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Instructions for living a life
Pay attention.
Be astonished.

Tell about it.

—NMary Oliver (1935-2019)
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Prologue

In 1939, the Ashmolean Museum in Oxford acquires Antonio
Stradivari’s legendary violin, the Messiah. One of the most valuable
musical instruments in existence, its estimated value today tops

320 million. The Messiah was donated to the museum by London’s
famed instrument makers and collectors, W, E. Hill & Sons, who had
previously refused a blank check for the violin from car magnate Henry
Ford. The Hills were determined that instead of being stashed away by
a fabulously wealthy private admirer, the Messiah should be visible for
the public to enjoy and future instrument makers to emulate. However,
60 years later, controversy over this remarkable gift suddenly erupted.
In 1999, the Messiah'’s authenticity was contested by Stewart Pollens,
the associate conservator of musical instruments at New York's
Metropolitan Museum of Art. 1o bolster their respective arguments,
both M. Pollens and the Hill family commissioned dendrochronologists
to date the Messiah.

Stradivari built the Messiah, arguably his finest work, in 1716, and the violin
remained in his workshop until his death in 1737. In the 1820s, it was sold to
Luigi Tarisio, an Italian collector and dealer who traveled to Paris regularly.
During his visits, Tarisio would boast about the Stradivari masterpiece to Pari-
sian dealers, but he would never bring it with him to show. Legend has it that
this prompted an eminent contemporary French violinist™ to proclaim: “Your
violin is like the Messiah—one always waits and he never appears.” After Tari-
sio’s death in 1855, the Messiah was bought by one of these Parisian dealers,

* His name was Delphin Alard.



Jean-Baptiste Vuillaume, who was a skilled violin maker himself and well
known for copying previously constructed instruments. Vuillaume had the
Messiah in his possession for more than 30 years, and this is at the heart of the
Messiah controversy: is the Ashmolean Messiah the original Stradivari master-
piece, or is it a masterful nineteenth-century copy crafted by the deft hands of
Vauillaume?

To answer this question, dendrochronology—from the Greek words for
“tree,” dendros, and “time,” chronos—comes to the rescue. By measuring the
widths of the rings in the wood of the Messiah, the violin can be dated. That is
to say, we can determine when the tree from which the Messiah was built grew.
The most recent rings in the Messiah’s wood reveal the earliest date when the
instrument possibly could have been built. If the most recent rings measured
on the wood of the Messiah postdated 1737, then the tree from which it was
built was still growing after Stradivari’s death, and the Messiah could not pos-
sibly have been built by him. If; on the other hand, the rings predated 1716,
the year that Stradivari supposedly built the Messiah, then this would support
the violin’s authenticity.

Unfortunately, in this case tree-ring dating only added more fuel to the fire
of the controversy. The dendrochronologists hired by Pollens put the last dat-
able Messiah ring in 1738, suggesting that the tree was still growing a year after
Stradivari’s death. The dendrochronologist hired by the Hills family, on the
other hand, dated the most recent ring in the violin back to the 1680s, predat-
ing the Messiah’s 1716 recorded date of manufacture and supporting its au-
thenticity. Both studies, however, were provisional, because they were con-
ducted based only on photographs of the Messiah, not on the violin itself, and
neither was ever published in the peer-reviewed scientific literature.

Since this quarrel unfolded, the dendrochronological dating of musical in-
struments, and particularly string instruments, has grown in popularity and
become much more sophisticated. Advances in tree-ring measurement and
image-analysis techniques, for instance, allow scientists to work directly on the
actual violins. Some tree-ring laboratories, such as that at the University of
Hamburg in Germany, have dated thousands of instruments, which has al-
lowed them to build a large database of reference tree-ring chronologies against
which to compare the Messiah ring-width measurements. Such reference

chronologies from a wide range of tree species and geographical areas help not
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only to precisely date the wood of musical instruments but also to determine
their geographical origin, a technique called dendroprovenancing.

In 2016, almost two decades after the Pollens-Hill dispute, British dendro-
chronologist Peter Ratcliff made use of his extensive reference database for
Italian string instruments to put an end to the Messiah controversy. Through
his research, Ratcliff found that the tree-ring pattern in the Messiah matched
the pattern in another Stradivari violin, the 1724 Ex-Wilhelmj," so well that
the wood from both violins could only have come from the same tree. The ori-
gin of the Ex-Wilhelmj in Stradivari’s workshop is undisputed, and so Rat-
cliff’s dendrochronological work has confirmed the authenticity of the Ash-

molean Messiah (we hope) once and for all.

It is spring 1998 and I am pursuing a master’s degree in environmental
engineering at Ghent University in Belgium. The time has come to
choose a research project for my thesis, but I am behind the curve, having
Just spent a semester in an exchange program in Germany. My class-
mates have snapped up the most interesting opportunities, especially
those involving travel and research abroad. Anxious to secure a project
before the summer break, I approach Professor Hans Beeckman, who
teaches vegetation ecology and wood anatomy. He suggests that I con-
sider studying tree rings in Tanzania. This is the first time I have ever

heard about dendyochronology, but without much hesitation 1 say yes.

Until then, I had never considered that the rings in trees contained sufficient
information to warrant a scientific discipline. But I had a strong desire to work
in the developing world and an interest in climate change, and if dendrochro-
nology was an avenue to combine the two while getting a master’s degree, then
sure, I would study tree rings. Few scientists in our field dreamt of growing up
to be dendrochronologists. Most dendrochronology careers, like mine, start
randomly, with serendipitous undergraduate or graduate field- or lab-based

opportunities that morph over time into full-fledged careers.

*The most recent rings of the Ex-Wilhelmj were dated to 1689 on the treble side and 1701 on the
bass side of the violin, both dates prior to the 1716 construction of the Messiah.
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The first hurdle I encountered in my dendro-career was to persuade my
mom that tree-ring research in Africa would be a valuable capstone project for
my engineering degree. “Valerie, you are one year away from getting a degree
that will open up a world of exciting and lucrative career opportunities. But
tree rings? In Africa? How do you plan to make a career out of that?” In retro-
spect, my mom was presumably mostly concerned about me traipsing through
Africa, inexperienced and unprepared, and her fears were probably valid. But
20 years later, having built a successful international dendrochronology career,
I can’t help but occasionally remind her of that comment.

It was the lab work for my master’s project that got me hooked on tree
rings. Looking through a microscope at the wood that I had collected in Tan-
zania was a game changer. Wood is gorgeous, and finding matching tree-ring
patterns is like solving a puzzle—it is addictive. I spent hours in the flow of den-
drochronology, fully unaware of time passing. When an opportunity opened
up to do four more years of dendrochronological research while pursuing a
PhD, it did not take me long to decide. My options, at 25 years old, were to
cither start a 40-year career as an office-bound government employee or be-
come a scientist, getting paid to travel to Africa and solve more tree-ring puz-
zles. A no-brainer. If you like it, then you should put a ring on it. Writing a
PhD dissertation, however, turned out to be a more lengthy, tedious process
than I could possibly have imagined. I spent the last year of my studies in my
sixth-floor walk-up flat in downtown Brussels, drinking coffee, smoking ciga-
rettes, and looking out over the skyline while I wrote.

I defended my PhD in December 2004 and moved to the United States
immediately after for a postdoctoral position in the Geography Department
at Pennsylvania State University in State College. I had been to the US only
once before, on a visit to New York City. Little did I know that State College
is a small town in the middle of Amish farmland, three hours away from the
nearest city. When I landed at the tiny State College airport, with two suit-
cases and a backpack, my adviser, Alan Taylor, picked me up. I asked him to
drive through downtown State College so I could see what it was like, but
Alan hesitated and instead drove by the Penn State campus. As it turns out,
there is no such thing as “downtown State College™: there’s the campus and
then a few streets with shops and bars, and that’s it. Moving there straight from

cosmopolitan Brussels was quite the culture shock. But I loved working in
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Alan’s Vegetation Dynamics lab, linking historical fires in California to past
climate. I continued to travel for my job, this time to the Sierra Nevada in
California, and to feed my appetite for tree rings in the lab.

It was during my time at Penn State that I met Jan Esper, the head of the
dendrosciences group at the Swiss Federal Institute for Forest, Snow, and Land-
scape Research, or Wald, Schnee und Landschaft (WSL), Europe’s most prom-
inent tree-ring lab. When Jan offered me a job, I decided that I had spent
enough time in the Pennsylvanian boonies and it was time to return to the Old
World, to the city of Zurich. At the WSL, I learned how to use tree rings to
reconstruct past climate and how to publish papers in top scientific journals
with a broad readership, such as Nazure and Science. But after four years in
Switzerland, I crossed the pond once again to take up a professorship at the
University of Arizona in the Laboratory of Tree-Ring Research (LTRR), the
tree-ring mothership, where dendrochronology originated.

At the LTRR, in charge of my own research group for the first time, I have
further explored the boundaries of what tree rings can tell us about the climate
of the past. With the input of very talented postdocs and graduate students,
we use tree rings to look at past climate extremes, such as droughts in Califor-
nia and hurricanes in the Caribbean, and at climatic movements that occur in

the upper echelons of the atmosphere, such as the jet stream.

I'am a dendroclimatologist: I use tree rings to study the climate of the past and
its impacts on ecosystems and human systems. Over the past 20 years, I've spent
most of my days thinking, writing, and speaking about past and future climate
change. It can be a daunting task. Year after year, we learn more about the climate
and about the havoc that our fossil-fuel burning wreaks upon it. About the con-
sequences of such global, man-made climate change to society—heat waves!
hurricanes! snowmageddons!—and to ecosystems—forest fires! polar bears!
Yet, year after year too little is done at a governmental level to curb our carbon-
dioxide emissions and to mitigate the worst effects of man-made climate change.
Even after the 2015 Paris Climate Agreement, in which 196 countries commit-
ted to undertaking ambitious efforts to combat climate change, not much has
improved. Carbon-dioxide emission levels are at an all-time high, and in the US
under President Donald J. Trump, the threat of man-made climate change is not

only being widely ignored, it is actually being called a lie, “fake news.”
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By the beginning of 2017 I was tired and frustrated. Tired of the constant
barrage of bad climate news. Frustrated by the constant pressure to defend my
expertise, my gender, and even the science that I stand for. I decided not to
spend my upcoming sabbatical thinking and writing about the doom and
gloom of climate change but instead to write stories of the excitement of scien-
tific discovery, about our long and complex human history, and how it has
been intertwined with our natural environment and ingrained in the stories
of trees.

Dendrochronology lends itself extraordinarily well to this purpose for two
main reasons. First, many people are comfortable with the concept behind
dendrochronology, having looked at the top of a tree stump as kids and
counted the rings. It is a tangible field of science: you can touch the wood with
your own hands, you can see the rings with your naked eye. It does not involve
obscure nanoparticles or far-flung galaxies. Second, dendrochronology is in a
unique position to reveal the interactions between human history and envi-
ronmental history, because it sits right at the nexus of ecology, climatology,
and human history. And this has been the case since the science first emerged,
almost 100 years ago, in the American Southwest.

Opver the past century, the evolving scientific field of dendrochronology
has produced a network of tree-ring data that continues to expand in space
and in time. The global tree-ring network now includes the loneliest tree on
earth, on Campbell Island in the Antarctic Ocean, more than 170 miles re-
moved from its nearest neighbor. The longest continuous tree-ring record, the
German oak-pine chronology, covers the past 12,650 years without skipping a
single year. This growing network of tree-ring data has allowed us to tackle
increasingly complex research questions. The global-scale network has em-
powered us to study past climate not only at the earth’s surface, where the trees
grow, but also higher up in the atmosphere, where surface climate is orches-
trated. It has enabled us to study not only past average climate but also its ex-
tremes, its heat waves, hurricanes, and wildfires. The year-by-year, ring-by-ring
precision of dendrochronology creates a foothold, a mooring, in the study of
the complex interactions between human history and climate history. It has
allowed us to move on from simplistic, deterministic characterizations of past
climate-society relationships to a more holistic understanding that emphasizes

the importance of a society’s resilience and adaptive capacity.
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In Tree Story, 1 aim to tell how dendrochronology evolved from its humble
origins to being one of the primary tools used to study the complex interac-
tions between forests, humans, and climate. The journey is far from linear and
full of surprises. Its stories unfold from the field’s puzzling origins in the So-
noran Desert, where trees are scarce, to the revelations offered by “counting
the rings” in archeological and historical wood, to the epic sagas of the climate
of past millennia. I focus on natural and fabricated hazards that have been re-
corded in tree rings (earthquakes, volcanoes, etc.), and I reveal how past cli-
mate changes have impacted societies around the globe, including the Roman
Empire in Europe, the Mongol Empire in Asia, and the Ancestral Puebloans in
the American Southwest.

I cover a lot of ground in Tee Story. I talk about wood cells smaller than
the diameter of a strand of human hair and about jet-stream winds that circle
the entire Northern Hemisphere at the altitude at which airplanes fly. I link
the two through stories that involve pirates, Martians, samurai, and Genghis
Khan. I write the tree-ring stories that I find fascinating. And threading through
all these stories is the narrative history of wood use and deforestation, which
has allowed dendrochronologists to study the past and to contribute to ensur-
ing a livable planet in the future. I think there is a place for such stories of dis-
covery in the current climate of mistrust and disinterest in scientific advances.
In the best-case scenario, I hope you will feel a little tingle of excitement when
learning something new from this book, the same one that helps us scientists

keep on keeping on.
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One
Trees in the Desert

By translating the story told by tree rings,
we have pushed back the harizons of history.
—Andrew Ellicott Douglass, 1929

In July 2010, I made the curious decision to move from Zurich, Switzer-
land, to Tucson, Arizona. Tucson was foundering in the aftermath of the 2008
financial crisis, while Zurich remained the strong-beating heart of one of the
world’s most stable economies. And although an avid snowboarder, I was trad-
ing the Swiss Alps for the Sonoran Desert. Yet, the question I was asked most
frequently when sharing my decision with friends and family was unrelated to
the economy or snowboarding. Instead, everyone wondered why on earth a
tree-ring scientist would move to the desert. “Don’t you need trees for your
research?”

A fair question. After all, I study the rings in long-lived trees to better un-
derstand the climate of the past and how it has influenced human systems as
well as ecosystems. Intuitively, Switzerland, with its dense forests, mountain
climate, and long documented history, seems like a logical place to be a den-
drochronologist. Tucson, located in the Sonoran Desert of southern Arizona,
not so much. Why, then, is the Laboratory of Tree-Ring Research (LTRR), the
world’s first and foremost department dedicated to dendrochronology, situ-
ated at the University of Arizona (UA) in Tucson, less than a hundred miles
north of the Mexican border?

Upon accepting my position in the LTRR, I did not myself know the full
story of why it had originated amid the Saguaro cacti and the Gila monsters. I
knew that an astronomer, Andrew Ellicott Douglass (1867-1962), had estab-
lished the LTRR in the 1930s and that it had since been in operation under
the UA football stadium, but not much more. It was not until I started teach-
ing Introduction to Dendrochronology as a freshly minted professor that I
learned the details of the historical link between Tucson, astronomy, and tree

rings.



In addition to a professorial position in the so-called mecca of tree-ring
research, my relocation from Zurich to Tucson offered another benefit: the
climate. In Zurich, the sun shines fewer than 4 days out of 10 on average. In
Tucson, that number is 9 out of 10, which results in an average rainfall of less
than 12 inches per year. Hence the Sonoran Desert landscape. This hot and
sunny climate with sparse cloud cover and rainfall cannot support forests as
natural vegetation; most trees need much more water to grow their hefty
trunks. However, it does support a branch of science that depends on clear,
cloudless skies: astronomy. And that is the reason why dendrochronology orig-
inates in a place without trees: its founder had moved to Tucson in the early
twentieth century in search of lucid and steady skies.

The field of astronomy progressed dramatically throughout the nineteenth
century, with improved telescopes and newly invented instruments leading to
previously unimaginable detailed examination of stars and nebulae and the
discovery of new planets and asteroids. The continued advancement of astron-
omy depended on precise observations, which required not only modern in-
strumentation and skilled professionals but also stable atmospheric condi-
tions. To find such conditions, astronomers and observatory builders headed
to the American West, where the Lick Observatory in central California was
the first to be built, in 1888.

Astronomy swiftly evolved into one of the most captivating sciences of the
era, firing the imagination of many bright minds as well as affluent amateurs.
One wealthy benefactor of late nineteenth-century astronomy was Percival
Lowell, a Harvard-educated businessman who was so fascinated by the planet
Mars that he decided to spend all his time and money on the planet’s study. In
1892, Lowell committed to financing an observatory in the American South-
west dedicated to the investigation of the red planet, to be built in preparation
for the 1894 Mars opposition. Roughly every two years, when Earth passes
between the sun and Mars, Mars is in opposition. This is the time when the red
planet is at its brightest in the sky and is best studied. Lowell hired Douglass,
who was working as an astronomer at the Harvard Observatory at the time, to
scout for a location in the Southwest and oversee the observatory’s planning.
Douglass decided on Flagstaff, in northern Arizona, as the optimal location
and supervised the construction of the Lowell Observatory, which was com-

pleted by late May 1894, just in time for the Mars opposition. He effectively
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ran the observatory until 1901, when a long-festering astronomical argument
with Lowell ended Douglass’s tenure there. The reason for their falling out?
Martians.

In his study of Mars, Lowell was inspired by the work of Giovanni Schiapa-
relli, an Italian astronomer who observed a network of long straight lines on
Mars’s surface during its 1877 opposition and described them as canali. Schi-
aparelli’s description left room for ambiguity, because the Italian word canale
can mean both “gully” (a natural configuration) and “channel” (an artificial
construction). It was translated into English as the latter, and the suggestion of
canals on Mars galvanized a slew of hypotheses about intelligent life on other
planets. Lowell adhered to a theory that the canals on Mars had been built for
irrigation purposes by an intelligent, alien civilization in an arid environment,
and he committed a substantial portion of his observations at the Lowell Ob-
servatory to supporting this theory. He was also devoted to popularizing the
idea of life on Mars among the broader public, and his efforts on this front were
reinforced by the publication in 1897 of H. G. Wellss influential novel Zhe
War of the Worlds, in which Martians abandon a dry, dying planet to invade
planet Earth.

Such theories of Martian intelligent life became wildly popular with the
wider public, but the professional astronomy community expressed stern skepti-
cism toward the idea. Early observations of the canals had been made using
relatively low-resolution telescopes and were based on drawings, not photo-
graphs, which left ample room for human error and subjectivity. The theory of
canals on Mars was therefore considered controversial even before Lowell’s
involvement, but as Lowell became more outspoken about an intelligent civi-
lization as the only plausible explanation for the Martian canals, so did his
scientific opponents. As the principal observer at the Lowell Observatory,
Douglass was unavoidably involved in this scientific controversy.

During the 1894 Mars opposition, the one for which the Lowell Observa-
tory had been constructed, Douglass made numerous observations of the
shape, atmosphere, and canali of Mars, which bolstered Lowell’s Martian as-
sumptions. But growing concerns about the legitimacy of these assumptions
encouraged Douglass to investigate potential deficiencies of the observatory
and the optical illusions they might lead to. For this purpose, he mounted

globes and disks (“artificial planets”) at various distances from the observatory
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and studied them through its telescope. He found many of the telescopically
observed surface details on these artificial planets, including long straight
lines, to be fabricated optical illusions. Through his experiments, he discov-
ered that the lines observed on Mars, its “canals,” were among these optical il-
lusions and that Lowell’s assumption of an advanced Martian civilization was
ultimately a product of self-delusion.

This realization put a strain on Douglass’s relationship with his employer.
Douglass grew even more disenchanted with Lowell’s aspirations after the
“Message from Mars” debacle. During a Mars observation in December 1900,
Douglass noticed a particularly bright projection and telegraphed this result
to Lowell, who without further study forwarded the news of a bright light
coming from Mars to his colleagues at Harvard and in Europe. Within days,
the European and the American press picked up the story and zealously inter-
preted it as a message from Mars’s inhabitants. Douglass and his fellow astron-
omers had to spend the following weeks debunking this story and persuading
the public that the observed phenomenon was nothing more than a cloud.
After this fiasco, Douglass made little effort to conceal his disdain for his su-
pervisor’s approach to doing and disseminating science. In a letter to a col-
league in March 1901 he wrote, “It appears to me that Mr. Lowell has a strong
literary instinct and no scientific instinct.” In another letter he wrote, “I fear it
will not be possible to turn [Lowell] into a scientific man.” Even though he
emphasized the confidentiality of these letters to their recipients, it must not
have come as a surprise to Douglass when four months later Lowell dismissed
him from his observatory.”

Five years later, in 1906, Douglass found a new job as an assistant professor
of physics and geography at the University of Arizona in Tucson, which at the
time was an institution with 215 students, 26 faculty members, and no astron-
omy department. At UA, Douglass promoted the development of astronomy
in southern Arizona and succeeded in fundraising, building, and directing the
Steward Observatory, which was founded in 1923. In addition to this, Doug-

lass revealed himself as a true Renaissance man: he developed the new scien-

* A. E. Douglass to William H. Pickering, 8 March 1901, Box 14, Andrew Ellicott Douglass Papers,
Special Collections, University of Arizona Library; Douglass to William L. Putnam, 12 March
1901, Box 16, ibid.
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tific field of dendrochronology and made great strides not only in astronomy

but also in the fields of paleoclimatology and archeology.

Douglass began the work of dendrochronology in Arizona, where his ambi-
tions in astronomy had taken him. He collected his first 25 tree-ring samples
from a log yard in Flagstaff by cutting stem discs from the ends of logs and the
tops of stumps. He was motivated to do so by his hypothesis that the rings in
trees could be used as tracers of past cycles in the activity of the sun. As an as-
tronomer, Douglass had developed a keen interest in such solar cycles and
their influence on Earth’s climate and had closely followed the recent develop-
ments in this field. These included (1) the identification of an 11-year cycle in
the occurrence of sunspots (dark, cool areas on the surface of the sun that are
visible through a telescope); (2) the relation of this cycle to a similar cycle in
energy coming from the sun; and (3) its potential to influence and create cy-
clicity in the climate on Earth. For instance, the nineteenth-century English
astronomer Norman Lockyer—who also established the scientific journal Na-
ture and later married the suffragette Mary Brodhurst—hypothesized a link
between the sunspot cycles and Indian monsoon rainfall, a research topic that
is still being investigated today, more than a century later. Because of the com-
plexity of both the sun’s energy and the earth’s climate, long zime series, se-
quences of data recorded at successive points in time and listed chronologi-
cally, were needed to decipher their relationships. It was Douglasss idea that
the annual rings in long-lived trees’ trunks could provide such time series.

Douglass reasoned that a tree’s growth year after year could be measured by
the width of its annual rings. How much the girth of a tree increases each year,
and thus the width of its rings, is determined by the tree’s food supply. In the
American Southwest, as in most semi-arid regions, a tree’s food supply de-
pends largely on how much water the tree receives through precipitation gen-
erated by snow- and rainfall. Putting one and one together, Douglass hypoth-
esized that a tree’s ring width for a certain year is a likely indicator of the
amount of rainfall it received in that year. If a connection existed between that
amount of rainfall and the amount of energy coming from the sun, as, for in-
stance, in Lockyer’s hypothesis, then tree rings could be used as records of past
variations not only in rainfall but also, potentially, in solar activity. Tree-ring

series, time series based on tree-ring data from old trees, could then provide cen-
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turies’ worth of solar-variation data. Exploring this idea, Douglass collected
more than a hundred ponderosa pine (Pinus ponderosa) samples in northern
Arizona. By 1915 he had developed a #ree-ring chronology™ that extended back
to 1463 CE," allowing him to study 450 years’ worth of cyclic variations in the
growth of the trees.

In search of even older tree-ring material, Douglass traveled further afield
to the giant sequoia (Sequoiadendron giganteum) groves in the Sierra Nevada
in California, whose ancient character had long been recognized. His investi-
gations revealed that the oldest ring in the oldest giant sequoia sample he had
collected had been formed in 1305 BCE—he had sampled a tree that was
more than 3,200 years old! Because the ponderosa pine trees in northern Ari-
zona never reached such old ages—only two of the trees he sampled there were
more than 500 years old—Douglass would need another source of tree-ring
material to extend the Arizona record further back in time. It wasn’t long be-
fore this source presented itself in the form of wood samples extracted from
the abundant archeological sites in the Four Corners region of Colorado, New

Mexico, Arizona, and Utah.

Southwestern archeology experienced its heyday in sync with Douglass’s ad-
vancements in dendrochronology. Many of the Ancestral Puebloan ruins and
cliff dwellings in the Four Corners region that nowadays are preserved in na-
tional monuments and national parks— Chaco Canyon, Mesa Verde, Canyon
de Chelly, Casa Grande, and Aztec Ruins—were excavated in the late 1800s
and early 1900s. While the discovery of these impressive prehistoric structures
captured the public’s imagination, it left archeologists with more questions
than answers regarding construction and abandonment dates. Early twentieth-
century southwestern archeologists used styles of pottery, the most distinctive
and abundant artifact across the region, to derive relative dates and to answer
questions such as whether Chaco Canyon was built before or after Aztec Ru-

ins. Yet absolute dates remained elusive.

*We generally use tree-ring series when talking about tree-ring data derived from a single sample and
tree-ring chronology when talking about crossdated tree-ring data from multiple trees or sites.

I use CE (“of the Common Era”) and BCE (“before the Common Era) throughout this book.
These are equivalent to AD (anno Domini, “in the year of the Lord”) and BC (“before Christ”);
for example, “1463 CE” corresponds to “AD 1463,” and “1305 BCE” corresponds to “1305 BC”
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The American Museum of Natural History in New York was one of the
institutes pursuing absolute dates for the Four Corners prehistoric ruins. After
reading about Douglass’s dendrochronological work, the curator of anthro-
pology at the museum wrote to Douglass: “Your work suggests to me a possi-
ble help in the archaeological investigation of the Southwest. . .. We do not
know how old these ruins are, but I should be glad to have an opinion from
you as to whether it might be possible to connect up with your modern and
dated trees specimens [wood specimens] from these ruins by correlating the
curves of growth.”™ As a result of this letter, Douglass started collaborating
with archeologists as carly as 1915, 11 years after collecting his first tree-ring
sample in Flagstaff. Douglass’s aim was to determine whether he could link the
tree-ring patterns in the archeological wood samples from the Four Corners
region to the patterns in his 450-year-long living-tree chronology from north-
ern Arizona. If he could find overlap between the two sets of tree-ring pat-
terns, then he could apply the living trees” dates to the archeological wood
with annual precision, a big step up from the vaguer date ranges provided by
prevailing archeological dating techniques at the time.

Douglass was soon able to date tree-ring series from archeological wooden
beams and charcoalt from different Four Corners sites relative to each other,
but none of the series overlapped in time with his living-tree chronology. As a
result, the archeological wood chronology remained floating: it could not be
linked to or anchored in the present, and precise, or absolute dates for the Pueb-
loan ruins were still lacking. But even though it did not yet provide absolute
dates, with its potential for relative dating alone, the floating chronology was a
uniquely valuable tool. The application of dendrochronology to southwestern
archeology led to relative dates for a steadily growing number of sites and to the
first accurate chronological ordering of the prehistoric sites in the Four Corners
region. Douglass’s tree-ring work established, for instance, that all five major
ruins at Chaco Canyon had been built within a 20-year timespan and that its
Pueblo Bonito complex had been built 40 to 45 years prior to Aztec Ruins.

Douglass’s tree-ring contribution to archeology swiftly became invaluable,

yet it took him an additional 14 years to grasp the holy grail of absolute dating.

* Clark Wissler to A. E. Douglass, 22 May 1914.
t Charcoal is typically better preserved than regular wood and can show clear tree rings. Large

charcoal fragments with a sufficient number of tree rings can be tree-ring dated.
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To provide an exact calendar year for the construction of the Ancestral Pueb-
loan buildings, Douglass needed to find the missing link between the floating,
archeological tree-ring chronology and the absolutely dated living-tree chronol-
ogy, which was anchored in his own time (fig. 1). Douglass approached the
challenge of bridging the gap between the two time series from two directions:

by extending the living-tree chronology as far back in time as possible and by

sample

Bridging the Gap
1237-1380ce
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Figure 1 Beam HH-39 showed 143 rings, which overlapped in time with the 120 earliest
years of the dated living-tree chronology (1260-1380). Douglass dated its innermost ring to
1237 HH-39 also overlapped with the final years of the floating chronology, creating a firm,
continuous record back to 1286.
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bringing the floating chronology as far forward toward the present as possible.
In doingso, he hoped to eventually reach the point when the two chronologies
overlapped, when the gap was bridged. By 1929 he had extended the dated
living-tree chronology back to 1260 CE. His floating chronology, which in-
cluded material from 75 Four Corners ruins, spanned 585 years. It took one
beam, sampled at a ruin in Show Low, in eastern Arizona, to provide the
breakthrough and bridge the gap between the two chronologies. Beam HH-
39 showed 143 rings that overlapped in time with the 120 earliest years
(1260-1380) of the dated living-tree chronology, and Douglass dated its in-
nermost ring to 1237. He then discovered that HH-39 also overlapped with
the most recent 49 years of the floating chronology, whose most recent year he
could therefore firmly date as 1286. In one fell swoop, HH-39 unlocked abso-
lute dates for the beams from Show Low (1174-1383), Aztec Ruins (1110-
21), Pueblo Bonito (919-1127), and all other ruins that had contributed to
the (now no longer) floating chronology. Within a year, Douglass’s “Rosctta
Stone, HH-39, provided an accurate historical perspective for 75 Ancestral
Puebloan ruins.

I am reminded of the magnitude of Douglass’s contribution to archeology
every time I visit a museum displaying artifacts with age estimates that span
centuries or even millennia. As a tree-ring scientist, I have become accustomed
to exact dates. The imprecise or even unknown dates of prehistoric stone and
metal archeological finds hint at what an archeological world would look like
without tree-ring dating. In the Royal Museum for Central Africa in Tervuren,
Belgium, where I worked while pursuing my PhD, the dates of even many of
the wooden artifacts are given as “unknown.” The majority of the museum’s
masks, sculptures, neck rests, and stools were made in Central Africa, where to
this day no reliable living-tree chronology is available with which to date even
twentieth-century pieces. If it weren’t for Douglass and his team’s efforts to
find HH-39 and to bridge the gap, the chronology of Ancestral Puebloan cul-
tural development in the American Southwest and many other regions might
still be equally unknown.

By joining the dated living-tree chronology with the floating chronology,
Douglass also extended the tree-ring record for the Four Corners region back
in time by more than 500 years, to 700 CE. This continuous, precisely dated

record provided him with more than 1,200 years of data to study sunspot cycles
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and variations in climate. In the following years, he focused his efforts on ex-
tending this record even further back in time, and by 1934 he had succeeded in
covering almost the entire Christian calendar (11-1934 CE). In 1937, building
on more than three decades of dendrochronological achievements in archeol-
ogy and climatology, Douglass established the LTRR at UA, the first depart-
ment to be fully dedicated to the study of tree rings. UA housed the new lab-
oratory under the bleachers on the west side of the football stadium and
promised Douglass that this housing would be temporary until a more appro-
priate location could be found. When I arrived in Tucson in 2011, the LTRR
was still under the bleachers of the football stadium. If you visit the stadium to
watch a UA football home game, you will still find a door with my name on it
on the west side. It was not until 2013 that UA made good on its more than
75-year-old promise and moved the LTRR to a brand new building.
Dendrochronology as a field of scientific expertise has grown a lot since its
humble origins in southern Arizona in the 1930s. In addition to locking the
American Southwest’s prehistory in time, dendrochronology has been used as
a precise dating tool in numerous archeological and art-historical projects, to
check the precision of radiocarbon dating, to study the climate over the past
2,000-plus years, to put twentieth- and twenty-first-century droughts and plu-
vials" in a historical context, to study past earthquakes, volcanoes, wildfires,
and other natural hazards, and in forest-history research. This smorgasbord of
applications has only been made possible because since the LTRR inaugura-
tion more and more dendrochronology labs have been established worldwide.
There are more than 100 data-producing tree-ring labs around the world,
many of which put more than one experienced tree-ring researcher to work.
The LTRR, for instance, is currently home to more than 15 faculty members,
all of whom specialize in tree-ring research, in addition to about 50 adminis-
trative, technical, and curatorial staff, graduate students, postdocs, and out-
reach docents. Other large tree-ring labs are spread throughout North and
South America (e.g., at Columbia University in New York City, the University
of Mendoza in Argentina, and the University of Victoria in Canada), Europe
(e.g., at the Swiss Federal Institute for Forest, Snow and Landscape Research,

WSL, at Swansea University in Wales, and at Wageningen University in the
*A pluvial is a multi-year period marked by high rainfall.
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Netherlands), Russia (e.g., at the Siberian Federal University in Krasnoyarsk),
Asia (e.g., at the Chinese Academy of Sciences in Beijing), and Australasia
(e.g., at the University of Auckland in New Zealand).

The florescence of dendrochronology across the world has resulted in the
proliferation of exactly dated tree-ring chronologies. Luckily, dendrochronol-
ogists tend to have a strong collaborative spirit. We understand that the whole
is greater than the sum of its parts and are generally happy to share our hard-
carned tree-ring data with one another and with the broader science commu-
nity on the International Tree-Ring Data Bank," a publicly accessible internet
database hosted by the NOAA (National Oceanic and Atmospheric Admin-
istration) paleoclimate program. By compiling the findings of almost a cen-
tury of dendrochronology, the Tree-Ring Data Bank holds data in reserve
from more than 4,000 sites. Tree-ring chronologies cover much of the Earth’s
land surface, especially in the Northern Hemisphere, and extend from hun-
dreds to thousands of years back in time.

A century of dendrochronology, however, has also shown us many of the
challenges and limitations of the field. As we have learned what works and
what does not work in dendrochronology, it has become increasingly clear
that when Douglass moved to the American Southwest, the conditions were,
perhaps counterintuitively, just right for the establishment of tree-ring re-
search. For instance, ponderosa pines—the species most often used by Doug-
lass and by scientists to this day—have very distinct rings, are abundant and
widespread throughout the Southwest, and are relatively long-lived. Trees 350
to 400 years old are fairly easy to find in the Southwest, and the oldest known
ponderosa pine tree in Arizona was 742 years old when it was sampled in
1984. As with most other trees in the Southwest, the pine’s growth in any
given year is largely determined by how much water it receives, and the trees
are very good recorders of year-to-year variability in precipitation. In wet
years, with lots of snow and rainfall, the trees grow well and form wide rings.
In dry years, they suffer and form narrow rings. The amount of precipitation in
the Southwest varies strongly from year to year, and the sequence of alternat-

ing wet and dry years creates a sequence of narrow and wide rings that is shared

* At www.ncdc.noaa.gov/paleo/treering. heml.
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Figure 2 Alternating wet and dry years create a sequence of narrow and wide rings
shared by trees from the same region, allowing us to match tree-ring patterns in live and
dead trees, historic buildings and artifacts, and even charcoal and subfossil wood in a pro-
cess called crossdating.

among southwestern trees, because they all experience the same wet and dry
years. This shared tree-ring pattern is like a long string of Morse code (wide-
wide-narrow-narrow-narrow-wide) that is very distinct and recognizable in all
southwestern wood. It allows the tree-ring patterns in live and dead trees, in
historic buildings and archeological wood, and even in charcoal and subfossil
wood” to be matched to one another in a process called crossdating (fig. 2). For
instance, we know that the entire Southwest was parched in the year 1580. We
know this from the evidence of an extremely narrow ring in most of the trees
and wood in the region and even in California’s giant sequoias. The year 1580
can therefore be used as a pointer year, or benchmark, for dating wood of un-
known age and for verifying the tree-ring sequence in living trees.

In addition to the abundance, longevity, and drought sensitivity of ponder-
osa pines, the Southwest has the additional advantage that Ancestral Puebloans

used pinewood extensively in their constructions, resulting in its preservation

*Wood that is not yet fossilized, such as wood found on the bottom of lakes.
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in ruins. This archeological wood served as a vehicle to link Douglass’s tree-ring
work in living trees to the field of southwestern archeology, which received
growing attention as it accrued one new discovery after the next. The combi-
nation of old, drought-sensitive trees with distinct rings and abundant, well-
preserved archeological wood explains why dendrochronology was founded
in the Arizonan desert. If the hotspot for late nineteenth-century astronomy
had been located where the forests were more biodiverse than in the American
Southwest, the tree rings less distinct and less uniquely influenced by drought,
and the prehistoric ruins sparser and less well preserved, the field of dendro-
chronology might have emerged through an entirely different sequence of
events. And I might never have transplanted my life from the Swiss Alps to the

Sonoran Desert.

These dendrochronological benefits of the Southwest are largely lacking in
the American Midwest, where Florence Hawley Ellis, the first woman den-
drochronologist, pioneered tree-ring research. Hawley took Douglass’s inau-
gural dendrochronology course at UA in 1930. After a few years of dendro-
chronological work at Chaco Canyon and completing her PhD, she took up a
professorship in 1934 at the University of New Mexico, where she stayed until
her retirement in 1971. Hawley was the undisputed trailblazer of dendrochro-
nology east of the Mississippi River. She spent years collecting archeological
wood samples from the burial and ceremonial mounds of the Mississippian
culture (ca. 900-1450 CE) and sampling more than a thousand living trees in
the Midwest in order to develop a living-tree reference chronology. As often
happens when trailblazing, Hawley and her team faced a range of technical
challenges. They were working in a broad and climatically diverse region with
new, deciduous tree species whose rings were often indistinct and difficult to
crossdate. In addition to this, a lot of the eastern and midwestern forests had
been cut during eighteenth- and nineteenth-century European immigration,
resulting in a shortage of old-growth forests and therefore old trees to develop
long chronologies. There was also a shortage of archeological wood material
because, unlike in the Southwest, organic material like wood is not well pre-
served in the damp mound sediment of many midwestern archeological sites.

Working in the late 1930s and the early 1940s, Hawley and her team also

ran into challenges that were less technical in nature but were instead related

TREE STORY
20



to the culture of the era. During the Second World War, a member of Hawley’s
team was accused of being a German spy by landowners in western Kentucky.
The landowners became suspicious when they came upon him coring trees on
their land and subsequently found a German textbook while searching his car.
Another member of Hawley’s team then staged a coup in an attempt to get his
hands on her research position, leveraging the precarious stature of women in
science to undermine her. In an attempt to justify and hide his sexist behavior,
he wrote in a letter to Hawley’s boss: “Lewis wants and needs a 7an for the
job. Please, . .. keep all this under your hat. No one but a few know of the situ-
ation that Hawley was involved in here last year and it would only hurt her for
it to get out so I am asking you to depend on me that everything is OK.”* I am
pretty confident that an email exists somewhere featuring similar wording
about me. A lot has changed, and luckily improved, in the 80-plus years since
Hawley became the first female dendrochronologist, but unfortunately, some

challenges for women in science have remained the same.

*Roy Lasseter to Sid Stallings, 5 March 1936, emphasis in original, from Time, trees, and prebistory:
Tree-ring dating and the development of North American archaeology, 1914-1950, by Stephen E.
Nash (Salt Lake City: University of Utah Press, 1999), 227.
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Two
| Count the Rings Down in Africa

One Thanksgiving weekend a few years ago, I was driving from Tucson to
Santa Fe, New Mexico, with two of my friends, both fellow UA scientists, for a
much-needed break from midsemester madness. To entertain ourselves during
the long drive, we played a game inspired by the twitter trend of the moment,
#sciencesongs, in which you replace real song lyrics with references to your re-
search. I was having a hard time finding appropriate lyrics for Rachel and Dave,
who study plant-soil microbiology and the terrestrial carbon cycle, respectively.
But in a tribute to dendrochronology’s accessibility, Rachel triumphed with an
adaptation of Toto’s 1982 hit “Africa.” The lyrical mastery of “I count the rings
down in Africa” is now a running joke between us, even if it demonstrates that
my close friends think I stand around counting rings for a living.

Rachel’s cleverness referenced the fact that, despite my mother’s misgivings, I
collected my first tree-ring samples in northwestern Tanzania in July 1998 during
an epic field campaign with Kristof Haneca, a fellow master’s student. Tanzania
at the time was a blank spot on the world tree-ring map, and we were brazen
enough to think that we could change that. We aimed to collect tree samples in
Tanzania’s dry seasonal forest to investigate whether local trees formed rings, and
if so, whether they could be used to study East African climate.

Neither Kristof nor I had ever traveled outside Europe. We had no idea
which tree species to sample, how to find trees to sample or even how to sample
them, how to persuade local authorities to work with us, or how to ship poten-
tial samples back to Belgium. But what we lacked in expertise, we made up for
in enthusiasm. We packed up a few tree-ring borers, a couple of hacksaws, and a

GPS and boarded a plane to Dar es Salaam, Tanzania’s largest city.

*The original lyrics are “I bless the rain down in Africa”
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One thing we did know was that we had one week to reach the city of Ki-
goma, 750 miles west of Dar es Salaam on the banks of Lake Tanganyika, if we
were to catch up with our sole contact in Africa, a scientist from the Africa Mu-
seum in Belgium, who would help us settle in. Our trip started with a 20-hour
flight delay, followed by the news that a railroad bridge had been wiped out by
heavy rains and that the first stretch of our 36-hour train ride to Kigoma had been
replaced by a three-day bus ride. This was when I learned the first rule of field-
work: always make a plan but always be prepared to change it. When we finally
made it onto the train to Kigoma, we were so relieved that we simply dropped our
backpacks onto the floor of the train and turned to enjoy the view out the win-
dow. When we turned back around half a minute later, one of our backpacks was
gone, and with it our GPS and tree borers. We still had our passports and our
traveler’s checks, but we had swiftly learned another lesson: not to leave our gear
out of sight even for a second. After a week-longjourney, we arrived in Kigoma on
the same day that our only contact left the city. We were quite literally left to our
own devices, which didn’t amount to much without our GPS and borers.

Kigoma is a small city on the northeastern banks of Lake Tanganyika,
about 40 miles south of the border with Burundi. In between Kigoma and
Burundi lies Gombe Stream National Park, where Jane Goodall conducted
her research on chimpanzees. Kigoma’s main artery leads from the lakeside
train station where we arrived to the next town, Ujiji,” an old slave-trade hub
five miles down the road. The main road is lined with small restaurants and
shops, as well as one hotel, the market, the bank, and the bus station. For a city
of its size and remoteness, Kigoma hosted a surprising number of nongovern-
mental organizations (NGOs) and was home to many foreigners, who were
called mzungu by the locals. Kristof and I stood out among the mzungus be-
cause we were on a shoestring budget and walked everywhere, including the
five miles to Ujiji and then the four miles to the Kigoma airport, where the
meteorological station was located. We must have appeared to personify the
literal translation of mzungu: “aimless wanderer.”

But Kristof and I did have an aim for being in Kigoma: we were there to

collect tree-ring samples. Most tree-ring sampling involves an increment borer, a

himself with the words” Dr. Livingstone, I presume?”
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Figure 3 A tree-ring sample is extracted from a plains cottonwood (Populus deltoides
ssp. monilifera) on the Yellowstone River floodplain in Montana using an increment borer
and then stored for transport in a white paper straw. Photo by Derek Schook.

specialized, hollow borer used by dendrochronologists to extract cores from liv-
ing trees or wood beams (fig. 3). Unlike chainsawing, coring allows us to extract
the tree-ring information we need without harming or killing the trees or with
only minimal damage to historic buildings. Unfortunately, Kristof and I had lost
our increment borers on the train. Not wanting to cut down living trees for our
research, we decided to look for trees that had recently been cut for charcoal
production and to sample their logs or stumps. We were fortunate, dendrochro-
nologically speaking: large stretches of forest around Kigoma were being clear-
cut to produce charcoal, leaving an abundance of stumps for us to sample.

With the help of one of the Kigoma-based Jane Goodall NGOs, we selected a
nearby recently cut site, where we met with the charcoal producers. They only
spoke their mother tongue, one of the 124 languages spoken in Tanzania, which
made communicating what we wanted, and especially why we wanted it, difficult.
‘We managed to explain things with hand gestures and pantomime, making use of
the hacksaw for demonstration. The charcoal loggers who made a living by cutting

down and chopping up trees, however, were more comfortable and efficient with
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axes and machetes than with our saw. At the end of that day, we returned to Ki-
goma with two backpacks filled with roughly cut stem cross sections, or cookies.
We spent our last week in Kigoma collecting meteorological data, which
involved transcribing by hand 70 years’ worth of monthly temperature and
rainfall data, and arranging the shipment to Belgium of the 30-something
cookies we had collected. When we dropped off two big postal bags full of
cookies at the train station, where they were to be put on the train to Dar es
Salaam and from there shipped to Belgium, a large man picked up both bags
as if they contained feathers rather than wood and threw them in a dark cor-
ner. In that moment, we did not think that the fruits of our weeks of hard la-
bor would ever make it out of the Kigoma train station, let alone to Belgium.
Six months later, our samples still had not made it to Belgium. Kristof and
I had started to panic and were working on Plan B for thesis topics when one
day, miraculously, two postal bags full of cookies showed up on the steps of the
Africa Museum. Only a few months away from graduating, we had very lim-
ited time to prepare, measure, crossdate, and analyze the tree rings and then
write up our theses. I am not sure how, but we both managed to graduate a year
after our Kigoma adventure. Our first field experience left a lasting impression
on both of us and motivated us to continue, to experience more. We both went

on to do PhDs in dendrochronology.”

Our Kigoma tree-ring work was pioneering and exploratory. We were the
first to collect tree-ring samples in Tanzania and to investigate whether den-
drochronology was possible in the Tanzanian woodland. If it was, our work
could ultimately lead to cimate reconstruction, in which tree-ring data are used
to look at the climate of the past, the period before meteorological measure-
ments. For climate reconstruction, the oldest, most climate-sensitive trees in
the region would have to be targeted. In our exploratory work, Kristof and I
did not have the luxury of being selective, of looking for the oldest possible
trees. We collected as many samples as our limited budget and limited time
allowed, without killing any trees in the process. We were lucky: the trees we
had sampled showed distinct tree rings, and we managed to develop a 38-year-

long, crossdated tree-ring chronology.
* Kristof is now a successful dendroarcheologist at the Flanders Heritage Agency in Brussels, Belgium.
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Thirty-eight years worth of data, however, does not provide much in terms
of climate reconstruction. But such exploratory work, which examines which
trees have crossdateable annual rings that reflect climate and its variability in
new regimes, does form an important base for dendroclimate research. Precise,
crossdated measurements of tree-ring width are essential for these studies, in
which we need a data point and thus a ring-width measurement for each year
in the past to guide us. With the groundwork covered, we can aim at recon-
structing climate as far back in time as possible, by focusing our sampling strat-
egy on old trees and dead wood on the ground.

When we sample old trees, we prefer increment borers over machetes or
chain saws because they don’t kill the trees or even harm them. Trees grow from
the outside in. The most recent ring is just inside the bark, and the oldest, first-
formed ring is at the center. It is the delicate layer between the bark and the
wood, the cambium layer, that is responsible for a tree’s woody growth. New
wood cells are formed by the cambium and are deposited on the outside of a
previously formed (older) layer of wood cells. Of the entire trunk of a tree, this
wafer-thin cambium layer just inside the bark is the only part that is actually
alive. Everything else—the wood and the bark—is dead material that functions
primarily to provide stability and protection and to transport water and nutri-
ents from the roots to the leaves and vice versa. Water transport occurs only in
the outer area of the stem, the sapwood—not in its core—and is only marginally
impacted by tree-ring coring. Likewise, tree-ring coring extracts only a very small
area of the living cambium layer, typically only 0.2 inches in diameter, about the
size of a chopstick, and the tree barely registers it.

Coring living trees with an increment borer can be physically demanding,
especially when the trees belong to species with dense wood, such as oaks. We
drill the borer into the tree manually, by twisting its handle, and once the wood
core is removed, we remove the borer by twisting it in the opposite direction.
This requires quite a bit of upper-body strength, especially if you're coring doz-
ens of trees a day, and this often comes as a surprise to dendro newbies: expe-
rienced tree-ring corers are accustomed to the practice and don’t always out-
wardly show the appropriate amount of exertion when demonstrating tree-
ring coring. Without fail, at least one student in any group will complain
about a defunct borer on his or her first attempt at coring, not realizing that it

is the strength put in that is deficient, not the borer.
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The physical exertion of coring, however, is rewarded with instant gratifica-
tion once you extract the core from the tree. Unless your borer gets stuck or you
hit a tree with rot in its center, you will pull out a core on which you can imme-
diately see the rings. The knowledge that these rings will turn into the hundreds
or thousands of data points that you'll use for your science is invigorating, and
all without injuring the tree. If you are fortunate, the rings you see on the core
will be narrow and manifold, by which you will know that you have cored an
old tree. If you are even more fortunate, your borer will have gone straight
through the center of the tree and you will have hiz the pith, which means that
you will have extracted the oldest ring that the tree has to offer.”

An experienced team of dendrochronologists can easily collect from 100
to 200 tree cores a day, depending on the size of the team, the size of the trees,
the difhiculty of the terrain, and so forth. Keeping tabs on who in the team hits
the most piths motivates team members to try to extract the most cores and to
do it right. After a good day of team coring, the cores can quickly pile up, and
the resulting bundle containing hundreds of cores is a sight for sore arms. This
is important, because after a long day of dendro-fieldwork you have a tangible
result. Not a sheet of paper or a tablet full of numbers but actual, physical evi-
dence of the hard work you put in. Eurcka moments are rare in science. Most
aspects of a scientist’s job (writing papers, grants, dissertations, books) involve
slow, incremental steps. Given the general lack of instant gratification in sci-

ence, that little jolt of palpability after coring a tree is invaluable.

Different trees tell different stories. An understory tree that has been living
in the shadow of a taller tree for most of its life will mostly complain about its
neighbor and be less bothered by the climate. A tree growing in a meadow
might complain primarily about the goats or deer eating away at its foliage. A
tree in a Mediterranean forest might complain about the wildfires that make
its life miserable every few years rather than a particularly gloomy spring. But
like people, many trees do enjoy talking about the weather. Trees in the Amer-
ican Southwest grumble when there’s a drought, manifesting their discontent
through narrow rings. Their counterparts in the Swiss Alps or the boreal forest

in Alaska, however, are more displeased by cold summers than by drought and
* At least at the height that you core.
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will record lackluster summer temperatures, rather than a shortfall of rain, in
their tree-ring patterns. These “complaints,” which limit a tree’s growth, are
termed Jimiting factors in the tree-ring world.

Dendroclimatologists aim to reconstruct climate as reliably as possible and
pay close attention to limiting factors when selecting trees and sites to sample.
We select trees whose yearly growth is primarily determined (or limited) by
year-to-year variations in the climate and by little else. We choose overstory
trees in sparse rather than dense forests because these trees don’t suffer much
from the complicating factors that come with competition from neighboring
trees. We also prefer remote trees and forests that are hard to reach and that
have been largely left alone by humans, because we ourselves can act as limiting
factors. For instance, when we aimed to reconstruct rainfall variability in
southwestern Virginia, we stayed clear of trees directly along the Appalachian
Trail, where hikers often remove tree branches for firewood. Losing branches
can be a stressful factor for a tree and, like fire scars or grazing damage, can
eclipse climate as its dominant limiting factor.

To capture the strongest climate signal, we go to areas with harsh climatic
conditions, where the amount a tree grows in a year, and thus the width of its
ring, is limited by the weather conditions in that year. If we want to study past
droughts, we will sample trees in dry regions, where trees suffer from lack of
precipitation, rather than cold. On the other hand, if we want to reconstruct
past temperatures, we will select sites in cold environments, where summer
temperatures are not always optimal for the trees. This is why temperature re-
constructions are largely based on trees from sites at high latitudes (Siberia,
northern Canada, Scandinavia) or high elevations (the European Alps). Drought
reconstructions, on the other hand, primarily originate in Mediterranean and
monsoonal regions, where precipitation is limited and shows a clear seasonality.

In search of old trees growing in remote locations under harsh climatic
conditions, dendroclimatological fieldwork takes tree-ring scientists to the
most austere and beautiful landscapes. It often involves long hikes on steep
slopes to reach remote areas with breathtaking views. Most tree-ring scientists,
when asked about their favorite part of the job, will answer, “The field.” It is
what attracted many of us to this line of research in the first place, and it is

what keeps us coming back for more.
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Three
Adonis, Methusaleh, and Prometheus

Old trees have common characteristics that are recognizable in the field, or
even in a photograph. That makes it easier for us. Rather than coring every tree
in a forest in the hope of finding the old ones, we can target the most conspic-
uous specimens, saving ourselves, and the trees, a lot of coring. When looking
at old trees, a connoisseur will notice traits that many have in common: an
untapered, columnar stem with few but heavy branches; large, exposed roots;
and a dead top. Some old trees grow in spirals, and their bark grows in strips.
Like humans, old trees (more than 250 years old) look different from middle-
aged trees (50-250 years), which look different from young trees (less than 50
years). Also like humans, trees grow in height only when they are young but
continue to grow in girth as they age. How tall a tree will grow and how long
it will take for a tree to reach its full height is largely determined by its genes.
A coastal redwood (Sequoia sempervirens) will grow taller than the cherry tree
(Prunus cerasus) in your backyard. In fact, you can probably fit cight cherry
trees in Hyperion, a coastal redwood that at nearly 400 feet is the world’s tall-
est known living tree. Tree height is further influenced by the soil in which the
tree grows, as well as by competition from other trees. Yet, a tree will only grow
to a height that falls within the range of its species.

Because trees reach their maximum height and thereafter grow only in
girth, young trees that are still getting taller have a tapered look. The top of
their stem is only a few years old and has not had time to put on many rings
and much girth, whereas the bottom part of the stem is older and has had
more time to add rings and grow thicker. Once height growth has stopped in
an older tree, then the upper part of the stem will start to catch up, its girth
increasing year after year, and the stem will gradually take on a more columnar,

rather than tapered, look. In addition to this, the very top of the tree will die
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off, and the crown will flatten out on top, not unlike a bonsai tree. The tree’s
limbs also continue to thicken; branches and roots of old trees often are quite
sizable. The tree might lose lower branches that are overshadowed by its higher
ones and do not contribute much to photosynthesis and growth. Centuries of
erosion may have exposed the roots of old trees, so that often they are no lon-
ger underground. Some old conifers grow like a helix: instead of straight up
vertically, their new wood cells grow at an angle, resulting in a spiral grain.
Spiral growth has been attributed to genetics as well as to a variety of stress
factors (such as asymmetrical crowns, wind, and slope) and is a hindrance in
commercial wood production. Because it is impossible to follow the helix of
spiral grain with an increment borer, spiral growth also significantly hinders
dendrochronology. And yet, the hunt to find the oldest, most difficult trees to
core has definite lures. The thrill of the chase can eclipse the challenges den-
drochronologists face in the course of fieldwork, and sometimes even seems to

usher us toward success.

In July 2015, we organized a 10-day field campaign in the Pindos Moun-
tains, in northern Greece, in search of old, high-elevation trees. For me, the
Pindos field campaign was part of my National Science Foundation—funded
project aimed at using tree rings to reconstruct jet-stream patterns. I had been
looking into the connections between tree rings and broader climate systems,
and I knew my investigation would require sampling some of the oldest trees
in Europe. To that end, I got in touch with Paul Krusic, who had recently sam-
pled some very old trees on the Balkan Peninsula. Paul is an accomplished
tree-ring scientist at Cambridge University, and seasoned when it comes to
fieldwork. A mellow MacGyver type, he is easygoing and ingenious, with chain-
saw skills beyond compare and a passion for Land Rovers. A few years carlier,
Paul had stumbled upon a photograph of some very distinctive-looking Bos-
nian pines (Pinus heldreichii) on Mount Smolikas, the highest peak in the Pin-
dos Mountains. In his mind there was no question that the pines were old, as
they displayed all the stereotypical features of old growth; on top of that, they
were growing in a steep, rocky landscape. Paul knew he had to go and have a
look at the trees for himself.

When Paul returned to Cambridge after his first Smolikas field trip, he

counted, to his astonishment, more than 900 rings on one of the tree-ring
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samples he had taken. Regrettably, the longest borer Paul had taken on his ex-
ploratory trip had been considerably shorter than he needed to reach the pith
of that more than 900-year-old tree. There are many practical reasons why we
only take the longest borers, those 40 inches in length, into the field under
special circumstances: (1) they are expensive and scarce; (2) they are heavy and
add considerably to the weight of a field pack; and (3) they are wider in diam-
cter than regular borers (16-24 inches), which makes them even harder to
bore into a tree, and so the risk of getting them stuck is higher. Therefore, to
increase efficiency and reduce risks, we use the shortest possible borer needed
to reach the pith of any given tree. Only on rare occasions is a yard-long borer
required. Paul had just identified such an occasion! There were older rings still
to be discovered deeper inside that ancient tree. The only question was, how
many? To answer this question, Paul and I decided to join forces and go on a
second sampling spree to Mount Smolikas.

We returned to Smolikas with a vengeance and armed to the teeth. Or
more precisely, with a bigger team, longer borers, and most importantly a
chain saw to sample dead wood. On his first Smolikas trip, Paul had noticed
lots of sun-bleached dead wood littering the landscape. These were the relic
trunks of dismembered tree ancestors that had died hundreds of years earlier
and had been lying around since, slowly eroding. It was exciting to imagine
that this material could potentially be used to extend the Smolikas tree-ring
chronology even further back in time.

Paul drove down to Greece from his home in Stockholm in his Land Rover
with his son Jonas, a precocious 12-year-old Viking who, as a notetaker, sam-
ple labeler, and occasional corer was a huge help in the field. Our team was
completed by two scientists from the University of Mainz in Germany: my
former adviser Jan Esper, a 6-foot-4 charismatic German with a peculiar sense
of humor, and Claudia Hartl, who, despite her petite appearance, is a formida-
ble force in the field: she is strong, organized, tireless, and never complains.

We were lodged in the tiny town of Samarina, the highest village in Greece,
at the foot of the mountain. On the first morning, the steep 2- to 3-hour hike
from our breakfast place in town up to the treeline site on Mount Smolikas
seemed insurmountable. But on the mountain ridge the sight of ancient trees
in an utterly barren environment awaited us. As the days wore on, our pile of

samples grew larger, and the morning’s hike became easier. The weather at tree
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line on Mount Smolias, at 6,500 feet, was sunny and mild. As a bonus, the
forest was mercifully free of mosquitoes, and we managed to avoid encounters
with any of the feral dogs, wolves, or bears that were said to roam the moun-
tain. Also, we were in Greece, where the food is delicious, the people are
friendly, and the wine is abundant. At the end of each long day of coring and
cutting, we would hike back down, replace our boots with flip-flops, and enjoy
a marvelous meal before literally stumbling into bed.

We cut more than 50 cookies and cored more than 100 trees during those
10 halcyon days, including the ancient tree Paul had originally discovered. Yet,
it took a third field campaign in 2016, with an even bigger team, and finally a
40-inch borer before Adonis—named after the Greek god of beauty and de-
sire—revealed its true age: more than 1,075 years. That fateful day in Greece,
we extracted a core measuring nearly 3 feet (!) from Adonis and still did not
quite hit the pith. Discovering Europe’s oldest known living tree was a fitting
capstone for the epic Mount Smolikas field campaigns, no matter how many

trips it took to achieve.

When we first discovered Adonis on Mount Smolikas and spread the word
that this 1,075-year-old senior was the oldest known living tree in Europe, we
received a lot of backlash mainly from two fronts: the “clonal tree” commu-
nity and the “heritage tree” community. Both communities claim that much
older trees can be found and reliably dated in Europe. The right party in this
debate, in my opinion, depends on our definitions of #ree and dating. Clonal
trees, which propagate and disperse asexually through root suckers, are genet-
ically identical and share a common root structure. Such root structures can
be more than 10,000 years old, as determined by radiocarbon dating, but the
individual stems rarely reach more than a few hundred years in age. For in-
stance, Pando, a clonal colony of more than 40,000 stems originating from a
single quaking aspen (Populus tremuloides) in Utah, has a root system esti-
mated to be 80,000 years old, but its individual stems rarely reach 130 years.
Depending on whether or not one includes clonal root systems in the defini-
tion of #ree, Europe’s oldest living tree could be Sweden’s Old Tjikko—a 9,550-
year-old clonal Norway spruce (Picea abies) named after its discoverer’s dog—
or Adonis, the individual tree we dendrochronologically dated at just over
1,000 years old.
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I first came across the heritage tree dispute when I lived in Switzerland,
many years before I was involved in the discovery of Adonis. My friend Frank
had invited me to his house for dinner to meet his new girlfriend, an art teacher
and hobby photographer. All went well until Frank mentioned their upcoming
vacation to the British countryside to visit the ancient yew (Zaxus baccata)
trees, with which his girlfriend had been enamored for years. Frank’s girlfriend
claimed that some of these yews were more than 3,000 years old, and she cited
entire websites dedicated to the ancient yews to back up her claim. The atmo-
sphere grew tense when I started arguing that if there were 3,000-year-old trees
in Great Britain, then I—as a professional who dated trees for a living—would
certainly know about them. The feisty dendrochronologist in me cast doubts
on her claim, while she vehemently insisted that she wasn’t just making things
up. Needless to say, the evening ended earlier than anticipated.

When I got home, I browsed the websites Frank’s girlfriend had referred to
and soon discovered the issue at the heart of our heated discussion. Heritage
trees are typically large, old, solitary trees with unique cultural or historical
value. The yews found in churchyards across the British Isles are one good ex-
ample. Others include the ancient olive trees (Olea europaca) found across the
Mediterranean Basin and the Hundred Horse Chestnut (Castanea sativa),
growing on the slope of Mount Etna in Sicily. The cultural importance of heri-
tage trees is illustrated by the Sicilian poet Giuseppe Borrello (1820-1894),
who wrote about the origin of the Hundred Horse Chestnut’s name:

A chestnut tree

Was so large

That its branches formed an umbrella
Under which refuge was sought from the rain
From thunder bolts and flashes of lightning
By Queen Giuvanna

With a hundred knights

When on her way to Mount Etna

Was taken by surprise by a fierce storm.
From then on so was it named

This tree nestled in a valley and its courses

The great chestnut tree of one hundred horses.
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There is no doubt that heritage trees are old, but their exact age is generally
elusive. Many trees that are monumental in girth are fragmented and have lost
the oldest core part of their stem to rot. This makes dendrochronological or
even radiocarbon dating impossible, and instead tree ages are estimated based
on size or extrapolated from presumed growth rates. Since growth rates differ
significantly between trees and even within trees—young trees grow much
faster than old trees—these estimates can be inaccurate. As a result, the lon-
gevity of heritage trees is often overestimated and subject to intense dispute.
For instance, British yews can easily reach an age of 600 or even 800 years, but
that is a far cry from the 4,000 to 5,000 years claimed for the Llangernyw Yew
in Clwyd, North Wales, or the 3,000 to 9,000 years attributed to the Fortingall
Yew in Perthshire, Scotland. In theory it is possible that some European heri-
tage trees are more than a thousand years old, but I have yet to find convincing
evidence. I have learned over the years, however, to be more compassionate
when it comes to other people’s passion projects, and I think we can safely
conclude that Adonis is the oldest, dendrochronologically dated tree in Europe.

There is one additional factor to take into account when considering the
age of heritage trees: location. The world’s oldest known dendrochronologi-
cally dated trees grow in remote, barren environments with strong environ-
mental limiting factors. It is rare that trees growing in mild environments, such
as the Welsh countryside, or in places with a long human cultural history of
wood use, such as Sicily, reach a very old age. There is a reason for this. Trees in
harsh environments are severely limited in their growth, and they grow slowly—
very slowly. Adonis, for instance, on average grows less than a tenth of an inch
(about 1.5 mm) in diameter per year. This slow growth results in very narrow
rings and relatively dense wood. The dense wood of slow-growing trees, which
is often resinous in conifers, makes them more resistant to invasions by insects,
fungi, and bacteria and therefore less prone to decay. Fast-growing trees, on
the other hand, such as eucalypts (Eucalyptus spp.) and cottonwoods (Populus
spp.), are programmed to make optimal use of spring weather by producing a
lot of wood quickly. Such pioneer species—so called because they are often the
first to colonize open spaces—thus produce a lot of earlywood, the light wood
formed in spring. The large vessels of earlywood are optimal for bringing water
from the roots to the emerging leaves, allowing trees to grow quickly, up to an

inch in diameter per year for eastern cottonwoods (Populus deltoides). The
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hastily formed wood of these pioneer trees is light, soft, and weak, and it easily
succumbs to pests. Pioneer trees honor their name: they work hard, play hard,
and die young. These trailblazers follow Neil Young’s credo that it’s better to

burn out than to fade away.

It is the faders among trees that persevere through time. Bristlecone pines
(Pinus longaeva) are perseverance personified. These stunted and twisted trees
quite literally fade out as they age. More and more of their rings go missing,
and they focus their growth energy on fewer and fewer branches. More and
more of the root-stem-branch connections in aging bristlecone pines die off,
and the oldest trees hang on to life by a few narrow strips of living bark that
connect only a few individual roots to a few individual branches. Such sz7ip
barking allows the trees to conserve their energy so that they do not succumb
to stem or limb damage caused by fire, lightning, or extreme weather. The
Great Basin, in the western US, is home to a handful of bristlecone pines that
are more than 4,000 years old, and the oldest living bristlecone pine is den-
drochronologically dated to be over 5,000 years old, making this species the
longest-lived on earth.

Bristlecone pines grow in isolated groves on the dolomite outcrops of dry
and exposed mountainsides, an environment in which hardly any other plants
can survive, and where the pines themselves are few and far between. The land-
scape is sparse and the trees gnarled, with scant foliage and wood with a glazed
appearance from centuries of erosion by wind and water. Viewed against the
blue sky in this dry mountain environment, the bristlecone pines look austere
and otherworldly, and they speak to the imagination of artists and writers. The
oldest bristlecone grove can be visited in the Ancient Bristlecone Pine Forest,
a protected area in the White Mountains in eastern California that was estab-
lished in 1958, a year after the LTRR’s Edmund Schulman discovered its an-
cient inhabitants. As you can imagine, crossdating or even sampling the bris-
tlecone pines, with their distorted stems, narrow strips of living tissue, deep
crevasses of dead wood, and missing rings, is a complex process. Schulman,
who had been working with Douglass at the LTRR since the 1930s, was well
prepared for this challenge; he had spent most of his summers in the mountain
ranges of the American West looking for old trees. His search culminated in

the discovery of Methusaleh, at 4,789 years the then oldest known living tree,
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which he named after the legendarily long-lived biblical patriarch. Dating
from 2833 BCE, Methusaleh still graces the Ancient Bristlecone Pine Forest,
but in order to avoid vandalism, its exact location is not disclosed to visitors
(not even visiting dendrochronologists).

Schulman died at age 49, only a year after discovering Methusaleh. In fact,
anumber of bristlecone pine researchers have died relatively young, including
the LTRR researcher Val Lamarche (1937-1988) and a 32-year-old Forest Ser-
vice employee who suffered a fatal heart attack on his way down from sam-
pling the pines up in the mountains. This morbid coincidence spawned a long-
standing urban (or rather, sylvan) legend that the wood of the bristlecone pine
carries a curse; it is whispered in some circles that whoever works with these,
the oldest trees, will die young. Happily, this myth has been disproved by some
of my venerable colleagues, but another classic tale of bristlecone pine dendro-
chronology has turned out to be a nightmare in truth.

Seven years after Schulman discovered Methusaleh, an even older bristle-
cone pine tree was discovered on Wheeler Peak, in eastern Nevada, in what is
now Great Basin National Park. At 4,862 years, Prometheus, as the tree was
named by local mountaineers, 73 years older than Methusaleh, displacing it as
the oldest known living tree of its time. According to Darwin Lambert, one of
the mountaineers, fewer than fifty people saw Prometheus while it was still
alive. The tragic fact is that its age was not discovered until it had been cut
down. Thats right, in 1964 the oldest known living tree in the world was cut
down. To count its rings.

Don Currey, who at the time was a graduate student in geography at the
University of North Carolina, was interested in dating and analyzing the bris-
tlecone pines in eastern Nevada to advance his study of Holocene-age glaciers
in the American Southwest.” The first tree he stumbled upon when he arrived
at Wheeler Peak with his borer was Prometheus. There are differing accounts
of what happened next. Some say his borer was too short or got stuck; others
say that he did not understand how to core such a large and distorted tree or
that he preferred a full cross section for his studies. Regardless of the motiva-
tion, he asked for—and received—permission from the US Forest Service to

fell Prometheus. Later that night in his hotel room, Currey counted 4,862
*The Holocene is the current geological epoch, which started approximately 11,650 years ago.
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rings on the cross section he had cut from Prometheus and realized with hor-
ror that he had just killed the oldest known living tree on earth.

When news of Currey’s unforgivable blunder came out, public outrage en-
sued. In a 1968 Audubon magazine article entitled “Martyr for a Species,”
Lambert called Currey a murderer. Understandably, Currey has switched re-
search topics and has dedicated the rest of his scientific career to the study of
salt flats. In a rare media appearance on PBS’s NOVA in 2001, Currey de-
scribed the moment he realized Prometheus’s age: “You've got to think, T've
got to have done something wrong. I better recount. I better recount again. I
better look really carefully with higher magnification”” But no matter how
many times he recounted, Currey always came out with more rings than any-
one had ever counted on a tree before. It would take almost another half cen-
tury for a living tree older than Prometheus to be found. Finally, in 2012, LTRR
researcher Tom Harlan sampled a bristlecone pine, this time using a borer and
leaving the giant standing, and determined it to be 5,062 years old, dating its
innermost ring to 3050 BCE. The tree’s identity and exact location are a secret.

The high and dry environment of the Great Basin not only empowers bristle-
cone pine trees to grow for millennia, it also helps to preserve the wood of
dead trees after they expire. Not many other plants grow in this barren land-
scape, and the scarce ground cover and litter mean that wildfires are rare. The
bare limestone rock on which the trees grow is not hospitable for wood-
decaying fungi and insects, so the resinous wood can remain on the landscape
for thousands of years after a tree has died. For a few summers in the early
2000s, LTRR researchers took volunteers up to the White Mountains to find
and sample remnant bristlecone wood as part of a project sponsored by an
anonymous bristlecone aficionado. Some of the remnant wood turned out to
have originated from trees that died more than 8,000 years ago and to have
been lying around on the mountains since then. Crossdating the dead wood to
the living-tree chronology extended the bristlecone pine chronology back to
6827 BCE. The 8,800-plus-year-long chronology is extensive enough to study
climatic changes in western North America and their long-term influences on
forest ecosystems over millennia. The unique precision of such millennia-
long, continuous tree-ring chronologies is also invaluable in calibrating other
dating methods, such as radiocarbon dating, and other paleoclimate records,

such as ice cores.
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Given the stories of Methusaleh and Prometheus, it isn’t surprising that out
of all regions in North America, the West hosts the most long-lived tree species.
What is surprising is that not all of these long-lived trees are stumpy and gnarly
like the bristlecone pines. Some long-lived trees of the West, such as the giant
sequoias and the coastal redwoods in California, are majestic titans that lack the
stereotypical visual characteristics of old trees. The giant sequoia was one of the
first species Douglass sampled in 1915, in Kings River Canyon in the Sierra
Nevada mountains. The sequoia groves there had been heavily logged in the
preceding decades, so Douglass collected large wood sections from the remain-
ing stumps, which were sometimes more than 30 feet in diameter. The oldest
stump Douglass sampled was 3,220 years old. Despite the ongoing heavy log-
ging, there are likely giant sequoias of equal age or older still standing in the Si-
erra Nevada mountains, but even a 40-inch borer—such as Paul Krusic used for
Adonis—will not suffice to determine the exact age of these living behemoths.
The other giants of the American West, the coastal redwoods, can live for more
than 2,200 years and are joined in the 2,000-plus league by at least three other
species in the region: the western juniper (Juniperus occidentalis), the Rocky
Mountain bristlecone pine (Pinus aristata, a different species from the previ-
ously discussed bristlecone pine), and the foxtail pine (Pinus balfouriana).

Western North America’s geography certainly contributes to its abundance
of long-lived trees, since many old trees prefer dry mountain slopes, but proxim-
ity to humans may also impact our perspective on what constitutes abundance.
The American Southwest is the birthplace of dendrochronology, boasting a long
history and a high density of tree-ring research projects. In addition to this, the
American West’s history of large-scale deforestation did not start until the 1800s,
making it short compared with that of other regions. The vast majority of old-
growth forests in Europe, for instance, were cut in Roman times, so it is no sur-
prise that no trees remain that date prior to then. Finally, the well-established
infrastructure in western North America also helps dendrochronologists find
old trees. Even the most remote areas in the western US are easier to reach than

their counterparts in, for instance, Siberia or Tanzania. Trust me, I've tried.

The oldest living tree in North America is more than 5,000 years old,
whereas the oldest tree in Europe is barely more than 1,000 years old. On al-

most all other continents we can find old trees that fall roughly within this age
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range. A Huon Pine (Lagarostrobus franklinii) in Tasmania is the oldest living
tree in Oceania. Ed Cook, known as the godfather of dendrochronology, and
his team at Columbia University’s Lamont-Doherty Tree Ring Lab sampled it
in 1991, when it was just under 2,000 years old. Its innermost sampled ring
was dated to 2 BCE. In Africa, an Atlas cedar (Cedrus atlantica) in the Atlas
Mountains of Morocco was dated to be 1,025 years old. It is surpassed in age
by a baobab (Adansonia digitata) in Namibia that is estimated to be 1,275
years old, but there is a potential error of 50 years on the baobab’s age because
the tree was studied through radiocarbon dating of its pith, not by tree-ring
dating. Radiocarbon dating is not as precise as tree-ring dating, but baobab
wood does not show distinct growth rings, so this method provided the best
possible estimate for the tree’s age. Asia’s oldest known living tree (1,437 years
when sampled in 1990) is a juniper ( Juniperus spp.) growing at the upper tim-
berline in the Karakorum in northern Pakistan.

I have little doubt that on each of these continents there are older living
trees that we are not yet aware of, but it does appear that the oldest trees in
absolute age are found in the Americas. In South America, El Gran Abuclo, an
alerce (Fitzroya cupressoides) growing in the Alerce Costero National Park in
Chile, was tree-ring dated in 1993 to be 3,622 years old. In eastern North
America, bald cypress (Zaxodium distichum) are the largest and longest-lived
trees. The oldest known living bald cypress was at least 2,624 years old when
Dave Stahle, from the University of Arkansas, sampled it in 2018 along the
Black River in North Carolina. Sampling these giants that grow in swamps
and can easily reach 150 feet in height and 12 feet in diameter is not for the
fainthearted. To get above the sometimes 10-foot-high swollen “knees,” or
buttresses, that surround the base of the trunk, Dave ascended the trees with
climbing spikes, which penetrate the bark but do not harm the tree. “I've prob-
ably climbed a thousand cypress trees that way,” Dave once told me. He uses a
system of ropes and lanyards to secure himself to core the trees above the but-
tress. “It is very difficult to get into position and to tie yourself up so that you
can push and pull an increment borer effectively, Dave explained, “but the
one saving grace about Zaxodium is that it’s like coring butter. Once you get
your corer in, the actual coring isn’t so hard”

Despite the wet conditions in which bald cypresses grow, they are good

recorders of change in the level of swamp water. When water levels are high,
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the trees enjoy good water quality with high levels of dissolved oxygen and
nutrients. When water levels are low and water quality is poor, this is reflected
in their narrow tree rings. Unfortunately, the massive bald cypress trees pro-
duce large quantities of attractive pale brown to reddish wood that is resistant
to decay and very desirable for construction. In the late nineteenth and early
twentieth centuries, commercial cypress exploitation boomed in the south-
castern US, leading to excessive logging. Today, only three reasonably sized
tracts of old-growth cypress remain: one sanctuary each in South Carolina and
southern Florida and one tract on private property in Arkansas.

There are therefore few options left for dendrochronologists who want to
find old bald cypress wood. One option is sizker wood. The exploitation of
bald cypress in the late nineteenth century involved river-floating the hand-
cut logs from their original forest stands downstream to mills. Many of these
logs from long-lived, straight-grained trees never made it to the mills because
they got stuck or sank along the way. This created caches of century-old logs
on the bottoms of many rivers in the southeastern US. With no living old-
growth trees left to cut, such sinker wood is unrivaled in quality and can com-
mand thousands of dollars. Despite the dangers related to extracting sinker
wood from river banks and bottoms, including alligators and water moccasins,
companies are popping up throughout the Southeast that specialize in har-
vesting sinker wood. The right dendrochronologist could potentially persuade
such companies to slice off a sinker cookie for dendro-dating before turning
the rest of the log into highly coveted furniture. An even more ambitious op-
tion, one that calls for perseverance, is hinted at in the bald cypress’s nickname,
“wood everlasting” All along the Atlantic coastal plain of the Southeast, non-
petrified, subfossil bald cypress stumps and logs have been recovered from bur-
ied deposits. One such buried bald cypress deposit, the Walker Interglacial
Swamp, was exposed just four blocks from the White House in downtown
Washington, DC. The Walker Swamp stumps, whose roots are still attached,
have remained in their upright growth position for ca. 130,000 years. How-
ever, with the longest bald cypress chronology currently covering ca. 2,600
years and the longest continuous tree-ring chronology in the world adding
another 10,000 years to that time period, we have a long way to go before we

can bridge the gap with the Walker Swamp stumps.
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Four
And the Tree Was Happy

We know that trees can live for millennia, and we have a pretty good idea of
how to detect those ancient trees in a landscape and how to sample them (hint:
not with a chain saw). But how do we go about extracting dendrochronological
information from these trees? How do we turn their longevity into information
we can use to date valuable violins or reconstruct past temperatures?

In their 1977 book Climates of Hunger Reid Bryson and Thomas Murray
write, “Nature does not make mistakes in the records she leaves. We sometimes
do not understand them properly; that is the source of the difhiculty” Trees
remember. They record history and they don’t lie. But to correctly interpret
the stories trees tell us, we need to read their ring patterns with the attention
they deserve. This requires a little talent for pattern recognition, a lot of train-
ing and concentration, and a proper understanding of what makes trees tick.
Luckily for dendrochronologists, trees are relatively straightforward organisms.
They originated in a geological epoch long before humans arose, when life was
simple. Trees have far fewer moving or redundant parts than humans—no tail-
bones and no male nipples. To find the wealth of information trees have to

share, we must simply learn how to look.

Once painstakingly gathered tree-ring samples make their way from the field
to the lab, the dendrochronologist’s first step is to glue the cores into wooden core
mounts, which stabilizes them and ensures an even core surface to look at through
amicroscope. Next comes sanding: it is difficult to differentiate narrow rings from
one another and to take precise ring-width measurements on rough, unsanded
samples. The woodworkers among you will appreciate that we sanded the cookies

we collected in Tanzania incrementally from 80 to 1,200 grit* and then polished

* Grit size is the size of the particles of abrading materials embedded in the sandpaper. Coarse sand-

paper has a smaller grit size; fine and superfine sandpapers have a larger grit size.
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them. This superfine sanding might have been a bit of overkill, as most samples
are sanded to 400—800 grit. But for our Tanzanian samples, we needed extra clar-
ity to detect the boundaries of the rings, which were often just a few cells wide.

When you look at finely sanded wood through a microscope (and I highly
recommend that you do), you can sce individual wood cells and even the de-
tails of their cell walls (fig. 4). Trees are extremely well oiled carbon-capturing
machines with an elegant simplicity that is reflected in their physiology and
the anatomy of their wood. Each cell has a specific and indispensable function.
In conifers, individual wood cells queue up in straight lines like Roman sol-
diers, arranged for optimal strength and functionality. In broadleaf trees, which
evolved later, the wood cells form more intricate and eye-catching patterns
that are unique for each tree species, so that a trained wood anatomist can
identify a tree species by looking at its wood alone.

Trees grow more vigorously in spring, when they are well rested after a good
winter sleep, than they do in fall, when they are getting ready for a winter-long
dormancy. The wood formed in spring, earlywood, reflects the tree’s energetic
spring growth. Conifers form large earlywood cells with thin walls,” whereas
broadleaf trees form earlywood vessels that are specifically designed for water
transport. The earlywood of both conifer and broadleaf trees is thus optimized to
transport water and nutrients from the roots to the growing canopy in spring.
Later on in the growing season, structural support and carbon storage become
more important to trees than water transport, so latewood cells, formed in late
summer and fall, are smaller with thicker cell walls. Some broadleaf tree species
(most dramatically, oak) form much larger vessels in the earlywood than in the
latewood. This sequence of large earlywood vessels and smaller latewood vessels
makes for clear annual tree rings and for beautiful, 7ing-porous wood. Earlywood
vessels in oak are often so large that you can see them with the naked eye, for in-
stance, on the end-grain surface—typically the short end—of a solid oak table.

This sequence of an earlywood growth spurt in spring, a transition to late-
wood growth in fall, and then a halt of growth in winter dormancy happens ev-
ery year in the life of a typical tree in a temperate forest. The abrupt transition
from last year’s small-cell latewood to this year’s large-cell earlywood creates a

distinct boundary between rings that separates one year’s growth from the next
*Wood cells in conifers are called tracheids.

TREE STORY
42



Tracheids
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Figure 4A Conifers form tracheids that are square-shaped and form neat lines as the tree
grows. The earlywood cells are large with thin walls; latewood cells, which form in late
summer and fall, are smaller with thicker walls.

Figure 4B In broadleaf trees, the wood cells form more intricate patterns unique to each
tree species. The circular areas are vessels, cells designed to transport water. The sequence
of large earlywood vessels and smaller latewood vessels in some species, such as oak,
creates clear annual rings and a beautiful wood grain.



and allows us to see and count tree rings and to measure their widths. Such dis-
tinct tree-ring boundaries are often absent in trees that grow in climates without
clear seasonality, such as the tropics, where the day length and temperature vary
little throughout the course of a year. Tropical climates are also wet enough and
warm enough for trees to grow year-round. As a result, many tropical trees don’t
necessarily feel the need for a yearly dormancy or to form clearly distinguishable
carlywood, latewood, and tree-ring boundaries. Tropical trees are therefore a
challenge for dendrochronologists. Compared with temperate and boreal re-
gions, the tropics (including, for instance, Tanzania) are a huge, almost blank
spot on the world map of tree-ring chronologies. Here be dragons . ..

The dearth of tropical tree-ring chronologies is not helped by the fact that
in the tropics there are very few conifer species, whose rings are the easiest to
read. But like all good rules, the no-tree-ring-chronologies-in-the-tropics rule
has exceptions. Teak (Zectona grandis) trees in Southeast Asia, for instance,
have ring-porous wood with large earlywood vessels and much smaller late-
wood vessels and form beautiful tree rings, just as temperate oaks do. Teak was
used as early as the 1930s to develop centuries-long tree-ring chronologies. Mo-
tivated by entirely different seasonal conditions, Arapari (Macrolobium acacii-
folium) trees growing in Amazonian floodplain (varzea) forests in Brazil show
distinct rings, as their growth is interrupted every year by flooding that lasts
from four to eight months, causing anacrobic (oxygenless) conditions in the

soil, which trigger a growth dormancy.

I love trees, but I am not a tree-hugger. The only times I refer to trees as
sentient beings are (2) when I am reading 7he Giving Tree to my nephew and
(b) when I am explaining crossdating, the process of comparing one tree’s ring
pattern with another’s. Trees are happy when they have plenty of food and
water and no one is competing with or attacking them. In a happy year a tree
will grow a lot and form a wide ring. In a less happy year—there might be a
drought, or it might have been cold, or a hurricane might have blown off its
leaves and branches—the tree will not have much energy to grow, and it will
form a narrow ring. The happiness of trees is thus strongly influenced by cli-
mate. Trees suffer not only from seasonal affective disorder—they hibernate
during the dark season—but also from annual affective disorder: they get de-

pressed in years when the climate is bad. Whether those “bad climate” years
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for trees are defined by cold or dry conditions depends on the region. In semi-
arid regions such as the American Southwest, trees get depressed and grow
narrow rings in dry years. In alpine and arctic regions, on the other hand, cold
years, rather than dry years, will result in narrow rings. But within a given re-
gion, bad climate years, whether they are dry or cold, will affect most trees in
the same way and will leave a narrow ring across the board.

In the American Southwest, for instance, dry years result in narrow rings
in most trees, whereas those same trees will form wide rings in years of rainfall
plenty. The climatic succession of wet (happy) and dry (unhappy) years is re-
corded as a recognizable pattern of alternating wide and narrow rings in the
trees, the Morse code I referred to in chapter 1. This long string of code is the
pattern we try to match between samples when we crossdate. The crossdating
process involves visual or statistical pattern matching or, most often, a combi-
nation of both. We can measure the width of all individual rings of the samples
we aim to crossdate and then compare the measured tree-ring series to find the
best statistical match. For precise measurements, we use a moveable, digital
measurement stage that allows us to measure and record individual ring widths
with a mouse click (fig. 5). Measuring ring widths, however, is time-consuming
and labor-intensive. Experienced scientists working on applications for which
dating (unlike, e.g., climate reconstruction) is the primary aim, such as dendro-
archeology, can actually circumvent measurements and statistical crossdating,
relying instead on their own memory and pattern-recognition skills to cross-
date tree-ring patterns visually, without digital aids.

The visual crossdating process often starts with what Douglass referred to as
tree-ring signatures, which are distinctive sequences of consecutive narrow and
wide rings, snippets of Morse code, with obvious pointer years that stand outina
signature pattern. When he started to date southwestern archeology samples,
Douglass would first check undated samples for the presence of the tree-ring sig-
natures that he knew and recognized, such as the 611 (narrow)-615 (nar-
row)—-620 CE (narrow) signature. If this 610s signature stood out in a sample, it
would give him a place to start his crossdating and to anchor the undated sample
in time (fig. 6). To put Douglass’s tree-ring signature in a human-history perspec-
tive, it was in the 610s that Muhammad received divine revelations and started
preaching the Quran in Mecca, thus introducing the religion of Islam to the

world. A trained dendrochronologist will often know by heart the tree-ring signa-
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Figure 5 Dendrochronologist Zakia Hassan Khamisi measures the ring widths on a
Brachystegia spiciformis cookie from Tanzania using a digital measurement stage con-
nected to a desktop computer, which also allows her to simultaneously plot the measure-
ments. Photo courtesy of Laboratory of Tree-Ring Research, University of Arizona.

tures and the centuries-long sequence of narrow and wide rings common to most
trees in a given region. Just by looking at it she can match the pattern she sees in

an undated sample under the microscope to the pattern that lives in her head.

When I was working on samples from the Californian Sierra Nevada, the

tree-ring signature for the late eighteenth and early nineteenth centuries looked

like this:

1783: narrow
1792: wide

1795: narrow
1796: very narrow
1809: wide

1822: narrow

1829: very narrow
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The rings between the above pointer years were typically of an unremarkable
width. The most prominent pointer year of the signature was 1796, the last
year of George Washington’s presidency, which must have been an enormously
dry year in the Sierra Nevada, because its ring was very narrow in almost every
sample I looked at. When analyzing a new, undated sample, the first thing I
would do is look for the narrowest ring I could find. Knowing that the ring for
1796 was very narrow on almost every sample, the plan was then to see whether
the narrowest ring in this particular sample could possibly be the one for 1796.
Most of the samples we collected in the Sierra Nevada derived from stumps of
trees that were cut during the mining boom in California, sometime between
1850 and 1900. I thus knew to look for the 1796 narrow ring about 50 to 100
rings (or years) in from the edge—the outermost, most recent ring—of the
sample.

The next step was to see whether the ring prior to the narrowest ring,
which I assumed to be the 1796 ring, was also narrow, like the 1795 ringin the
tree-ring signature. If this was the case, then I would count back another three
rings and see whether the 1792 ring was wide. Then count back another nine
years and see whether the 1783 ring was narrow, and on back through time. I'd
also look forward in time—13 rings in the outward direction to see whether
1809 was wide, 1822 narrow, and so forth. It would soon become apparent
whether the sample’s pattern of wide and narrow rings matched the pattern in
the tree-ring signature and thus whether I was right in my assumption that the
very narrow ring I had detected was for 1796. If so, great: I could just continue
to match up all the pointer years back to the innermost ring of the tree, which
frequently dated back to the 1400s or even earlier. Then I could match up all
the pointer years forward into the nineteenth century, determine the year of
the outermost ring, and consider the sample dated. The 1783-1829 Sierra Ne-
vada tree-ring signature was not sufficient on its own to reliably crossdate a
sample, but it gave me a place to start. If the first narrow ring I had selected did
not fit the Sierra Nevada tree-ring signature, then I would start the whole ex-
ercise again, looking for a different narrow ring that could potentially be for
1796. And then a different one and another one, and yet another one until I
found a match with the tree-ring signature. At times, especially in the begin-
ning, this was a long and frustrating process, but it allowed us to date about

90 percent of the 2,000 samples we collected in the Sierra Nevada.
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Figure 6 Tree-ring signatures are distinctive groups of consecutive narrow and wide
pointer rings that stand out as a signature pattern. The signature shown here in four sam-
ples is the 611 (narrow)-615 (narrow)-620 CE (narrow) sequence that Douglass used in
his crossdating of southwestern archeological samples.

The way to memorize the tree-ring signatures for a given region, such as the
1783-1829 Sierra Nevada tree-ring signature, is to look at very many samples
from that region and then to look at more samples, and then even more. No
two tree-ring series are identical. Even two samples from the same tree will not
be identical! But if samples come from the same area, they will have some
pointer years in common, and these pointer years will become more and more
obvious as you study more and more samples. When you investigate what some-

times seems like an endless number of samples, the years when many trees have
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abnormally narrow or wide rings begin to stand out, and before you know it,
you have the sequence of pointer years for the region in your head, or at least on
paper. At the end of the two-year Sierra Nevada project, after crossdating almost
2,000 samples, I definitely knew how to find that 1796 narrow ring. I could
walk into the lab, grab a sample out of the stack of undated samples, and put my
finger on the 1796 ring before I had even looked at it under a microscope.

We apply the same principle of sample replication when we build a refer-
ence tree-ring chronology, against which we can crossdate new, undated sam-
ples. A reference chronology is anchored in the present time, because it is
based on living trees with a known date for the most recent ring,” and provides
the key to the regional Morse code. The more samples the reference chronol-
ogy includes, the better it reflects the common pattern across samples, because
the idiosyncrasies of individual samples, the randomness in non-pointer years,
will have been averaged out. Typically, when we develop a reference chronol-
ogy for a new area, we sample at least 20 trees and often many more to have
enough samples to represent the common tree-ring pattern.

Just as we need a sufhcient number of samples for reliable crossdating, we
also need a sufficient number of years covered by each sample. The longer-lived
the sampled tree or wooden beam, the more rings are available for crossdating.
The longer a tree has lived before being cut or sampled, the more years with
anomalous climate and growth it will have experienced, and the more pointer
years there are for us to match against a reference chronology. The more
matching pointer years, the less room for mistakes or uncertainty about where
the sample matches the reference chronology and ultimately about its dating.
You can think of it like solving a jigsaw puzzle: the more jagged and multi-
faceted the edge of a piece, the fewer places it will fit. In reality, there is only
one correct solution to the puzzle, only one correct match between sample
and reference chronology. Each tree has grown only once, and so its tree-ring
pattern only fits at one point in the chronology timeline. You can try to fit that
jagged piece in a spot where it does not belong, but you'll have to cram it in
with force; it will still stick out of the puzzle, and you will only be fooling
yourself. Tree rings don’t lie.

*The year the tree was cored.
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The excitement of dating a piece of wood just by looking at its ring pattern
is also akin to that of solving a puzzle. It requires a similar level of concentra-
tion: it is unlikely that your crossdating will be efficient or even successful if
you haven’t slept much or if (just for instance) you are forced to listen to loud
jam-band music coming from your labmate’s Phish-inspired Pandora station.
The crossdating process is the true heart of dendrochronology—this is why it
is a science and not just counting rings. Once your brain is trained, crossdating
can be an utterly satistying activity, even if the road to get there is rocky and
the learning curve is steep.

Another obstacle to deal with when crossdating, unrelated to the dangers
of tie-dyed labmates, is the occasional occurrence of missing rings and false
rings. Some trees that are not very stress resistant just give up during extremely
dry years. Rather than forming an excruciatingly narrow ring, the tree just
skips forming a ring altogether. It is as if the tree’s heart skips a beat, and the
result is a missing ring. Such missing rings are more frequent in drier environ-
ments and in older trees. For example, the year 1580 CE was so dry through-
out the Southwest and California that only a minority of trees actually formed
aring in that year. To a trained eye, most missing rings are fairly straightfor-
ward to detect through crossdating. If you know what a tree-ring pattern is
supposed to look like, then a hiatus in that pattern will jump out at you. You
will notice if the tree-ring pattern you are looking at through a microscope has
skipped a beat compared with the tree-ring pattern in your head.

The opposite can happen as well: a tree can occasionally form more than
one ring in a single year. Such false rings are common in summer monsoon
climates, where pre-monsoon droughts in late spring may trick the tree into
thinking that the year has somehow fastforwarded to the fall. In this case, the
tree starts forming its denser latewood prematurely, before the summer mon-
soons hit, then it realizes its mistake and reverts to forming the larger early-
wood cells. When the actual fall arrives, the tree then forms a second band of
latewood cells in the same year. Under a microscope, the premature, pre-
monsoon, false latewood band is easy to distinguish from the true latewood.
The transition between a false latewood band and the ensuing monsoonal ear-
lywood is gradual, whereas the transition between real latewood and the fol-

lowing year’s earlywood is razor-sharp. False rings are much more common in
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some tree species (for instance, juniper) than in others, and like missing rings
they can be detected through crossdating. If missing and false rings go unde-
tected, however, they can really wreak havoc in the timeline and, therefore, the

accuracy of a tree-ring chronology.

As arule, crossdating is easiest and most successful in regions where a single
dominant climatic limiting factor impacts most trees in the region in the same
way. If most trees in a region share a dominant limiting factor, then their Morse
code will match and crossdating will work well. My first attempt at crossdating
in our Sierra Nevada project went smoothly because California experiences very
severe droughts (for instance, the recent 2012-16 drought or the 1796 drought)
that leave their mark in most trees. Ponderosa pines in the American Southwest
also experience severe and frequent droughts, which is why it was possible for
Douglass to develop and apply the concept of crossdating.

Crossdating, however, can also work in mysterious ways. The reasons be-
hind its effectiveness are not as obvious everywhere as they are in the case of
southwestern pines. The world’s longest continuous tree-ring chronology up to
now is based on subfossil European and sessile oaks (Quercus robur and Quercus
petraea) found in gravel pits in Germany. The subfossil tree trunks are remnants
of forests that once grew along large, German rivers (the Rhine, the Main, the
Danube) but over time were undercut by erosion. When trees topple over in
water or peat, their wood is preserved in the anacrobic environment, where ox-
ygen and thus wood-decaying organisms—which need oxygen to breath—are
missing. The oaks and pines that once populated these forests, the vast majority
of which were less than 300 years old when they died, have long since been
buried by sediments, gifting us with remnants that have now been crossdated
back more than 10,000 years. The German oak chronology comprises 6,775 sam-
ples and dates back continunously from the present to 8480 BCE, thus covering
more than 10,500 years without a single gap. It crossdates with even older sub-
fossil Scots pine (Pinus sylvestris) samples found in the same region, which ex-
tended the chronology by approximately another 2,000 years.

To develop a chronology of this length on a continent where the oldest
living tree is barely over 1,000 years old is quite a feat in and of itself, but it

becomes even more inconceivable if we expand the scope of our story to in-
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clude research conducted in the British Isles by the University of Belfast den-
drochronologist Mike Baillie. Mike developed a 7,272-year-long tree-ring
chronology based on ancient (European and sessile) oak wood preserved in
Irish peat bogs. As it turns out, the German and Irish oak chronologies cross-
date with each other over the full 7,000-plus rings of overlap. Yet we do not
fully understand why. We don’t know yet what synchronizes the German and
Irish oaks’ heartbeats, what their common limiting factor is. While summers
in Germany and Ireland are wet and warm enough for oaks to be happy most
of the time, not producing many pointer rings, their summer climates are not
that similar: dry and wet summers in Germany do not necessarily co-occur
with dry and wet summers in Ireland. Nevertheless, over at least the past 7,000
years the oaks have shown clear and recognizable corresponding patterns of
wide and narrow rings. European oak is one of the most studied species in
dendrochronology, yet after 40-plus years of research, the driver of this large-

scale growth synchronicity has yet to be discovered.

The German and Irish subfossil oak wood in river deposits, lakes, and peat
bogs is only in the first stage of the petrification process, which ultimately takes
millions of years. A surprising number of stems and stumps of ancient trees
have been preserved over time as petrified wood, for instance, in the Petrified
Forest National Park in eastern Arizona. Petrified wood is fossil wood in which
all organic material has been replaced by mineral deposits—often quartz or cal-
cium—and in which the original structure of the wood has been maintained. In
order for wood to turn into stone like that, it needs to be buried under sand or
silt sediment or volcanic ash so that oxygen cannot reach it and it remains pre-
served. Over time, water laden with minerals flows through the sediment cov-
ering the wood and deposits some of these minerals in the wood cells. The min-
eral deposits form a stone mold inside the wood cells, and when the organic cell
walls decay, an internal, three-dimensional cast of the cells and the wood as a
whole remains. Along with the wood-cell structure, tree rings are also pre-
served in their stone casts and, amazingly, are often as clearly visible as if they
had formed the previous year rather than millions of years ago. These rings in
petrified wood can be measured and even crossdated just like present-day tree

rings. But given that petrified wood is millions of years old, while the longest
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present-day tree-ring chronology only spans the most recent 12,000 years, tree
rings from the two archives will never be connected across time.

Yet the study of petrified tree rings (paleodendrochronology) can tell us a
lot about the forest, the climate, and the environment in which the ancient
trees grew. For instance, petrified wood has been found in Antarctica, where
the current glacial landscape is too cold and dry to support trees, but this has
not always been the case. During the late Permian and Triassic geological peri-
ods (from roughly 255 million to 200 million years ago), as well as more re-
cently during the Cretaceous and the Paleogene periods (from about 145 mil-
lion to about 23 million years ago) the climate on the Antarctic Peninsula was
sufficiently warm and wet to harbor diverse plant communities, which in-
cluded conifer forests and even broadleaf trees in the later periods. During the
carlier periods, Antarctica was joined with other current-day Southern Hemi-
sphere continents in the ancient supercontinent of Gondwana. Due to plate
tectonics, Gondwana began to gradually break up some 180 million years ago,
but South America, the most recently formed continent, did not separate
from Antarctica until approximately 30 million years ago. As a result of this
long shared geological history, relatives of the long extinct Antarctic plant
families, such as Antarctic beech (Nothofagus antarctica) and the Podocarpus
and Araucaria genera, can be found in southern South America, southern-
most Africa, and Oceania.

The Antarctic petrified wood is derived from tree species that no longer
exist but once grew on a supercontinent that itself no longer exists. However,
the petrified wood remains from 145 million to 23 million years ago that do
still exist are irrefutable evidence of a warmer South Pole and the absence of
major ice sheets at these times. The fact that anatomically distinct tree rings
can be detected in the fossils indicates that the Antarctic climate had well-
defined seasons and that the warmer periods were not caused by a drastically
reduced tilt of the Earth’s axis, as has previously been proposed. Instead, cli-
mate models show that the high Antarctic (and Arctic) temperatures during
the Cretaceous and the Paleogene can only be explained by increased carbon-
dioxide levels in the atmosphere, which would not only have raised tempera-
tures at the poles but also enhanced tree growth. The explanation for the wide

tree rings found in the petrified wood could therefore be that the Antarctic
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forests were growing in a former greenhouse climate, a natural analogue to the
contemporary climatic conditions we are now creating by emitting vast amounts
of greenhouse gases. Whereas paleodendrochronologists’ investigations into
these ancient petrified tree rings may help us gain new insights into Earth’s
climate shifts millions of years ago, tree-ring science has more frequently been
used to study much more recent climate and history, and what humans have

been up to since we arrived on the scene.
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Five
The Stone Age, the Plague,
and Shipwrecks under the City

The epic German oak-pine chronology, spanning the past 12,650 years with
annual precision, delivers a data point for each and every year all the way back
to 10,644 BCE. Not only does it provide an exact, absolute date for each of its
rings but its accuracy makes it an invaluable tool for calibrating other, less pre-
cise dating methods, such as radiocarbon dating.

Through radiocarbon dating (also called “carbon dating” or “carbon-14
dating”) the age of archeological objects containing plant- or animal-derived
material can be determined up to about 50,000 years ago. Radiocarbon is a ra-
dioactive carbon isotope that is created in the Earth’s atmosphere through the
impact of cosmic rays, which are highly energetic particles traveling through
space at close to light speed. Radiocarbon undergoes radioactive decay with a
half-life (the period of time it takes for the original amount of radiocarbon to
be halved) of 5,730 years. It is incorporated in the tissue of living plants
through photosynthesis and then in the tissue of animals that eat these plants.
But once the plant or animal dies, its radiocarbon is no longer exchanged with
its environment, and the amount of radiocarbon in its tissue slowly decreases
as it decays. In the late 1940s—a couple of decades after Douglass established
tree-ring dating—the chemist Willard Libby figured out that because we know
the half-life of radiocarbon, we can calculate when a plant or animal died by
measuring the amount of relict radiocarbon in its remains, such as a piece of
wood or a bone fragment. Libby received the 1961 Nobel Prize in Chemistry
for his discovery, which revolutionized the field of archeology. Compared with
tree-ring dating, radiocarbon dating can date much older objects, but with less
precision. Radiocarbon dates are typically presented as an age range that can

span decades to centuries, whereas tree-ring dates are precise to the year.
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The idea behind radiocarbon dating—that we can determine the age of an
object because we can measure the amount of radiocarbon it contains and we
know the half-life of radiocarbon—is only valid if the amount of radiocarbon in
the atmosphere is constant. But we know that this is not the case. For instance,
there has been a distinct decline in the amount of atmospheric radiocarbon since
the late nineteenth century, when we started burning fossil fuels in vast quanti-
ties. Coal, oil, and gas are formed over millions of years from the remains of
plants and animals. Because this million-year conversion process from living ma-
terial to fossil fuel is much slower than the radioactive decay rate of radiocarbon,
fossil fuels have lost almost all of their radiocarbon over time. By emitting large
amounts of fossil fuel-derived carbon dioxide that contains close to no radiocar-
bon, we have substantially diluted the proportion of radiocarbon in the atmo-
sphere. The reverse happened in the 1950s and 1960s, when we dramatically
hiked up the amount of radiocarbon in the atmosphere by conducting nuclear
tests. There is a spike in the atmospheric radiocarbon record in 1963, the final
year of aboveground nuclear testing; in that year the amount of radiocarbon in
the atmosphere was almost twice as high as prior to the nuclear tests.

Not only man-made but also natural fluctuations in the amount of atmo-
spheric radiocarbon have occurred over time, and as a result radiocarbon-dated
years do not directly equate to calendar years. The accuracy of the radiocarbon-
dating technique therefore needs to be tested for different time periods in the
past by comparing (calibrating) the radiocarbon age to the real age of objects for
which we know the absolute, definite age. Tree-ring samples have lent themselves
perfectly to this calibration exercise, because crossdating ensures that we know
the real age of each ring. In any given year, trees only add new wood material,
with new atmospheric radiocarbon, to their outermost ring. The radiocarbon
content of all previous rings remains untouched, and these earlier rings only re-
flect the atmospheric radiocarbon of the year in which they were formed. Be-
cause of radiocarbon decay, which occurs in older rings even during a tree’s life-
time, the amount of radiocarbon gradually decreases from a tree’s outermost
(most recent) ring to its innermost (oldest) ring. The radiocarbon content of the
innermost ring of a 5,000-year-old bristlecone pine, for instance, will only be
about half that of its outermost ring, according to radiocarbon’s 5,730-year half-
life. By measuring the radiocarbon content in the wood of individual tree rings,

a radiocarbon calibration curve can be developed that relates a ring’s radiocar-
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bon content to its absolute age. This calibration curve can then be used to derive
an estimate of any archeological object’s calendar age from its radiocarbon con-
tent.” Libby himself started such calibration efforts in the 1960s, and the calibra-
tion curve is still actively updated today. The most recent version of the calibra-
tion curve uses radiocarbon measurements of tree-ring samples from the German
oak-pine chronology to cover the most recent 13,900 years' and plant macrofos-
sils preserved in thin-layered sediments of Lake Suigetsu in Japan for the older
part of the curve (from 13,900 to 50,000 years before present).

The 12,000-plus-year-long German oak-pine chronology has not only helped
us to fine-tune radiocarbon dating; it has also provided an absolute timeline
for wooden archeological finds that recount the story of more than 7,000 years
of wood use in European culture. Some of the carliest wooden settlements in
Europe date back to the Neolithic (the new stone age, starting ca. 6000 BCE),
when the practice of agriculture first spread across the continent. Many early
Neolithic farming communities developed around water sources and made
ample use of wood for construction because it was a widely available resource
that required no sophisticated tools for processing. Neolithic communities
constructed small residences on top of posts or piles in lake or bog wetlands
that were easily defensible. Such pile dwellings were constructed throughout
Europe and were inhabited from the late Neolithic until the end of the Bronze
Age, around 500 BCE. The wooden posts that supported the dwellings were
casily driven deep into the wet marshlands or lake sediments and have re-
mained waterlogged and preserved through time. Following the discovery of
such dwellings at Lake Zurich in 1854—at the same time as the rise of south-
western archeology in the US—excavations of pile dwellings proliferated
throughout Europe and the British Isles. In the 1960s, two Swiss lake settle-
ments were radiocarbon dated to ca. 3700 BCE, and the realization that these
humble pile dwellings had been built more than 1,000 years before the Egyp-
tian pyramids caused a stir in the archeological world.* The earliest dendro-

* As long as the object is less than 50,000 years old.

1 The oak-pine chronology is supplemented by a floating chronology from 232 German and Swiss
trees to extend the calibration to 13,900 years.

# The carliest known Egyptian pyramid is the Pyramid of Djoser, which was radiocarbon dated to
2630-2611 BCE.
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chronologically dated pile dwelling, located in Lake Murten, in Switzerland,
was constructed of oaks that were felled between 3867 and 3854 BCE.

The 7,000-plus-year-long British Isles bog oak chronology has also facili-
tated tree-ring dating of numerous prehistoric bog dwellings and crannogs,” as
well as trackways that ancient British ancestors used to travel between settle-
ments. The oldest known such pathway, the Sweet Track, was a raised wooden
walkway, more than a mile long, consisting of a single line of oak planks held
in place by wooden pegs. It crossed the Somerset Levels, a flat landscape ex-
tending over 270 square miles in western England, and was tree-ring dated to
the winter and spring of 3807-3806 BCE, around the same time as the Lake
Murten pile dwellings. The absolute dating of the Sweet Track, which likely
was in use for no more than a decade before it was overrun by water and reeds,
enabled the dating of a plethora of Neolithic artifacts (such as potsherds and
flint and stone axes) found in the surrounding marshland.

The absolute carliest dendrochronologically dated wooden structure, how-
ever, predates the Lake Murten settlement and the Sweet Track by more than
1,300 years. In 2012, Willy Tegel, a German dendroarcheologist affiliated
with the University of Freiburg, found four water wells in castern Germany
that were lined with wood walls. These wooden well constructions, which
were underground and waterlogged, are the only tangible remains of the long-
houses built by the first central European farmers. Of their aboveground con-
struction, only the outline isleft in the soil. The early settlers felled 300-year-old
oak trees that were up to three feet in diameter and constructed well linings
from the oak wood to prevent the wells from collapsing. To his surprise, Willy
found that the water wells dated back to 5206-5098 BCE, not long after the
first farmers immigrated into central Europe from the Balkans around 5500
BCE. The construction of such water wells included sophisticated corner
joints and log constructions, which required advanced carpentry skills. As
Willy put it in his 2012 publication: “The first farmers were also the first car-
penters.”

Oak well linings have also been preserved and tree-ring dated for later pe-
riods, including the Iron Age (ca. 800-100 BCE in central Europe) and the
Roman period (ca. 100 BCE-500 CE). While still in Zurich, I collaborated

* A crannog is an artificial island built in a Scottish or Irish lake or river.
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with Willy on a project in which we used the tree-ring data from his collection
of Roman-era samples to reconstruct the climate in central Europe over the
past 2,500 years. I would sometimes visit Willy in Germany to discuss the
project. On one such occasion, I picked up a random piece of oak wood lying
around his lab that was almost black and heavier than expected. Willy told me
that he had crossdated this piece of a plank used in a Roman water well to
14 CE, and he persuaded me to take it as a souvenir. I was too concerned about
damaging the 2,000-year-old chunk of wood to put it in my backpack, so I
carried it in my arms. On the train ride home, I noticed a young boy staring at
my log, so I explained to him that I was a tree-ring scientist and that the wood

was 2,000 years old! He looked at me as if I had come from another planet.

There is a lot that we don’t know about carly European settlers. How large
was their population? What language did they speak? How and why did they
build megaliths such as Stonchenge? But thanks to dendrochronology, we do
know the exact year and even the season when they cut oaks and pines to build
pile dwellings, trackways, and water wells more than 6,000 years ago. And that
is just the beginning. The amount of information that dendrochronology has
contributed to our understanding of history picks up dramatically once above-
ground construction wood is preserved. From medieval times onwards, tim-
ber from “dry” construction offers an abundance of puzzle pieces for dendro-
chronologists to play with. Tree-ring dating has become a key contributor to
the study of castles and cathedrals, universities and city halls, as well as more
modest historic buildings. From German Viking settlements to Venetian pala-
zzi, England’s Salisbury Cathedral, and the Hagia Sophia in Istanbul, dendro-
chronology has provided new insights into not only the structures but also the
cultures of civilizations around the world.

Sometimes, dendrochronology can actually alter our perception of human
history. The world’s oldest wooden building, the Horyt-ji Temple in Nara Pre-
fecture in Japan, for instance, was generally believed to have been constructed
at the beginning of the eighth century. Horyt-ji is the oldest continuously ac-
tive Buddhist sanctuary in Asia, and historical documents reveal that whereas
the original temple was completed in 607 CE, it was destroyed by a cata-
strophic fire only 63 years later. Its beautiful pagoda, sought out by tens of

thousands of visitors every year, was believed to have been reconstructed
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around 711 CE and has miraculously survived civil wars, earthquakes, and ty-
phoons ever since. But in 2001 the dendrochronologist Takumi Mitsutani
and his colleagues discovered that the Japanese cypress (Chamaecyparis ob-
tuse) tree used for the central post of the pagoda was felled in 594 CE, more
than a century earlier than historians had concluded. The gap between the
dendrochronological date, 594, and the historical date, 711, is hard to explain,
but it is possible that the current post was recycled from the original temple or
that the cypress timber was stored unused for an extended period of time.
Such a discovery could cause scholars of religion and history to reassess their
timeline of the rise and spread of Buddhism in Japan.

In North America, in addition to extensive dendroarcheological work in
the American Southwest and a traditional nineteenth-century Nuu-chah-nulth
plank house on Vancouver Island, more than a thousand colonial structures
have been tree-ring dated. These include historically significant buildings such
as Independence Hall in Philadelphia (1753) but also more vernacular archi-
tecture such as cabins, churches, homesteads, corrals, and trading posts. Such
structures are often in fact one or two generations younger than originally doc-
umented. For instance, one of the log houses at the Marble Springs Historic
Site in Tennessee was once thought to have been the final home of John Sevier,
Tennessee’s first governor. Yet, when Jessica Slayton and her colleagues at the
University of Tennessee examined the cores they extracted from the cabin’s
logs, they discovered that the cabin had not been built until more than twenty
years after Sevier’s death in 1815. This tendency for oral history to make things
older than they actually are can be blamed on human nature: we like to see our
heritage as venerable. Of course, there are economic drivers as well; older his-

torical sites attract lucrative tourism to local communities.

Historic buildings provide the majority of wood for dendroarcheology, but
smaller wooden objects, such as doors, furniture, art-historical artifacts, and
even medieval books with wooden covers can also be dated. The oldest den-
drochronologically dated door in the British Isles, for instance, was dated to
the eleventh century (1032-64). The almost 1,000-year-old door is still in ev-
eryday use in Westminster Abbey in London, where it closes off an understairs

cupboard. To examine it, Dan Miles and Martin Bridge, from the Oxford
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Dendrochronology Laboratory, simply lifted it off its hinges and drilled into
its edge with an increment borer.”

Other historic art objects, such as panel paintings, wooden sculptures, fur-
niture, and musical instruments, such as Stradivari’s Messiah, cannot be cored
without visual damage, so ring widths are measured either directly on the piece
or on photographs, scans, or imprints of its surface. It takes a dendrochronolo-
gist with stronger nerves and steadier hands than mine to remove an oak panel
painted by a Flemish Primitive in the fifteenth century from its frame and pre-
pare its edge with a scalpel or a Dremel to make the rings in the wood clearly
visible. Sometimes laser or micro-abrasion equipment is used for this purpose,
and this kind of preparation and sampling is obviously done in consultation
with conservators and curators. The authenticity of works by most of the old
masters who painted on oak panels from the fifteenth through the seventeenth
century (Van Eyck, Memling, Bruegel the Elder, Bruegel the Younger, Rem-
brandt, Rubens, and so forth) has been verified using dendrochronology. If the
most recent ring on an oak panel is dated to a time later than the date marked
on the work, it means that the tree from which the panel was cut was still alive
when the painting is claimed to have been created and the painting in question
is likely a copy or a forgery. Dendrochronology may not be able to conclusively
identify the artist, but if the tree it was ultimately painted on was still growing
after the artist’s death, it makes for a convincing refutation.

A fifteenth-century triptych altarpiece by the Flemish painter Rogier Van
der Weyden (1400-1464) is a good example. There are two copies of the trip-
tych. The right panel of the first copy is housed in the Metropolitan Museum
of Art in New York, while its left and middle panels are in the Capilla Real in
Granada, Spain. The second copy as a whole is housed in the Gemildegalerie
Dahlem in Berlin, Germany. On the basis of art-historical studies, it was al-
ways assumed that the New York—Granada triptych was the original, painted
by Van Der Weyden himself, and that the Berlin version was a later copy. Tree-
ring dating of both triptychs, however, dated the Berlin triptych to ca. 1421,
early in Van der Weyden’s life, whereas the New York—Granada triptych was

*To accurately align the drill bit of the borer with the boards of the door, the dendroarcheologists
used a series of guides fitted to a jig clamped to the face of the door. They used compressed air to

cool the drill bit and clear it of dust.
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dated to 1482, almost two decades after his death. All along, the Gemilde-
galerie in Berlin was displaying the Van der Weyden original, while admirers at

the Met were looking at the work of a skilled unknown copyist.

Wooden artifacts from such a mix of places—doors from the British Isles,
panel paintings from the Low Countries, Italian violins, to name just a few—
cannot all be dated against one central European oak chronology. Rather, a
network of chronologies is needed that densely covers the wide geographical
area where artifacts come from and extends back far enough in time to date
centuries-old objects. Luckily, as dendrochronology matures, tree-ring scien-
tists have developed more and more chronologies and thus created the neces-
sary network containing multiple tree species. This network is most dense in
North America and Europe, where dendrochronology has been applied for
many decades. Such a multi-species, geographically dense tree-ring network
allows dendroarcheologists to investigate not only when an archeological or
historical wooden object was made but also where the wood came from. The
process of dendroprovenancing is based on the concept that a tree-ring series
will statistically match more closely to chronologies from nearby sites than to
remote chronologies. To provenance a wooden object, a dendroarcheologist
can crossdate its tree-ring series to a network of chronologies from a wide geo-
graphical region and find the location with the strongest statistical match,
which is then the suggested source region. This method is not foolproof and
works better for some regions than for others, but it has seen remarkable suc-
cess, for instance in nautical archeology.

Shipwrecks often yield timbers that are suitable for tree-ring research, but
in most cases the wreck is found far from the place where the ship originally
was constructed, which is often unknown. Dendroprovenancing has, for in-
stance, shown that the Karschan, a medieval ship excavated in a fjord in north-
ern Germany, was built from Danish trees felled in the 1140s. A shipwreck
found in the 2010 excavation at the World Trade Center in Lower Manhattan
in New York City was traced back to oak timbers felled in the Philadelphia
region in 1773. It is likely that the ship was the product of a small shipyard and
only had a short life span before it was sunk, deliberately or accidentally. In the
1790s, it became part of the landfill that was used to expand the buildable area

of Lower Manhattan.
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The shipwreck studies demonstrate how dendrochronology casts light on
the long history of timber trading in the Americas and Europe. In western
Europe, oak-beech forests were exploited intensively during the Middle Ages
for the construction of castles, cathedrals, ships, and palaces, leaving old-
growth, high-quality oak timber a scarce—and thus expensive—commodity.
According to England’s 1086 CE Domesday Book," only 15 percent of the
country was covered by woodland at the time. Large quantities of oak timber
were therefore imported from elsewhere, particularly the Baltics, to support
the western European medieval building frenzy. Wood was floated down the
Baltic rivers to the Hanseatic ports, then loaded onto large seagoing ships, be-
fore being resold in the trade centers of western Europe. Even with so many
middlemen involved, the cost of imported Baltic wood was typically only
about a fifth of that of locally grown wood. Dendroprovenancing of medieval
panel paintings and other western European historic works of art has demon-
strated that the Baltic timber trade started as early as the late thirteenth cen-
tury. After our joint adventure in Tanzania, Kristof Haneca started a PhD in
dendroarcheology to study the wooden sculptures from Late Gothic altar-
pieces in northern Belgium. He found that early (fifteenth-century) altarpieces
were carved out of wood originating from forests near Gdansk, one of the large
Hanseatic harbor cities. Over time, however, the demand for oak wood from
the Baltics became so high that easily accessible forests in the Gdansk region
became overexploited. As a result, later (sixteenth-century) altarpieces were
made out of wood originating from forests further inland. As the nineteenth-
century German forester August Bernhardt described it, by late medieval times
“timber famine was knocking on everybody’s door.”!

The historical timber trade is just one aspect of the complex history of
wood use and building activity that can be documented by dendroarcheologi-
cal research. By compiling the tree-harvest (or felling) dates in large tree-ring
collections and lining up the number of trees felled per year, we can construct
a timeline of tree harvesting and building activity (fig. 7). For the 2,500-year

central European climate reconstruction that I worked on with Willy Tegel,

* A written record of the extent, value, ownership, and liabilities of land in England and parts of
Wales, compiled by order of King William the Conqueror.

t August Bernhardt, Geschichte der Waldeigentums, der Waldwirtshaft und Forstwissenschaft in
Deutschland, vol. 1 (Betlin, 1872), 220.
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Figure 7 By compiling the harvest dates of almost 7300 trees felled in Europe for con-
struction purposes over the past 2,500 years, we can see historical phases of building ac-
tivity. A short-lived building hiatus around 1350 CE can be attributed to the Black Death.

we compiled 7,284 tree-ring series from subfossil, archeological, historical,
and recent oak wood from northeastern France and western Germany. By lin-
ing up the tree-harvest dates over two and a half millennia, we were able to
identify historical phases of building activity. We found a high number of tree-
harvest dates and extensive deforestation during the late Iron Age and the Ro-
man period (ca. 300 BCE to 200 CE), reflecting an active building period.
During the Migration Period, or Vilkerwanderung (ca.250-410 CE), a time
when barbarian invasions contributed to the disintegration of the Roman Em-
pire and to lasting political and social turmoil, tree harvesting and building
activity diminished. Deforestation picked up again in sync with socioeconomic
consolidation around 500-850. As figure 7 shows, there was also a short-lived
building gap around 1350. This fourteenth-century building hiatus also is re-
flected in archeological tree-ring collections from Ireland and Greece. Such
widespread, synchronous building gaps can only really be explained by one of
two factors: a continent-wide socioeconomic collapse (such as happened dur-
ing the Migration Period) or a pandemic. We know from other sources that the
bubonic-plague pandemic (the Black Death) took Europe by storm in 1346
53 and culled 45-60 percent of its population. The demographic impact of
the Black Death is thus reflected in a significant lull in the timeline of Euro-
pean building activity. An earlier (664-68 CE) outbreak of the plague in the

British Isles can also be seen as a construction-timber hiatus in the Irish tree-
* Literally, “wandering of the peoples.”
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ring collection. Whereas such plague outbreaks were catastrophic for Europe’s
human population, they gave Europe’s forests a breather from the relentless
onslaught of deforestation. With more than 50 percent of Europe’s population
gone, the demand for energy and wood diminished, and forests were given a

short-lived chance to recover and reclaim abandoned land.
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SIX
The Hockey Stick Poster Child

The Swiss Federal Institute for Forest, Snow, and Landscape Research—
Wald, Schnee und Landschaft (WSL) in German—sits on top of a hill in Bir-
mensdorf, just outside Zurich. Tree-ring research first became part of WSL’s
research mission in 1971, when Fritz Schweingruber started his work there.
Fritz is a botanist, an archeologist, and one of the world’s finest wood anato-
mists. Early in his research career he became fascinated with tree rings, and
under Fritzs leadership the WSL dendrochronology group grew to be the Eu-
ropean equivalent of the LTRR in Tucson. When I started working at the WSL
in 2007, after my two-year stint at Penn State, Fritz had retired, but he still vis-
ited the dendro lab a few times a week, and his influence was omnipresent. Jan
Esper, Fritz’s protégé, who was later involved in the discovery of Adonis, had
taken over the leadership of the lab, gathering a productive group of dendrocli-
mate researchers around him. During my first summer at the WSL, Jan and I,
along with two of these talented up-and-comers, David Frank and Ulf Biint-
gen,” traveled to the Spanish Pyrenees to collect tree-ring samples. The site we
sampled was at almost 8,000 feet elevation, on the mountain slopes surround-
ing Lake Gerber in the Aigtiestortes National Park. When I asked why we were
sampling this particular site, the answer was simply that Fritz had recommended
it. Apparently, while traveling through the Pyrenees, Fritz had spotted the site
through binoculars from a road hundreds of meters below.

Fritz’s renown for having an eye for old trees was well founded: as it turns
out, the Lake Gerber tree-ring chronology, made up of living mountain pine

(Pinus uncinata) trees and remnant wood, goes back more than a thousand

*David is now the director of the LTRR in Tucson; Ulf is a professor of geography at Cambridge

University.
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years. The Pyrences field campaign was a swift introduction to the efficiency
with which my WSL colleagues operated. We flew from Zurich to Barcelona,
then the same night drove three and a half hours to the small town of Viella. At
eight o’clock the next morning, we stopped for provisions and then hiked three
hours straight up the mountain to the lake. Go-getters that they were, Ulf and
David practically sprinted up the mountain, while Jan and I followed at a more
reasonable pace. By the time we made it to the lake, it was noon and I figured
we would stop for lunch before starting to core. But that was not how these
guys rolled. The moment the first old tree came into sight, David started coring,
with Jan quickly following suit. For the next few hours, David, Jan, and I cored
one tree after another, while Ulf ran from one of us to the other collecting cores
and then labeling and storing them. Finally, around three in the afternoon I
flatly refused to carry on until we had lunch. Reluctantly, my three companions
agreed to take a quick break, after which we continued coring relentlessly until
the sun began to set and we had to rush back down the mountain to beat the
dark. The exact same thing happened on cach of the following days: we would
labor without respite until, famished, I refused to core any more. One evening
toward the end of the week I finally asked the guys about the unceasing pace,
and at last the truth came out. All three of my colleagues admitted to being re-
lieved when I demanded that we eat each day, because none of them wanted to
be the first to let on that he was starving. Apparently, before I, the first woman
tojoin them on a campaign, came alongand insisted on sense, their testosterone-
driven stubbornness resulted in whole days of intense physical effort in the
field, entirely without food. Thereafter, the confessions got even better. It turned
out that none of them wanted to be the first to concede that he was cold at
night, and so they slept in their shared room with the windows wide open even
when temperatures in the mountains dropped to near freezing. At that mo-
ment, I was very happy with my gender. As a woman scientist, I got 99 prob-

lems, but at least starving or freezing to death to protect my ego ain’t one.

The research focus of the WSL dendroclimate team was to use tree rings to
reconstruct climate over past centuries. To study past climate prior to the early
twentieth-century start of the instrumental climate record—the meteorolog-
ical data derived from daily measurements at weather stations around the

world—we make use of paleoclimate proxies. These biological or geological
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archives, such as the layers in ice cores, lake sediments, trees, and corals, record
climate conditions and can therefore be used as sources of climate informa-
tion. Tree-ring records provide good value for money in that context. They are
relatively easy and cheap to acquire and analyze. With trees and forests cover-
ing large swaths of the earth’s surface, tree-ring data are some of the most com-
monly used climate proxies, especially for the most recent 1,000 to 2,000 years,
the period with the most dendrochronological data.

In that context, our Lake Gerber field campaign was aimed at developing a
millennium-long climate reconstruction for the Pyrenees. With a 1,000-plus-
year tree-ring chronology in hand, our odds for achieving this goal initially
looked good. But as we discovered, mountain pine trees in the Pyrenees are
sensitive to a mix of limiting climate factors. The trees grow at high elevation and
are thus limited by cold temperatures that persist even in summer. But they also
grow in the seasonally dry Mediterranean region and so are also limited by a lack
of summer rain. As a result, the pines form narrow rings both when it is cold and
when it is dry. Their narrow rings can indicate cold summers or dry summers,
and their yearly ring width cannot be used to reliably reconstruct either tempera-
ture or precipitation independently. It was looking as if our tree-ring data were
not going to pay off in a Pyrences climate reconstruction despite our hard work.
Luckily, we can also measure other parameters in tree rings, apart from their
width. Using tree-ring radiometry, for instance, we can measure the wood den-
sity of individual rings, which often captures summer temperature variations
better than the ring’s width. The maximum density of the latewood portion of a
ring, in particular, reflects how much the cell walls in that ring have thickened by
the end of the growing season. This in turn is strongly determined by the tem-
perature that the tree has experienced during its growing season: trees form
denser latewood in hot summers than in cold summers. Therefore, maximum
latewood density provides a very good record of summer temperature in the year
that the ring was formed, and wood-density measurements can be used as prox-
ies for past summer temperatures. Like ring-width measurements, tree-ring-
density measurements are absolutely dated and give a data point each and every
year. When we measured maximum latewood density in our Pyrenees tree-ring
chronology, we found that it was strongly and uniquely influenced by summer
temperature, which allowed us to use the chronology to reconstruct past sum-

mer temperatures after all.
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The concept behind using tree rings to reconstruct past climate is fairly
straightforward. The width (or density) of the annual rings can be measured,
absolutely dated, and compared on a year-by-year basis with instrumental
weather-station data. In our Pyrenees project, we collected cores in the summer
of 2006, so the last fully formed ring on the cores was the 2005 ring. The oldest
sample in the Pyrenees tree-ring chronology dates back to 924 CE, and at least
five samples date back to 1260 CE. Because the replication of five samples is
more robust, we consider the year 1260 to be the beginning of our reconstruc-
tion. Fortunately, instrumental temperature measurements started early in the
Pyrenees, and temperature data from the nearby mountain observatory Pic du
Midi are available from 1882 onwards. We can thus compare our maximum-
latewood-density data for each year with the summer-temperature data for the
same year collected at the observatory for the period 1882-2005. As a result,
we have 124 years of tree-ring data to compare with 124 years of summer-
temperature data. Given that our maximum-latewood-density measurements
are good recorders of summer temperature, we can keep it simple and link max-
imum latewood density (MXD) for each year to summer temperature ( Tsum-

mer) for that year in a linear equation or model:
Tsummer(¢) = 2*MXD(z) + b.

This equation states that summer temperature in year # can be expressed as
a function of maximum latewood density of the ring formed in that year. Be-
cause density measurements are made in grams per cubic centimeter (g/cm?)
but we want to reconstruct summer temperature in degrees Celsius, we need
the constants 2 and & to transform g/cm? into degrees Celsius. We use the
MXD and Tsummer data for the period 1882-2005 to calculate the values of
a and 4. To test the strength of the relationship between MXD and Tsummer,
we calculate how many of the 124 years of overlap feature hot summers (high
Tsummer) corresponding to high density (high MXD), and vice versa. If the
relationship is strong, then we can use this same equation, with the same 2 and
b values, to calculate summer temperature for any year for which we have a
maximum-latewood-density value, all the way back to 1260. We just multiply
maximum latewood density for a certain year by 2 and add 4 to it, and this will

give us an estimate of summer temperature for that year. By doing this for each
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year of the tree-ring record, we can reconstruct summer temperature prior to
the start of the instrumental record, back to 1260.

The simplest models (or equations), such as the one above, use one tree-
ring chronology to predict and reconstruct one instrumental climate time se-
ries from a nearby location. Often such simple models can be improved by
combining tree-ring chronologies from multiple locations. In the Pyrenees, for
instance, our Lake Gerber maximum-latewood-density record better repre-
sented the instrumental summer temperature if it was combined with a den-
sity record from a nearby timberline site in Sobrestivo, about 45 miles west.
The model can also be optimized by selecting the climate variable that most
strongly influences tree growth. Maximum latewood density of mountain pine
in the Pyrenees, for instance, is more sensitive to temperature variability in
May, August, and September than to that in June and July. In other words, our
tree-ring data gave us a more reliable estimate of past May—September tem-
peratures than of June—July temperatures. A variety of climate variables (e.g.,
rainfall versus temperature, one month versus another, instrumental data from
asingle meteorological station versus the average of data from many stations in
a region, and so forth) can thus be used on the lefthand side of the equation,
and a variety of tree-ring data (e.g., tree-ring width and/or density, data from
one tree species or multiple species, data from one site or multiple sites) on the
righthand side. An important part of a dendroclimatologist’s job is to select
the right tree-ring data and climate data for reconstruction and to determine
through statistical analyses which combination gives the most reliable and ro-

bust results.

In 1998, climatologist Michael Mann, paleoclimatologist Ray Bradley, and
dendrochronologist par excellence Malcolm Hughes took this simple concept
and moved it a giant step forward. By the late 1990s, the extraordinary charac-
ter of twentieth-century global warming was unmistakable, and Mann, Bradley,
and Hughes aimed to put the recent warming in a historical context in order to
find out whether it could be part of a natural climate cycle. For this purpose,
they developed a year-by-year reconstruction of Northern Hemisphere tem-
peratures for the past 600 years. They combined tree-ring data with ice-core
data and other proxies to reconstruct yearly temperature variations averaged

over the Northern Hemisphere. They applied a new statistical approach to pro-
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The Hockey Stick
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Figure 8 Using tree-ring data, ice-core data, and other temperature proxies, scientists
have reconstructed annual temperature variability over the Northern Hemisphere for the
past millennium. The resulting hockey-stick-shaped graph shows slowly cooling tempera-
tures between 1000 and ca. 1850, before a steep warming occurs that continues
throughout the twentieth century.

duce a single reconstruction for the entire hemisphere that covered the period
back to 1400 CE, which was published in the scientific journal Nazure. Their
reconstruction demonstrated that twentieth-century global warming was un-
precedented over the past 600 years. In a follow-up paper a year later, they ex-
tended the reconstruction even further back in time to 1000 CE. The key figure
of their paper was a plot of Northern Hemisphere temperature change over
time that resembles a hockey stick (fig. 8). The graph shows slowly cooling tem-
peratures between 1000 CE and about 1850 CE (the hockey stick’s “shaft”)
before a steep warming that continued throughout the twentieth century (the
“blade”). The hottest year of the 1,000-year-long Hockey Stick was 1998, also
the most recent year of their record.

The Mann, Bradley, and Hughes Hockey Stick paper was the first to show
that twentieth-century warming was unprecedented in a 1,000-year perspec-
tive and thus unlikely to be part of a natural cycle. Given the relevance of this
finding, the Hockey Stick graph was featured prominently in the 2001 report
of the Intergovernmental Panel on Climate Change (IPCC). The IPCC is a
United Nations scientific body entrusted with providing a comprehensive, sci-
entific, and objective overview of climate change and its impacts on society. It
won the 2007 Nobel Peace Prize, jointly with former US vice president Al

Gore. The IPCC does not carry out original research, but every five years or so
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it produces a hefty report based on the published scientific literature. The re-
port is written by volunteering scientists and reviewed by governments before
publication. The 2001 IPCC report was an 800-page tome. Because no sane
policymaker carries 5.5 pounds of paper around in her briefcase (or has time to
read such a lengthy report), a handy, approximately 30-page summary for pol-
icymakers was published that highlighted the most important findings with a
handful of graphs. The Hockey Stick graph was prominent in this summary,
and it subsequently drew global media attention when a large poster of it was
used as the backdrop to a television announcement presenting the 2001 IPCC
report.

As Mann, Bradley, and Hughes’s 1998 and then 1999 Hockey Stick papers
were going through the review process, the three highly respected scientists
anticipated that their findings would make a media splash, but they were un-
prepared for the media frenzy that followed. The Hockey Stick story was picked
up by all the major media outlets, and in a New York Times interview Mann
reemphasized that “the warming of the past few decades appears to be closely
tied to emission of greenhouse gases by humans and not any of the natural
factors.””

What followed was almost two decades of relentless political inquisition
and intimidation. Two of the first and foremost political mudslingers were
James Inhofe, a US senator from Oklahoma and chair of the Senate Commit-
tee on Environment and Public Works, and Joe Barton, a congressman from
Texas and chair of the House Energy Committee. Inhofe is well known for
repeatedly calling man-made global warming “the greatest hoax ever perpe-
trated on the American people.” In their sustained efforts to oppose potential
restrictions on greenhouse-gas emissions and to dismiss the ideas behind an-
thropogenic climate change, both Republican politicians honed in on the
Hockey Stick, the poster child of the IPCC and of climate-change policy.

In the years 2003 through 2006, Inhofe and Barton convened multiple con-
gressional hearings to which they invited the Hockey Stick scientists and, more

pointedly, a wide range of climate-change skeptics. Debate between scientists,

*William K. Stevens, “New evidence finds this is warmest century in 600 years,” New York Times,
28 April 1998.
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in which controversial methods and results are double-checked and the validity
of conclusions argued, is a crucial part of the scientific process, but the politi-
cal arena is not the place for such debate. Scientific facts are not decided by a
majority vote. Or as Sherwood Boehlert, the chairman of the House Science
Committee, himself a conservative Republican, phrased it in a letter to Bar-
ton: “My primary concern about your investigation is that its purpose seems to
be to intimidate scientists rather than to learn from them, and to substitute
congressional political review for scientific review.” This politicization of the
Hockey Stick hit rock bottom in September 2005, when Senator Inhofe in-
vited Michael Crichton, the creator of the popular TV series ER and author of
fictional thrillers such as Jurassic Park, to testify before the Senate on the legiti-
macy of climate change during a hearing on the role of science in environmental
policy making. Inhofe referred to the novelist Crichton as a scientist and made
his fictional thriller Szaze of Fear required reading for the Senate Committee on
Environment and Public Works. In his novel, Crichton imagines a world where
climate change is not an ecological reality but rather an evil eco-terrorist con-
spiracy. In his two-hour-long testimony before the committee, Crichton ex-
pressed his strong doubts about “whether the methodology of climate science
is sufficiently rigorous to yield a reliable result.”f He then sat back as Senator
Hillary Rodham Clinton expressed her opinion that his views “muddied the
issues around sound science.” In my view, a fiction writer as a star witness before
a US Senate committee on the validity of scientific research seems just as unbe-
lievable as a T-Rex running amok in a Disney-esque theme park.

In an additional attempt to break the Hockey Stick, Inhofe’s greatest ally,
Barton, demanded from the three scientists full records of all of their climate-
related research. The laundry list of demands included exhaustive information
about all financial support they had received during their long careers, the
source of funding for every study they had conducted, and all data and code
for every paper they had ever published. In a letter asking Barton to withdraw

his requests, Democratic congressman Henry Waxman wrote, “These letters

*Bochlert to Barton, 14 July 2005, hetps://www.geo.umass.cdu/climate/Bochlert.pdf.

t “The role of science in environmental policy making,” Hearing before the Committee on Environ-
ment and Public Works, US Senate, 28 September 2005, https://www.govinfo.gov/content/pkg
/CHRG-109shrg38918/html/CHRG-109shrg38918 htm.
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do not appear to be a serious attempt to understand the science of global
warming. Some might interpret them as a transparent effort to bully and ha-
rass climate change experts who have reached conclusions with which you dis-
agree.”” The goal of Inhofe, Barton, and their disciples in this “misguided and
illegitimate investigation,”" according to the Republican Bochlert, was to en-
sure that legislation to regulate greenhouse-gas emissions in the US never
passes. As reported by Naomi Oreskes and Erik Conway in their 2010 book
Merchants of Doubt, this tactic, which keeps a controversy alive by spreading
doubt and confusion despite a scientific consensus, has successfully been ap-
plied in the past by the tobacco industry to deny the connection between
smoking and cancer.

The ruthlessness of the climate-change deniers’ tactics became very evident
in November 2009, when hackers broke into the server of the Climate Re-
search Unit at the University of East Anglia and stole and made public thou-
sands of researchers” private email correspondences. The emails showed some
researchers to be rude, others cocky or petty. What they did not show was a
sweeping scientific conspiracy perpetrated by a shadowy cabal of global pro-
portions. Yet, that is what the climate-change-denial league behind the hack-
ing claimed. It is no coincidence that this illegal hacking occurred just weeks
before the UN Climate Summit in Copenhagen, at which an international
framework for climate-change mitigation was to be established. The media
were quick to dub the hacking incident “Climategate,” focusing not on the
hacking crime itself but on the language used in the emails. The Climate Re-
search Unit—backed by multiple professional scientific organizations—re-
jected the accusations. No fewer than eight independent committees, includ-
ing one from the US Environmental Protection Agency, have investigated the
emails and allegations, and all came to the same conclusion: that there was no
evidence of fraud or scientific misconduct. Nevertheless, Climategate was very
effective in drawing media attention away from the important goals of the Co-
penhagen climate summit, while dragging some of the world’s most renowned

climate scientists through the mud. Mann, Bradley, and Hughes are still deal-

*Henry A. Waxman to Chairman Barton, 1 July 2005, hetps://www.geo.umass.edu/climate/ Waxman
pdf.
tBochlert to Barton, 14 July 2005.
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ing with the aftermath of the Hockey Stick controversy and Climategate, al-
most two decades after their paper was first published.

Opver the past twenty years, more and more scientific studies showing the
unprecedented nature of the current climate have confirmed and advanced the
concept of the original Hockey Stick paper. As time goes on, reality is also
catching up with us. Nineteen ninety-eight, the most recent and hottest year
of the Hockey Stick record, is now only the tenth hottest year on record, with
nine even hotter years occurring since. Needless to say, the relentless harrass-
ment inspired by those who stand to lose much if actions are taken to limit
emissions has required an inordinate amount of my colleagues’ attention, time,
and energy. Attention, time, and energy that they were not able to spend on
research, on sampling more and older trees, on crossdating more samples, or
on publishing more scientific results. And therein seems to lie a key motiva-
tion for this dogged political inquisition and intimidation: to keep climate
scientists from doing their job—studying natural and man-made climate change

and sharing their findings with the world.
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Seven
Wind of Change

The first more or less reliable thermometer was invented in 1641 by Ferdi-
nand IT de’ Medici, the grand duke of Tuscany and a student of Galileo Galilei’s.
Flushed with his success, Ferdinand and his brother set up a network of 11
meteorological stations in Italy and neighboring countries. The stations were
operated from 1654 onwards by monks and Jesuit priests who for years read
the thermometers every three to four hours. But in 1667, most of this early
network was shut down by the Catholic Church on the premise that only the
Bible, not instrumental readings, could be used to interpret nature; only 2 sta-
tions continued until 1670. Happily, temperature measurements in central
England started in 1659, only five years after de” Medici’s efforts began in ear-
nest, and they have persisted through the predations of time ever since. The
resulting instrumental record for central England is the longest continuous
sequence of temperature measurements in the world. In the US, measurements
did not start until 1743, in Boston. In the Southern Hemisphere, only one
record predates 1850: that for Rio de Janeiro, where measurements started in
1832. It was not until the early twentieth century that a worldwide network of
reliable temperature measurements became available, and even for the twenti-
eth century there are big geographical gaps in the network. For instance, the
temperature and precipitation records from Kigoma that Kristof and I tran-
scribed by hand during our Tanzania field campaign only started in 1927. The
instrumental climate record is even further complicated by the fact that we
only started measuring the climate on a global scale right about the same time
that we started interfering with it. By the time a global meteorological net-
work was set up in the early twentieth century, the Industrial Revolution—
and with it the ever-increasing burning of fossil fuels and emission of green-

house gases into the atmosphere—was already well under way.
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Greenhouse gases, such as carbon dioxide, trap heat and prevent it from
escaping into space. It is as if a carbon-dioxide miasma were surrounding the
carth, heating it up and growing ever denser with the burning of more fossil
fuels. Starting with the Industrial Revolution in the late eighteenth century,
this has led to an enhancement of the natural greenhouse effect and rising
temperatures at the earth’s surface, a.k.a. global warming. The proxy record
provided by ice cores from the Antarctic has allowed us to put this increase in
carbon-dioxide concentrations in the atmosphere into a context of almost a
million years. Data gathered from coring deep into the Antarctic ice sheet and
measuring the amount of carbon dioxide in the air bubbles inside the increas-
ingly old layers of ice, tell us that today’s concentration of carbon dioxide in
the atmosphere is almost 40 percent higher than at any time in the previous
800,000 years. Because most meteorological stations were only established af-
ter the start of the Industrial Revolution, the climate we have been recording
with our instruments is under an anthropogenically enhanced greenhouse ef-
fect. We don’t have an instrumental record of what the climate was like in its
more natural state, before we started turning the atmosphere into a green-
house. We need paleoclimate proxies to understand what the “natural” climate,

one without large-scale interference by humans, was like.

Paleoclimate proxies have taught us that the earth’s climate is a complex
system that demonstrates inherent variability and that in addition to artificial
changes in atmospheric greenhouse-gas concentrations, it also reacts to changes
in the earth’s orbit, the sun’s radiation, and volcanic activity. When the earth
changes its position relative to the sun due to shifts in its elliptical orbit around
the sun or in the tilt of its axis, the amount of solar radiation that reaches the
carth changes. With the sun being the primary source of the earth’s heat, such
orbital changes result in changes in the global temperature. Orbital variations
are cyclical in nature, and they are slow: they affect the earth’s climate over pe-
riods of 100,000, 40,000, and 20,000 years. Though prolonged, they are power-
ful; they have such a strong impact on the earth’s temperature that they are re-
sponsible for the occurrence of ice ages. Cold ice ages (or glacials) alternate
with warmer periods, or interglacials, on timescales of ca. 100,000 years, and
this regular and repeated alternation is beautifully recorded in ocean sediment

and Antarctic ice-core records. We are currently in an interglacial period, the
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Holocene, which started around 11,650 years ago. With interglacials lasting
anywhere between 10,000 and 50,000 years, we are inevitably orbitally bound
to return to an ice-age climate in the future. However, the recent enhanced
greenhouse-gas effect and the global warming it causes may well overhaul our
million-year-long ice-age history.

In addition to orbital changes, the amount of radiation that the sun itself
emits can also change over time and impact Earth’s temperature. The amount of
radiation given off by the sun varies in cycles, which last from decades to centu-
ries—much shorter than the cycles in Earth’s orbit. Solar radiation creates 7so-
topes in the earth’s atmosphere, alternate forms of chemical elements that differ
in relative atomic mass but not in chemical properties. For instance, berylli-
um-10 (Bel0), the radioactive isotope of beryllium (Be9) with a half-life of
more than a million years, is created by powerful outbursts of solar radiation.
Atmospheric Bel0 is deposited in the air bubbles in the snow and ice layers of
Greenland and Antarctica, and Bel0 peaks in dated ice cores can be used as a
proxy for the sun’s past activity and cyclicity. Fluctuations in the sun’s radiation
can also be estimated based on sunspots—regions of reduced temperature—on
the sun’s surface. Fewer visible sunspots mean that the sun is less magnetically
active and that less radiation is sent to the earth. Sunspots sometimes are large
enough to be seen by the naked eye, and early modern scientists used telescopes
to observe sunspots starting in the 1610s. The 400-plus years of sunspot obser-
vations have provided a documentary solar-radiation proxy revealing a regular
11-year cycle in the number of sunspots and related solar radiation. It was these
cycles that Douglass was trying to trace when he first started looking at tree
rings. The cycles, however, have only a subtle impact on the earth’s climate. Of
larger import are the longer, multi-decade periods when sunspot activity is de-
pressed, for instance, during the solar Maunder Minimum, named after the so-
lar astronomer couple Annie and Edward Maunder, who were contemporaries
of Douglass’s. For the 70 years from 1645 to 1715, astronomers observed far
fewer sunspots on the sun’s surface than at any point before or after. Inciden-
tally, this 70-year Maunder Minimum corresponds almost perfectly with the
reign of Louis XIV, the Sun King, over France (1643-1715).

Volcanic activity is the third major driver of natural climate variability.
When a large volcano erupts, and especially when it does so explosively, it can

eject large amounts of acrosols, dispersing fine particles such as sulfur dioxide
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(SO,), as well as ash, into the atmosphere. Over the course of a few weeks to
months, this sulfur dioxide is converted into sulfuric acid (H,SO,), and once
formed, the sulfuric aerosols are widely dispersed throughout the stratosphere
(the upper region of the atmosphere), where they can stay for years. Such vol-
canic aerosol veils can stop some of the sun’s radiation from reaching the earth’s
surface, resulting in cooler temperatures. Volcanic acrosols’ effects are therefore
the opposite of greenhouse gases’; rather than warming the earth’s surface, vol-
canic dust particles block the sun’s radiation, cooling the earth’s temperatures
for up to two years following an eruption. The eruptions of tropical volcanoes,
whose acrosols are spread most easily throughout the entire stratosphere, typ-
ically have a more global-scale impact on climate than do the eruptions of vol-
canoes at higher latitudes, and strong eruptions will have a broader impact than
weaker eruptions. The cooling effect of volcanic eruptions on the earth’s cli-
mate may be short-lived—a few years at most—but it can be drastic. When
Mount Pinatubo, close to the equator in the Philippines, erupted in June 1991,
it ¢jected an ash cloud that rose 22 miles into the air, deep into the stratosphere.
During the 15 months following the Mount Pinatubo eruption, average global
temperatures dropped by about 1 degree Fahrenheit. The abrupt cooling caused
by the eruption was picked up by temperature-sensitive tree-ring records across
the globe, demonstrating that these records can be used to determine the year
and the magnitude of past volcanic eruptions and to analyze their climatic

impact.

Our understanding of how these three drivers—changes in the Earth’s or-
bit, in solar radiation, and in volcanic activity—have combined to impact our
past climate is most advanced for the past approximately 1,000 years. The con-
cept of natural climate variability over this period was introduced in a plot
created by the English climatologist Hubert Horace Lamb in 1965 (fig. 9).
Lamb’s plot depicts 1,000 years of temperature variations in Central England,
including a climate transition that occurred as medieval Europe advanced into
the Renaissance and the Age of Discovery. Temperatures were relatively warm
during what modern scientists have termed the Medieval Climate Anomaly
(Lamb called it the Medieval Warm Period), ca. 900-1250, but cooled down
substantially during the subsequent Little Ice Age, ca. 1500-1850, a period

when more volcanoes erupted, the sun lost some of its power (for instance,
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Figure 9 Hubert Horace Lamb’s sketch showing climate variability over the past thousand
years includes a plot (adapted above, top) that shows warm temperatures during medieval
times, a cool Little Ice Age, and warming temperatures again into the twentieth century.
Scientific visualizations of a thousand years of global temperature change have matured.
David Frank called these developments an evolution from “a noodle, to a hockey stick, to a
spaghetti plate.”



during the Maunder Minimum), and the proportion of solar energy entering
and leaving the Earth system shifted. Unlike “real” ice ages, the Little Ice Age
was not caused by orbital changes, and it was much less severe, less incessantly
cold, and less uniform across the Earth’s surface. Lamb’s Little Ice Age ended
in the mid-nineteenth century, as the advance of industrialization led to a
stcady rise in temperatures.

Half a century of paleoclimate research has brought nuance to Lamb’s pio-
neering image of a thousand years of temperature change. My Pyrenees com-
panion David Frank called our progress the evolution from “a noodle, to a
hockey stick, to a spaghetti plate.” Lamb’s graph does look like a cartoon noo-
dle, yet it remained the go-to image of temperature history until the late 1990s,
when the more data-rich and much more computationally heavy Hockey Stick
took its place. After the political controversy caused by the Hockey Stick, many
more research groups started reconstructing global temperatures back in time,
throwing ever more data, ever more computational power, and an amalgam of
methodological advances at the challenge. The result is a “spaghetti plate” of
temperature reconstructions that portray some periods similarly—such as a
warm eleventh century and unprecedentedly warm twentieth century—but
show a wider range of possibilities, and thus quite a bit of uncertainty, for other
centuries.

While we were colleagues at the WSL, David involved me in a project that
attempted to bring order to this spaghetti plate of reconstructions by subjecting
each of the individual spaghetti strands (or temperature reconstructions) to all
possible combinations of methods, resulting in an ensemble of more than
200,000 reconstructions in total. At first sight, this approach would appear to
make the tangle of lines even more complex, but there was a method to our
madness. A pattern emerged from the Spaghetti Plate that allowed us to esti-
mate the most likely temperature variations over the past millennium. We
found that the most recent period of the reconstruction ensemble, which ended
in the year 2000, was most likely around 0.5 degrees Fahrenheit warmer than
the warmest period of the Medieval Climate Anomaly” and around 1.3 degrees
Fahrenheit warmer than the coldest period of the Little Ice Age." The recon-

*1071-1100 CE.
+1601-30 CE.
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struction ensemble shows us that medieval times were warmer than the Little
Ice Age but not nearly as warm as it is today. It is worth noting that every single
year since 2000 has been warmer than the year 2000, the last year of the recon-
struction. As a result, the current most recent period (ending in 2016) is an-
other 0.9 degrees Fahrenheit warmer than the warmest period of the ensemble
reconstruction.” The temperature differences in the study—0.5 degrees, 0.9 de-
grees, 1.3 degrees—might seem small, but I was overwhelmed when I first
looked them up. I was stunned to realize that the Earth has warmed more in
the past 17 years (2000-2016) than it had cooled over the 500 years from the
Medieval Climate Anomaly into the Little Ice Age.

Moreover, the warming in recent decades is undeniably global in scale—
no matter which Spaghetti Plate reconstruction you look at, it is always there—
whereas the transition from the Medieval Climate Anomaly into the Little Ice
Age was not uniform in place or in time. The Little Ice Age started much ear-
lier in the Arctic region (ca. 1250 CE), for instance, than in lower latitudes,
such as the European Alps (ca. 1500 CE), and while the Little Ice Age brought
colder temperatures to most areas, in some areas it was defined by wetness
rather than coldness. In the Atlas Mountains of Morocco, on the very north-
western tip of the African continent, for instance, the Little Ice Age started
around 1450 CE. It is recorded as a wet period in the tree rings of a grove of
500-plus-year-old Atlas cedars, whose yearly growth is limited by how much
moisture is available to them.

I have not visited the grove of Atlas cedars myself, but it is on my bucket
list. The Moroccan Atlas cedars are some of the oldest trees in Africa, with
clear annual rings that crossdate well and are reliable recorders of drought.
From a dendrochronologist’s point of view, those are very desirable character-
istics, and many research teams have visited and cored the cedars over the
years. So far, however, no one has brought the 40-inch borer needed to reach
the pith of these mastodons, which can be up to 10 feet in diameter. When Jan
Esper and his team sampled the trees in 2002, long before I started working

with them in the Pyrenees and in Greece, they extracted a core from one tree

*'This calculation is based on the difference in GIStemp (Goddard Institute for Space Studies
Surface Temperature Analysis) Northern Hemisphere mean annual temperatures between
1987-2016 and 1971-2000.
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that counted 1,025 rings, but their 24-inch borer did not reach the pith of the
tree and so its oldest rings remain unextracted and unexamined. According to
Jan, some of the trees could easily be 1,300 to 1,400 years old and could be
used to extend the millennium-length Atlas cedar tree-ring chronology back
to before medieval times, if we could just reach their inner rings.

The Atlas cedars are limited by spring drought: they are happy with fat rings
when it’s wet, unhappy with narrow rings when it’s dry. Their tree-ring chronol-
ogy functions as a 1,000-plus-year-long reconstruction of Moroccan drought.
The carliest (ca. 400) rings of the trees are remarkably narrow as they recorded
a severe and long-lasting medieval drought. From ca. 1450 onward the trees
received much more moisture, until ca. 1980, when another severe drought set
in. This recent drought, which is still ongoing, has impacted regional agricul-
ture and tourism and is threatening the cedar forests. These forests have suf-
fered from overexploitation, overgrazing, and repeated burning for centuries
and were already in bad shape before the recent 30-plus-year drought. The
drought has been the final blow for many Atlas cedars, which are now listed as
endangered on the [IUCN" Red List of Threatened Species.

When I first started working with Jan at the WSL, around the time of our
Pyrenees field trip, his idea was to use the Moroccan drought reconstruction
as a base to develop a “Drought Hockey Stick.” Jan wanted to test whether
Northern Hemisphere drought variability over the past thousand years could
be captured in a single graph, similar to the iconic Hockey Stick but illustrat-
ing hemispheric-scale trends in precipitation, rather than temperature. Such a
Drought Hockey Stick did not exist at the time and does not exist now, be-
cause rainfall and drought vary much more over space than temperature does,
and are harder to capture by calculating averages.

If you compare, for instance, the year-to-year variability in annual tem-
perature in Meknes, a meteorological station in the Atlas Mountains, with
that in Algiers, 600 miles to the northeast on the Mediterranean coast, you'll

find that they are very similar. Years that are hot in Mcknes are typically also

* International Union of Conservation of Nature and Natural Resources.
1 The Pearson correlation coefficient for the two temperature time series is positive and strongly
significant (» = 0.66, p <.001, 1961-2016).
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hot in Algiers. Cold years in Meknes are typically also cold in Algiers. On the
other hand, the year-to-year variability of annual rainfall in Meknes is virtually
unrelated to that in Algiers.” Years that are wet in Meknes can be dry, average,
or wet in Algiers—there is no relationship. To draw a picture of large-scale
temperature trends over time, as with the Hockey Stick, it can make sense to
average temperature data from sites that are 500 miles or more apart, because
they show the same variability. Averaging precipitation or drought data over
such large distances, however, makes less sense: averaging distant data that are
unrelated to one another will create a flat line that doesn’t provide much infor-
mation at all. Taking this into consideration, Jan proposed to start with a
smaller geographical range—a European Drought Hockey Stick—rather than
one of hemispheric scale, but we knew that even that would be a challenging
aim. Adding to this challenge for me were certain aggravating circumstances:
(a) I had never studied European climate before and (4) I had never studied
paleoclimate before.

Before arriving at the WSL, I had studied tree rings in sub-Saharan Africa
and in the Californian Sierra Nevada. Neither of these projects had had any-
thing to do with European climate or even with climate reconstruction. Need-
less to say, I was in over my head, but I did not want to show it. I was now part
of a research group that could not even admit to being hungry in the field, let
alone to being ignorant. In our daily and weekly lab discussions, Jan, David,
Ulf, and our colleague Kerstin Treydte would throw the terms Medieval Cli-
mate Anomaly and Little Ice Age around in their casual banter as if they were
Bundesliga teams. I remember covertly looking up the terms on Wikipedia in

an attempt to keep up. What I really wanted to do was hanga big sign over my

desk that read:

MEDIEVAL CLIMATE ANOMALY = 900-1250 CE = WARM
LITTLE ICE AGE = 1500-1850 CE = COLD

but that would have been a dead giveaway. Having to Wikipedia key concepts

of one’s supposed field of study does not help with overcoming impostor syn-

*The Pearson correlation coefficient for the two precipitation time series is low and insignificant
(r=0.17,p > .1,1961-2016).
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drome. To add insult to injury, I also had to ask my colleagues some very basic
questions about European climate, such as what the main driver of European
climate variability is. In the places where I had worked before, year-to-year
climate variability is mainly influenced by the El Nifio Southern Oscillation
(ENSO) system, a.k.a. El Nifo. I knew that this Pacific ocean-atmosphere in-
teraction pattern did not have a strong influence on European climate, but I
had no idea what governed it instead. In retrospect, I admire my colleagues for

not shouting: “It’s the NAO, stupid!”

The NAO, or North Atlantic Oscillation, is a seesaw (or oscillation) in the air
pressure between two major pressure centers over the North Atlantic Ocean,
the Azores High and the Icelandic Low (fig. 10A). Air pressure (or atmospheric
pressure) is important because it is linked to weather patterns: low pressure
fields typically lead to cloudy, windy, and rainy weather, whereas high pressure
leads to calm and sunny weather. Intuitively, it makes sense that the atmo-
spheric pressure over the sunny Azores Islands, off of Portugal, is almost always
higher than it is over rainy Iceland. But the difference in pressure between the
Azores High and the Icelandic Low is larger in some years than it is in others.
The pressure difference is very large during positive phases of the NAO, when
the Icelandic Low is even lower than normal and the Azores High is even
higher than normal. Positive NAQ years represent one position of the seesaw,
but the position switches during zegative NAO phases, when the pressure dif-
ference between the two is small.

The Azores High is an anticyclone, which swirls wind in a clockwise fash-
ion from the tropics toward the North Atlantic Ocean and then toward Eu-
rope. The Icelandic Low cyclone moves air around in the opposite, counter-
clockwise direction, bringing air from the Arctic toward the North Atlantic
Ocean and then to Europe. The two pressure centers function as cogs in the
North Atlantic climate wheel; both turn at full speed during positive NAO
phases, when warm air is propelled from the North Atlantic Ocean toward
Europe. The strong Icelandic Low brings wet and stormy weather to the Brit-
ish Isles and Scandinavia; the strong Azores High brings drought to the west-
ern Mediterranean, and the strong winds bring warm and mild weather to

central Europe. The opposite happens during a negative NAO phase, when
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The North Atlantic Wind Machine
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Figure 10A Europe's weather largely depends on two atmospheric-pressure centers over
the North Atlantic: the Azores High and the Icelandic Low. Together, they function as cogs
in a giant wind machine. When the pressure difference between them is large, winds swirl
at full speed, bringing storms to the British Isles and Scandinavia, drought to the western
Mediterranean, and mild weather to central Europe. When the pressure difference is
small, they rotate slowly, keeping warm North Atlantic winds from reaching Europe. The
British Isles are then drier, and the western Mediterranean is wetter than normal.

both the Azores High and the Icelandic Low are weaker than normal. In neg-
ative NAO years, the British Isles are drier than normal, which is still pretty
wet, and the western Mediterranean is wetter than normal, which is still pretty
dry. The cogs in the North Atlantic wind machine turn slowly, keeping warm
North Atlantic winds from reaching Europe and clearing the way for cold air
from the northeast to move in.

Only vaguely aware of any of these major aspects of the European climate
system, I nonetheless embarked on my journey to develop a Drought Hockey
Stick for Europe. With Jan’s thousand-year Moroccan drought record in hand,
I looked for European drought reconstructions of roughly the same length to
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Evidence in Trees and Stalagmites
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Figure 10B Stalagmites can provide a proxy of winter climate. Comparing a thousand
years of stalagmite data from Scotland with tree-ring data from Morocco reveals an
inverse relationship: whenever it was wetter than normal in Scotland, it was drier than
normal in Morocco, and vice versa.

compare it with." The first hurdle I encountered was the shortage of such recon-
structions. Because of its long history of intensive human wood use, the Euro-
pean continent generally lacks old trees. Its oldest dendrochronologically dated
tree, Adonis, is barely over 1,000 years old. And like Adonis, most of Europe’s
old trees grow in remote places that are hard for humans to reach, such as high
up in the mountains, so that their tree rings typically record changes in tem-
perature, not drought. I therefore had to extend my search to include proxies
other than tree rings, pushing myself even further outside my comfort zone. Of
the handful of European drought reconstructions for the past millennium, only
one matched the Moroccan Atlas cedar record: a stalagmite record from a cave
in Scotland. Just like tree rings, stalagmites in caves can form growth layers. In
the Uamh an Tartair cave (“Roaring Cave”), in northwestern Scotland, these
growth layers are annual: one stalagmite layer represents the stalagmite’s growth
over one year. Andy Baker, a geoscientist at the University of New South Wales,
and his team collected a small stalagmite from the cave. At the time of its col-
lection, the stalagmite was only 1.5 inches high, but it was still actively growing

and adding layers. The researchers counted 1,087 growth bands in the polished

*Technically speaking, Morocco obviously is not part of the European continent, but its location on the

northwestern tip of Africa represents climate variability for the southwestern Mediterranean region.
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stalagmite and found that the width of these bands, like those in tree rings, was
related to winter temperature and precipitation above the cave. The stalagmite
grew fastest and formed the widest layers in warm and dry winters, and it
formed narrow layers in cold and wet winters.

The Uamh an Tartair stalagmite record was thus a 1,000-plus-year-long
proxy of winter climate in Scotland. When I compared it with the drought
reconstruction from Morocco, I found a strong inverse relationship: over the
past 1,000 years, whenever it was wetter than normal in Scotland, it was drier
than normal in Morocco, and vice versa. For instance, the long medieval Mo-
roccan drought (ca. 1025-1450) corresponded to a period of even wetter than
normal conditions in Scotland, and as Morocco came out of its drought around
1450, Scotland got drier (fig. 10B).

When I first told Jan about the Scotland-Morocco seesaw I had found, he
was dismissive. Dendrochronologists habitually distrust other climate proxies,
such as stalagmites—working with tree rings spoils us. We can take many sam-
ples from a site, which allows us to crossdate and double-check our dating. We
have a good, mechanistic understanding of how tree growth is related to cli-
mate. We have one tree ring and one data point for every single year, so that we
can check through direct comparison whether our tree rings are a good proxy
for instrumental climate variability. Not many other climate proxies have all
these advantages. “One measly stalagmite, that’s all you got? And its dating
might be a couple of years off but you're not sure because you don’t have any-
thing to crossdate it against? Pfft! I scoff at your stalagmite!” Those weren’t
Jan’s exact words, but you get the picture.

But when I unveiled the plot of 1,000 years of Scottish pluvials coinciding
with Moroccan droughts, and vice versa, Jan changed his mind. That was the mo-
ment when he and I both realized that we were looking at something important,
something science had not yet discovered. We were seeing 1,000 years of not only
the seesaw between Scotland and Morocco but also the seesaw of the NAO. The
Uambh an Tartair stalagmite is a proxy not only for precipitation in Scotland but
also for the Icelandic Low. Likewise, the Atlas cedar tree-ring record is a proxy not
only for drought in Morocco but also for the Azores High. By combining proxies
for those two cogs in the NAO climate machine, we had created a 1,000-year-
long reconstruction of the NAO. We had set out to develop a regional Drought
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Hockey Stick and instead uncovered the history of one of the most influential
global-climate phenomena. The tiny, 1,000-year-old rings that we had measured
in the Moroccan cedars were telling us stories not only about past droughts and
pluvials but also about the much larger atmospheric mechanisms that propelled
them and the complex global climate machine as a whole. All we had to do was
put our ear to the trees and listen very carefully.

Our reconstruction was the first to reach back far enough in time to shed
light on the role of the NAO in the single most prominent feature of Euro-
pean climate history: the transition from medieval warmth to the Little Ice
Age. It showed that the NAO was mostly positive throughout medieval times
but switched to more regular and more negative NAO phases after 1450 (see
fig. 10A). What we had found was the driving mechanism behind medieval
warmth in Europe: a predominantly positive NAO phase that kept the North
Atlantic wind wheel working at full speed and sent warm Atlantic air to cen-
tral Europe, resulting in the mild winters that allowed Europe’s agriculture,
culture, and population to flourish. The wheel slowed down and became more
erratic after 1450, at which point the cool climate and related hardships of the
Little Ice Age started kicking in.

Discovering the mechanism behind European warmth during the Medieval
Climate Anomaly was a big deal in our line of business, and we decided to
submit our manuscript to Nature, one of the top-ranked scientific journals in
the world. Nazure publishes only about 8 percent of the more than 10,000
submissions it receives each year. If the Nazure editor decides that a manu-
script is interesting, she sends it out for peer review. If not, you get a rejection
email within about two weeks of submission.

For authors submitting a manuscript to Nature, those two weeks are nerve-
racking. The NAO manuscript was the first paper I had ever submitted to a
top-tier journal. I had a lot riding on it: a yea or nay could make or break my
scientific career. I was a postdoc at the time, and a Nazure publication would
go a long way toward securing a professorship. A rejection, on the other hand,
would mean that I had spent the past two years on a not very groundbreaking
paper. After about 10 days of obsessively checking my inbox, I finally received

the email from Nature. It was a nay.
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From: Patina@Nature.org
To: trouet@wsl.ch
Subject: Nature manuscript 2008-08-08011

Dear Dr. Trouet,

As you know from our previous email we received your manuscript
entitled “Pervasive Positive North Atlantic Oscillation Mode Dominated
the Medieval Climate Anomaly.” Thank you for your interest.

An initial evaluation by our editorial board has found the results to be
of broad interest and relevant to many scientific disciplines. The manu-
script is well written, graphics of high quality, and represent [sic] a step
forward in the understanding of the climatic system during the Medieval
Climatic Anomaly.

Unfortunately, we cannot consider this research to be novel as we will
publish as a Letter in the September 22 Issue a manuscript entitled “The
European Medieval Climatic Anomaly was driven by the North Atlantic
Oscillation.” There appear to be broad similarities in these research
questions, results, and implications.

We recognize that some overlap of research efforts is inevitable. This
is particularly common within the Medical and Life Science disciplines.
While this allows results to be confirmed, refuted and furthers the
scientific process, the limited space of Nazure will not allow us to consider
your article further. We congratulate you on your research to date, and

wish you luck in publishing your results elsewhere.

Sincerely yours,
Enraldi Patina
Editor, Nature

I had mentally prepared for a rejection, but I was taken aback by the reason
for it. Had another research group submitted a similar manuscript? Had we
been scooped? Barely having finished reading the email, I stormed into Jan’s
office to tell him the news. David and Ulf, who from their neighboring offices
could hear my outcry, quickly followed. I launched into a speculative rant

about potential perpetrators, expecting my colleagues to join in. Instead, they
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started snickering. As it turns out, in addition to being world-class scientists,
my colleagues were world-class pranksters. From the comfort of his office just
seconds earlier, David himself had sent me the rejection email from a fake
Nature-esque address he had invented just for the occasion.” My stunned dis-
belief that my colleagues would pull such an elaborate prank on me was
quickly supplanted by relief at the realization that this was Fake News, that our
manuscript had not been rejected yet. Four days later came the real rejection
email. The editor had not found our results to be of wide enough interest to
warrant publication in Nazure. But at least we hadn’t been scooped.

We decided to rephrase some of the text in our manuscript to clarify its
broad impact and submit it to Science, another top scientific journal. However,
there was a key hurdle to be cleared before we could do so. Jan was convinced
that we needed to come up with a catchy title for our paper. He argued for
“Wind of Change,” which he figured would be a pertinent yet cheeky nod to a
famous song by The Scorpions. To be clear: Jan wanted to name our paper,
which reported the most important scientific findings of my career to date,

after a song by a German eighties rock band that includes the following lyrics:

Take me to the magic of the moment
On a glory night
Where the children of tomorrow dream away (dream away)

In the wind of change.

Needless to say, I put my foot down and we settled on a nice, dry scientific title:
“Persistent positive North Atlantic Oscillation mode dominated the Medieval
Climate Anomaly.” Science published the paper about a year later. Maybe not
everyone kept reading after the title, but the paper was cited a lot anyway.

*He had used @Nature.org rather than @Nature.com.
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Eight
Winter Is Coming

The past 1,000 years, the period for which we have the best understanding
of climate history thanks to an abundance of tree-ring data and other paleocli-
mate proxies, is also the best-documented period in human history. As we
move closer to the present, the planet becomes more densely populated and
societies become increasingly complex. Dense populations and complex soci-
eties keep more written records, including trade, naval, and agricultural docu-
ments, explicit weather and nature observations, and census data.

Such written records can serve as man-made climate proxies and can con-
tribute to our study of past climate. For instance, starting in the fifth century,
with the arrival of Christianity in Ireland, Irish monks faithfully recorded and
described notable societal events in the Irish Annals. The more than 1,000-year-
long record (431-1649) can be considered a Game of Thrones avant la lettre
that includes detailed descriptions of wars, political intrigues, and Justinian’s
plague in the sixth century, but also reports on storms, droughts, and other
extreme weather events. Francis Ludlow, a geographer at Trinity College in
Dublin, has extracted weather information from the more than 40,000 writ-
ten entries in the Irish Annals and was able to link particularly cold and severe
winters described in the text to past volcanic eruptions. But the use of man-
made sources in paleoclimate research is not limited to documents alone. Our
ancestors were creative in the ways they commemorated historical climatic
events. A 2018 summer drought, for instance, exposed “hunger stones” in the
Czech Elbe River. Records of extremely low water levels from the fifteenth
through the nineteenth century, as well as warnings of their consequences,
have been chiseled into these river boulders. For instance, one carved hunger

stone reads, “Wenn Du mich sichst, dann weine.” If you see me, weep.
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The role of historical documents informing us directly about past climate
change arguably is overshadowed by their role informing us about its societal
impacts. By linking past climate derived from proxies, and human history de-
rived from historical documents, we can examine how people and societies
have reacted to climatic changes in the past and, one hopes, learn from history
as we move forward in a changing climate. Of course, to examine such connec-
tions between history and climate, we need precise dating of both climatic and
historical events. With their absolute dating, annual precision, and temporal
overlap with documented human history, tree rings are in perhaps the best
position among climate proxies to inform us about links between climate his-
tory and human history.

A good example is the Mer de Glace (Sea of Ice) glacier, the largest glacier
in the French Alps, whose past movements have been recorded in subfossil tree-
ring samples that were revealed by a twentieth-century retreat of the glacier.
Documentary archives of the town of Chamonix, which was founded in the
Mer de Glace valley in the early thirteenth century, tell us about the hefty toll
such glacial movements take on local communities. Glaciers retreat when
melting, evaporation, and erosion remove more ice from their snout, or termi-
nus, than is transported into it. As the glacier retreats, its terminus moves far-
ther up valley than before, and its moraines, the dirt and rocks that are pushed
along by the glacier as it moves, become exposed. With the exposure of mo-
raines, the remains of extensive subfossil forests may become exposed as well.
On a recently exposed glacier moraine we might find remnants of trees that
started growing in a past period of glacier retreat but were subsequently run
over and killed by the glacier as it advanced, only to be revealed again as the
glacier retreated in the twentieth century. The wood of such subfossil trees can
be well preserved because of the anoxic conditions under the glacier ice, so in
many cases it can be tree-ring dated. The date of the outer ring of a glacier sub-
fossil tree can tell us the year the tree was killed by a glacier advance. Since trees
can’t grow on ice fields, the tree’s life span can tell us how long the area was
“glacier free” before the advance.

For his dendrogeomorphological study—using tree rings to study changes in
the Earth’s surface over time—of the Mer de Glace glacier, Melaine Le Roy, a
PhD student at the University Savoie Mont Blanc in Chambéry, collected such
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subfossil tree-ring samples on its moraines. Melaine spent several summers
surveying sections of the glacier’s lateral moraine with a telescope from the
opposite side of the valley to locate wood. He then rappelled down from the
moraine crest or scrambled up from its base to sample the stone pine (Pinus
cembra) remains he had observed. Melaine’s crossdated Mer de Glace tree-ring
samples revealed glacier advances in the late sixteenth and early nineteenth
centuries that overran mature forests established in the preceding centuries.
Trees started growing on the Mer de Glace glacier moraines during medieval
times, when temperatures were warm and the glacier was in a retreated stage.
They were then overrun by the advancing glacier during the cool Little Ice
Age, before their subfossil remains were found in the twentieth and twenty-
first centuries, after the glacier had retreated again.

The Little Ice Age Mer de Glace advances heavily impacted the communi-
ties that had settled in the valley, in particular the commune of Chamonix.
Chamonix is one of France’s oldest ski resorts, and it was the site of the first
Winter Olympics in 1924. But before it became a tourist destination and a
popular ski town, the parish of Chamonix was not a great place to live. Even
during relatively warm medieval times, when Mer de Glace was in a position of
retreat, life in Chamonix was hard, though relatively safe. Emmanuel Le Roy
Ladurie, a French historian, found Chamonix described in sixteenth-century
documents: “The place is among mountains so cold and uninhabitable that
there are no attorneys or lawyers to be had ... there are alot of poor people, all
rustic and ignorant . . . so poor that in the said places of Chamonix and Val-
lorsine there is no clock by which to see and know the passage of time . . . no
stranger will come to live there, and ice and frost are common since the cre-
ation of the world.”* To me, a place without lawyers, attorneys, or clocks does
not sound half bad, but the Chamonix inhabitants lamented their poverty and
blamed it on the proximity of the glacier and the brutal climate. And that was
before winter came. With a bang.

Starting in the year 1600, in the midst of the Little Ice Age, the Mer de
Glace glacier advanced dramatically and in its course erased three hamlets. The

Mer de Glace advance was accompanied by avalanches and catastrophic floods

*E. Le Roy Ladurie, Times of feast, times of famine: A history of climate since the year 1000 (New
York: Doubleday, 1971).
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that severely damaged the other villages and fields in the Chamonix valley. A
commissioner of the Savoie’s chamber of accounts who visited one of the ham-
lets in 1616—just 15 years after the start of the glacier’s advance—described
the situation as follows: “There are still about six houses, all uninhabited save
two, in which live some wretched women and children, though the houses
belong to others. Above and adjoining the village, there is a great and horrible
glacier of great and incalculable volume which can promise nothing but the

destruction of the houses and lands which still remain.”*

European history is rife with stories of a benign medieval climate giving way
to the hardship of a frigid Little Ice Age. According to these stories, 350 years
of reliably balmy medieval weather allowed crusaders to recover the Holy
Land; architects, masons, and carpenters to erect twenty-six immense Gothic
cathedrals in England alone; and Scottish merchants to build castles worthy of
noblemen. The warm summers helped more than 50 monastery vineyards to
thrive in southern England® and were particularly beneficial to the maritime
power of the Norse, who ventured as far west as Greenland and Newfound-
land. But as the climate shifted in the mid-fifteenth century, those same Viking
settlements were deserted, and wine cultivation in southern England was
abandoned as summers got cooler and growing seasons got shorter. Advancing
glaciers in the Alps and Scandinavia ran over towns and farms, while the Baltic
Sea froze over and the northern fishery industry collapsed.

Such stories led early scholars of socioclimatic history to combine climate
history and human history in a deterministic approach. They held climate
change, and climate change alone, responsible for the ebb and flow of past
civilizations. Overall, it certainly appears to be true that the cold Little Ice Age
climate created conditions of hardship throughout Europe and the North At-
lantic. Risks increased for mountain men and seafarers alike, and food short-
ages were widespread, resulting in times of starvation, epidemics, social unrest,
and violence. But thanks to a growing body of research, we now better under-

stand the complex interactions linking climate history and human history.

* Communal Archives of Chamonix, CC1, no. 81, year 1616, cited in ibid., 147.
t Compared with more than 400 vineyards currently in operation in England and over a much more

extensive (northern) area.
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As it turns out, the long Little Ice Age winter also had positive outcomes,
such as the immortal wintry scenes in Pieter Brueghel the Elder’s paintings (ca.
1525-69) and Mary Shelley’s Frankenstein. Mary Shelley wrote her instant
classic while on vacation at Lake Geneva in the summer of 1816. The weather
was dreadful that summer, forcing Mary and her husband to stay indoors. To
entertain each other, they told horror stories, one of which included a young
scientist who created a hideous monster. We now know from early meteoro-
logical measurements and tree-ring data that the year of the classic monster’s
conception, nicknamed the “Year without a Summer,” was the result of the
eruption of the Tambora volcano in Indonesia the year before. Even the cele-
brated tones of the Messiah and its Stradivari contemporaries have been at-
tributed to slow tree growth during the cold Little Ice Age. Stradivari’s violins
(1656-1737) were constructed from spruce and maple trees with very regular,
narrow rings and uniform wood density. Legend has it that these narrow rings,
resulting from exceptionally cold Little Ice Age summers, contributed to the
superior quality of the wood used for the violins.

We have learned that both the winners and losers of the harsh Little Ice
Age conditions in Europe were determined as much by differences in societal
resilience and adaptation strategies as by regional climatic differences. The
Dutch Republic, for instance, experienced its golden age smack in the middle
of the climatic turmoil of the seventeenth century. Although the Low Coun-
tries were hit just as hard as, if not harder than, the rest of Europe by Little Ice
Age frosts, storms, and torrential rains, the Dutch conceived deliberate strate-
gies to profit from the Little Ice Age climate. The Dutch fishery industry flour-
ished when massive schools of herring migrated from the cooling waters of the
Baltic Sea toward the North Sea. Dutch farmers created new farming methods
and diversified crops, for instance, by including potatoes as a staple. Dutch
merchants capitalized on ruined harvests across Europe to raise the price on
stockpiled grain and control the European grain supply. Meanwhile, the Dutch
Republic invested in its transportation network and welfare programs to ab-
sorb the worst impacts of the Little Ice Age chill.

Neither climate history nor human history, nor the relation between the
two, however, is linear. The winners and losers of climate change are not set in

stone. The history of Norse settlement in Greenland, which turns out to be
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more complex than first thought, provides a good example of how the resil-
ience and vulnerability of communities can change over time. Throughout
medieval times, with Arctic sea ice retreating further and further north as tem-
peratures warmed, the North Atlantic Ocean lay wide open for the Norse to
roam ever further westward. Driven by overpopulation and limited options
for agriculture in the Scandinavian fjords, they reached and settled the Faroe
Islands in the ninth century. From the Faroes, they traveled on to Iceland,
where they arrived in 874 and swiftly and completely removed forests from the
landscape to make room for agriculture. From Iceland, Erik the Red and his
expedition sailed in the late tenth century to Greenland, where they found
green summer pastures that could serve as grazing land, as well as abundant
fish and sea mammals. Believing that people would be much more tempted to
go there if it had an attractive name, Erik called the country Greenland in his
reports. His marketing strategies paid off: soon after his return to Iceland, the
Norse established two permanent settlements on the southeastern and west-
ern coasts of Greenland. From there, they ventured even further west to New-
foundland, where they established a permanent settlement in L’Anse aux
Meadows around 1000 CE. For more than two centuries the New World set-
tlements survived and thrived. Greenlanders sailed westward to North Amer-
ica in search of timber and eastward toward Iceland and Norway to pay tithes
and trade walrus ivory for supplies.

But the Little Ice Age winter came early in the North Atlantic region, and
by 1250 Arctic pack ice™ started to reach further south than before, forcing
Norse seafarers to alter or even halt their voyages between the Norse colonies
and the motherland. As the climate deteriorated, the New World settlements
grew increasingly isolated, and farming on Greenland’s marginal lands became
all but impossible. Glaciers advanced, growing seasons shortened, and supplies
from the motherland dwindled. At first, the Greenland Norse adapted well to
the worsening conditions by modifying their farming practices, while simulta-
neously reducing their dependence on agriculture and diversifying their sub-
sistence strategies. In the southeasterly settlement, the colonists developed an

irrigation system to boost hay harvests, while colonizers in the western settle-

*A nearly continuous mass of floating ice.
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ment expanded their hunting grounds in order to obtain more walrus ivory to
trade and more seal and caribou for their diet. By the fourteenth century, how-
ever, these initial investments in trade and hunting were disrupted as compet-
ing Thule communities migrated into Greenland and walrus ivory fell out of
fashion in Europe. When a decade of exceptionally cold winters (1345-55)
occurred against this less favorable backdrop, it meant the deathblow for the
western Greenland settlement. At its peak, the western settlement counted at
least 95 farms and around 1,000 inhabitants. But when Ivar Bardarson, a Nor-
wegian cleric, visited the settlement in the late 1350s, all he found were vacant
farms. The mid-fourteenth-century abandonment of the western settlement
was followed by the abandonment of the eastern settlement a century later.
Yet, in the meantime, the nomadic Inuit, who had cohabited with the
Norse in Greenland during medieval times, prospered, rather than failed,
during the Little Ice Age. The Inuit traveled and hunted in kayaks, which they
launched from the edge of the sea ice and maneuvered through floes, allowing
them to hunt year-round. They made use of the expanding sca ice during the
Little Ice Age to broaden their hunting “grounds.” During the seventeenth
century, they were occasionally spotted as far southeast as the Orkney Islands
and northern Scotland. Further south on the British Isles, some Londoners
also found ways to profit from Little Ice Age conditions. From the seventeenth
through the early nineteenth century, winter frost fairs were held periodically
on the river Thames. The Thames was wider, shallower, and slower in those
days, and in the coldest winters it often froze solid for a few days, allowing
horse and coach races to be held and, in one notable instance in 1814, an ele-
phant to be led across the ice. As all Belgians know, it is just a shame that the
Brits never made use of the opportunity created by the Little Ice Age decline

of their wine industry to learn how to properly brew beer.
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Nine
Three Tree-Ring Scientists Walk into a Bar

Tree rings can tell us amazing things, but as climate proxies they have flaws.
Trees, in the strict sense of the word, do not grow in oceans or lakes, in the Ant-
arctic, or in vast regions of the Arctic. For lack of distinct annual rings, few trees
in the tropics have been used for paleoclimate research. Fortunately, all of these
regions are home to other biological and geological archives that can be used to
study past climate. Arctic and Antarctic ice can be cored to reveal hundreds of
thousands of layers of snow and ice. Ocean and lake sediments also exhibit lay-
ers that take us further back in time the deeper we delve beneath the surface.
Such layers do not provide the faithful annual record of tree rings; an individual
sediment layer can represent five, ten, a hundred, or even a thousand years.
Nonetheless, they can inform us about past climates and ecosystems, often over
much longer timespans than tree rings can. The oldest core extracted from the
Allan Hills in Antarctica, for instance, includes ice that is more than 2.7 million
years old, a timespan far beyond the reach of dendrochronology.

However, other proxies, like stalagmites, do form annual layers. Corals,
clams, and the ear bones of fish—called ozoliths—can also reliably form a
growth band each year. These “trees of the ocean” can tell us stories about ma-
rine currents, temperatures, and atmosphere-ocean interactions, such as ENSO.
Sclerochronology, a relatively young field of science that borrows many tech-
niques from dendrochronology, including crossdating, uses these marine crea-
tures to develop centuries-long ocean proxy records. Sclerochronologists from
Bangor University in Wales, for instance, have developed a 1,357-year-long
chronology from the shells of ocean quahogs (Arctica islandica), edible clams
commercially harvested along the shores of Iceland. Unfortunately, the scler-
ochronologists may have followed a little too closely in the footsteps of dendro-

chronologists. Among the quahogs dredged off of Iceland’s northern coast was
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a 507-year-old specimen named Hafrun,” the world’s oldest known noncolo-
nial animal. Unaware of Hafrun’s advanced age, however, the Bangor Univer-
sity researchers killed it when they cracked open its shell to analyze its growth
rings. Like the oldest known living tree, Prometheus, Hafrun was killed for sci-
ence. Unlike the scarce bristlecone pines, however, quahogs number in the mil-
lions in the North Atlantic Ocean. It is unlikely that Hafrun was the oldest one,
but searching for another 500-plus-year-old mollusk is like looking for a pine

needle in a haystack, and sclerochronologists are in it for the long haul.

Bryan Black, a colleague at the LTRR, began his career as a dendrochronolo-
gist but then defected to sclerochronology and managed to combine the two
fields in his study of California’s coastal climate. Bryan crossdated the otoliths in
splitnose rockfish (Sebastes diploproa) caught along the California coast and
used them to develop an almost sixty-year-long chronology of marine productiv-
ity. He then compared the rockfish otolith chronology with three time series of
Californian seabird" egg-laying dates and fledgling success rates. He found that
years with vigorous fish growth corresponded to years with high seabird breed-
ing success, both synchronized by a common driver, the California Current. This
ocean current moves southward along the California coast, lifting deep, cold,
nutrient-rich waters to the surface, where they support marine ecosystems. The
California Current and its upwelling are strong in winters when a high-pressure
ridge sits off the Pacific Coast. The clockwise rotation of the winds coming off of
such a high-pressure ridge (in the same vein as the clockwise-rotating winds of
the Azores High cog) strengthens the southbound California Current and fa-
vors upwelling. Such high-pressure systems, despite their positive impacts on
marine productivity, simultancously block North Pacific winter storms from
bringing rain and snow to California (fig. 11A). This was the case in the 2012~
16 California drought, when a persistent high-pressure ridge was so successful at

blocking winter storms from reaching California that it was nicknamed the “Ri-
diculously Resilient Ridge.”*

*Icelandic word meaning “the mystery of the ocean.”

t Auklet and murre.

#See Daniel Swain, “The Ridiculously Resilient Ridge continues into 2014; California drought in-
tensifies,” The California Weather Blog, 11 January 2014, http://weatherwest.com/archives/1085.
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The 2012-16 California drought is beautifully captured in the tree rings
of blue oaks (Quercus douglasii) growing in the Central Valley and the foot-
hills of the Sierra Nevada. Native blue oaks are some of the most moisture-
sensitive trees to be found anywhere on the planet; not a dry winter has oc-
curred in California over the past 700 years without producing a narrow ring
in the blue oak chronology. Blue oak tree rings have therefore been used to
study California’s hydroclimate history—to reconstruct streamflow in Cali-
fornia’s major rivers, as well as water quality in the San Francisco Bay. Drought-
driven downturns in blue oak productivity can also be linked to the Ridicu-
lously Resilient Ridge and thus back to the California Current. When Bryan
compared his time series of rockfish and seabird productivity with the blue
oak tree-ring chronology, he found an inverse relationship. In years when the
Ridiculously Resilient Ridge blocked winter storms and moisture from reach-
ing the blue oaks in the Central Valley, the California Current was strong and
its upwelling supported seabird and rockfish success. While Californians and
their blue oaks were suffering through the 2012-16 drought wrought by the
Ridiculously Resilient Ridge, their fish and seabird populations were thriving.
The moral of Bryan’s story? Maybe it’s that the ear bones of rockfish and tree
rings in California demonstrate more connections than anyone could reason-
ably imagine. Or maybe the moral is that even if you live in coastal California,
you can’t have it all.

My team used the same blue oak tree-ring data to study another aspect of
the California hydroclimate: the Sierra Nevada snowpack. On April 1,2015, in
the fourth year of the California drought, Governor Jerry Brown announced
the first-ever mandatory statewide water restrictions to mitigate its effects. He
did so from a bone-dry Phillips snow station just west of Lake Tahoe in the Si-
erra Nevada, where snowpack has been measured since 1941. Snowpack is of-
ten expressed as Snow Water Equivalent (SWE), which reflects how much wa-
ter is stored in snow; it can be thought of as the amount of water the snowpack
would create if it melted all at once. SWE is typically measured on April 1, after
most of the snow has fallen for the season but before it has started to melt, and
April 1 SWE is broadly considered representative of the entire winter season.
The average April 1 SWE at the Phillips Station for the years 1941-2014 was
26.8 inches. On April 1, 2015, when Governor Brown made his announce-

ment, there was no snow on the ground. Zero inches.
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The Ridiculously Resilient Ridge
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Figure 1A The "“Ridiculously Resilient Ridge,” which blocks North Pacific storms from
bringing rain to blue oaks in California’s Central Valley, also blocks them from moving farther
east to drop snow in the Sierra Nevada. The clockwise rotation of the winds coming off of
the Ridge strengthens the southbound California Current. This favors upwelling and supports
marine ecosystems, but it can cause drought in the Central Valley of the Sierra Nevada.

The lack of snow at Phillips station was a yardstick for the entire Sierra
Nevada, where the earliest SWE measurements date back to 1930. When the
April 1 SWE values for 2015 were released, they showed that the 2015 snow-
pack was the lowest it had been in more than 80 years. When Soumaya Bel-
mecheri and Flurin Babst—two postdocs in my research group at the LTRR—
heard those numbers, they realized that we could use the drought-sensitive
blue oak tree-ring data to put the 2015 SWE value in a much longer, perhaps
more meaningful context. They were the first to see an important connection:
the same Ridiculously Resilient Ridge that blocks North Pacific storms from

bringing rainfall to the blue oaks also blocks the storms from moving farther
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Sierra Nevada Snowpack

1500-2015ce
Reconstruction (1500-1980) — Instrumental data (1930-2015)
High
w
<
)
E
S
<
------------------------------------------------------------------------- 2015 ——
Low \ \ \ \ ‘ \
1500ce 1600 1700 1800 1900 2000

Figure 11B By compiling blue oak tree-ring data, we were able to reconstruct Sierra Nevada
snowpack back to 1500. The snowpack reconstruction shows that 2015 was a 500-year low.

cast and delivering snow to the Sierra Nevada. In other words, in years when it
was dry in the Central Valley, where blue oaks grow and their tree rings record
drought, it was also dry in the Sierra Nevada. Through that connection, we
could use blue oak tree rings to reconstruct Sierra Nevada annual snowpack
levels, not just over the past few decades, but over centuries.

As soon as the April 1 SWE data for 2015 were released, Soumaya and
Flurin set to work. They compiled instrumental Sierra Nevada SWE data and
more than 1,500 blue oak tree-ring series. They conducted quality checks of
the two data sets, calculated calibration statistics, developed the reconstruc-
tion model, and then calculated uncertainty intervals, return intervals, and
probabilities. The process of developing accurate and reliable climate recon-
structions from tree-ring data is heavy on statistics and quantitative analysis.
Soumaya and Flurin spent the month of April glued to their computers, cod-
ing every piece of the analysis puzzle and double-checking every result. During
these long days spent in the glow of screens, I was reluctant to knock on the
door of their shared office, worried that I would interrupt their flow. At the
same time, I shared their suspicion that we were about to find something big,
and I was impatient to see the results.

By carly May, after a month of compiling, coding, and debating the best
reconstruction approach, we had developed a Sierra Nevada SWE reconstruc-
tion that spanned more than 500 years (1500-2015 CE). Our reconstruction
showed us that the 2015 Sierra Nevada snowpack wasn’t just an 80-year low:
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it was a 500-year low. In the past 500 years, the Sierra Nevada snowpack had
never been as meager as it was in 2015 (fig. 11B). This result left us with mixed
feelings. We realized that our dedication had paid off; we had found a result
that was not only important to the scientific community but also to Califor-
nians and their policymakers. At the same time, we all knew very well that find-
inga 500-year record low is rarely a good thing, and certainly not when it comes
to the natural water-storage system responsible for 30 percent of California’s
water supply. The unprecedented nature of the 2015 snow drought is also a
harbinger of things to come: with anthropogenic climate change continuing to
accelerate, it is likely that such lows will occur more frequently in the future.

Because of the relevance and urgency of our results, we decided to write up
ashort paper: 500 words seemed appropriate for a 500-year low.” We aimed to
be as swift in our writing as in our analysis. We submitted our paper to Nazure
Climate Change in late May, and our paper was published in mid-September,
just five months after the release of the April 1 SWE values. The California
drought was still in full force, and our timely message about its extraordinary
character drew an unexpected amount of media attention. The New York Times,
the Los Angeles Times, the Washington Post, CNN—all of a sudden, everyone
was talking about a 500-year record snowpack low. If Soumaya Belmecheri
and I thought we were stressed before, we thought again.

Our paper was published on the first day of a two-day project workshop
that we had organized in Tucson, to which we had invited a dozen of our col-
laborators from across the US. In retrospect, we should have asked the journal
to postpone publication for a week, but at the time we had no inkling of the
level of media interest our paper would receive. On Monday morning I received
25 interview requests in less than 45 minutes. Every radio station in California
wanted a soundbite of Soumaya or me talking about snow drought. The work-
shop was a mess, and we were bad hosts, but we did get the issue a lot of expo-
sure, and the news about the 500-year snow drought spread like wildfire.

Inasense, the Sierra Nevada snowpack plot could be considered the Drought
Hockey Stick that I'd been searching for seven years earlier. It was an easy-to-
interpret graph that clearly showed the unprecedented nature of the current

climate, setting off a media frenzy. Several climate-science deniers lashed out
*Scientific papers typically range from 1,500 to 5,000 words in length.
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at us and our results, but their attacks were minor in the grand scheme of
things—nothing like the reactions to the inaugural Hockey Stick. Maybe 15
additional years of unabated climate change had made denial harder, or maybe
deniers don’t care much about snow in California, or maybe they thought
Soumaya and I were just two inconsequential girls not worthy of a fight. Re-

gardless, we count ourselves lucky to have largely escaped their wrath.

Our research on the 2015 record low Sierra Nevada snowpack is a good ex-
ample of how tree rings can be used to study climate extremes. Weather and
climate extremes,” such as droughts, heat waves, floods, tornadoes, and hurri-
canes, are a very destructive aspect of the climate system. These rare, severe de-
viations from the long-term average climate can threaten, and have devastating
effects on, human lives, livelihoods, ecosystems, and the economy. Because ex-
treme events are rare by definition, they are difficult to study. For instance, if
you wanted to research category 5 hurricanes in the Atlantic basin—the kind
with sustained wind speeds of more than 156 miles per hour—you'd have only
33 events to work with from the almost 170-year timespan since hurricane
records started in 1851. Of those 33, only 3 made landfall in the US as cate-
gory 5 hurricanes (the Labor Day Hurricane in 1935, Hurricane Camille in
1969, and Hurricane Andrew in 1992)." Three landfall events are not numer-
ous enough for us to reliably estimate how frequently they happen, or what
their likelihood is of happening in the future.

To improve the reliability of such likelihood estimations, we can use paleo-
climate proxies to create Iongcr time series that give us more extreme events to
examine. Tree rings are particularly good at capturing extreme events because
of their annual resolution. Tree-ring records are most often used to reconstruct
droughts and temperature extremes, but they can also be used to reconstruct
other climate extremes, such as floods and storms. When a windstorm or hur-
ricane rips off a tree’s foliage or breaks off its branches, the canopy damage can
be recorded in the tree’s rings. When trees lose many of their leaves at once,

they lose their capacity to photosynthesize, so they lack the energy to grow

*The distinction between the two is not sharp but primarily relates to their timescales. Weather
extremes occur on timescales of from 1 day to a few weeks. Climate extremes last at least a month.

t Hurricane Michael made landfall in Florida in October 2018 with wind speeds of 155 mph, just
under the category 5 threshold.
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wide rings. Without a full canopy and without full photosynthetic capacity,
carbon, rather than water availability or temperature, becomes a tree’s primary
limiting growth factor. Trees that are exposed to storms can record those
storms through a period of suppressed growth and a sequence of narrow rings.
The growth suppression starts in the year the storm hits and the tree loses its
leaves, and it lasts until the tree fully regrows its canopy. There are, of course,
other reasons why a tree can lose its photosynthetic capacity (e.g., defoliating
insects, fires, competition from other trees) or why its growth can be sup-
pressed (e.g., drought). Therefore, selecting the right site and trees is crucial
when studying past storms through tree rings, a research field called paleotem-
pestology. A good site for storm reconstruction will have trees that are exposed
to storms but are not subject to other limiting factors, such as insect outbreaks
or wildfires.

In the Florida Keys, the string of islands off the southern tip of Florida in
the northwestern Caribbean, the conditions are just right for paleotempestol-
ogy. The slash pines (Pinus elliottii) that grow on Big Pine Key don’t suffer
from drought or cold summers, and there are no defoliating insects or other
disturbances to speak of. As a Caribbean island, Big Pine Key is frequently hit
by hurricanes: since 1851, no fewer than 45 hurricanes (categories 1 through 5)
have tracked within a 100-mile radius of the island. Like most of Florida, Big
Pine Key is pretty flat. The highest elevation on the island is only six feet above
sea level. Still, these six feet are enough to give trees growing in the center of
the island an advantage over their lower-elevation neighbors. The trees grow-
ing on higher ground are better able to survive the storm surges that come
with hurricanes, because the intruding salt water retreats faster, not staying
around long enough to kill the trees. Furthermore, the Big Pine Key slash
pines have adapted their growth form to the frequent hurricane visits, which
makes them resistant to windthrow: they are not easily uprooted or broken by
wind. As a result, few slash pines on Big Pine Key die during hurricanes, but
many lose leaves and limbs and show related growth suppression in their rings.

When the dendrochronologist Grant Harley, at the University of Idaho,
looked at the ring patterns of slash pines he sampled on Big Pine Key, he saw
evidence of frequent growth suppressions in the same years in different trees.
When Grant tallied up the number of trees with suppressed growth per year, he

found evidence of growth suppression in most, or even all, trees on Big Pine
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Key for certain years. When he then compared these years with known hurri-
cane events, the reason for the synchronized growth suppressions emerged:
Grant’s tree-ring record captured 40 of the 44 hurricanes that have tracked close
to Big Pine Key since 1851. This connection between growth suppression and
hurricanes allowed Grant to use his 300-plus-year-long slash pine chronology
to reconstruct hurricane years for Big Pine Key all the way back to 1707.

Grant told me about his Big Pine Key hurricane reconstruction while we
were having a drink on the patio of the Hotel Congress in Tucson. It was May
2013, the last evening of the second American Dendrochronology Confer-
ence, which had brought roughly 250 dendrochronologists from around the
world to the “tree-ring mothership.” As fate would have it, the third dendro-
chronologist at the table that evening was Marta Dominguez-Delmds, a Span-
ish shipwreck dendroarcheologist at the University of Amsterdam. At the
conference, Marta had presented her research on timber derived from ship-
wrecks from Spain’s Age of Discovery. Between Marta’s stories of wreck-diving
in the Caribbean and Grant’s stories of trees stricken by storms on the Keys, we
realized that there was a common theme: hurricanes. Before the introduction
of steam-powered ships in the nineteenth century, hurricanes were the pri-
mary reason for shipwrecks on the transatlantic voyage from Europe to the
Americas. They were also the reason why trees on Big Pine Key showed sup-
pressed growth.

Over drinks on the hotel patio, we came up with the idea to combine the
Big Pine Key tree rings with Caribbean shipwreck records to reconstruct past
hurricanes and perhaps extend the timeline even further back than 300 years.
We hypothesized that if hurricanes were the culprit behind past shipwrecks in
the Caribbean, then maybe we could use the number of shipwrecks per year as
a proxy for hurricane activity. What we needed to test our hypothesis was a
shipwreck database that listed the date, location, and cause of past shipwrecks
in the Caribbean region. Marta knew just the database we needed: a book by
Robert Marx titled Shipwrecks of the Americas, a comprehensive collection of
roughly 4,000 shipwrecks in the Americas cataloged by year and location. The
book was intended primarily for wreck divers and treasure hunters, but it
would prove to be a valuable resource for dendrochronologists as well.

When Marta and I set to work tallying up the shipwreck records in Marx’s
book, Marta persuaded me to work only with the wrecks of Spanish ships. At
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first I thought she was just being patriotic, but her arguments made sense. The
Spanish were the first to make the transatlantic voyage from Europe to the
Americas, and from the sixteenth through the eighteenth century their system
of treasure-ship convoys, known as the Silver Fleet, was a crucial driver of
Spain’s economic power and represented a substantial investment by the Span-
ish government. The details of its voyages, including the number of ships and
fleets sent out to the Americas, as well as the number, location, date, and cause
of shipwrecks for each year, were therefore meticulously recorded in the Ar-
chivo General de Indias (General Archive of the Indies).” The Spanish ship-
wreck record in Marx’s book was based on this archive and the record was
long, going back to the late fifteenth century, and well documented. Just what
we needed.

Of the many shipwreck entries in Marx’s book, we excluded those for
wrecks caused by war, pirates, fires, or navigation failures. We then extracted
only those wrecks that occurred in the Caribbean region and during hurricane
season (July—November). After a couple of weeks of tabulation work, we had
in our hands a time series that showed how many ships wrecked per year out of
a total of 657 wrecks from 1495, when six caravels were lost in the port of La
Isabela, in what is now the Dominican Republic, until 1825. Of course, we
know that Marx’s book, and hence our database, is not complete. There are
shipwrecks lying on the Caribbean ocean floor that have never been recorded,
not even in the General Archive of the Indies. We also know that even after
our thorough vetting process, it is likely that some shipwrecks in the database
were not caused by hurricanes. Our next step, therefore, was to prove that de-
spite its shortcomings, our shipwreck record was a reliable proxy for Carib-
bean hurricane activity.

The most straightforward way to accomplish this would have been to di-
rectly compare shipwreck years with known hurricane years, as Grant did for
growth-suppression years in his Big Pine Key tree-ring chronology. But this
was not possible, because the shipwreck record ended in 1825, and the instru-
mental hurricane record only started in 1851—the two time series do not over-

lap. That was where the Big Pine Key tree-ring record came in. Grant’s 300-

*The repository of 43,000 volumes and approximately 80 million pages of archival material docu-
menting the history of the Spanish Empire in the Americas and the Philippines (sixteenth through

nineteenth centuries), the archive is housed in a dedicated building in Seville, Spain.
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year-long hurricane reconstruction (1707-2010) bridged the gap between the
instrumental hurricane record (1851-2010) and the shipwreck record (1495~
1825). From Grant’s carlier analyses, we already knew that years when many
trees showed suppressed growth corresponded to hurricane years. Then came
our piéce de résistance: when we compared the tree-ring record with the ship-
wreck record, we found that years with many suppressed trees also corre-
sponded to years with many shipwrecks. Even for us, it was astonishing to see
the shipwreck years line up so well with the fully independent years of tree-
growth suppression.

The only mechanism that can explain why tree growth was suppressed on
Big Pine Key in the same years that many ships wrecked in the Caribbean is
hurricanes. This result confirmed our initial hypothesis: by combining the two
records, we could push our reconstruction of Caribbean hurricane activity back
to 1495, the start of the shipwreck record. After the initial excitement of this
idea, and of showing that our hypothesis was correct, the project started to
dwindle. We had developed a 500-year-long Caribbean hurricane reconstruc-
tion but were unsure where to go next. What had we learned from 500 years of
reconstructed hurricanes that we had not already known from 150 years of in-
strumental hurricane data? It took us a while to figure that out.

The answer came to me in a coffee shop in Flagstaff later that summer. I
was doing fieldwork in northern Arizona, taking day trips to core trees from
home base at a (not exactly lovely) Motel 6. Unfortunately, a few days in, I had
contracted a fever and decided to stay in bed. But my resolve did not last long.
A cheap motel room during the daytime is a miserable place to be, especially
when sick, so I dragged myself over to the closest coffee shop with my laptop
to make use of the unexpected pause by having another look at our Caribbean
shipwreck work.

I ordered an Americano and found a spot at the window counter, opened
my laptop, and pulled up the full-sized plot of our hurricane reconstruction.
When my name was called, I picked up my coffee at the counter, and as I
walked back to my spot by the window, focused on not spilling my drink,
something in the hurricane plot in my near-peripheral vision snagged my at-
tention. From a blurry distance, only one aspect of our hurricane reconstruc-
tion stood out: an approximately 70-year dip in the number of shipwrecks in

the late seventeenth century (fig. 12). On closer inspection I found that this
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dip occurred from 1645 to 1715 CE and represented far fewer shipwrecks,
and thus hurricanes, than any other period in the previous or following centu-
ries. Once I saw the gap, I couldn’t unsee it. I racked my fevered brain to try
and remember what else was remarkable about that particular period. When I
realized that the hurricane gap overlapped in time perfectly with the Maunder
Minimum, the late seventeenth-century period with record low sunspot num-
bers, I almost shouted Eureka! into the void of the coffee shop. This finding
definitely brightened my mood and instantly cured my flu, but none of the
other customers in the coffee shop seemed very impressed by my newfound
jauntiness. They just kept staring at their own computer screens, muffled in the
headphones they had donned to tune out the emo-rock emerging from the
coffee shop’s speakers. I had to wait until evening to share my excitement with

my colleagues coming back from the field.
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Figure 12 The period from 1645 to 1715 shows a sharp drop in the number of hurricanes
and shipwrecks. This gap aligns with the Maunder Minimum, when sunspot numbers
were at a record low.

TREE STORY
110



Our hurricane gap was a new piece in the global Maunder Minimum and
Little Ice Age climate puzzle. We put the Caribbean on the map of regions
where the Maunder Minimum had had an important climatic impact. We had
found a long-term link between low solar radiation and low hurricane activity
that can be explained by ocean temperatures. Warmer ocean waters provide
more thermal and kinetic energy and increase the possibility of hurricane for-
mation. Hurricanes need ocean temperatures of at least 82°F to form and pros-
per. That is the main reason why hurricane season in the Caribbean typically
lasts through the warmer months of July through November. During the Maun-
der Minimum, the amount of solar energy that reached Earth’s surface was
lower than normal, leading to cool temperatures in the Atlantic Ocean and the
Caribbean. With ocean temperatures cooler than normal, there were fewer op-
portunities for hurricanes to form. Asa result, hurricane activity, and with it the
number of shipwrecks, was at a lull during the Maunder Minimum. This con-
nection not only enhances our understanding of the climate of the past but may
also help improve the critical climate models that predict what will happen to
Caribbean hurricanes in the future, so that we can be optimally prepared for
what is to come.

Global climate models (also called general circulation models, or GCM:s)
are computer-run programs that use the laws of physics, fluid motion, and
chemistry to mimic our complex climate system in order to study its dynamics.
The more than thirty climate models that are commonly used generally proj-
ect that with future climate change, tropical cyclones (including hurricanes in
the Caribbean) will become less frequent but more intense. Different climate
models agree remarkably well on this conclusion for Earth as a whole, but for
individual ocean basins there are many discrepancies between models and
thus greater uncertainties about what the future will bring. The largest discrep-
ancies for the North Atlantic Basin result from our limited understanding of
how hurricanes respond to changes in Earth’s radiation budget, which equals
the difference between the amount of energy Earth receives from the sun and
the amount it emits and reflects back into space. In the twenty-first century,
the man-made enhanced greenhouse effect is the main driver of such changes
in the radiation budget, but in the past they have also been related to natural
changes in solar radiation. The most dramatic of such solar-radiation changes

in recent history is the Maunder Minimum. The 75 percent reduction in hur-
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ricane activity we found for the Maunder Minimum can now be used as a
benchmark for future climate-change modeling studies. Models that show re-
duced hurricane activity during the Maunder Minimum when hindcasting are
likely more reliable than models that don’t show the reduction.” Knowing this,
we can weight future model forecasts toward the more reliable models.

Our findings can also be used to better understand the potential effect of
the Maunder Minimum and its cooling on human history. It is possible that
the lull in hurricane activity during the Maunder Minimum influenced Euro-
pean history through its impact on the Spanish transatlantic trade and thus on
the economic and political power balance in Europe. When Grant talked
about our study in a seminar at the University of Southern Mississippi, he
drew the attention of a colleague who specialized in the geography and history
of piracy. If you're starting to think that being a dendrochronologist sounds
like it could be a cool job, especially if it involves diving for shipwrecks, then
please consider that there are people out there who study pirates for a living.

As it turns out, the hurricane-poor Maunder Minimum coincides with the
period historians refer to as the Golden Age of Piracy. This period from ca. 1650
to 1720 was the heyday of Anglo-French buccancers and privateers in the Ca-
ribbean, who attacked Spanish ships on their return voyage to Europe. Noto-
rious pirates such as Edward “Blackbeard” Teach, “Black Sam” Belamy (the
Robin Hood of pirates), and Anne Bonny (who partnered with Mary Read and
John “Calico Jack” Rackham) raided ships that were loaded with gold, gems,
and sugar on their way back to Spain. The lack of hurricanes and shipwrecks
during the Maunder Minimum would have upped the bounty to be had for the
buccaneers and boosted the incentive for pirates to pillage and plunder. And
while fewer storms led to fewer shipwrecks on the Spanish side, calmer waters
also benefited the pirates, allowing their fortunes to flourish. Of course, geopo-
litical factors, such as international relations on the European continent and
the lack of effective government in the American colonies, played key roles in
the seventeenth-century rise of piracy, but it is likely that Blackbeard and Anne

Bonny thrived owing to a literal lack of shiver in their timbers.

* Climate models are run forward in time from the present to forecast how Earth’s climate will
respond to rising concentrations of atmospheric greenhouse gases in the future. But they can also
be started at some point in the past—for instance, at 1000 CE—and run to the present to hindcast

the past climate.
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Ten
Ghosts, Orphans, and Extraterrestrials

Dendrochronology can be used to study not only past climate and its ex-
tremes, such as hurricanes, but also other natural hazards. Earthquakes, for in-
stance, can damage trees and affect their growth. The surface rupture, displace-
ments, elevation change, and shaking that occur along tectonic-plate boundaries
as they lock, strain, and release during an earthquake can result in tree-ring
anomalies that can be used to date and study past earthquakes. While earth-
quakes are most commonly measured on the Richter scale, which classifies the
magnitude of earthquakes based on the strength of their seismic waves, they
can also be classified based on the severity of their impact. The Modified Mer-
calli scale,” which measures earthquake intensity on a scale from 1 through 8, is
partly based on the degree of tree disturbance caused by an earthquake. An
carthquake is classified as level 5 if trees are shaken “slightly” but level 8 if they
are shaken “strongly.” Such shaking and related damages can disrupt the normal
growth in affected trees and leave a permanent mark in their tree-ring record.

Sometimes, however, the earthquake damage to trees is so severe that the
trees do not survive. This is often the case for trees growing near the earth-
quake’s epicenter, but it can also happen when earthquakes in coastal regions
create land subsidence and saltwater surges. When an already low-lying area of
coastal land sinks an additional couple of meters as the result of an earthquake,
it can be submerged by seawater surges that bring sand and silt. The saltwater
surge kills trees in its path, and in the decade following the earthquake the
former landscape, including its meadows, thickets, and trees, is buried by a
layer of sand and silt. The silt layer is often depleted of oxygen, creating anoxic

conditions in which the remains of the killed trees (snags) are preserved and

*This is a modified and improved version of the original Mercalli intensity scale, developed in 1902.
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leave a lasting record of the earthquake’s impact. In the case of most trees fallen
victim to earthquakes, only the stumps beneath the surface are preserved. Some
tree species, however, have wood that is so rot resistant that their aboveground
portions also persevere through time after the trees die. Western red cedars
(Thuja plicata), for instance, can remain standing upright in the marsh for cen-
turies after an earthquake. In a New Yorker piece from 2015, Kathryn Schulz
describes such trees in ghost forests: “Leafless, branchless, backless, they are re-
duced to their trunks and worn to a smooth silver-gray, as if they had always
carried their own tombstones inside them.”*

Brian Atwater and David Yamaguchi were working for the US Geological
Survey when they sampled four such ghost forests in southern Washington,
on the North American Pacific Coast, and crossdated their western red cedar
snags. They dated the outer ring in every ghost tree they sampled to 1699.
Atwater and Yamaguchi found no sign of a slowdown in tree growth prior to
the ghost trees” decease, suggesting that the trees were healthy and happy right
up to their sudden death. These ghost trees clearly did not fade away; they
burned out in a single, abrupt event. The researchers hypothesized that a large
earthquake in the winter of 1699-1700, followed by subsidence and a salt-
water surge, caused their untimely demise. Their hypothesis was confirmed by
nearby trees on higher ground that had survived the earthquake but still showed
almost a decade of suppressed growth starting in 1700. Further evidence for
the exact calendar date and the magnitude of the 1700 earthquake came from
an unexpected source.

The biogeography of the Pacific Northwest, where the evergreen forests of
the Cascade Mountains and the Columbia River meet the mighty Pacific Ocean,
has long inspired natural scientists, environmental activists, and writers alike.
Yet, there are no written records describing the Cascadian bioregion prior to

the eighteenth century, when early European explorers, such as James Cook in
g Y; y p p

*See “The really big one,” New Yorker, 13 July 2015, hteps://www.newyorker.com/magazine/2015
/07/20/the-really-big-one.

1 If we are to date the year of death of a tree, the tree’s final ring must be preserved, which was not
the case with the weather-eroded trunks of the ghost trees. Atwater and Yamaguchi therefore
unearthed the roots of the ghost trees that had been submerged in the marsh and still bore bark;
the final ring under the bark was present in these roots. Atwater and Yamaguchi then crossdated
the root chronologies to the previously developed stem chronologies to determine the date of the

final ring.

TREE STORY
114


https://www.newyorker.com/magazine/2015/07/20/the-really-big-one
https://www.newyorker.com/magazine/2015/07/20/the-really-big-one

the 1770s, followed by Lewis and Clark in the early 1800s, reached the North
Pacific Coast. The Chinook and Sahaptin language groups of the Pacific North-
west do have oral traditions that include stories of coastal flooding and subsid-
ence. Without a written record, however, many of these stories have been lost
over time, and the ones that have survived do not include specific dates or
places. This means that the 1700 earthquake predates the earliest written ac-
counts in the Pacific Northwest by almost a century.

Five thousand miles away, on the other side of the Pacific Ocean, however,
the Japanese have been keeping written records since at least the sixth century.
As it happens, the 1700 earthquake occurred in the midst of the largely peace-
ful Edo shogunate (1603-1867), which had little need for a strong military
class, so many Edo samurai swordsmen were employed as scribes. Literacy be-
came widespread in Japan during this period, with merchants and peasants
contributing to literature and bureaucracy alike. When on January 27 and 28,
1700, a tsunami ravaged more than 600 miles of Japan’s Pacific Coast, it was
recorded in hundreds of accounts of shipwrecks, floodings, and drowned agri-
cultural fields. The 1700 tsunami is one of the best-documented events in Ja-
pan’s history, but there was not a single report of an earthquake in Japan that
might have caused it. For almost 300 years, the origin of the 1700 tsunami re-
mained unknown. Earthquake historians called it an “orphan tsunami.”

In 1997, Atwater and Yamaguchi collaborated with Japanese earthquake
historians to reunite Japan’s orphan tsunami with its Cascadian parent earth-
quake. The research team ran computer simulations indicating that the 1700
Cascadian earthquake recorded in the ghost tree rings generated a tsunami
front that probably needed about ten hours to reach the northeastern coast of
Japan on January 27. The parent earthquake must therefore have happened on
the evening of January 26, 1700, and it must have been giant—at least a mag-
nitude 9 on the Richter scale—to have flooded such an extensive area of land
5,000 miles away. An earthquake of anywhere near this magnitude has never
occurred in the Pacific Northwest since, so these findings are our most visceral
warning of the risk of large, destructive earthquakes in the region. We know
from geomorphological data that over the past 3,500 years, large earthquakes
have occurred in the Pacific Northwest on average every 500 years. The inter-
vals between earthquakes, however, range from a few centuries to a millen-

nium. The inevitability of the next destructive earthquake in the region is now
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accepted, but we cannot yet predict whether it will happen 1 year or 1,000
years from now. What we can do is properly prepare cities, buildings, commu-
nities, and people for a potential magnitude 9 earthquake and possibly a re-
lated tsunami. Thanks to ghost-forest dendrochronology and the discovery of
the 1700 earthquake, public-safety efforts, including tsunami warnings and
seismic hazard maps, are now in place that will aid in making the impact of the

next event less destructive.

Severe extreme events such as earthquakes can suppress the growth of trees
for years and generate long sequences of narrow rings. But some extreme events
are so sudden and disruptive to the tree’s growth that the core structure of the
year’s ring, its wood anatomy, is impacted. This impact is particularly signifi-
cant if it happens during the growing season, when the tree is actively forming
new wood cells in a new ring. The anatomical anomalies created by such events
stand out in a tree-ring sequence, creating a lasting record of something having
gone seriously awry in a particular year.

The nuclear fallout from the disastrous accident at the Chernobyl power
plant in Ukraine on April 26, 1986, killed all trees in a 1.5-mile radius, creat-
ing the Red Forest, named for the burnt-sienna color of the dead pines. The
Red Forest was bulldozed and buried under a thick carpet of sand during the
postdisaster cleanup, and its site remains exceedingly contaminated. Trees fur-
ther away from the power station also suffered severe radiation damage; how-
ever, they have been left in situ, providing a unique opportunity to study the
effects of radiation on tree growth in the field. Timothy Mousseau, of the Uni-
versity of South Carolina, and his colleagues waited until 2009, 23 years after
the accident, to enter the 19-mile core of the military-controlled Chernobyl
Exclusion Zone to collect tree cookies for their study. Even after 23 years, they
had to wear radiation-protection suits to sample in the most contaminated
areas. They collected cross sections of more than 100 Scots pines (Pinus sylves-
tris) and found high concentrations of radionuclides—radioactive atoms—in
the wood of all the trees they sampled. Trees growing in the zone absorb high
doses of radionuclides through their roots and incorporate them in their wood
as they grow. Mousseau and his team found that the closer to the power plant
the trees grew, the higher the radionuclide concentrations. Clearing these ra-

dioactive forests is too dangerous and expensive to be realistic, but if the pine
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trees die because of wildfires, droughts, or insect attacks, then the radionu-
clides will be released into the air and the radioactive particles can be carried
for great distances across the Eurasian continent. For now, the risk of this hap-
pening is mitigated by teams of Ukrainian firefighters who spend their sum-
mer days on the lookout for wildfires from rusty watchtowers high over the
Chernobyl landscape.

In addition to radionuclides, Mousseau and his collaborators also found
that the nuclear fallout resulted in severe growth suppressions in the rings fol-
lowing the 1986 ring. The 1987-89 rings were most strongly suppressed, but
the suppression effect lingered for up to two decades. They also found abnor-
malities in the wood anatomy of the 1986 ring (fig. 13). In normal pinewood,
the cells are organized in straight, undivided rows perpendicular to the tree-
ring boundary. In the 1986 ring of the Chernobyl pines, some cell rows con-
verged, while others divided into multiple rows. Yet other cell rows divided
firstand then later merged again. All of these anomalies indicate radiation dam-
age to the cambium of the tree, where new wood cells are formed. The closer
the trees were located to the power station and the accident, the more frequently
these oddities appeared.

Dendrochronologists discovered similar growth suppressions and anatom-
ical abnormalities in the trees growing near Tunguska, in eastern Siberia, in
1908. Around 7:00 a.m. on June 30 of that year, a meteoroid entered the strato-
sphere and disintegrated three to six miles above Tunguska. The meteoroid
did not hit the surface of the earth and did not leave a crater, but its entry into
our atmosphere created an explosion with a shock wave that would have mea-
sured 5.0 on the Richter scale if that scale had existed then. There are eyewit-
ness accounts of the event from Tungusic people as well as Russian settlers who
lived close enough to see a fireball moving across the sky, to hear its noise as
loud as cannon fire, and to feel the earth shake on its entry. According to the
Sibir newspaper for July 2, 1908, “In the north Karelinski village the peasants
saw to the northwest, rather high above the horizon, some strangely bright
bluish-white heavenly body, which for 10 minutes moved downwards. . . . As
the body neared the ground, the bright body seemed to smudge, and then
turned into a giant billow of black smoke, and a loud knocking was heard as
if large stones were falling, or artillery was fired. All buildings shook. At the

same time the cloud began emitting flames of uncertain shapes. All villagers

Ghosts, Orphans, and Extraterrestrials
17



Radiation Damage

Pl W W | 1 17 1[1.Lu1 T
) 20800000
—4~ i T O
D TUALVITT L
-
A
IYII'[‘ ‘LI:IF‘ ) §
l “ ‘ ) —~—
LA A JJIITIT) ]
O
B
7 D)
JALL
X )
1
I )N
c ~
0 D
JTIVLL
986 Ap
Merging
Figure 13 Fallout from the accident at EEaEEDYADE
the Chernobyl nuclear power plant in late OoooDooooon QTBUI d
April 1986 caused severe radiation dam- UooJo D0og 1/7/ VAN J
age in surviving pine trees. In normal
pinewood, the cells are organized in @ Dividing
straight, undivided rows perpendicular to O S0 D AnAEW
ooOOoOoRUUlLl
the tree-ring boundary (A). In the 1986 OB e WIRND
ring of Chernobyl pines, some cell rows (®) Dividing and mergin
viail 1
merged (B), while others divided into 9 ong —
multiple rows (C). Yet other cell rows di- @@m® @@@m DD (/Ll J)010
vided first, to then later merge again (D). WDDW DomuEseenuawlild 0000

were stricken with panic and took to the streets, women cried, thinking it was

the end of the world”

Fortunately, Tunguska is in the middle of nowhere; no one actually lived

close enough to get a better look, and there were no known human casualties.

The first expedition that set out to investigate the Tunguska event reached the

site in 1927, almost two decades after the explosion. The explorers did not find
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a crater, but they did find a 5-mile-diameter ground zero,” where all the trees
were scorched, debranched, and killed, though still standing upright. Trees
outside this core area were partly burned and had toppled away from the epi-
center. From later aerial photographs the magnitude of the impact emerged:
the explosion uprooted an estimated 80 million trees in a giant butterfly pat-
tern covering approximately 800 square miles of Siberian taiga.’

Few trees in the Tunguska area survived the blast, but those that did carry
the memory of its impact in their 1908 ring. In 1990, the Russian dendrochro-
nologist Evgenii Vaganov, of the Sukachev Institute of Forest in Krasnoyarsk,
cored 12 trees that had survived the explosion within a 3- to 4-mile radius of
the Tunguska epicenter. Evgenii was curious about the impact of various me-
chanical aspects of the blast wave—scorching, defoliation, shaking—on the
woody growth of the trees. He found effects on the Tunguska trees similar to
those Timothy Mousseau discovered in the wake of the 1986 Chernobyl acci-
dent: suppressed growth for four to five years following the explosion, as well
as severe wood anatomical abnormalities in the 1908 ring itself. The nature of
the wood anatomical anomalies, however, was different from that of anoma-
lies caused by radioactive radiation in Chernobyl. The larch, spruce, and pine
trees in Tunguska formed /ight rings, rings that have latewood cells with smaller
than normal diameters and nonthickened cell walls, in 1908. The trees also
formed fewer latewood cells in 1908 than in other years, and the combination
of few latewood cells with thin cell walls gives the 1908 ring an abnormally
bleached appearance. Such light rings were likely caused by the explosive blast
ripping the leaves off the tree. Defoliation in the middle of the growing season
can stop growth-hormone supplies from reaching the cambium. Without this
hormone-driven cambial activity, the tree will run out of energy and the in-
centive to form new wood or even to properly finish the wood cells that it

started forming prior to defoliation.

Events do not need to be as dramatic as a nuclear-power-plant meltdown or
a meteoroid explosion to leave a lasting mark in the wood anatomy of tree

rings. Extreme weather events, such as floods or frosts, can also cause ring ab-

*The point on the earth’s surface directly below an explosion.

t The butterfly pattern had a “wingspan” of 43 miles and a “body length” of 34 miles.
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normalities. Flood rings occur in trees growing on riverbanks, where they may
be inundated by spring or summer floods. In severe floods, such inundations
can last along time and create anoxic conditions for the roots and stems of the
trees. Such anoxic conditions can lead to growth-hormone imbalances in ri-
parian trees and abnormalities in the wood anatomy of the rings that are
formed during the inundation. In oaks, for instance, flood rings have much
smaller earlywood vessels—the specialized water-conducting cells in the wood
of broadleaf trees—than normal rings. By analyzing the flood rings in oak
trees from a wet bottomland forest at the southeastern tip of Missouri, for
instance, Matt Therrell and Emma Bialecki, of the University of Alabama, re-
constructed Mississippi floods back to 1770 and added 17 spring floods to the
instrumental Mississippi record. Their research has shown that twentieth-
century engineering modifications, such as the channelization following the
great flood of 1927, have elevated the current flood hazard in the Mississippi
River system to unprecedented levels. Well-intended engineering efforts to
tame the river and confine its wiggle room have only made its flooding worse.
Similar warnings about flood-control measures actually increasing flood risk
date as far back as the 1850s, long before the Mississippi River channelization
even started. But even though the evidence for this is now also clear in the tree
rings, so far it has not led to any policy changes.

Ring abnormalities can also occur when frost, with temperatures falling
below freezing, occurs during a tree’s growing season, when it is forming wood
cells and thickening their walls. The dehydrating effect of the frost can severely
injure the cambium, which then produces irregularly shaped wood cells. In

frost rings, a band of deformed wood cells is visible between the neat rows of

cells prior to and following the frost event (fig. 14). This band of deformed
cells can occur in the earlywood, when caused by a late spring frost, or in the
latewood, when caused by an early fall frost.

Dendrochronologists have discovered that sometimes frost events are un-
related to winter arriving early or outstaying its welcome. An unexpected link
between frost rings and past volcanic eruptions was first discovered in the
carly 1980s by the LTRR’s Val Lamarche and Katie Hirschboeck. They found
frost rings in the then 4,000-year-long bristlecone pine tree-ring record that
coincided in trees growing in California and Colorado. Bristlecone pines

growing more than 800 miles apart formed frost rings in the middle of sum-

TREE STORY
120



\

Wiy

g Wwavin A,

W

il
kW wdo_

in Mongolia covers

)

Pinus sibirica

39 CE and includes a frost ring in 536. The narrow ring in 537 also implies

(

ring sequence from a Siberian pine

. The list of
because the major-

and 1965 CE

>

for instance in 1817, 1912

]

. For instance,

known volcanic eruptions

and the

and Extraterrestrials

, Orphans,

Ghosts

121

S
R iy
Sy Atyte
C“AQII-IA-AI .
Sl

Figure 14 This tree
the period 534

unusually cold weather. The cold summers were caused by a volcanic eruption in 536 that

kicked off the Late Antique Little Ice Age. Photo by Dee Breger.

mer in the same years,

ring years rang a bell for Lamarche and Hirschboeck

frost

ity of these years closely followed well-

the 1817 frost ring followed the 1815 Tambora eruption in Indonesia, the

1912 frost ring corresponds to the 1912 Katmai eruption in Alaska,



1965 frost ring followed the 1963 Agung cruption in Bali. The two or three
years of widespread cooling following volcanic events can thus explain the oc-
currence of out-of-season but synchronized frost rings.

We have learned a lot about the link between tree rings and volcanic erup-
tions in the thirty years since Lamarche and Hirschboeck’s groundbreaking
work. We now know that postvolcanic cooling is recorded not only as frost
rings in some trees but also as an extremely narrow ring in most temperature-
sensitive trees. The stratospheric aerosol veil produced by major volcanic erup-
tions can cool temperatures over large regions of the earth’s surface for up to
two years or more. Tropical eruptions in particular can leave a vast, cooling
fingerprint on temperatures and temperature-sensitive tree-ring chronologies
worldwide. When we develop hemispheric- or global-scale temperature recon-
structions, such as the Hockey Stick or the Spaghetti Plate, we average a mul-
titude of such temperature-sensitive tree-ring chronologies from a range of
locations. Years of widespread warming or cooling stand out in such recon-
structions because they are common to the majority of contributing tree-ring
chronologies. In the Hockey Stick curve, the warm 1990s (the “blade”) stood
out because most tree-ring chronologies recorded unprecedented warming in
this decade. On the opposite side of the scale, the “Year Without a Summer,”
in which Mary Shelley wrote Frankenstein, following the 1815 Tambora erup-
tion, stands out as a cold year in many tree-ring-based temperature reconstruc-
tions because many series show an exceptionally narrow ring.

Tree-ring-based temperature reconstructions can therefore be used to study
and quantify the effect of past volcanic eruptions on climate change. How-
ever, to correctly and confidently attribute past climatic cooling to past volca-
nic events, we also need independent and precisely dated records of past volcanic
eruptions. Such volcanic proxies are provided by ice-core records from Green-
land and Antarctica. The sulfuric acrosols that are released when large volca-
noes erupt are captured in the snow and ice layers of these ice fields as sulfate
(SOZ’) deposits, and the volcano-derived sulfate spikes can be dated with the
ice-core layer in which they were deposited.

But we can only line up the volcanic events recorded in ice-core layers with
the cooling recorded in tree rings if both records are absolutely and reliably
dated. Crossdating guarantees this for tree-ring records, but ice-core records

are prone to more chronological errors. When the paleoclimatologists Mi-
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chael Sigl, Joe McConnell, and their team from the Desert Research Institute,
in Reno, Nevada, compared sulfate spikes in five ice-core records from Antarc-
tica and Greenland with cold years in tree-ring-based temperature reconstruc-
tions” for the Northern Hemisphere, they found that the ice-core and tree-ring
records lined up perfectly back to 1250 CE. Every large volcanic eruption cap-
tured in the ice cores was followed one to two years later by strong cooling in
the tree-ring records. However, the 1257 Samalas eruption in Indonesia was the
carliest volcanic event that matched up with subsequent narrow rings and cool-
ing, in 1258. Prior to 1250, volcanic eruptions recorded in the ice cores were
followed by cooling recorded in tree rings not one or two years but seven years
later (fig. 15). Because tree-ring data are crossdated, it is virtually impossible for
the tree-ring record to have been misdated by seven years. The seven-year dis-
crepancy before 1250 between volcanic eruptions and subsequent cooling sug-
gests a chronological error in the earliest part of the ice-core record.

The riddle of the pre-1250 seven-year discrepancy was solved in 2012, when
Fusa Miyake and colleagues from the Solar-Terrestrial Environment Labora-
tory at the University of Nagoya in Japan discovered a radiocarbon (carbon-14,
or C14) spike in the tree ring from the year 775 CE. Prior to their study, radio-
carbon had only been measured in groups of 10 or more consecutive tree rings
to contribute to the calibration of the international radiocarbon calibration
curve, used to derive an object’s calendar age from its radiocarbon content.
Averaging C14 values over multiple years is appropriate for this purpose, but
it masks peaks in the C14 record that occur in individual rings.

To study such annual C14 peaks and their origin, Miyake and his tecam
measured C14 in individual rings, rather than in 10-year chunks, of two Japa-
nese cedar (Cryptomeria japonica) trees. They found a C14 peak in the 775 CE
ring of both trees that was about 20 times higher than the long-term C14 av-
erage. This 775 radiocarbon peak spans both hemispheres and has since also
been found in trees from Germany, Russia, North America, and New Zealand.
Only a very strong solar flare, during which the sun ¢jects massive amounts of
radiation in Earth’s direction, could have caused atmospheric C14 to change

that drastically, that suddenly. The superflare that created the 775 C14 peak

*They used five temperature reconstructions from central Europe, Scandinavia, Siberia, and the
western US.

t Also called a solar proton event, or SPE.
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must have been 40 to 50 times larger than any that have been directly ob-
served. During a superflare, the sun produces blazes of intense radiation that
create unusually high numbers of cosmogenic isotopes, such as C14, when
they reach the earth’s atmosphere. These cosmogenic isotopes are absorbed by
trees through photosynthesis and recorded in the tree rings as C14 peaks. The
775 peak in C14, recorded in tree rings around the world, was likely caused by
asuperflare in the preceding year, 774. A similar but weaker solar flare created
asecond C14 peak in tree rings formed in 994.

The sun constantly produces radiation that creates cosmogenic isotopes in
the earth’s atmosphere. However, solar flares strong enough to result in C14
peaks such as seen in the 775 and 994 tree rings are rare, and the 774 superflare
is estimated to have been the strongest over the past 11,000 years. The 774
event was recorded in the eighth-century section of the Anglo-Saxon Chroni-
cle” as follows: “Annus Domini 774. . .. This year also appeared in the heavens
a red crucifix, after sunset; the Mercians and the men of Kent fought at Ot-
ford; and wonderful serpents were seen in the land of the South-Saxons.” Even
though this particular chronicler seems to have been charmed by red crucifix
auroras and wonderful serpents, the great infrequency of such massive solar
storms is a good thing; they potentially deplete Earth’s ozone layer, disrupt its
geomagnetic field, and seriously mess with our technology and telecommuni-
cation systems.

In addition to radiocarbon, beryllium-10 (Bel0) is formed in the atmo-
sphere when it is bombarded with the sun’s rays. Unlike C14, which is not
typically captured in ice cores," atmospheric Be10 is deposited in the snow and
ice layers of Greenland and Antarctica. In the same way that sulfate peaks in
ice cores can be used as a proxy for volcanic activity, Be10 peaks can be used as
a proxy for the sun’s activity. Solar superflares, such as the ones in 774-75 and
994, create Bel0 spikes in ice cores, which can be used to directly link the date
of an ice layer to the date of a related C14 peak in the tree-ring record.

When Michael Sigl and his colleagues measured BelO concentrations in

ice cores from both Greenland and Antarctica, they found a Be10 peak in 768

* A collection of Old English annals chronicling the history of the Anglo-Saxons from 60 BCE to
1116 CE. Nine copies of the Chronicle survive, seven of which reside in the British Library in
London.

t Because ice—unlike trees—does not photosynthesize.
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and another peak in 987. Both peaks occurred exactly seven years prior to the
tree-ring C14 peaks of 775 and 994, suggesting a seven-year offset in this early
section of the ice-core record (see fig. 15). This seven-year offset explains the
seven-year discrepancy between early volcanic eruptions in the ice-core record
and cool years in the tree-ring record. Sure enough, when Michael and his
team shifted the pre-1257 section of the ice-core chronology seven years to-
ward the present, all of a sudden the ice-core and tree-ring data lined up per-
fectly. Fifteen of the sixteen coldest years in the tree-ring record for the period
500 BCE to 1000 CE now followed large volcanic sulfate peaks in the ice-core
record by 1 to 2 years. This is how Joe McConnell describes the breakthrough
in a Los Angeles Times interview: “Before this work, the tree rings and the ice
core records diverged. In the new dating, they line right up. We can look at the
tree and say, “There’s the cooling that’s associated with this volcanic event.”*
Why was a mainstream media outlet like the Los Angeles Times interested
in interviewing Joe? Because of the importance of this finding for exploring
the links between climate and civilization. With volcanic eruptions now se-
curely dated over the past 2,500 years, their impact on climate and human
history can be examined. Volcanic eruptions not only cool the earth’s surface,
they can also impact regional hydroclimate. Nile River failures, for instance,
have been linked to volcanic activity. Ample historical records dating back to
the time of the pharaohs describe the Nile bursting over its banks every sum-
mer, flooding the adjacent plains. When the floodwaters receded in early fall,
they left behind fertile black silt that enabled the agriculture that sustained the
Egyptian people in an otherwise arid environment. Egyptian socicties used
nilometers to record the rise and fall of their life-bringing river. At Rhoda
Island, in central Cairo, the nilometer is a vertical column submerged in the
river, with markings at intervals to indicate the depth of the water. Nilometer
measurements at Rhoda Island were first taken after the Arab invasion in 622
CE and continued until 1902, when the construction of the first Aswan Dam
made them obsolete.” Thus the Cairo nilometer provided one of the longest,

near-continuous documentary hydroclimatic time series in existence. When

*Eryn Brown, “Ice cores yield history of volcanic eruptions, climate effects,” Los Angeles Times,
10 July 2015, hetp://www.latimes.com/science/sciencenow/la-sci-sn-volcanoes-climate-history
-20150710-story.html.

+The dams first reduced and then eliminated the Nile’s annual inundation.

TREE STORY
126


http://www.latimes.com/science/sciencenow/la-sci-sn-volcanoes-climate-history-20150710-story.html
http://www.latimes.com/science/sciencenow/la-sci-sn-volcanoes-climate-history-20150710-story.html

the historian Joe Manning, of Yale University, in collaboration with Michacl
Sigl and others, compared the nilometer record to the now correctly dated
ice-core-based volcano record, he discovered that Nile summer flooding was
on average almost 9 inches lower in years of large, explosive volcanic eruptions
than in other years. Because of the Nile’s critical role in agriculture, such low
water levels often led to famine.

The researchers then extended this relationship between volcanic activity
and Nile failures further back in time to Ptolemaic Egypt. The Ptolemaic King-
dom (305-30 BCE) was founded by a Greek royal family after Alexander the
Great’s death in 323 BCE, but the Hellenistic rulers frequently had to fight off
revolts of the native Egyptian population. When Manning compared the on-
set dates of these Egyptian revolts, as recorded in papyri and inscriptions, with
the ice-core-based volcanic-eruption chronology, he found that an above-
average number of revolts started in years of volcanic eruptions or in years
immediately following them. This result implies that volcano-induced Nile
failure might have been a catalyst for revolt in this agricultural society. For in-
stance, the 20-year Theban revolt that started in 207 BCE followed two years
after a 209 BCE volcanic eruption in Iceland.”

Increased instability at home because of the revolts might then have re-
stricted the Ptolemaic rulers in their warfare with neighboring states. Ptole-
maic armies were recalled to Egypt to suppress domestic unrest, and dynastic
revenues were redistributed from military campaigns to relief efforts to deal
with the hydrological shock of Nile failure. In addition to more revolt-onset
dates, Manning and his team also found more end-of-war dates correspond-
ing to volcanic years than to other years. Also, priestly decrees, such as the one
issued in Memphis, Egypt, in 196 BCE and recorded in three languages on the
Rosetta Stone, were issued more frequently in eruption years than in other
years. It appears that one aim of such decrees was to reinforce state authority,
for which there was more need in times of social unrest, by linking it to the

influential priestly class.

*The same volcanic eruption also caused famine in China. A first-century BCE Chinese record
states that in November of 207 BCE “the harvest had failed, the people were destitute, and for
lack of grain [even] soldiers were eating beans and taros.” K. D. Pang, “The legacies of eruption:
Matching traces of ancient volcanism with chronicles of cold and famine,” The Sciences 31, no. 1
(1991), 30-35.
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These results all indicate that volcanically induced failure of the Nile sum-
mer floods might have triggered rebellions, curbed foreign wars, and poten-
tially led to the demise of the Ptolemaic Kingdom. The end of the kingdom is
typically attributed to the suicide of its last ruler, Cleopatra, in 30 BCE fol-
lowing her defeat by Rome. But it also followed a decade with two major vol-
canic eruptions (46 and 44 BCE), which led to repeated Nile failure and a
societal cataclysm that included famine, plague, corruption, and migration.
Environmental triggers of socicetal demise, such as volcanic eruptions, how-
ever, are best discussed with nuance against a backdrop of demographic, so-
cioeconomic, and political changes. The web of interactions between humans
and the environment leading to societal collapse is intricately woven. This was
starkly illustrated a few centuries after the decline of the Ptolemaic dynasty,
when the Roman Empire began its own lengthy implosion. No socioecologi-

cal web is as labyrinthine as the one that led to the fall of Rome.
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Eleven
Disintegration, or The Fall of Rome

I took Latin in school. Six endless years of Latin, from which I absorbed a
sum total of two things: that Julius Caesar considered the Belgians to be the
bravest among the Gauls (Horum omnium fortissimi sunt Belgae) and that he
cast the die (A/ea iacta est) when he crossed the Rubicon in 49 BCE. My teach-
ers can attest that [ was never an enthusiastic Latin student, and I had zero in-
tention of incorporating anything about the Roman Empire in my future pro-
fessional life. Yet, even though my career as a dendrochronologist seemed as
far removed from Caesar as I could imagine, I should have known that in the
end all roads lead to Rome.

My journey to the Eternal City started at the WSL in Switzerland, during
my work extracting climatic information from archeological wood dating back
to Roman times. By using more than 8,500 tree-ring samples from subfossil
wood, timber from historic buildings and Roman water wells, as well as living
oak and pine trees, our team developed a precipitation and a temperature re-
construction for central Europe that covered the past 2,400 years (405 BCE-
2008 CE)." When we lined up the tree-harvest dates of the archeological ma-
terial, we found an active construction period, indicated by many felled trees,
from ca. 300 BCE to 200 CE (see fig. 7). This time frame coincides with the
Roman Climate Optimum, a period when the Roman agrarian economy thrived,
the population prospered, and the empire reached its peak complexity against
a backdrop of a generally benign European climate.

*We used oak samples from low-lying areas in Germany and northeastern France, where water
availability is the primary limiting factor for tree growth, to reconstruct central European rainfall.
To reconstruct summer temperature, we used pine samples from the Austrian Alps, where trees are

more sensitive to temperature variability than to water availability.
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How Climatic Instability Changed Europe
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Figure 16 Around 250 CE, the Roman Empire began to experience a sequence of alter
nating dry and wet decades combined with consistently cool summers. This climatic in-
stability during the Roman Transition Period continued for 300 years and thus overlapped
with two events that altered Europe forever: the disintegration of the Western Roman
Empire and the Vélkerwanderung, the Migration Period, during which Germanic tribes
and Huns wandered into the Roman Empire and contributed to its demise.

However, the wet, warm, and above all stable climate regime of the Roman
Climate Optimum came to an end around 250 CE and was followed by an
extended period of climate vagaries. Alternating dry and wet decades were ac-
companied by cool summers that hit rock bottom around 550 (fig. 16). These
three centuries of exceptional climatic instability coincided with an important
transition in the Roman Empire. With the size of the empire growing out of
control, it was split into its western and eastern halves in 285, which divided
its strengths and largely dissolved its coherence. Rome ruled the Western Em-
pire, Constantinople the East. When the Germanic king Odoacer invaded
Rome almost 200 years later, deposing the last western emperor, Romulus Au-
gustus, the Western Empire fragmented and went into freefall.

Over the course of 300 years, the empire transitioned from a sociopoliti-

cally complex state that embraced a multitude of regionally diverse cultures to
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an amalgam of rump states, decapitated after the fall of its capital. The timeline
of the failure of the Roman state is fairly well established and accepted, thanks
to the Romans’ love of writing. The circumstances contributing to its disinte-
gration, however, have long been debated among historians and archeologists.
There is no consensus about the relative role of internal failures, such as esca-
lating corruption and civil war, versus external factors, such as the barbarian
invasions and pandemics. Our climate reconstruction showed that this Ro-
man Transition Period coincided with severe European climate instability,
which raises the possibility that climate also contributed to the disintegration
of the Roman state.

When studying potential links between climate history and human his-
tory, one of the most important principles to keep in mind is that correlation
does not mean causation. To make a case for the role of climate vagaries in the
failure of the Roman state, we need to establish realistic pathways through
which an unstable climate could have interacted with political drivers and so-
cietal vulnerabilities to disrupt Roman society and to create a synergism that
made the implosion of the existing sociopolitical system all but unavoidable.

The first of three potential pathways is probably the most intuitive one: the
decadal fluctuations in hydroclimate and the cool temperatures of the Roman
Transition Period were detrimental to agricultural productivity. The Roman
Empire expanded over three continents (Europe, North Africa, and South-
west Asia) and comprised a wide range of climate systems, offering the empire
some resilience to run-of-the-mill weather whims. This geographical diversity
provided a buffer to occasional local irregularities but was not up to the task of
mitigating the large-scale climate turbulence of the Roman Transition Period.
While widespread summer cooling shortened the growing season and reduced
harvests in Europe, droughts diminished Rome’s granary in North Africa. Ac-
cording to papyri data, during the Roman Climate Optimum the Nile produced
a fruitful flood on average once every five years, but during the Roman Transi-
tion Period favorable Nile floods occurred less than once a decade. Such decadal
climate fluctuations are disruptive for agricultural societies because they are
difficult to fight with social or technological innovations; this is true even in
complex societies such as those the Romans had built. More frequent, annual
fluctuations can be mitigated by building up, storing, and using reserves. But

there are only so many reserves one can store. Once periods of drought exceed
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more than 5 to 10 years, conditions for food production and society as a whole
can become dire.

The role of Rome’s societal fabric in enabling and aggravating the impact of
climate perturbations on the agricultural engine of its economy cannot be em-
phasized enough. The million-resident metropolis of Rome relied on a rela-
tively small farming community to feed a large nation of urbanites and army
men. Toward the time of its fall, Rome’s administration counted more than
35,000 employees, and its army numbered more than 500,000. The empire
comprised more than 1,000 cities, all of which relied on surrounding farmlands
for supplies and support. In lean years with low agricultural productivity, it was
the rural community that suffered most from food shortages and starvation;
this had a crippling effect on farmworkers and led to further productivity cut-
backs. To make matters worse, late Roman society was not only top heavy but
self-indulgent” Rome’s ruling class enjoyed their wine and olives. Because the
best and most productive farmlands were reserved for such profitable crops,
staples such as wheat and barley were pushed to more marginal lands. Agricul-
ture in marginal environments is less productive, of course, but it also carries
more risk: marginal farmland is more sensitive to climate change. The tumultu-
ous climate of the Roman Transition Period disproportionally impacted the
yield of drought-sensitive staples on these marginal lands, which plummeted,
reducing the carrying capacity of the Roman agrarian economy.

A second potential connection between climate instability and the disin-
tegration of the Roman state is through the Volkerwanderung, the Migration
Period, from ca. 250 to 410 CE, during which Germanic tribes, such as the
Saxons, Franks, and Visigoths, migrated to and infiltrated the Roman Empire.
In 410 CE, they invaded the city of Rome. The barbarians migrated westward
into the Roman Empire because they were fleeing the Huns, who in turn were
migrating westward from Central Asia. One theory postulates that the west-
ward migration of the nomadic Huns might have been driven by drought in
their original stomping grounds that disrupted their pastoral economy. To
investigate the validity of this theory, my LTRR colleague Paul Sheppard and
his collaborators developed a 2,500-plus-year-long tree-ring chronology from

* Any resemblance to contemporary societies is (not) entirely coincidental.
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drought-sensitive Qilian juniper (Sabina przewalskii) trees on the Tibetan
Plateau. To achieve such an extraordinarily long tree-ring chronology, they
sampled 800-year-old living juniper trees, as well as historical construction
wood. They then extended their tree-ring chronology even further back in
time by sampling wooden coffins found in subterranean tomb chambers dat-
ing back to the seventh through ninth centuries. Their Tibetan Plateau tree-
ring chronology reveals a severe drought in Central Asia in the fourth century
that might have led the nomadic Huns to quite literally seck greener pastures
to the west and south. In doing so, the Huns invaded barbarian grounds, and

the rest is history.

In ecarly January 2011, I embarked on my own personal migration period,
relocating from Switzerland to Tucson, Arizona. Right before my move, the
journal Science had accepted our findings on climatic instability during the
Roman Transition Period for publication. I was not closely tracking the publi-
cation process of our paper during my hectic transition, but my new employers
at the University of Arizona and their press office were. In my first week in
Tucson, my drives around town to obtain such necessities as a cell phone and
a bank account were complicated by the press office’s barrage of phone calls.
Thanks to their professionalism and perseverance, we managed to put together
a press release just in time for the January 12 publication date.

And then Gabby Giffords was shot.

On a sunny Saturday morning, five days after I moved to Arizona and four
days before our paper release, the Arizona congresswoman was at a grocery
store in northwest Tucson meeting with constituents when a man ran up and
shot her in the head. He then turned his weapon on the crowd and shot 19
more people. Giffords survived, but 6 others did not. The attempted assassina-
tion of a US congresswoman at a public event was a stark and immediate con-
frontation with the gun laws of the community I had just joined. I wasnt in
Switzerland anymore. That next week, the mass shooting was the headline in
all state and national news outlets, and I learned that even the most exciting
scientific story sometimes must be set aside for more shocking or urgent news.

Shortly after I started my new job in Tucson, David Soren, a famed classics

professor and archeologist at UA, sought me out. Despite the lack of broad
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publicity, he had read our paper. He pointed me to a third potential avenue
linking the disintegration of the Roman Empire to climatic change: epidemic
diseases. Dr. Soren handed me a pamphlet he had written entitled Malaria,
Witchcraft, Infant Cemeteries and the Fall of Rome. We engaged in a lively dis-
cussion about the potential links between our research findings, and despite
my aforementioned resistance to the dulcet tones of The Scorpions, I have been
striving to come up with equally catchy titles for my writing ever since.

Since the late 1980s, Soren has led the excavation of a Roman villa near
Lugnano, in Umbria, that was destroyed in the third century CE. It was repur-
posed in the mid-fifth century as an infant cemetery, La Necropoli dei Bam-
bini. DNA analysis has shown that the 47 infants interred in the cemetery, all
under the age of 3, were victims of a malaria epidemic. The excavation further
revealed telltale signs of magic practices: puppies with severed heads, a raven
talon, and toad bones. These macabre objects suggest that the Romans in fifth-
century Lugnano employed witchcraft to banish the evil malaria demon, even
though the Roman Empire was nominally Christian by that time. More evi-
dence of witchcraft was found when the remains of a 10-year-old child possi-
bly infected by malaria were discovered at the site. As part of the funeral ritual,
now referred to as a “vampire burial,” a rock had been inserted into the child’s
mouth to prevent it from rising from the dead and spreading malaria to the
living.

Malaria gets its name from the Italian phrase 72ala aria, which means “bad
air” and traces back to the Roman belief that malaria was caused by the pun-
gent air that rises from swamps and marshes. In Roman times, the deadly dis-
ease was common in the Mediterranean region. It was most prevalent during
harvest time, in late summer and early fall, when it would confine farmers to
bed, while the fields lay neglected. This debilitating effect on farmworkers’
health undoubtedly affected agricultural productivity and food production.
Could the climate shenanigans of the Roman Transition Period have ampli-
fied the role of malaria in the fall of Rome? Possibly. The alternating wet and
dry decades of the third through sixth centuries, combined with widespread
deforestation, would have created optimal conditions to produce more marshy
environments and thus more breeding sites for the mosquito vectors of ma-

laria, more infected rural farmers, and less food for urbanites and paisans alike.
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European summers were generally cool throughout the Roman Transition
Period, but the cold temperatures spiraled even further in the two centuries
following the fall of the Western Roman Empire in 476. The Late Antique
Little Ice Age (LALIA) was a strikingly cold period from 536 until around
660 that enveloped the entire Eurasian continent. The centuries of LALIA
cold are captured by our 2,500-year-long temperature reconstruction from
the Austrian Alps and also in an almost equally long (359 BCE-2011 CE)
summer-temperature reconstruction for the Altai Mountains in western Rus-
sia, more than 4,700 miles to the east. The LALIA started with a bang in 536,
a year so cold that the Irish Annals recorded “a failure of bread,” and John of
Ephesus, a contemporary writer in Mesopotamia, observed that “all the wine
had the taste of reject grapes.”” For a long time, the cause of the 536 cold ex-
treme was unclear and a topic of intense scientific discussion. The few surviv-
ing documentary records for this year are generally vague and have generated
potential explanations that included volcanoes, interstellar clouds, and aster-
oid or comet impacts. John of Ephesus, for instance, also wrote that “the sun
became dark and its darkness lasted for eighteen months. Each day it shone for
about four hours, and still this light was only a feeble shadow. Everyone de-
clared that the sun would never recover its full light” The Byzantine historian
Procopius recorded that “the sun gave forth its light without brightness. . . and
it seemed exceedingly like the sun in eclipse, for the beams it shed were not
cleart

The enigma of the 536 abrupt cold spell was resolved when Michael Sigl
and his colleagues used the 775 radiocarbon spike to line up volcanic erup-
tions in ice-core records with cold years in tree-ring records. When they closed
the seven-year gap between the ice-core and the tree-ring records, it became
blatantly obvious that 536 was the year of the first of a series of three volcanic
eruptions that occurred over a short period of time. The rapid succession of

two large and one minor volcanic eruption had triggered a decade-long string

of cold summers that kicked off the LALIA. The Alps and Altai tree-ring re-

* Pseudo-Dionysius of Tel-Mahre, Chronicle, 65.
1 Procopius, History of the wars, trans. H. B. Dewing (Cambridge, MA: Harvard University Press,
1916), 4.14.5.
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cords show that summer temperatures in the 540s were 3.4 to 5.8 degrees Fahr-
enheit colder than average throughout Eurasia.”

The 536 event was most likely a severe northern high-latitude eruption,
but its precise geographical origin is not yet known. It was followed four years
later in 540 by a massive eruption of tropical origin, likely the Ilopango vol-
cano in current-day El Salvador, even larger than the one in Tambora that trig-
gered the 1816 “Year Without a Summer.” We know this because it was re-
corded in ice cores from both hemispheres (in Greenland and Antarctica) as
well as in frost rings in the ancient bristlecone pines and in narrow ring widths
across the globe (Ireland, Europe, Russia, Argentina). The 536 and 540 crup-
tions created a thick volcanic dust veil that blocked the sun, cooled Earth’s
surface, hindered plants in their photosynthesis, and threatened food security.
The reports on this from contemporary writers are supported by stable carbon-
isotope measurements in subfossil wood from northern Finland. The carbon-
isotope measurements, which reflect changes in solar radiation, show extreme
reductions in solar irradiance in the rings for 536 and 540. By comparison, the
547 eruption was smaller, but still substantial, and the three-volcano cluster
kicked the LALIA cooling into gear.

The LALIA was jolted into a cold phase by the volcanic triumvirate, but it
was exacerbated and sustained over the following century by a solar minimum
and by negative North Atlantic Oscillation (NAO) conditions. A 3,000-year
-long stalagmite record from the Uamh an Tartair cave in Scotland (the cave
we used in our NAO reconstruction) shows a switch from positive to negative
NAO conditions around 550. The North Atlantic pressure difference that
whirled Atlantic Ocean warmth toward Europe before the LALIA stalled and
left the continent open to cold air moving in from Siberia in the cast.

The harsh cold at the start of the LALIA hit a Roman Empire already weak-
ened by the preceding centuries of civil war, Volkerwanderung, and the dam-
age inflicted by climate instability on Rome’s agrarian economy and social or-
der. By the time of the 536 cruption, the solidity of the Roman Empire had
been broken, and its western half had crumpled under the combined pressure
of harvest failures, epidemics, and barbarian invasions. The Eastern Roman

Empire was also faced with the double whammy of the LALIA and a disas-
*This temperature difference is calculated relative to the 1961-90 reference period.
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trous plague in the sixth century but nevertheless survived for a much longer
period of time, until its defeat by the Ottoman Empire in 1453.

Shortly after the 536 and 540 eruptions, the bubonic plague reached the
eastern shores of the Roman Empire from the Asian highlands and spread
westward throughout the empire as a pandemic of unprecedented caliber. The
plague first reached the shores of Egypt in 541, just one year after the second
volcanic eruption, on rat- and flea-infested grain ships. Egypt’s granaries fed
the booming rat population, which swiftly diffused throughout the Roman
world. In 542, plague-infected rats were brought to Constantinople, which
had become the empire’s new capital after Rome’s demise, on grain ships arriv-
ing from Egypt. From Constantinople, the plague spread to port cities through-
out the Mediterranean, and by 544 it had reached the western edge of the em-
pire, in the British Isles. The combination of rodent-infested infrastructure and
global trade created a perfect storm for the rapid-onset yet long-lasting pan-
demic we now refer to as Justinian’s plague.

The plague festered throughout the empire for two centuries. Its final out-
break occurred in the 740s, after which the pandemic ended as abruptly as it
had started. The fact that the pandemic began mere years after the first vol-
canic spasms of the LALIA and ended as the LALIA gave way to medieval
warmth raises questions about potential links. Bubonic-plague epidemics re-
sult from a complex synergy of biological and environmental factors. In his
2017 book The Fate of Rome: Climate, Disease, and the End of an Empire, Kyle
Harper outlines how the expansive infrastructure network of ships, cities, and
granaries in the late Roman Empire created a landscape conducive to pan-
demic plague. Harper describes the plague epidemic as a biological domino
event that involved at least six different species: the plague bacterium (Yersinia
pestis) itself, the fleas that carried it, the gerbils, marmots, and black rats that
were bitten and infected by the fleas, and finally humans, who contracted the
illness through flea bites or contact with rats. Changes in temperature and
rainfall can affect the habitat, behavior, and physiology of each of the organ-
isms involved in the plague cycle. Climatic changes can therefore amplify or
repress the epidemic, depending on where and when in the chain reaction they
occur. The potential link between climatic change—such as the cooling of the
LALIA—and the plague is thus complex and nonlinear. The most likely sce-

nario involves the mid-sixth-century switch to negative NAO conditions, which
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increased rainfall in semi-arid Asia, Yersinia’s homeland, and boosted regional
gerbil and marmot populations. This boost in the sylvatic (wild animal) host
population increased the interface with other hosts, such as black rats, which in
turn traveled on board the many trade ships bound for the Roman Empire.
The concatenation of the LALIA cold and Justinian’s plague took an exces-
sively heavy toll on the late Roman population, which was already frail coming
out of the Roman Transition Period. Plague mortality rates throughout the
empire are estimated at 50 to 60 percent. Such immense loss of life sent Ro-
man society into a deep downward spiral. The abrupt depopulation of half of
the farmworkers and soldiers resulted in harvests rotting in the field, food scar-
city, and a military crisis. It speaks for the resilience of the Eastern Roman
Empire that it survived not only this disruptive transformation of its socioeco-
nomic system but also the rise of the Islamic Empire toward the end of the
LALIA. The Eastern Roman Empire recovered from two centuries of plague
pandemics and mid-seventh-century Muslim conquests, reemerging by the
tenth century as the flourishing Byzantine Empire, which dominated the east-

ern Mediterranean political and cultural spheres for centuries to come.
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Twelve
It's the End of the World as We Know It

The Khorgo lava field, the volcanic field at the base of the Khorgo volcano,
which lies at the heart of the Terkhiin Tsagaan Nuur National Park in Mongo-
lia, is filled with solidified lava bubbles that are referred to as “basalt yurts.” In
addition to being a popular local tourist attraction, the lava field is a textbook
example of where to find old, climate-sensitive trees. This region in central
Mongolia is arid, receiving less than 10 inches of precipitation per year. The
black basalt field creates microsite conditions where sparse trees grow at a very
slow pace. Like the dolomite outcrops in the American Great Basin that har-
bor the ancient bristlecone pines, the lava flow on the slopes of the Khorgo
volcano has very little or no topsoil and thus few wood-decaying microorgan-
isms and bacteria. Dead wood, standing and fallen, can remain on the Khorgo
landscape for centuries, even millennia.

I interviewed Amy Hessl, a dendrochronologist from West Virginia Uni-
versity who has worked extensively on the Khorgo lava field, over skype. It was
February and from my sunny porch in Tucson, I could see the snow falling
through the window of Amy’s house as she told me that during the 2010 Mon-
golia field campaign her colleagues “thought she was crazy.”

One of Amy’s colleagues on the campaign, Neil Pederson of Harvard For-
est, had sampled living Siberian larch (Larix sibirica) trees at Khorgo on an
carlier trip. The oldest tree cored on that trip had been about 750 years old.
Amy had suggested revisiting the Khorgo lava field in search of even older
trees and dead wood. Her colleagues were reluctant, because this would in-
volve a harrowing twenty-hour round trip on bad roads from where they were
stationed in Ulaanbaatar, Mongolia’s capital. Nevertheless, she persisted.

The beginning of the trip to Khorgo did not inspire confidence. On the way
from Ulaanbaatar to Khorgo, Neil had risked eating a questionable wild mush-
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room stew in a local restaurant. By the time the team arrived in Khorgo, he was
sick as a dogand had to bow out of the first day of fieldwork. So on that first day,
Amy visited the Khorgo site with two Mongolian students, who both refused
to bring water. Used to drinking hot tea with yak milk, they were convinced
that they could work a full day on a hot basalt lava field without water. But the
sun quickly caught up with them, and they became severely dehydrated. With
only Amy’s water for the three of them, they had no choice but to return to the
campsite without having sampled a single tree. Fortunately, things looked up
the next day. Now equipped with sufficient provisions and reunited with Neil,
the team took a different trail and before long stumbled upon a lava wasteland
where sparse, stunted, clearly old Siberian pines (Pinus sibirica) were growing
and snags and logs littered the landscape. The team spent five more days collect-
ing more than 100 samples at the Khorgo site before returning to the US.

Amy and Neil arrived home right before the start of fall semester, when
their heavy teaching loads forced them to neglect the hard-ecarned Khorgo
samples. “Neil and I did not crossdate any of that material for eight months,”
Amy told me. “Then Neil texts me one night at 8:00 or so with just a number.”
That number was 657, for 657 CE, the year to which he had just dated a piece
of Khorgo wood. From there on out, they moved quickly. Before long, they
had assembled a 1,112-year-long tree-ring chronology. It was the longest re-
cord of year-to-year drought variability on the Asian steppe.

With the Khorgo drought reconstruction in hand, the first period they
focused on was the early thirteenth century, when Genghis Khan rose to
power. Focusing on this period in Mongolian history was an intuitive and ob-
vious choice for the research team. “If you were working in Mongolia, and you
had a time machine, this is the period you would zoom into, to figure out the
climatic backdrop of one of history’s great events,” Amy told me. Genghis
Khan was proclaimed the universal leader of the Mongols in 1206." He spent
the next two decades leading one successful military campaign after another
until his death in 1227. Under his leadership, the Mongols conquered a vast
area covering most of Central Asia and China.

The tree-ring time machine that Amy and Neil had developed told them a
clear story: Genghis Khan built and expanded his empire during the wettest

*“Universal leader” is the literal translation of Genghis.
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decades of the past 1,000 years. The period from 1211 to 1225, the apex of
Genghis’s conquests, stands out in the tree-ring record as 15 consecutive wide
rings. This section represents a 15-year-long period of above-average rainfall, or
a pluvial, that knows no parallel over the 1,112-year record. The most intuitive
link between the wet and warm climate of the early thirteenth century and
Genghis Khan’s success is that grasslands flourished under these conditions and
provided all the fodder Genghis could want for his growing cavalry.

Cavalry was at the center of Mongolian military tactics. Mongolian horses
were small, at ca. 50 inches being closer in height to ponies than to many other
horse breeds, but they were the Mongols’ “war machines,” indispensable for
the mounted cavalry archers. Mongolian archers were some of the best horse-
men in the world, and history has it that they would slide down the side of
their horses to shield their bodies from enemy arrows. Hanging sideways and
still at full gallop, an archer would hold his bow under and parallel to his horse’s
chin to return fire. Genghis Khan himself is alleged to have claimed that con-
quering the world was easy from the back of a horse.

The Mongolian war machine thrived under the early thirteenth-century
pluvial, which improved grassland productivity in the arid Mongolian steppe.
The benign climate also increased the carrying capacity of the land and thus
favored the concentration of resources and the centralization of power. In 1220,
10 years into the pluvial, Genghis Khan established a small military outpost in
Karakorum, at the edge of the Orkhon Valley. The development of the Kara-
korum outpost into a political and military center required a concentration of
people, armies, and horses that would have been unthinkable under less fortu-
nate climate conditions in a strictly pastoralist society, where surplus resources
are nonexistent. The favorable climate of the early thirteenth century, how-
ever, allowed Genghis to consolidate the political and military might of the
Mongol Empire and feed its rapid expansion.

Yet, the unification of a massive empire made up of hundreds of individual
tribes required more than just increased land productivity and energy avail-
ability. It also required a charismatic leader and the right socioeconomic and
political circumstances for such a champion to rise. This is where the Khorgo
drought reconstruction sheds additional light on Mongol history. An excep-
tional drought in Genghis’s early lifetime, from the 1180s until the turn of the
thirteenth century, preceded the 1211-25 pluvial. This severe drought coin-
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cided with political turmoil in Mongolia, which included relentless internal
warfare and the disintegration of existing hierarchies. It was against this back-
drop of societal destabilization that Genghis Khan rose to power and first uni-
fied the Mongol Empire.

From the Mongol episodes of a drought in the 1180s and a pluvial in the
second decade of the thirteenth century, it would be easy to conclude that un-
favorable climates are connected to societal destabilization and that favorable
climates help the rise of great empires. But even though climatic instability has
been linked to many a societal transformation, as dendrochronologists have
demonstrated time and again, climatic changes most often constitute just one
component in a web of interlinked contributing factors, as we saw in the case
of the Roman Empire. By themselves, climatic changes cannot explain the
downfall of civilizations. Whether or not climate change will lead to the disin-
tegration of existing societal structures is determined by many factors, most
important of which are the vulnerability, resilience, and adaptive capacity of a
society itself. Compounding external factors, such as epidemics and competing
societies, can also play a role. If and how a society responds to the imminent
threat of catastrophe hinges on its cultural values and how they are reflected in
its socioeconomic structure, such as the top-heavy structure of the Roman Em-
pire, and its political leadership. We are perhaps experiencing an even more
compelling example right now: for the first time in history, our scientific meth-
ods are sufficiently advanced to forecast in detail the threat of global, man-made
climate change, but our inability (or unwillingness) to mitigate or act upon this

knowledge is largely owing to political decision making, or the lack thereof.

Recent research advances in dendrochronology have helped to highlight the
pivotal impact of a society’s response to environmental threats on its chances of
withstanding and overcoming them. The precision of tree-ring-based climate
reconstructions that cover well-documented periods in human history has
empowered us to devote the close attention to past human-environment in-
teractions that they need and deserve. By extending their Khorgo tree-ring
chronology even further back in time, for instance, Amy and her collaborators
succeeded in providing a climate timeline for an earlier episode in Mongolian

history, in the eighth and ninth centuries, approximately 450 years before
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Genghis Khan’s rise, when the Uyghur Empire thrived. To do this, they orga-
nized three additional field campaigns to the Mongolian Plateau to collect
more material, including from a second lava flow, Uurgat, close to the capital of
the Uyghur Empire. The resulting Mongolia tree-ring chronology combines
even more samples from living trees, snags, and logs and now extends back
2,700 years to 688 BCE. The extended Mongolia tree-ring chronology pro-
vides a reliable drought reconstruction that illuminates the rise and fall of the
Uyghur Empire from 744 to 840 CE.

The Uyghurs were a nomadic steppe people who replaced the Turks as the
rulers of Inner Asia in the 740s. Their economy was primarily pastoral, but it
was diversified and sophisticated, allowing them to develop a strong commu-
nication and trade network between China, Central Asia, and the Mediterra-
nean. Upon coming to power, the Uyghur leadership established a symbiotic
relationship with the Tang leadership in China, which involved trading Uy-
ghur military power and horse production for Chinese silk, the most lucrative
asset of the day. In this way, the Uyghur Empire situated itself as a major player
on the Silk Road and soon stretched from the Caspian Sea in the west to Man-
churia in the east. The first half of the Uyghur period, from its start in 744
until 782, was characterized by mild and moderately wet conditions that ben-
efited Uyghur horse populations, and therefore its silk trade with China and
its sophisticated pastoral economy. However, the favorable climate disinte-
grated in 783, ushered in by the start of a 68-year drought. From the get-go,
this drought disturbed the fabric of the Uyghur Empire, but it took almost its
full seven-decade length to bring the empire to its knees in 840.

At its onset, the drought brought a period of political instability, which in-
cluded a war with Tibet (789-92), followed by an interruption of the horses-
for-silk trade with China from 795 to 805." The drought then intensified,
reaching its nadir between 805 and 815, the very driest decade of the drought
era. Despite this extreme drought, the Uyghurs managed to restore their trade
relationship with China. We know from contemporary Chinese texts that the
Uyghur horse trade with China culminated in the late 820s, when the Uyghurs

* It is unclear whether this interruption was caused by lower horse production, the army’s increased
need for horses, the increased difficulty of long-distance horse transport under drought condi-

tions, or a combination of all of these.
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traded 5,750 horses in 829 and 10,000 horses in 830 for a total of 230,000 silk
cloths. The sustained, even increased Uyghur commerce attests to the empire’s
resilience in the face of persistent climatic stress. By diversifying its economy
and shifting the focus from one of four pillars—pastoralism, agriculture, trade,
and military service—to another, the Uyghur Empire managed to mitigate the
most adverse societal effects of environmental stress for a full generation.
Eventually, however, the relentless drought proved too much even for the
sophisticated economy of the Uyghurs. As the drought devastated grass and
horse productivity, the inflow of Chinese silk itself ran dry after 830, ruining the
Uyghur economy. The economic collapse was swiftly followed by political con-
flicts. In 839-40 a dzud, a catastrophically cold winter accompanied by heavy
snowfall and high livestock mortality, dealt the final blow to the Uyghur Em-
pire. Dzuds are not recorded in the tree-ring record—trees grow in summer, af-
ter all—but historical records reveal the extensive loss of livestock, the sweeping
epidemics, and the pervasive famine that ruled that winter. The Kirghiz, a people
in southern Siberia subject to the Uyghur Empire, saw this crisis as an opportu-
nity to rebel. They invaded the empire, destroyed the capital, killed the Uyghur
emperor,” and ended an almost century-long reign. The immediate causes of the
decline of the Uyghur Empire—the economic crisis, the dzud, the Kirghiz—
have long been understood, but the Mongolia tree-ring chronology now shows
that they arrived in the wake of more than halfa century of drought. The relent-
less drought contributed not only to the cessation of trade with China but also

to the economic and political crisis following the catastrophic 839-40 dzud.

Roughly 2,500 miles south of where the Uyghur crisis was taking place, an-
other power emerged simultaneously in continental Southeast Asia: the Khmer
Empire. The remains of its capital, Angkor, in current-day Cambodia, are among
the most inspirational and important archeological sites in the world and have
been recognized as a UNESCO World Heritage Site. A thousand years ago,
Angkor was a sprawling urban complex and an extensive hydraulic city. Angkor’s
urban center was connected with a vast network of suburbs and agricultural land
through a sophisticated water-management system that included canals, dikes,

and reservoirs. The Angkor hydraulic network covered almost 400 square miles
* Or khagan in the Turkic and Mongolian languages.
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designed to distribute the rainfall delivered by the summer monsoon. In most
years, the summer monsoon brings moist air and rain from the Indian Ocean to
Southeast Asia, producing peak rainfall in July and August. The hydraulic city of
Angkor was well adapted to the monsoon rainfall regime as long as it was reliable
but proved very vulnerable to abrupt shifts.

To study the history of the Southeast Asian summer monsoon and its im-
pact on the Khmer Empire, Brendan Buckley, of the Lamont-Doherty Tree
Ring Lab at Columbia University, and colleagues sampled the rare cypress
Fokienia hodginsii (or po mu) in Vietnam. Like many other tropical tree species,
fokienia shows irregular stem growth, and many of its rings are missing over
parts of the stem or are interspersed with false rings. This makes the species dif-
ficult to crossdate, but it is very valuable because of its longevity and because it
is a good recorder of drought. By taking as many as seven samples per tree, rather
than the standard two, and by discarding samples that did not crossdate, Bren-
dan managed to develop a 750-plus-year-long fokienia tree-ring chronology
that captured summer monsoon variability during the Khmer Empire.

Brendan’s monsoon drought reconstruction (1250-2008) shows that the
East Asian summer monsoon became very fickle in the decades leading up to

the fall of Angkor in the fifteenth century (fig. 17). The abnormally weak mon-
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Figure 17 The East Asian summer monsoon became very fickle in the decades leading
up to the fall of Angkor. A ca. 35-year drought in the mid-fourteenth century was occa-
sionally interrupted by intense monsoon floods and followed by a shorter but at times
more severe drought in the early fifteenth century. Angkor’s hydraulic infrastructure was
not fit to handle such abrupt switches from drought to flood and vice versa.
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soon in the mid- to late fourteenth century resulted in an approximately 35-
year drought (1340-75), which was occasionally interrupted by abrupt and
intense monsoon floods. As we saw in the case of the Roman Empire, such
abrupt switches from drought to flood and vice versa are difficult for societies
to deal with. As it turns out, Angkor’s famed sophisticated water network failed
under the abrupt and extreme monsoon floods. Because of its size and com-
plexity, the Angkor hydraulic infrastructure was unwieldy and hard to alter,
with many potential points of failure. It was not fit to handle the fourteenth-
century monsoon shenanigans.

Evidence for the damage to Angkor’s water-management system exists, not
through dendrochronology but in the surprising form of 650-year-old leaves.
The delicate material was recovered from sediment that had been deposited in
one of Angkor’s main canals, and radiocarbon dating places it in the late four-
teenth century. The preponderance of fallen leaves suggests that the canal was
filled at the time of Angkor’s demise with flood sediment that had eroded from
surrounding areas. Such sediment filling would have stopped the canal from
bringing irrigation water from the hinterland to Angkor’s urban core. The abrupt
monsoon floods appear to have damaged Angkor’s hydraulic infrastructure
right in the middle of a 35-year-long drought period, when the surrounding
agricultural land most needed irrigation and flood control.

Angkor’s fourteenth-century monsoon debacle did not take place in a vac-
uum. Again, socioeconomic and geopolitical turmoil, which included an escalat-
ing war with the neighboring Ayudhaya Kingdom, accompanied the climatic
challenges. When the fourteenth-century monsoon drought was followed by
a shorter but at times more severe drought in the early fifteenth century, Ang-
kor proved fatally weakened by the continued climatic, socioeconomic, and
political death spiral and eventually fell in 1431. Only its temple complex, Ang-
kor Wat, has survived to this day as a Buddhist monastery, the largest religious

monument in the world.

Dendrochronology has also shed light on the devolution and drivers of the
Mayan Terminal Classic Period in the eight through tenth centuries, which is
captured by the demise of their Long Count calendar. The Maya were one of
the most advanced socicties worldwide during the Classic Period (ca. 250—

750 CE). Their extensive cities, beautified by opulent art and architecture,
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were home to millions of people, who recorded their daily life and adventures
in a hieroglyphic script. They used the Long Count calendar to identify a date
by counting the number of days that had passed since the creation of the world,
which, according to Mayan creation myths, had occurred more than three
thousand years carlier.” Not many of these Mayan written records survived the
sixteenth-century Spanish Conquest, but a multitude of inscriptions on build-
ings and monuments are still visible and decipherable today. This is particu-
larly true for the calendar dates the Mayans sculpted on new buildings, the
carliest of which dates back to 197 CE. During the Terminal Classic Period
(ca. 750-950 CE), however, one by one Mayan cities stopped erecting dated
monuments. The last preserved Mayan Long Count date is 909, found in the
city of Tonina, in Chiapas.

The termination of 700 years of Long Count dates appears abrupt, but the
disintegration of Mayan society that it represents was a circuitous process that
stretched out in time; it wasnt a sudden or complete demise. Between 90 and
99 percent of the Mayan population is estimated to have been lost during the
Terminal Classic Period. However, hundreds of thousands of Mayans were still
left to fight the Spanish conquistadors when they arrived in the sixteenth cen-
tury, incurring an additional massive population loss, though even this second
dark night of the Mayan soul did not ultimately eviscerate the society, and to-
day the Mayan population in Meso-America has rebounded to 6 or 7 million
people. Despite the perseverance of the Mayan people over the subsequent cen-
turies, it is hard to dispute the disastrous effects of massive population loss and
the decline of Mayan institutions, along with the disappearance of its kings and
its Long Count calendar during the Terminal Classic Period.

The precise cause of the Mayan disintegration is debated, but the hypothesis
that climate change played a role is more than a century old. It was originally
posited by Ellsworth Huntington, a Yale geography professor and contempo-
rary of A. E. Douglass’s. Huntington flirted heavily with the ideas of c/imatic
determinism, even though this eighteenth-century approach had largely fallen
from favor by the early twentieth century because of its association with scien-
tific racism, colonialism, and eugenics. Nevertheless, Huntington postulated

that a Meso-American pluvial provoked the Terminal Classic Mayan decline,
*The creation date was 31 August 3114 BCE, according to the Gregorian calendar.
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and he supported his faulty hypothesis using sequoia tree-ring data from Cal-
ifornia. Huntington hypothesized that climate variability in the Yucatan was
inversely related to that in California: when it was dry in the Yucatdn, it was
wet in California and vice versa. According to Huntington, a tenth-century
drought recorded in Californian tree-ring data thus corresponded to a pluvial
in the Yucatdn.

Huntington’s idea to use tree-ring data to investigate the Mayan Terminal
Classic Period was good, but his execution was poor. Rather than tree rings from
remote California and a hypothesized inverse climatic teleconnection, the rings
in millennium-old Meso-American trees would prove enlightening. Few Meso-
American tree-ring chronologies extend back far enough to study pre-Columbian
history. Because much of the Meso-American landscape has long been denuded
and developed, tree-ring chronologies typically do not extend beyond 300 to
400 years. But in the steep Barranca de Amealco gorge, about 50 miles north of
Mexico City, Jose Villanueva Diaz, of the Instituto Nacional de Investigaciones
Forestales, Agricolas y Pecuarias (INIFAP) in Durango, Mexico, and Dave
Stahle, of the University of Arkansas, found a grove of Montezuma bald cypress
(Taxodium mucronatum) that had escaped centuries of human deforestation.
Ironically enough, the Montezuma bald cypress is related to the North Ameri-
can sequoia, so in a way, Huntington had been on the right track.

The Montezuma bald cypress is the national tree of Mexico and the only
Meso-American tree species that lives to be 1,000 years old. One Montezuma
bald cypress specimen in Oaxaca is, at 37.5 feet in diameter, the largest tree in
the world by circumference. The trees in Barranca de Amealco are not quite as
stout, but at 14 feet in diameter, they still provide a 1,238-year-long tree-ring
chronology that reflects past droughts in central Mexico. The Amealco tree-
ring chronology (771-2008) documents at least four major droughts, the first
of which lasted 25 years (897-922) during the Terminal Classic Period. The
chronology narrows the timing of the Terminal Classic drought down to the
year and shows that drought, rather than Huntington’s pluvial, bedeviled the
region in the tenth century. It also shows that the drought extended over a
broad geographical range from the Yucatdn into the highlands of central Mex-
ico. The tree rings further recorded two later droughts that corresponded to
the timing of the demise of the Toltec state (1149-67) and to the sixteenth-
century Spanish conquest of the Aztec state (1514-39), respectively.
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Like the earlier Terminal Classic drought, this sixteenth-century drought
coincides with a massive depopulation in Mexico that has been scrutinized in
both the contemporary scientific world and the popular media. The Aztec
population is estimated to have been decimated by 80-90 percent over the
course of a century after Europeans arrived. European and African discases
imported by the conquistadors, such as smallpox and measles, contributed to
this sixteenth-century demographic catastrophe, but its main culprit was an
endemic disease that the Aztecs named cocolitzli, meaning “pestilence.” Coco-
litzli was a hemorrhagic fever that was unknown to both European and Aztec
physicians. It was likely caused by a viral infection, not unlike the Ebola and
Marburg viruses, that raged through the Aztec population in a series of epi-
demics, while leaving the Spaniards all but unaffected. A first cocolitzli epi-
demic started in 1545, 24 years after the Spanish conquest of the Aztec Em-
pire, lasted four years, and killed 800,000 people in the Valley of Mexico alone.
An even larger cocolitzli epidemic started in 1576, resulting in the deaths of
45 percent of the remaining Aztec population.

The two sixteenth-century epidemics occurred during an almost century-
long drought that lasted from 1540 to 1625 and extended from Central Mex-
ico through North America to the boreal forest of Canada. A close look at the
Amealco tree-ring chronology reveals that the 1545 and 1576 cocolitzli epi-
demics started during brief wet periods that interrupted the persistent decades
of drought. The parallels between the sixteenth-century and Terminal Classic
droughts and their respective devastating population losses are striking. They
suggest that hemorrhagic-fever epidemics might have been involved not only
in the sixteenth-century Meso-American depopulation but also in the Mayan
demise of the Terminal Classic Period. Such alternating dry and wet episodes
have been linked to pandemics on other occasions as well, such as the Hanta-
virus outbreaks in the American Southwest in the 1990s. We have also seen
them at work on decadal scales, when they provided a climatic link between
malaria outbreaks and the fall of Rome.

Working with Villanueva Diaz and Stahle, Matt Therrell, of the University
of Alabama, and Rodolfo Acuna-Soto, of the Universidad Nacional Autonom-
ica de Mexico, have since expanded upon the Amealco tree-ring chronology,
so that the Mexican tree-ring network now includes more than 30 Douglas fir

and Montezuma bald cypress chronologies. This network has been used to
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lend credibility to some pre-Hispanic Aztec beliefs. The Aztecs were a supersti-
tious people; they held folklore high and believed in omens and curses. Argu-
ably the most infamous of these curses was the “Curse of One Rabbit,” which
predicted famine and devastation in each year of “One Rabbit;” the first year of
the 52-year Aztec calendar cycle. To test the validity of the Curse of One Rab-
bit, the researchers looked at tree-ring-reconstructed drought before, during,
and after One Rabbit years. Lo and behold, they found that no fewer than 10
of the 13 pre-Hispanic One Rabbit years on record (from 882 to 1558) followed
severe droughts in the preceding year. The widely reported Famine of One Rab-
bit in 1454, for instance, was preceded by two years of below-average tree-ring
values, indicating drought and potential crop failure. The Aztecs might have
been on to something in relating their One Rabbit years to famine and misfor-
tune, but their curse ended with the Aztec Era. None of the 8 One Rabbit years
recorded after 1558 CE and following the Spanish Conquest were preceded by
low tree-ring values or drought. Cocolitzli appears to have not only decimated

the Aztec population but also wiped out its Rabbits.
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Thirteen
Once upon a Time in the West

Two years after  moved to Tucson, my home at the University of Arizona’s
Laboratory of Tree-Ring Research moved to a brand-new, specially designed
building on campus after 75 years in its “temporary” location under the bleach-
ers of the UA football stadium. Over those 75 years, the LTRR collection of
tree-ring samples had grown exponentially, and the space under the football
stadium was bursting at its seams. Five years later, at the time of this writing,
we are still in the process of moving the collection, which comprises more than
700,000 samples.

Of those, 400,000 belong to the southwestern dendroarcheology collec-
tion. With the carliest sample dating back to 171 CE and the most recent
cookie cut in 1972, this collection tells us the stories of 1,800 years of south-
western US history. The tree-ring samples share with us intricate details about
the lifestyle of the Ancestral Puebloans,” the climatic conditions under which
they lived, and how the two are linked. Like most other preindustrial civiliza-
tions, the Puebloans used wood profusely and consistently as a building mate-
rial, to make artifacts, to cook, and to heat their homes. In the cold-steppe
environment of the Four Corners region of Colorado, New Mexico, Arizona,
and Utah, much of that wood has been preserved through time.

Prior to Douglass’s discovery of tree-ring dating in 1929, however, the age
of the Ancestral Puebloan ruins in the Four Corners was largely unknown.
Archeologists debated the age of the grand pueblos and cliff dwellings that

nowadays are preserved in places such as Mesa Verde National Park in south-

*The Ancestral Puebloan archeological culture has long been referred to as the Anasazi culture. The
term Anasazi, which means “ancestors of our enemies,” was introduced by the Diné (Navajo) peo-
ple, who moved into the Four Corners region around 1400 CE. Out of respect for contemporary

Puebloans, I here use the term Ancestral Puebloans.
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ern Colorado and Chaco Culture National Historical Park in northern New
Mexico. For instance, in 1922 the head of the archeological mission at Chaco
Canyon estimated that its Pueblo Bonito complex had been occupied “say 800
or 1,200 years ago.”* When Douglass dated the most recent tree ring in Chaco
Canyon exactly to 1132 CE, he unleashed a chronological beast that altered
the world of southwestern archeology and anthropology forever.

The majority of Ancestral Puebloan archeological wood samples that are
sent to the LTRR for dating are charcoal remnants of buildings and structures
that burned or of cooking and heating fires in hearths. Charcoal is more likely
to be well preserved than regular wood because it consists almost entirely of
carbon. It therefore lacks the cellulose and sugars that insects and microbes like,
and that lead to decay when wood is buried by soil. The primary structural as-
pects of wood are preserved when it is charred, and charcoal fragments can
therefore show clear tree rings with earlywood and latewood and even specific
anatomical characteristics, such as resin ducts, that can be used to identify the
tree species. A charcoal fragment needs to show enough of these clear rings,
however, for it to be crossdated successfully. If the fragment is small or derived
from a fast-growing tree with wide rings, as is often the case for charcoal found
in hearths, it may only have twenty or even fewer rings. This is not enough to
reliably match the charcoal’s tree-ring pattern to a unique spot in the reference
tree-ring chronology and thus to date it. As a result of such short tree-ring se-
quences, only about 40 percent of all the archeological samples from the Amer-
ican Southwest that are archived in the LTRR have been dated successtully.

Nevertheless, it’s fair to say that the number of southwestern charcoal frag-
ments that have been tree-ring dated at the LTRR has grown steadily over the
years. According to my colleague Ron Towner, the LTRR archive contains more
than 100,000 dated charcoal fragments. They are complemented by a lower
number of uncharred archeological wood samples, mostly derived from wood
beams. Wood beams that have remained above ground for their entire existence
have, like charcoal, mostly escaped wood-decaying microorganisms and can be
preserved for more than 1,000 years. Combined, the charcoal and wood samples

elucidate the chronology and environment of the Ancestral Puebloan culture.

*Neil M. Judd, “The Pueblo Bonito expedition of the National Geographic Society,” National
Geographic Magazine 41, no. 3 (1922), 323.
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Chaco Canyon, in Chaco Culture National Historical Park, was one of the
bulwarks of the Ancestral Puebloan culture. The canyon is about 15 miles long
and up to a mile wide, and both of its walls are lined with large, multi-storied
pueblos. From the mid-ninth to the mid-twelfth century, Chaco Canyon was
a major center of culture, politics, and commerce. Its role as a regional and
cultural hub was supported by public and ceremonial architecture that in-
cluded twelve great houses and many more kivas, underground round rooms
used for religious rituals, political meetings, and community gatherings. The
largest and most studied great house at Chaco Canyon is Pueblo Bonita, which
covered almost two acres, was up to four stories high, and comprised more
than 650 rooms. The construction of the urban ceremonial center of Chaco
Canyon is estimated to have required more than 200,000 timbers. The Cha-
coans used logs to roof their great houses and kivas, as bonding beams inside
masonry walls, and as support pillars. Smaller pieces of wood were used for
roofing and flooring and as lintels and sills.

Nowadays, a visit to Chaco Canyon is a trek. It is located in a remote cor-
ner of northwestern New Mexico, and on the three-hour drive there from Al-
buquerque or Santa Fe, you can’t help but wonder why anyone would choose
to settle in this desolate landscape. There is no hotel, but if you want to stay
overnight to see the sun rise or set over the ruin-clad canyon walls, there is a
campground. You'll have to bring your own firewood because the Chaco land-
scape is largely treeless. There are a few sparse stands of pinyon pine and juni-
per and the occasional stunted ponderosa pine or Douglas fir, but wood is
hard to come by. This is what the Chaco landscape has looked like for the
longest time. Large pine, spruce, and fir trees have largely been absent since the
end of the Pleistocene, 12,000 years ago.”

Up until the early eleventh century, population density in Chaco Canyon
was low and the Chacoans relied primarily on local wood resources—pinyon,
juniper, and cottonwood—for their construction needs. But as the settlement
expanded, more and more great houses and large kivas were built, and the
gnarly little trees that surrounded the canyon could not provide the long,
straight roof timbers needed for such majestic structures. The few ponderosa

pines and Douglas firs in Chaco Canyon that could fulfill this function were
*We know this from the analysis of tree pollen in ancient, radiocarbon-dated packrat middens.
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cut early in Chaco’s development, so that by the mid-eleventh century the
Chacoans were forced to import wood from surrounding mountain ranges.
The remote origin of the Chacoan timber is corroborated by the scarcity of
stone axes (the main instrument for tree cutting) found over more than a cen-
tury of archeological excavations in the canyon itself. The surrounding moun-
tain ranges, by contrast, are covered with axes and choppers.

More unequivocal evidence for the source of Chaco timber is provided by
dendroprovenancing. Most of the southwestern archeological wood in the
LTRR archive is crossdated visually, without measuring the ring widths. Ron
Towner and his colleagues know the centuries-long sequence of wide and nar-
row rings (the “Morse code”) of the southwestern tree-ring chronology by
heart. Often they can date a charcoal fragment just by looking at its ring-width
pattern. Jeff Dean, southwestern dendroarcheologist extraordinaire and an
LTRR colleague, tells me that his go-to tree-ring signature for dating south-
western samples is from the 1250s: the rings for 1251, 1254, and 1258 are
typically narrow, and the ring for 1259 is wide. If Jeff sces this signature in an
undated sample, it gives him a place to start; he then can work from there to
make sure that the rest of the sequence matches as well. This method has al-
lowed Jeff, Ron, and their colleagues to date more than 100,000 southwestern
samples over the past 90 years. However, to determine the origin of Chaco’s
timber, Chris Guiterman, a PhD student at the LTRR, measured each tree-
ring width on a subset of 170 beams from Chaco great houses, a much more
painstaking process than visual crossdating. He then compared the ring-width
patterns in the beams with those found in the tree-ring chronologies from
eight potential harvesting areas in the mountain ranges surrounding Chaco
Canyon. He found that 70 percent of the measured Chaco timbers originated
from the Chuska Mountains, 50 miles west of Chaco Canyon, and the Zuni
Mountains, 50 miles to the south.

T