cultural memory. Indeed, seeds are intimately linked with stories and cultural memory. Those who took on the role of seed keeper became a source of knowledge of how to harvest the seeds, how to store them and care for them, and with this stewardship they became keepers and sharers of cultural knowledge as well. In many ways, seed rematriation is an act of decolonisation – or, as White likes to call it, ‘re-indigenising’.

‘The seeds are ready to come home,’ says Greendeer. ‘I think the most important aspect of that is that we need to be ready for them. It’s just like having a baby, you’re not just pregnant for nine months and then go to the hospital and then now you’re in a panic because you have no idea – you don’t have a car seat, or you don’t have any belongings for the baby. So, it’s the work that we’re doing by educating people and getting them ready – we’re essentially helping them put their crib together and put the car seat in the vehicle before they go to the hospital.’

It’s about regenerating soils and learning what to plant and when. It’s about revitalising traditions linked with the planting and harvesting of each plant, and the preparation of the food. It’s also about preparing a place to store the seeds, but Greendeer clarifies that she does not like to use the term ‘seed bank’ because it wouldn’t do to lock one’s beloved relatives in a bank. ‘We want to make sure that our seeds have more of a sanctuary with us, that they’ve come to us freely and they can leave from us as well and go other places, and really focus on trying to get them back into their home communities.’

‘It’s a very beautiful time to be working with our seeds,’ she says. ‘There’s so much more history and wisdom and knowledge and healing that we not only have to go through as human beings, but our seeds are doing the same thing and they’re doing that healing with us as we continue to forge a relationship forward every growing season.’

There are many seasons to come, so it’s crucial to ensure that seeds and knowledge are passed on to the next generation. ‘All of our work [at Dream of Wild Health] focuses on our youth,’ says Greendeer. ‘They learn about different aspects about food, not only farming, but also being able to take that harvest and prepare a nutritious meal inside the kitchen.’ Though the pandemic has made gatherings difficult, this didn’t stop them. Ancient lessons simply continued in an entirely new way.

‘Last week we were actually shelling beans with one another over Zoom,’ she tells me. ‘We were able to talk about some of the seed stories while we were shelling.’ The kids were then able to make a recipe out of the beans they’d had a hand in growing and preparing. ‘It’s very exciting to have them see everything come full circle.’ It’s also a good example of seeds bringing people together, offering a means of human connection just when it is needed most. Greendeer wants to ensure the ‘young ones’ have a head start so they can keep the healing process going, she says. ‘I want this work to outlive me, and it needs to.’

*

There is a garden in the middle of an old industrial precinct in South Philadelphia, squeezed between warehouses, asphalt parking lots and truck depots, and enveloped in the dull roar of Interstate 95. To be honest, it’s difficult to think of a less likely place to find an agricultural revival for people from the mountain rainforests of Myanmar. But there it is. Chillies are grown in the garden, and bitter melon. There is also gourd, cucumber and a variety of roselle called chin baung ywet, or sour leaf. They are being grown by members of the Karen refugee community, who have found a longed-for taste of home there in the industrial end of South Philly.

As journalist Natalie Jesionka explained in The Conversation in 2021, the Karen are an Indigenous people from Myanmar, and many of those who tend the garden fled their homeland’s escalating civil war in recent years, only to arrive in an unfamiliar land with unfamiliar food. Seed keeping and gardening are traditional practices among the Karen, so with the help of community gardeners in Philadelphia, and a global network of seed keepers extending to farmers back in Myanmar, the Karen refugees were able to access traditional seed varieties and the Novik Urban Farm provided a place to cultivate them.

Anthropologist Terese Gagnon works with the Karen refugees at the garden. As she explains to Jesionka, the cultivation of familiar crops is incredibly important for this, and in fact any, displaced refugee community. It provides a sense of agency and has a grounding effect. The familiarity of the foods offers a sense of place in an otherwise foreign setting. Gagnon says, ‘This includes having access to longed-for flavours, engaging in the physical work of gardening and getting to shape the landscape to have something that visually looks like home.’ In this way, seeds become touchstones, linking generations across time and space.

Many refugees come from farming communities but are resettled in urban settings, often with little access to green spaces, much less opportunities to cultivate their own food should they wish. As the global refugee crisis continues, there are enormous issues that need to be resolved when it comes to the fair and just treatment of refugees and asylum seekers. Meanwhile, networks of seed keepers can offer access to ancestral seeds, while gardens – even those in the most unlikely of places – provide the space to engage in traditional farming practices. They offer an opportunity to gather and feast, a chance to pass along stories and language, to hold on to special words and flavours. As long as there are still seeds and the soil to plant them in, there remains a living connection between the past and the future.


Afterword

I am growing barley now. I’m also growing millet, corn, tomatoes and squash. In the interests of full disclosure, I should confess that this is entirely accidental. Let me explain.

It began with a pair of king parrots, which we enticed to our deck with a few walnuts. To our delight, they were soon regular visitors. They were tidy eaters. Each parrot would carefully pick up a walnut fragment with its beak, transfer it to one claw, then hold it aloft as it munched away, as though idly snacking on hors d’oeuvres at a cocktail party. Word must have got out. More parrots arrived and waited every morning on the railing, the gutter and in tree branches. It was beautiful but a little Hitchcockian, and the steady supply of walnuts was getting expensive. So, we purchased birdseed for wild birds, and that’s when everything got out of hand.

The parrots didn’t really care too much for the birdseed. They far preferred the walnuts. In fact, they demanded them in shrill whistles at the kitchen window. Meanwhile, the local cockatoos loved the new offering. One arrived and then another, and soon there were upwards of nine enormous yellow-crested cockatoos claiming the deck as their own. They were jealous eaters, and there were arguments. There was a pecking order I couldn’t quite figure out, and from what I could tell, neither could the cockatoos. They also made an absolute mess of things. A cockatoo, when feeding, will swipe at its food with a swing of its thick neck as it spreads the seeds and picks out the best ones. And so, every morning, a small pile of birdseed was quickly sent flying in all directions in furious little arcs. Despite our efforts to clean up the mess, a rat began prowling the perimeter of the house at night, enticed by the remaining seeds. Before I could decide what to do about it, an enormous python arrived quietly one evening and the rat was never seen nor heard again.

One day not long after, I found something unusual growing in one of the planters, the one where I had recently planted a little lime bush. It wasn’t the lime bush that had me perplexed, though. It was the tall reedy stem growing next to it. It looked a lot like barley, and I distinctly recalled having never planted barley. Then I remembered the utter mess the cockatoos had made. Some of the seeds must have fallen in the planter where the soil was fresh and recently fertilised. It was also in a nice sunny spot and was regularly watered, all great conditions for germination. A quick investigation revealed that, yes, this brand of birdseed did indeed contain barley seeds.

Soon there was another stem of barley. Then, one morning, I realised something else had been growing in the planter, hidden behind the small branches of the lime bush. This was also a long stalk, but it curved elegantly at the top as it split into half-a-dozen finely branched stems, each covered in delicate green beads. At first it looked a bit like a rice plant. I showed my youngest, who arched a disbelieving eyebrow. She loves rice, but the rice she knows comes in packets full of pale, dry grains, and then it enters the rice cooker, water is added, buttons are pressed, and out comes a steaming white mass of food. I could see her working to reconcile these ideas until her expression relaxed into one of, ‘Sure, why not?’ I suppose at nine years old the whole world is still strange and new, and full of sure-why-nots. But as the plant continued to grow I realised it wasn’t rice at all. It looked a lot more like something called common millet. I checked the birdseed box again. Yes, that’s precisely what it was.

Soon I noticed that the seedling of a corn plant was emerging from that same planter. Meanwhile, there was a temporary midden of plant waste in the garden which was slowly being churned into compost, and whatever seeds were in there were germinating like crazy. There was more corn there, too, and tomatoes were coming up, as well as big flat leaves unmistakably heralding squash. It seemed that a whole world had arrived via seeds. Barley, Hordeum vulgare. Common millet (Panicum miliaceum). Corn, Zea mays. Tomato, Solanum lycopersicum. Squash, Cucurbita maxima. There were alleles in that barley that extended back thousands of years to the Fertile Crescent. The alleles in that single stem of millet could be traced directly to the earliest days of Neolithic China. Contained in those vibrant green early leaves of corn were genetic echoes from the Balsas Valley in Mexico. Similarly, the tomatoes and the squash each carried genes that originated in the valleys and hills of Mesoamerica.

This is what seeds will do if given half a chance: they will confound and surprise you. They are packed full of alleles, history and possible futures. Time travellers all, and oh, what tales they have to tell.

*

I decide to try again with the sunflowers. I buy new seed packets and double-check the expiry date. It’s a few years from now, but in this moment, in the midst of a global pandemic, it seems several lifetimes away. I don’t know what that world will be like, but I hope there will be sunflowers.

We plant the seeds, my children and I. Surely something will grow this time – and sure enough, it does. Less than a week later, the first shoot emerges. It’s tiny and pale green, and it’s wearing the cracked-open seed coat like a little hat. Soon there are others. Lots of them. It seems that sunflowers will make me smile even before the first yellow bloom. Not every seed germinates, but that’s Okay. I now know it’s an evolutionary game of numbers and there’s an element of chance. Some seeds will not germinate, and of those that do, some won’t survive.

Speaking of which, I naively observe for a whole two days how suddenly there seem to be a lot of snails around. Then, in one evening, it seems like half my little seedlings have been eaten. I rescue the survivors, plucking snails away, and then, clutching the containers like a fearful mother, I carry them somewhere snail-proof. They grow into proud little seedlings and are taken to a new home in the garden bed.

This is what I now understand about sunflower seeds. Sunflowers are from the Asteracea family, and their seeds have relatively short life spans compared to the longer-lived seeds of species like barley, acacia and, given certain rare conditions, Judean date palms, lotuses and Canna indica lilies. Sunflower seeds are orthodox, but they are also ‘oilseeds’, and the oil they produce makes them a little difficult to store long term. They have weak, water-permeable seed coats, and while they exhibit physiological dormancy soon after harvest, it’s fleeting.

What’s more, I’m told they tend to dip into their food stores before germination. When Carol Baskin tells me about how a seed is like a baby in a box with its lunch, sunflower seeds are the first caveat. ‘Sometimes the baby plant eats all of the lunch,’ she says. This is fine if the conditions for germination are quick to arrive, but not so much if there’s a long wait. It seems there’s a certain genetic impatience about sunflowers, something that goes with all that exuberance, perhaps. If you find yourself in possession of sunflower seeds, plant them quickly.

*

With seeds, plants found a way to hack time, arriving at an ability to cast genes forwards into the future in a way that most other living organisms cannot. This deft evolutionary manoeuvre, this seed habit, changed our world, but it came neither quickly nor easily. It was, like all of evolution’s astonishments, the product of millions of years of molecular negotiation, as plants and indeed individual species found the contours of what physics would allow and what chemistry would condone, all within the ever-shifting boundaries of the environment. In the end, time is navigated a little differently by each and every seed.

And it is a navigation, not an evasion. Nothing escapes time entirely. Besides, what would be the point of casting one’s genes so far into the future that they might drift hopelessly in some vast, empty infinity? No, the entire point is to emerge. Maybe in the spring, maybe in 2000 years. But the idea, if one can go so far as to call it an idea, is that the species will continue. And what is that if not hope?
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